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MOTIVATION

 Hadron physics experiments probe the asymptotic predictions of
Quantum Chromodynamics and Iits non-perturbative emergent
phenomena of dynamical chiral symmetry breaking and confinement.

* The theoretical study of the dynamics of Hadrons represents a
challenge since the extrapolation from fundamental particles to

bound state systems Is a hard task.

* The use of the SDE and BSE to study static and dynamic properties
of Hadrons with the minimum number of Input parameters Is a long

term goal.



* At leading-order in a symmetry preserving truncation of
the SDEs, internal properties of pseudoscalar; vector,

scalar and axial-vector mesons such as pion, rho, sigma

and @1 can be studied In a consistent manner:

* |n this work we are interested on the determination of
“lastic Meson Form Factors (EMFF).

» [he calculation of all elastic meson form factors requires
the computation of the quark propagator; the BSA of
mesons, their masses as well as the knowledge of the

quark-photon interaction at different probing momenta.




GAP EQUATION

* Dressed masses of quarks are obtained by use of the GAP

equation,
S(p)~t =y -p+ ms + X(p)
Where :
¥(p) = g / (5754 9°Dyy(p — )7 S(@)Tw (g, p)

» And mis the current quark mass and 1, is the quark-vector
boson vertex

C. D. Roberts and A. G.Williams, Prog. Part. Nucl. Phys. 33,477 (1994).
C. D. Roberts and S. M. Schmidt, Prog. Part. Nucl. Phys. 45, S| (2000).
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BRE Amicans of the Contact Interaction (Gl

92DMV(Q) = 5MV 2
I'v(g,p) =%

* It Is possible to find dressed masses of mesons M;

DY,
daqr 2
M, = M C(M
‘sl v (MF)
* Where,

Ol ==l gy = 0= 27~

L. X. Gutierrez-Guerrero, A. Bashir; |. C. Cloet, and C. D. Roberts, Phys. Rev. C81, 065202 (2010), 1002.1968. 4



BE [ HE-SALPETER EQUATION

* The bound-state problem for Hadrons characterized by two valence-
fermions may be studied using the homogeneous BS equation,

N
any . 1
—® --© ”
N L
IS

» Where ['the is the Bethe-Salpeter Amplitude (BSA); and explicitly is,

d*q
IBE = — s Pl o K (gl e
» This equation has a solution when P? = — Mz\24 with M,, being the meson

Mdass.

E.E. Salpeter and H. A. Bethe, Phys. Rev. 84, 1232 (1951) 5



& Woclieral decomposition of the BSA In the Cliior &S
(S), Pseudoscalar (PS), Vector (V) and Axial-Vector (AV)
Mesons IS given by,

» Such as Py, =0 and, the reduced mass with dressed

quark masses Is
Mp = MfleQ/(Mfl g Mfz)

C. H. Llewellyn-Smith, Annals Phys. 53,521 (1969). 6



QUARK-PHOTONVERTEX

* Since the Elastic Form Factors of mesons shall be extracted from the

process YyM — M ,the dressed quark-photon vertex is needed.

» Within the framework described in the Cl, the quark-photon vertex is given

by,
T (@) = A @) 3 G Pl

+ Where, Pp,(Q?%) = land Pr(Q?) = (1+ K,(Q?))™*, with

H.L.L. Roberts, A. Bashir, LX. Gutierrez-Guerrero, C.D. Roberts, DJ. Wilson, Phys.Rev.C 83 (201 1) 065206 7



BEAS | 1C FORM FACTOSS

* [he kinematics of the

* And the standard

Drocess IS given by the

-eynman diagram

momentum

pDarametrization,



» Using Feynman rules, we find that for a general

meson, this process can be written as,

AM 1 — N / d*/ TrQM’fl
“J (2m)

« where we have omitted the Dirac indices, and,
gM,fl — — FM(kf) S(é + k;, Mfl) P)\(Q)
X S(€+ kg, Mg ) Tar(—ks) S(€, My,)

+ The function A/t labels all M kind of mesons.
Besides, the photon interacts with the quark with

flavor fi1,and the fermion f2 Is a spectator.



o AMI1 can be written as a function of the Elastic Form

Factors as,
Scalar ASH = 9K, FSh
Pseudoscalar | AP/t = 2K, FF5h
Vector Ve T&)y FYh
Axial-Vector | A4V:/1 = ?:1 T)(\,;L)I/ FiAV,fl

- Where the tensor structure Is given by

(D

2
2 Q
T>(\u)u o (Qu — 2m2
(qq’
@)
TA,ul/ i m2 i
(qq ")

NI 2K PE@ (pZ) PaTy(pf) 9

T or
>> P)xl/(pf) R (Ql/ _pf,z/2m% >> 2

-
Q2 Q2
p — Piu 21,2 QV L 9112 )
(aq’) (qq")

e And ng(p) = 5/“/ S p,upl//p2.




