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Motivations

e Hadronic Form factors: Important Sources Informations for
Hadrons Strucuture

e Off-Shell Effects: Electroproduction = H(e,e'nt)n

e Cross section’s: o,,07,011,07T

e Pion Electromagnetic Form Factors: F1(Q?,t) and F(Q?,t)
— Extracted from Cross sections
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Data from Experiments: Electroproduction

e e

t — channel

Figure : e p — € 7t n scattering.
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Off Shell Electromagnetic Form Factors

Electromagnetic Form Factors

—> Form factors are essential for our understanding of internal
hadron structure and the dynamics
e Off-shell Case

— Two Electromagnetic Form Factors: F; and F;
e Most Simple Structure:

< plOIP >= (p' + p)*F1(Q% 1) + (p' — p)'F2(Q% 1)
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Off Shell Electromagnetic Form Factors

e Most General Structure
M = el(p+p)u G+ (p—p)u G7]

e — G"=F(p?*p?q*) and G~ = F(p?, p?,q°)
and, with Ward-Takahashi Identity-WTI

q'T, = eAg A(p) — A(P)AG (p),

Where, Ao(p) = m, and, A(p) = p2—n12+2(pz)+26
e Assuming (Standard renormalization)

— { E(m*)=0
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Off Shell Electromagnetic Form Factors

e Half On-shell limit = p?=m?

AN PHAK)  — 1
AN (P)A(P)  — 0

So that, (m? — p?)G' +q¢°G~ = m? — p?
e With the normalization — G*(m?> m? ¢*>=0)=1
e This gives us a relation between GT, and G:

U

G (p?.p%q%) = (m*—p?) [1— G (p?,p% ¢°)
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Off Shell Electromagnetic Form Factors

e We get

(m?
2

2
rZalf—off—sheIl — e[(PI+P)u G+ +(P— p/)u - p ) (1 . G+)] )

® VS

rznfshell _ e[(Pl‘f'P)/L G+] .
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Extraction of the pion electromagnetic form factors, F!

and F2 from the experimental cross-section

eThe electromagnetic pion form factor is extracted from the
longitudinal cross section

e Longitudinal cross-section and pion form factor

doy 160 —tQ? -
dt ~ 137N (t — m2)? G2 (1) FF(Q% 1)

e Factor N =327 (W? - m?) \/(W2 —m2)?2 4+ Q* +2Q*(W? + m2)
e Invariant mass of virtual-photon-nucleon W

W = \/Mg +2M2w — @2, and g, = (w,d), t = (pr — )

Ref. G. M. Huber et al. [Jefferson Lab Collaboration].

Phys. Rev. C78 (2008) 045203
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Off Shell Electromagnetic Form Factors

e Pion electromagnetic form factor, F,(Q?t) = F}!
in terms of the cross-section

137N 1 (t—m2)?doy
16m G2\, (1) —Q%t dt

FE(Q@%t) =

e From the Cross section we can extract the function H

137N (t — m2)? doy.
16r  —tQ? dt

[F1.G]? = H?*(Q% 1)

e Pion electromagnetic form factor F(Q?,t)

(P* —p?)
Fo(Q%,t) = — (1.0 — FH(Q%,1)]
—  F(m?,m? ¢°>=0)=1 Normalization
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Off Shell Electromagnetic Form Factors

Pion - Nucleon Form factor G,nn(t)

e Two possible models
e Choice |

/\2 o m2 n
Genn(t) = Grww(m?) (ﬁ)

e Choice Il

Genn(t) = Gean(mi)——5

1 - %)
Ref.: ¢ G. M. Huber et al. [Jefferson Lab Collaboration].
Phys. Rev. C78 (2008) 045203.

¢ R. Machleidt, K. Holinde, Ch. Ester, Phy. Rep. 149 (1987) 1.
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Light-Front Model: Non-Symmetric Vertex

e Electromagnetic current

2 d*k
= el [ ST [SU0rS (K~ ) S(k — o ? (kT ()
f2 (2m)*

1
‘/7m+7,s
e Numbers Colors =—> N, = 3 and Factor 2 from the isospin algebra
¢ Non-symmetric Vertex Function

e Quark propagator — S(p) =

N
((p— R)2 — 1)

rNSY(k7 p) _
= Ref.: de Melo, Naus, H. and Frederico,T., Phy. Rev.C59 (1999) 2278
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Light-Front Model

e Kinematics = Off-shell (with light-front quadrimomentum)

e Definition:

' =(at=a+a%a =a"—aa, = (a1,a))
q2
Plpu = t, ppt=t+,
+
pT+p
po = ——,p =p",
p~ = pp . Pt =0
2
0 2 9
p/ g mﬂ'—’_T’
Py = mi,q"=0,q.=¢q, g, =0
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Light-Front Model

e Some Results from LFCQM -(with NSY-Vertex)
— Parameters: mg = 1.00 GeV, m, = my =0.220 GeV,
ms = 0.510 GeV

f. = 93.1 MeV (FP- = 92.42 MeV)

fic = 126.9 MeV (FOP =110.4 MeV)
(rz) = 0.679 fm (&P =0.672 fm)
(rg) = 0.636 fm (5P = 0.560 fm)

Ref.:

e de Melo, Naus, H., Frederico, T., Phy. Rev. C59 (1999) 2278.
e E. Silva, de Melo, B. EI-Bennich, V. S. Filho, Phy. Rev.

