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n Gustavo Paredes I nt rOd U Ct i O n

 Since the advent of QCD in 1970s we know that the nucleon
is a bound state of three valence quarks along with a sea of « The spectrum of these excited states.

gluons and quark-antiquark pairs. Refer to Volker Crede's lectures.
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« The Faddeev amplitude ¥ for Baryons in a Bethe-Salpeter approach:
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Formalism

« The Faddeev amplitude ¥ for Baryons in a Bethe-Salpeter approach:
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B | ustavo Pareces Schwinger — Dyson Equations

» |deal for studying non-perturbative phenomena because nothing is assumed about the value of
the coupling:
1 1 p-q
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[Roberts:1994dr]
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Schwinger — Dyson Equations

» |deal for studying non-perturbative phenomena because nothing is assumed about the value of
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Simplified QCD model, where UV divergences are regularized to preserve QCD symmetries,
compatible with confinement and DCSB.

The effective gluons mass in the IR motivates this truncation that replaces the full gluon propagator
with a constant in the infrared.
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Simplified QCD model, where UV divergences are regularized to preserve QCD symmetries,
compatible with confinement and DCSB.
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Simplified QCD model, where UV divergences are regularized to preserve QCD symmetries,
compatible with confinement and DCSB.

The effective gluons mass in the IR motivates this truncation that replaces the full gluon propagator
with a constant in the infrared.
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Simplified QCD model, where UV divergences are regularized to preserve QCD symmetries,
compatible with confinement and DCSB.

The effective gluons mass in the IR motivates this truncation that replaces the full gluon propagator
with a constant in the infrared.
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Bethe-Salpeter equation

* The full qg scattering matrix or t-matrix,

contains poles for all qg bound states, that is,

the physical mesons. [Salpeter:1951sz]

[rg72 ks P)]m = f é% [x};f g; P)Lr K..(q.k; P),

Xi(q; P) = S 1 (a)TE (4 P)S 7 (a),
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Bethe-Salpeter equation

* The full qg scattering matrix or t-matrix,
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* The full qg scattering matrix or t-matrix,
contains poles for all qg bound states, that is, B e
the physical mesons. [Salpeter:1951sz] % V4
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* The full qg scattering matrix or t-matrix,
contains poles for all qg bound states, that is,

. C} =2
the physical mesons. [Salpeter:1951sz] @ﬂ Qg/
= K
— 4 —
rirwn)| = [ SL[d @p)] Kk, N\ Ne-
w  J 20 s -
X4'(a: P) = S 1,(g.)T5"*(q: P)S 7,(q-),
[7,(k: P) = /s [iEn(k: P) + y - PFy(k: P) + v - k Gu(k: P) + 00k, P,Dy(k; P)) .
* En el Modelo Cl las ABS no depende de Kk, el Meson | Exp. | CI | Diquarks Mass
momento relativo: - 0.139 | 0.14 | (ga)or = 0.78
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[Roberts:2011cf, Roberts:2011wy, Yin:2019bxe, Chen:2012gr, Gutierrez-Guerrero:2019uwa, Gutierrez-Guerrero:2021rsx,
Yin:2021uom]
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« The Faddeev equation in the Cl dynamical quark-diquark picture:
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« The Faddeev equation in the Cl dynamical quark-diquark picture:
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Faddeev in Cl and quark-diquark model

« The Faddeev equation in the Cl dynamical quark-diquark picture:
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AL (L P) d'l
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« Diquark breakup and recombination occurs via quark exchange.
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Faddeev in Cl and quark-diquark model

« The Faddeev equation in the Cl dynamical quark-diquark picture:

[ S'GP) ] [ S*UP) | (gt
e 4 S sewwe
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« Diquark breakup and recombination occurs via quark exchange.

» The kernel penalizes the contribution of diquarks whose parity is opposite to that of the baryon

PyF,

using a multiplicative factor g *,

[Yin:2019bxe, Yin:2021oum, Gutierrez-Guerrero:2019uwaj
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« The produced masses and diquark content: * Thevariation of gpp — (1 + 0.5)gpp produces:
1.0} | : 1or Me17
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M=1.83 M=1.73 M=1.67 M=1.58
gDB=O-1 gDB=0'2 gDB=0-3 gDB=O.5

[Lu:2017cln, Raya:2021pyr]
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N(940) and N(1535)

* The produced masses and diquark content:
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* As expected, the nucleon is mostly composed by scalar diquarks, while also exhibiting a
axial- vector diquark component.

