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Motivation

What is “Pion Target™?

Pion lifetime is too short:

~10-8 sec(IT*"), ~10-17 sec(I1°)

The exact pion pole is not accessible

in electroproduction processes (t<0<mg?).

Validity of the extrapolation from the off-shell
results to the on-shell limit is questionable/
debated.

EM structure of the off-shell hadron is more
complicate involving more unknown functions
with more dynamical variables.



PHYSICAL REVIEW D 100, 116020 (2019)

€I

O

Pion off-shell electromagnetic form factors:
Data extraction and model analysis

Ho-Meoyng Choi
Department of Physics, Teachers College, Kyungpook National University, Daegu 41566, Korea

T. Frederico
Instituto Tecnologico de Aerondutica, 12.228-900 Sdo José dos Campos, SP, Brazil

Chueng-Ryong Ji
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202, USA

J.P.B.C. de Melo

Laboratorio de Fisica Teorica e Computacional,
Universidade Cruzeiro do Sul/Universidade Cidade de Sdo Paulo, 01506-000 Sdao Paulo SP, Brazil

® (Received 6 August 2019; published 23 December 2019)



Outline

» Off-shell Pion EM Form Factors

o Off-shell Form Factor Sum Rule

» Manifestly Covariant Model
Calculation

« Extraction of Off-shell FFs from Data

» Comparison of Extracted vs. Model

FFs
e Conclusion and Outlook



OFF-SHELL PION ELECTROMAGNETIC
FORM FACTORS
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where




(p” = p°)Gi(q*, p*, P*) + 4°Gy(q%, p*, P”*)
= A7 (p") = A7 (p).
In particular, for the case of real photons (i.e., g2 = 0) and
p'? = m2 with A~ (p’) =0,
A~ (p) = (p* = mz)Gy(0, p*, mz)
= (p* = mz)G (0, mz, p°).

Thus, the form factor normalization G,(0, m2, m2) = 1

since  lim_,,,2[(p* = mz)A(p)]™' = 1.

Gi(q*. p*. p?) = Gi(q*.p”. p*) ; Gy(q*, p*. p") = =Gy(q*. p?. p?)



A~Y(p") = A7 (p)

G,(0, p?, p”?) =

p/2 . p2
(p”-p*)[G:(0,p% p"”) - G\(q*. p*.P"?)]
Gy(¢*.p*.p"”)= 2
q
Half off-mass-shell form factors : p2 =t and p”* = m2,

f— 2

Fy(Q% 1) =
where F; (0%, t) = G;(¢*, t,m2) (i =1, 2) and Q% = —¢*.
F,(Q%* 1) =0if p>=p" =m;

consistent with G,(Q2, p?, p"*) = —G,(0?, p”*, p°)
normalization of F; F\(Q?>=0,t=m2) =1

“[F1(0,1) = Fi(Q°, 1)),



The renormalized pion self-energy Il(¢) is related
to the off-shell pion form factor F;(Q? =0, 1)

[(2) = (t = mz)[1 = F1(0, )]

assuring the on-mass-shell condition I1(7r = m2) = 0

q

r,=(p'+p),Fi(01)
(t—m3)

[F1(0,1) = F1(Q*, 1)]

p

F,(Q%t) to t —m2 is nonzero in the limit of 7 — m2

(Q2 ) F;(_Q 2)




off-shell form factor sum rule
F\(Q%.t) = F(0,1) + 0°g(Q°,1) = 0




MANIFESTLY COVARIANT
MODEL CALCULATION
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Fi(Q 1 / dx [ ay
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and

[3(1 — 2x + y)LogC + 'Bg a],

where y ~ 0.577 is the Euler-Mascheroni constant
= (1 +y)(E* =mg) —q-E+2yp-E—yq-p.
p=(1—-x+y)(E*—m)+ (1 -2x+2y)p-E

+ (x—y)g-p where E=(x=y)g—yp, C=(x—y)(x=y=1)g>=y(1-y)t-
2y(x—y)q-p+mg, and q - p = (mz + Q* —1)/2.