* |n order to consider the total elastic form factor of mesons, we

EISE,

FM = GleM’fl -+ efZFM’fz

« Furthermore, In the case of vector and axial-vector mesons, we
present the results of the electric, magnetic and quadrupole

form factors, defined as,

2
Cig = i - g

3
Gy = —1F>
GQ :Fl—I—F2—|—(1—|—77)F3

e here 1 = QQ/(4m%qq/>) and we label {¢q’) to the meson
state.



» Analytical expressions for the Forms factors can be casted In
the most general equation as,

1
FO(Q2) = . Pr(@?) / dadp o
0

4772
X (AT (ws) + (B — wp AP )Cs(ws))
» where the j = {S,PS,V,AV} andi = 1,2,3 is only present
for in the case of vector and axial-vector mesons. Furthermore,
this equation makes evident the dressing of the quark-photon

vertex, and the triangular topology dependence In .

» Coefficients depends on: dressed masses of quarks, the meson
mass, IR and UV cuts.

H-P Gutierrez-Guerrero, Bashir, Bedolla, Higuera-Angulo, Phys.Rev.D 107 (2023) 5, 054002 | 2



PALY SIS OF Bl

» [he generation of dressed quark masses are,

m, = 0.007
M, = 0.367

mq — 0.007
Mg = 0.367

me = 0.17
M, =0.53

m. = 1.08
M =152

mypy — 3.92
My = 4.68

* For the generation of masses of pseudoscalar and scalar mesons, it
depends on the following parameters,

quarks | Zy | Ayv [GeV] QIR

u,d, s 1 0.905 4.57 =1
c,u,s | 3.034 1.322 1.50 Ak = 0.24 GeV
C 13.122 2.305 0.35

b, u 11.273 |  3.222 0.41

b, s 17.537 3.574 0.26

b, c 30.537 3.886 0.15

b 129.513 7.159 0.035

|3



dNda

th these parameters, masses of pseudoscalar mesons

BEigimicters of the Cl mocel.

H-P Gutierrez-Guerrero, Bashir, Bedolla, Higuera-Angulo, Phys.Rev.D 107 (2023) 5, 054002 | 4

BSA are,

Mass[GeV] Eps Fpg| mps[GeV]| error [%]

ud 0.139 3.59 047 0.139 0.008

u3 0.499  3.81 0.59| 0.493 1.162

S3 0.701  4.04 0.75 — —

cl 1.855  3.03 0.37| 1.864 0.494

C3 1.945  3.24 0.51| 1.986 1.183

ub 5.082  3.72 0.21| 5.279 3.735

sb 5.281 2.85 0.21| 5.366 1.586

ch 6.138 258 0.39| 6.274 2.166

CC 2.952  2.15 0.40| 2.983 1.053

bb 9.280  2.04 0.39] 9.398 1.262
* PS meson masses are well determined by the




* For the scalar meson, we find the following

parameters for masses a
quarks Z Auv [GeV] | air
u,d, s 1 0.905 4.57
c, U 3.034 1.322 1.50
c,S 3.034 2.222 1.50
C 13.122 2.305 0.35
b, 18.473 | 10.670 | 0.25
b, s 29.537 | 11.064 | 0.15
b, 34.216 | 14.328 | 0.13
b 127.013 26.873 0.036

nd the BSA,

Mass [GeV] Eg |mg”® [GeV] | error [%]
ud 1.22 0.66 - -
u3 1.38 0.65 — —
S3 1.46 0.64 — —
cl 2.31 0.39 2.30 0.19
C3 2.42 0.42 2.32 3.54
ub 5.30 1.53 — —
sb 5.64 0.26 — —
cb 6.36 1.23 6.71 5.26
cC 3.33 0.16 3.42 2.73
bb 9.57 0.69 9.86 2.95

* In this case, we have not all experimental values to

compare with, however, we find a good agreement

with the available data.

H-P Gutierrez-Guerrero, Bashir, Bedolla, Higuera-Angulo, Phys.Rev.D 107 (2023) 5, 054002 | 5




- Analytical expressions for pseudoscalar mesons can be evaluated
numerically in order to know the behaviors of the EMFF.

* For the ten pseudoscalar mesons, we find the following EMFF.

F52(Q%)

0.2 1

0.0
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Different quark flavors — Same quark flavors

H-P Gutierrez-Guerrero, Bashir, Bedolla, Higuera-Angulo, Phys.Rev.D 107 (2023) 5, 054002 | 6



FE™(Q?)

For the ten scalar mesons, we find the following EMFF.

1.0

2 4 6 8 10

Q*[GeV?] Q*[GeV?] Q*[GeV?]
Charged mesons Charged mesons Neutral mesons

Different quark flavors — Same quark flavors

The behavior at low Q2 brings information about the charge radi
: <6iF

N = dQ?2 Q2—>0>

H-P Gutierrez-Guerrero, Bashir, Bedolla, Higuera-Angulo, Phys.Rev.D 107 (2023) 5, 054002 | 7

of mesons. [ he definition Is given by,




» For pseudoscalar mesons, we find the following charge radii,
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* We find a hierarchy on the meson mass and the charge radil.