[Lu:2017cln, Raya:2021pyr]
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« The produced masses and diquark content: * Thevariation of gpp — (1 + 0.5)gpp produces:
1.0} | : 1or Me17
I M=1.14 ] -
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* As expected, the nucleon is mostly composed by scalar diquarks, while also exhibiting a
axial- vector diquark component.

« The nucleon N(1535) shows a similar contribution from 0" |0~ diquarks for g,z =0.2 .

[Lu:2017cln, Raya:2021pyr]
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* In collaboration with K. Raya
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Gustavo Paredes Results for A*
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» Adescription of N(940)1/2+, A(1232)3/2+, N(1440)1/2+ , N(1535)1/2-, A(1600)3/2+ in Cl and QCD kindred
models is already available in the literature.
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» Adescription of N(940)1/2+, A(1232)3/2+, N(1440)1/2+ , N(1535)1/2-, A(1600)3/2+ in Cl and QCD kindred
models is already available in the literature.

« A CI treatment provides first results emphasizing its significant dependence on its structure and relative
diquark content.

« A similar analysis for N(1520) and other transitions is required. We have made a start with CI.

« While Contact Interaction analyses have their limitations, they also has the advantage of algebraic
simplicity and a demonstrated ability to reveal insights.

« These insights can then inform more sophisticated studies within frameworks that have closer ties to
quantum chromodynamics.

* Thank you.
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* The electromagnetic current:
[Segovia:2014aza,

J,u/l(K, Q) — A+(P )RM(P ) ZYS l'*a',u(K, Q) A+(Pl) Nicmorus:2010sd]
f f

- The vertex with G, magnetic dipole, G}, electric quadrupole and G} Coulomb quadrupole:

w ~ '
ap _p| 22 ax apyd gy )9 * oy v YT o~ Aagou
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e In general, the electromagnetic urrent is:

TuxPp, P) = N (Pp) (i e TP, PY) AZ(P)  AL(P) = G*A, (PG

In the quark-diquark model, the electromagnetic current is described considering the interaction
diagrams of the photon with the diquarks inside baryon.

j,ux(Pf’P) - Z f (Pf) (l’ Pf, Pl))Af:x(Pl)
[=Diagramas [Raya:2023wye]

Y1 (Py) ZH (P, P+ ) T4 (1 Py, P | AT (P)
di,d»

Where I1¢ represents the diagrams where the photon hits the quark and I1(%-%) represents the
diagrams where the photon hits the diquark.




Gustavo Paredes Form Factors using diquarks

o Each diagram has the following form:

K= 1(P; + P;)
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d*k )
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Diagrams courtesy of Luis Albino
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o Each diagram has the following form:

K= 1(P; + P;)

d*k .
—(‘;;’)‘4 Dyrq (P)Sq(Pr — k)TH(Py — ke, Py — k)Sq(P; — k) AR (—P)Agp(—k) f @)t Sq(K)Dy1q (P (Pr — K)T™P? (Pr — k, Py — k) g (P — k)AL (P)

Diagrams courtesy of Luis Albino

« We need to consider whether the photon hits the quark and the diquarks are spectators (4
contributions), and whether the photon hits the diquarks (16 contributions):

Ini/Fin 0+ 0~ 1t |
0™ 0r-—-0" 0*—-0- 0r—=17T 0r—>1-
0~ 0-—=0T 0-=0" 0-—=1Y 0" -1
1t 1T50" 1tT50" 1T—o1" 1t 51~
1~ 1=-—=0" 1"=0 17=1t 17 51" [Raya:2021pyr]
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y*p —> N(1535)1/2~

- Similar results for y*p — N(1535)1/2~ and y*p — N(1520)3/2~ are not yet available.

An insightful starting point can be provided by the contact interaction.

« A contact interaction treatment of y*p — N(1535)1/2‘ transition amplitudes and form
factors provides first results providing us insight into its relative diquark content.
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K. Raya, L.X. Gutiérrez, AB, L. Chang, Z-F. Cui, Y. Lu, C.D. Roberts, J. Segovia, Eur. Phys. J. A 57 (2021) 9, 266
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Working on

G, magnetic dipole,

+ electric quadrupole, G; Coulomb quadrupole.

