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e Atlow Q2 (~0.25 GeV?), F, can be measured directly from the elastic
scattering of pions by atomic electrons [Amendolia et al. (1986)]

e Atlarger Q°, Fr has to be measured indirectly using the “pion cloud” of the
proton via 'H(e, /7 )n reaction [JLAB experiment]



e Determination of F;; from the pion electroproduction on the proton

Need to investigate the
off-shell form factors!
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2. General Structure of off-shell form factors

e General Structure

Ty =el(p' +p).G" + (' —p)uG~]

G* =GH(p* =t.p” =m3.¢" = -Q°)

e Ward-Takahashi Identity (WTI)

¢"T = ey (P)[A(p) — AW)]AG (p)

1 1
d A(p) =
an () p? —m2 —1I(p?) + i€

where Ag(p) =

p? —m2 + ie

constrained by II(m?2) = 0



2. General Structure of off-shell form factors

d e General Structure

Ty =el(p' +p).G" + (' —p)uG~]

P =m; G:I: _ G:I:(p2 _ t,plQ _ m72”q2 _ _Q2)

T (IZ)/ -
p2 = t(< 0) e Ward-Takahashi Identity (WTI)

1

¢"T = ey (P)[A(p) — AW)]AG (p)

where Ag(p) =

In the half on-shell limit,
AgH(P)A(p) =1

AP A(p) — 0

p? —m2 + ie

-

and A(p) =

1
p? —mg — I(p?) + ie

constrained by II(m?2) =

(m2 —t)GT + ¢*G~ =m?2 —t




e General Structure

L'y = 6[(19/ +p)uG+ + (p/ — p),uG_]
GE=G*(p* =t,p” =m2,¢" = -Q?)

e Ward-Takahashi Identity (WTI)

p? =t(<0) (m2 —t)GT +¢*G™ =mZ —t
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e Time-reversal invariance: pP<>Dp

G+(Q27p2ap/2) — G+(Q27p/27p2) a’nd G_(Q27p27p/2) — _G_<Q27p/27p2>
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e General Structure
L'y = 6[(]9/ ‘|‘p)uG+ T (p/ — p),uG_]
G:I: _ G:I:(pQ _ t,p/2 _ m72r,q2 _ _QQ)

e Ward-Takahashi Identity (WTI)

p? = t(< 0) (m3 —)GT + G~ =m; —t

2 2 2
. 1 1 / = —
 Time-reversal invariance: p <> p 0 for p D m

G+(Q27p27p/2) — G+(Q27p/27p2) and G_(Q27p27p/2) — ]

G~ (Q* ", p*)

Defining  Fy(Q%,t) = GT(¢%,t,m?2), F»o(Q?t) = G (¢*,t,m2)

We have

2

_ F(Q*=0,t=m2)=1
FZ(Q27t):t QTW[l_Fl(Q27t)] :> 1(Q m)

B(Q*t=m2)=0




e New method to make F5((Q?,t) measurable in the on-shell limit.

F5(Q?,t)
t —m?2

F(Q%t) + Q° =1




« New method to make F»(Q?,t) measurable in the on-shell limit.

F5(Q%,1)

2 2
Fl(Qat)+Q t—m%

2
4 g F;Z(_QW;J) = g(Q%, 1)

Fi(Q%,t) + Q%g(Q% 1) =1

0
0Q?
dg(Q*t) 0

002 _TQQFl(szt)

=1

9(Q%* 1) + Q°




« New method to make F»(Q?,t) measurable in the on-shell limit.

F5(Q%,1)

2
t—mz

=1

F(Q% 1) + Q7

N——"

9(Q%* 1) + Q°

1
On-shell limit ¢t = m?2 @ g(Q* =0,m?2) = —aTQQFl(cp =0,m2) = g<?“

g(Q* t=m2) =




3. Exactly Solvable Model Calculation

q

_ TL_(p/) Tl e = @ +D)PF1(Q%, 1) + (b — p)*Fa(Q%, 1)

on-shell

~ off-shell

/
HCOV HCOV

T = iN
! / 27‘(‘ 4Nka_|_qu k

S =Tr|vs(k+ d + mo)V' (K + mg)vs(K— P+ my)]

p p—k 2

N, = p? — mg + 1€ etc.




Some essential procedures for the calculations:

' =N H.o H'
’ / 27‘(‘ 4Nka+qu k cov

1 21
= dx/ d :
N1NoN3 /o 0 y[N1+fU(N2_N1)+y(N3_N2)]3

Wick rotation and Regularization in d = 4 — 2¢ dimension:

/ Ak 1 11
(2m)e (k% +C)  (4m)22C

dkp k% 1 €\ e 1 |1 1
/ 2m)d (k% +C)n  (47)? (L=3)C ) = gz | c 7~ g ~LoeC|.
1 1
T(e) = = =7+ (67" +7°) + O(€?)