H-P Gutierrez-Guerrero, Bashir, Bedolla, Higuera-Angulo, Phys.Rev.D 107 (2023) 5, 054002 | 8



B nillar situation Is found for the scalar mesens
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The general trend of decreasing charge radil with increasing
constituent quark mass seems reassuring

H-P Gutierrez-Guerrero, Bashir, Bedolla, Higuera-Angulo, Phys.Rev.D 107 (2023) 5, 054002 | 9



 [he error bars presented in the previous plots has computed by

allowing a variation of 5% over the charge radii of S and PS mesons.
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* Variations of the charge radii in S mesons are in general small.
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» For the lightest psedoscalar mesons and the 7. meson, error bars can be

compared with avallable experimental and lattice results.
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- Comparison with experimental data shows that the simplicity of the Cl
model underestimate the behavior of the EMFF for pion.
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» For the lightest psedoscalar mesons and the 7. meson, error bars can

be compared with avallable experimental and lattice results.
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* ror the practical utility and inturtive understanding

of their large O? behavior; we perform an
interpolation for S and PS mesons EFF In the range

0 € [0,8M;].
* We adopt the following functional form:

. o ey t+a; Q%+ b; Q1

» Wherei1 € {$, PS} and ¢, is the electric charge

of the corresponding meson.
Jidh



* [he results of our fit for S and PS mesons are

as bg Cg dg
ud | 0.286 | 0.003 | 1.543 | 0.617
us | 0.266 | 0.002 | 1.486 | 0.629
ss | 0.217 | 0.001 | 1.271 | 0.542
ct | 0.759 | —0.005 | 0.680 | 0.641
cs | 0.004 | 0.001 | 0.783 | 0.047
ub | 0.984 | 0.001 | 1.619 | 0.087
sb | 0.210 | 0.001 | 0.175 | 0.115
cb | 0.289 | 0.001 | 0.743 | 0.026
cc | 0.217 | 0.001 | 0.860 | 0.673
of| b | 0.269 | 0.000 | 1.607 | 0.020

aps bps CPS dps
ud | 0.330 | 0.029 | 1.190 | 0.068
w3 | 0.335 | 0.029 | 1.092 | 0.065
ss | 0.328 | 0.040 | 0.874 | 0.092
ct | 0.616 | —0.001| 1.370 | 0.109
cs | 0.615 | 0.028 | 0.897 | 0.111
ub | 1.143 | 0.033 | 1.921 | 0.146
sb | 0.218 | 0.000 | 0.840 | 0.009
cb | 0.333 | 0.003 | 0.493 | 0.021
cc | 1.778 | 0.057 | 1.994 | 0.334
bb | 0.099 | 0.000 | 0.127 | 0.002

20 mesons. It means that we reproduce the well-known

tendency,ie., ~ 1/0?




» rinally, we compare our results with available data and

models.
ud us SS cl cS ub sb ch cc bb
Our Result 0.45 0.42 036 0.36| 0.26| 0.34| 0.24| 0.17| 0.20| 0.07
SDE [4, 20] 0.676 + 0.002 0.593 4+ 0.002 - 0.24 | 0.09
Lattice [7, 8, 57]| 0.648 £0.141 | 0.566 (extracted) - 0.25
Exp. [58] 0.659 4+ 0.004 0.560 £+ 0.031 - - -
rt  [54] 0.658 0.568 i i 0.13| 0.03
't (CI) 0.45 0.38 0.33 - 0.09 | 0.02

» [here are not studies for all pseudoscalar mesons.

» Unfortunately, this Is the same scenario for the scalar

BESSONS

* Vector and Axial-Vector... to be continued.
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CONCLUSIONS

The determination of the internal structure of mesons can be understood
@R Form Factors.

In this work, we present the study of Electromagnetic Form Factors of the
elastic process yM — M, for scalar and pseudoscalar.

By means of the Contact Interaction, we find meson masses, BSA, charge radii
for all kinds of mesons.

We find a good agreement for the determination of meson masses.

Due to the simplicity of the Cl, we performed an exhaustive analysis of the
EMFF of scalar and pseudoscalar mesons.

s



CONCLUSIONS

+ The small Q% dependency shows that the charge radii of scalar and
pseudoscalar mesons present a hierarchy such that,

ruJ> ru§> rCI/_t> Yub
ru§> rs§> rc§> V'sb
rczZ> rc§> rcc'r> Feb
Tuii = Vss = Tez 2 Tpb

+ On the other hand, we find that for large O the EMFF drops as 1/0? as
Eicdlicied by QCD.
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FERSPEC TIVES

* We are now finishing the analysis for Electromagnetic

BeEi I actors of vector and axial vectormesee

* A similar analysis can be done for Transition Form

Factors for scalar, pseudoscalar, vector and axial vector

FRISSONS.

S ANmore Invo

implementec

ved
for

out necessary analysis shall be

Daryons.
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