In collaboration with L. Albino, K. Raya and J. Segovia.

V' p-N(1520)3/2"
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A(1600)3/2* in Cl and QCD kindred models is already available in the literature.
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« A description of the nucleon transition form factors to N(940)1/2+ , A(1232)3/2+, N(1440)1/2+ , N(1535)1/2-,
A(1600)3/2* in Cl and QCD kindred models is already available in the literature.

« A CI treatment of transition amplitudes and form factors provides first results emphasizing its significant
dependence on its structure and relative diquark content.

« A similar analysis for N(1520) and other transitions is required. We have made a start with CI.

« While Contact Interaction analyses have their limitations, they also has the advantage of algebraic
simplicity and a demonstrated ability to reveal insights.

« These insights can then inform more sophisticated studies within frameworks that have closer ties to
quantum chromodynamics.

* Thank you.




Backups

A A

where Gt(=) = Ip(iys) and, with Ty = 6u + QuQy

’YH, MU,YV7 k - T ky, kf;k;i_ = 1

X, (k; Q) = in/3ky s,

X2(k; Q) =iy -k X} (k; Q)

9,,(k; Q) = 6,,Ip,

P (k; Q) = 5[2“r”<fL 30,p7 - k]
53 (k; Q) = —ivy ks,

9’,,4p(k; Q) = \/362”@;}, [Liu:2022nku]
92 (k; Q) = 3krkr — 6,5 — vy kyy -kt
Voo (b Q) = vk -k,

Yo (k; Q) = =iy - B+ 97,(k; Q).

Vo (k; Q) = J5l0upy - K+
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Backups

« General Faddeev amplitudes for Baryons

where G+() = Ip(ivs) and, with T, = d,, + QNQV
,),H T, k = Tk, kﬁkﬁ =1,
( 7Q) Z\/'?’ kp Y5,
1 41
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m Gustavo Paredes

Backups N*, A* Elastic Form Factor

 We need to normalize the Faddeev amplitudes in the transition diagram and for
this we need the properties of the elastic form factors.

 The current for N EFF:

Ju(K, Q) = ie Ay (Pr) Tu(K, Q) Ay (Pi)

[Segovia:2014aza,
« The current for A EFF: Nicmorus:2010sd]

Jurw (K, Q) = At (Pr) Rxa(Pr) T 1,0 (K, Q) A+(Pi) Raw (Pi)
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 We need to normalize the Faddeev amplitudes in the transition diagram and for
this we need the properties of the elastic form factors.

[Segovia:2014aza,

« The current for N EEF: « The current for A EFF: Nicmorus:2010sd]
JM(K, Q) = ie /\+(Pf) FM(K, Q) /\+(P,) Jp,)\w(K, Q) - A-I-(Pf) Rka(Pf) ru,aB(K, Q) A+(Pi) R,Bw(Pi)
 The vertex:  The vertex:

Qa Q,B

1 *k * . F* L3 b 3 . F*
rM(K7 Q) - "YH«Fl(Qz) + mauuQu,‘}(Qz) FH,QB(K, Q) = [(F + F)ivu — m—ZKu] dap — [(F3 + Fy )ivu — m_ZKu 4m2A
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 We need to normalize the Faddeev amplitudes in the transition diagram and for
this we need the properties of the elastic form factors.

[Segovia:2014aza,

« The current for N EEF: « The current for A EFF: Nicmorus:2010sd]
JM(K, Q) = ie /\+(Pf) FM(K, Q) /\+(P,) Jp,)\w(K, Q) - A-I-(Pf) Rka(Pf) ru,aB(K, Q) A+(Pi) R,Bw(Pi)
 The vertex:  The vertex:
1 ‘ - o
(K, Q) = WaF(@) + 5w QuFa(@) | Taas(K Q) = (5 + Fidim— K| s = (55 + Fidi = k] 228

« Spatial distribution of charge and

magnetic moment: _
« The G, form factor in terms of the F;:

Q2
GE(Q?) = F1(Q%) — ——F(Q?)
4miy . Gro(Q) = (1 + 2%) (Ff = 14F) - %A(l +14) (F§ = 1aFY),
Gm(Q?) = F1(Q%) + F2(Q%) Ts = 1%