€ 12



I+ = F1(Q%t)(p + p)* + Fa(Q% 1) (p — p)*

where

2 = N9 1 «
Fi1(Q°,t) = 087'('2 / dac/ dy _(1 + 3y) (fy + 5 + LogC) -+ C’]’

e g_ i B 1 28 — «
Fr(Q%t) = 687r2 / / _3(1 2¢ + ) (”y—i— 5 +LogC’> + C ],

azEQ—q'E—m?]—I—y[E2+2p°E—Q'P—m2],
B:EQ—I—p-E—mz—(:U—y)[E2—|—2p-E—q-p—mc21].
E = (z—y)g—yp,

C=(x—y)(e—y—1¢ —yQ—y)t—2yx—y)g-p+m,




e Numerical Results: M, = mq = 0.17 GeV, m, = 0.14 GeV

Proof of WTI : Fi(Q%t) + Q7 F2(Q2’2t) =1
t—mz
or ¢ Fy(Q%t) = (m3 —1)[F1(Q° =0,1) — F1(Q%1)]

0.03 T T T T T T T T I T T T T I T T T T
mq=0.17 GeV, t=0 case

— Im’ - o[1- F Q% 0]l |
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‘ 3D Imaging of F;(Q%,t) —2<Q?<1GeV?, —m2 <t<m?




‘ 3D Imaging of Fl(QZ, t), FQ(QQ, t), and g(QQ, t) in spacelike region

- F2
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On-shell predictions
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4. Data Extracted from JLLAB

grNN (1)

Cross section for 1H(e, e )n

R doy dor dopr dorr
dt > dt’ dt = dt

Extract

e At small -t, the pion pole process
dominates o,

dor, —tQ* 2/ 2
— t)F t
where
A2 —m?
ng’NN(t> :gWNN(mgr)( A2 — ¢ >

Inputs:
grnn(m2) =134, Ar =0.80 GeV

exp
gy,

v [Ref.] H.Blok et al. PRC 78, 045202(2008)

Fr(Q2,t <||:
F1(Q%,t) + Q7 t2(Q ) =1 Extract off-shell F1(Q?% t) = Fr(Q* 1)



. Off-shell F(Q?, 1), F5(Q?,t) extracted from JLAB data

T T T T T | T T T T | T T T T

0.6 4 Q'=0.60GeV’, W=195GeV ]
i ® Q’=0.75GeV’, W=195GeV ]
- Q°=1.00 GeV’, W=195GeV -
i , ; ]
os ¥ Q2 = 1.60 GeVz, W=195GeV _
i ® Q°=160GeV’, W=222GeV ]|
- B Q=245GeV,W=222GeV -
04 -
2 ﬁf% |
[l:_‘ — —
03 -
[ sy 3 1
i ) [ ]
02 - EE -
- I i -
I L] [
0.1 -
0 i 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]

0 0.1 02 03

-t [GeV’]

e
~

025 T T T T T T T T | T T T T | T T T T
I A Q°=060GeV’,W=195GeV |
I ® Q'=075GeV’,W=195GeV
02l Q’=1.00GeV’, W =195GeV _|
i ® Q’=1.60GeV’, W=195GeV |
s ® Q'=160GeV’, W=222GeV -
0151 -
Ng B 7

S0y =
- E o -1
L}

i . _
0.1F = * -
[ . . ¢4 |
- ] & [ I b
_ * [} i
- 4% * ; -1
0.05 - « &
- I -

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
04 023 02 0.1 0

[Ref.] H.Blok et al.

PRC 78, 045202(2008)




On-shell form factors:

F(Q*t=m2), g(Q*t=m2)

compared with JLAB data.

N

g(Q% t = m3)
can give new constraint
in extracting on-shell F; (Q?)
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Huber et al. -JLAB (2008)

Off-shell g(Q”t) extracted from JLAB data (2008)
Off-shell Fl(Qz,t) extracted from JLAB data (2008)
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5. Summary

e Obtain the general off-shell pion form factors: Fi(Q?%,t) and F»(Q?,1)

F(Q% )

Fi(Q%,t) + Q7 t2— 3= 1 from WTI

> F(Q*=0t=m2)=1 FKQ*t=m2)=0

e Find the new observable in the on-shell limit: g(Q?,t) =

9(Q%t = m2) = £(r%) + aQ? + -

S| =

can be extracted from JLAB experiment and would
give the new constraint to extract the on-shell charge
form factor!
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