C86 (2012) 038202

e The Review of Particle Physics (2017), C. Patrignani et al.
(Particle Data Group), Chin. Phys. C, 40, 100001 (2016)
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Results
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Figure : The form factors Gryn(t) | and Il
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Figure : Experimental cross section, o; in function of t.
Data from Block et al., PRC78 (2008) 04520 2.
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Figure : The experimental pion electromagnetic form factor, FT(rl), and
F7(T2), extract from cross-section data, in terms of t, and @2, with the Choice | for
Grnn(t), with Gyyn(0) = 13.4 and A = 0.80, and compared with the LFCQM,
with W, Q? and t dependence.

Data from Block et al., PRC78 (2008) 045202.
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Figure : The pion electromagnetic form factor Fy, times Gryn(t) extract from

cross-section data, in terms of t.
Data from Block et al., PRC78 (2008) 045202.
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Figure : The pion electromagnetic form factor Fy, times G,yn(t) extract from
cross-section data, in terms of Q2.
Data from Block et al., PRC78 (2008) 045202.
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Results
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Figure : The pion electromagnetic form factor Fy, times Grnn(t) extract from

cross-section data, in terms of t, and Q? .
Data from Block et al., PRC78 (2008) 045202.
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Figure : The experimental pion electromagnetic form factor, F7(r1), extract from

cross-section data, in terms of t, and @2, with Choice | for G,nn(t), with
Gewn(0) = 13.4 and A, = 0.80.
Data from Block et al., PRC78 (2008) 045202.
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Figure : The pion electromagnetic form factor Fy, times G,yn(t), calculate with
LFCQM non-symmetric vertex, in terms of t, and Q2.
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Figure : The pion electromagnetic form factor, F7(T1), calculated with LFCQM, in
terms of t, and @2, for Gynn(t), with Gyyn(0) = 13.4 and A, = 0.80.
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Figure : Experimental pion form factor, F;(Q?,t?), extracted from cross
section, oy in function of t, with the choice 1 for G,nn(t), with
Gran(m2) = 13.40, and, A, = 0.80 GeV.

Exp. Data: Block et al., [TJLAB] PRC78 (08)045202.
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Figure : Experimental pion form factors, F2(Q?,t), extracted from cross
section, o, in function of t, with the choice 1 for G,nn(t), with
Grnn(m2) = 13.40, and, A, = 0.80 GeV.

Exp. Data: Block et al., [TJLAB] PRC78 (08)045202.
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Baldini et . - Frascati (2001)
Volmer et al. (2001) - TILAB

Horn et al. (2006) - TILAB
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Huber et al. (2008) - TILAB

Thiswork with choice 1, A, = 0.80 GeV/

064 — NSY Vertex Model

osfE

> emoe

4 6 8 10
QZ:—qZ[GeV/c] 2

Figure : (Blue points) Experimental pion form factors, F1(Q?, t?), extracted from
cross section data, oy in function of @2, with the choice 1, choice 1 for G,nn(t),
with Goyn(m2) = 13.40, and, A, = 0.80 GeV, compared with the experimental
previus literature; and, also, with a light-front constituient quark model (LFQCM).
Exp. Data: Block et al., [TJLAB] PRC78 (08)045202.
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Figure : Experimental pion form factors, F1(Q?,t?), extracted from cross
section, o, in function of Q2, with the choice 1 and 2, for both form factors, with
Grnn(m2) = 13.40, and, A, = 0.80 GeV, compared with the experimental
previus literature; and, also, with a light-front constituient quark model (LFQCM).
Exp. Data: Block et al., [TJLAB] PRC78 (08)045202.
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e Also: Contribuition from pion resonance // Preliminary Results!!

2t t—m2 G*yy(t)
F(2) 2 ) = m; 1— F(l)—onshell) 2 m NN Fror 2 t
(a7, t) 7 (q )+7t_m;2 Con(D) (Q%,1)

t— m72r G-,r*/\//\/(t)

F(l)(off—shell) 2 t) = F(l)(on—shel/ 2 Foo 2 ¢
w (a°.t) =Fx (q)+t_m;;2 o (D) (Q% 1)
e We can extracted the following function
Gr-nwn(t) _ —on)] (t = m2?)
H 2 t) = . F,- 2 t) = F(l off) _ F(l on) s
H(Q7, t) o () nv(Q7,t) [ i x } = m)
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Figure : Function Hp(Q?, t) times t, extract with the experimental data, and,
also, with a light-front LFCQM.
Exp. Data: Block et al., [TJLAB] PRC78 (08)045202.
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Figure : Function Ha(Q?, t) times @2, extract with the experimental data, and,
also, with a light-front LFCQM.
Exp. Data: Block et al., [TJLAB] PRC78 (08)045202.
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Conclusion

Summary

Show F1(Q?,t) X Gyyn(t) from experiments

Use F1(Q?% t) and F(Q? t) relationship to extract F(Q2,t)
Choose G,py(t) with two differents parametrizations

Show F,(Q2 t) # 0 no matter what G, yy(t) is used
Correction from m;+ and ”"some” parametrization to
Gr.un(t) = extract F*. . (Q? t) from data?

e Compute F+yy from some LFCQM
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Conclusion

Thanks to the Organizers
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