Fen(Q% 1) = 1+ [Fi(Q°, 1) — F1(0,mz)],

Ncgy% q L7

Fl (O’m%) — 871.26]6] Log(mgl) | 4 g 6
2(mz—2m;

( ) tan~! Cr



on-shell pion decay constant f
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gﬂqq _ Fl (09 mizt)
2m, I

Fen (0, m2)/ f2® with F©0(0, m2) = 1

gﬂqc"] ~ 2mq/fEXp

EXp— 130 MeV

Grqg = (132,120,1.11) (2m,/ £z
for m, = (0.12,0. 40.16) GeV




explicit proof of the WTI

m

Fa(Qhn) =""1= 0 =[F1(0,1) = F1(Q%, 1)),

mq=0.16 GeV, t= —szc case
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EXTRACTION OF THE OFF-SHELL
FORM FACTORS FROM THE
EXPERIMENTAL CROSS SECTION

where G, yy(m2) = 13.4 and A, = 0.80 GeV have been
taken 1n the extraction of F', from the Jefferson Lab (JLAB)



TABLEI Pion form factors extracted from experimental cross section for doy /dt given in Table VII of Ref. [7] vs solvable model with
m, = 0.14 £0.02 GeV. The coupling constants, g,,; = (1.32,1.20, 1.11)(2mq/f,]?"p), are used for m, = (0.12,0.14,0.16) GeV,

respectively. (Q?,¢) are in units of GeV?, and g(Q?, 1) is in units of GeV~=2.

F(ljov ( Q2 , t)

FF*(0,1)

gExp ( Q2 , [)

gCOV ( Q2 , [)

Q2 —t FIIEXP(QZ, [)
(Q%) = 0.60 GeV?, W = 1.95 GeV

0.526 0.026 0.502 £ 0.013
0.576 0.038 0.440 £0.010
0.612 0.050 0.413 +0.011
0.631 0.062 0.371 £0.014
0.646 0.074 0.340 + 0.022
(Q%) =0.75 GeV?, W = 1.95 GeV

0.660 0.037 0.397 +0.019
0.707 0.051 0.360 + 0.017
0.753 0.065 0.358 £ 0.015
0.781 0.079 0.324 £0.018
0.794 0.093 0.325 £ 0.022
(Q%) = 1.00 GeV?, W = 1.95 GeV

0.877 0.060 0.342 +£0.014
0.945 0.080 0.327 £0.012
1.010 0.100 0.311 £0.012
1.050 0.120 0.282 +0.016
1.067 0.140 0.233 £+ 0.028
(0% = 1.60 GeV2, W = 1.95 GeV

1.455 0.135 0.258 £0.010
1.532 0.165 0.245 +0.010
1.610 0.195 0.222 £0.012
1.664 0.225 0.203 £ 0.013
1.702 0.255 0.227 £ 0.016
(Q%) = 1.60 GeV?, W = 2.22 GeV

1.416 0.079 0.270 £ 0.010
1.513 0.112 0.258 +£0.010
1.593 0.139 0.251 £0.010
1.667 0.166 0.241 +£0.012
1.763 0.215 0.200 £ 0.018
(Q?) =245 GeV?, W =2.22 GeV

2215 0.145 0.188 +0.008
2.279 0.202 0.178 +0.008
2411 0.245 0.163 £ 0.009
2.539 0.288 0.156 £ 0.011
2.703 0.365 0.150 £ 0.016
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Master Equation

BR(Q%, 1) = [Fy¥(0,1) — F{™P(Q%.1)]/ Q7

1x10° -
5x10™7
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-1x10°®
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- On—mass shell case

® Amendolia et al. (1986)----- [3]
Volmer et al. - JLAB (2001)

Horn et al. - JLAB (2006)----- [10]
Tadevosyan - JLAB (2007)

Huber et al. -JLAB (2008)----- [8]

F, " withm_=0.12 GeV, g__=2.43 +0.07
q Tqq

g withm =0.12GeV, g - =2.43+0.07
q T

qq
Co

F " withm_=0.16 GeV, g__=2.73 +£0.10
q qq

gwithm =0.16 GeV,g - =2.73+0.10
q nqq

e = \/(r2)

corresponds to ¢&*P(Q? =0,m2) = (1.953+
0.023) GeV-?

(0.672 £ 0.008) fm -
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Conclusion and Outlook
» New form factor ¢(0Q* 1) = F5(Q% 1)/(t — m3)

appears measurable even in t — m2.
 The value of ¢(Q*>=0,t=m )Corresponds
to the charge radius of pion.
* One needs F1(0.7) to determine 9(2.1) .

* Main features appear consistent
between the model calculation and the
data extraction although the evolution in
Q2 and/or t is not in full agreement
between them as expected.

« QCD effects deserve further study
iIncluding the extension to inclusive
processes.