- 2
4dm 3




Gustavo Paredes

Backups Photon hits the quark

o With the general structure:

(P, P) = 4, fl 3 S TP(Q) S (I ¥ A (-1)

[Raya:2023wye]

I =+l + Py,
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With the general structure: [Raya:2023wye]

II'(l; P, P)) = ,f_f(’)Sl+ T?(Q) S '™ A'(-1
(I, Py, P) = q lw ()T SU) ™ A'(=)) £ =1+ P,

Where the quark photon vertex is:

r?;qy(Q) = f % Qp +PT(Q2) (Vu - VQZ_Q Qp)+napv Qv
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« With the general structure: [Raya:2023wye]

II'(l; P, P)) = rf_f(’)Sl+ T?(Q) S '™ A'(-1
(I, Py, P) = q lw ()T SU) ™ A'(=)) £ = s+ P,

« Where the quark photon vertex is:
rzqy(Q) = f % Qp +PT(QZ) (yu = VQZ_Q Qp)"‘napv Qv
 Where 7 is the contribution of the anomalous magnetic

moment of the quark (AMM), the origin of this contribution
is related to DCSB.

Q2

2
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B | custavo pareces Backups Photon hits the quark

With the general structure: [Raya:2023wye]

II'(l; P, P)) = rf_f(’)Sl+ T?(Q) S '™ A'(-1
(I, Py, P) = q lw ()T SU) ™ A'(=)) £ = s+ P,

« Where the quark photon vertex is:
r:]qu(Q) = f % Qp +PT(Q2) (Vu - VQZ_Q Qp)"‘napv Qv

 Where 7 is the contribution of the anomalous magnetic
moment of the quark (AMM), the origin of this contribution
is related to DCSB.

0.90¢

* Where Pris a dressing function of the inhomogeneous BSE | " PTinterpolation
0.85}
and its behavior recovers the tree-level vertex.

0.80¢




Gustavo Paredes

Backups Photon hits the diquark

o With the general structure:

H(dl,dz)(l; Ps, P) = quyu, f‘ﬁf(dZ) S () ‘pi(aﬁ) A (=) rl(lc,l;,dz)Y(l—, ) Al () l?’i =+l + Py,
l

[Wilson:2011aa,
Raya:2017ggu]
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o With the general structure:
H(dl,dz)(l; Ps, P) = quyu, f‘ﬁf(dZ) S () ‘pi(aﬁ) A (=) Fff,l)lc’dz)y(l_, ) Al () l?,i =+l + Py,
l
« The diquark photon vertex depends on the type of the interaction. Elastic:

P2t (ky = K + Q/2,ki = K — Q/2) = Z 7 (K, QF (@),

Tl (KaQ) - QKMPZ;!(ki),PZo(kf)?

H.po
Q? Ppe

(p) = 8,6 — PpPs /P

1 i po
( Qsl*') ( qq,1%)
K, ;@ Q*
L, ””(K @) = m? [Qp —k 2m? ] Qo +k; 2m? ’
(qg,17) (99,17%) (g9.1%)

[Wilson:2011aa,
Raya:2017ggu]
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o With the general structure:
H(dl,dz)(l; Ps, P) = quyu, fwf(dz) S () ‘pi(aﬁ) A (=) I‘Lc,i;,dz)Y(l—, ) Al () l?,i =+l + Py,
l
« The diquark photon vertex depends on the type of the interaction. Elastic:

Lo (ky = K+ Q/2,ki = K — Q/2) = Z 7 (K QF(Q),

Tl (K’Q) - QKMPga(ki),Pga(kf)?

W, po
2 2 . Ppo(P) = bpo — PoPo /P
T2,,(K,Q) = |Qp— Koo & | PL(K) — Qo + K5 | PLG), pr 1
2m( 2.1+) 277( 22.1+)
K . QQ Q2
U(K Q) [Q _kl ] Q0+k£ ]:
p ’ m(qq 17) ’ me?qqel*) 2m( qq,17)
e Transition:
L0 (k2, k1) =T (—ke, k1) =T, (K1, ko),
[Wilson:2011aa,
0% (k1, ko) = I skiakasGPH(QP). Raya:2017ggu]

M (gq,1+)




