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ZTFHKRETF

m e—p SRALHCHIE R FA A LM (R ot e\ TR
stadter and R. W. McAllister, Phys. Rev. 98, 217 (1955)
R. Hofstadter, 1961 4% U R#Z % %) o N\ Lol
oz ST A N A 9 107 \ POlNI':‘ MOMENT |
o LRMBEAT, itk e— p MBI MS g NS
A : N
do do 50 9 5 o | N
(gg)e = (gg)meu(l + 27 tan” D)F(g"). ewal comd ST~
% ul(gzac/\"\
N s 2 - CURVE N
° iﬂ ’L/e ﬁu J—r‘:- E(TI']: é,‘lj }}_ %_44‘ ’IL)]—LL T ﬁ)'% —% ]-}:] %]z % IO'”;O 50 70 920 |I|0 130 150
;ﬁ éé; #@ o LABORATORY ANGLE OF SCATTERING (IN DEGREES)

n BRI TFAME T RRIET, A

L0 ) = 1Fi (@) + 2 Fy(g2),
w0 ) = vuF1(q”) + 2 2(q%)

m B EWIKEF (EMFFs) (F.J. Emst, R. G. Sachs and PR 119, 1105 (1960)) :

W ARE T Gelg®) = Fi(q?) + TrpF2(q?),
B KAF: Gu(e®) = Fi(q?) + kpFa(q?).
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.98.217
https://journals.aps.org/pr/abstract/10.1103/PhysRev.98.217
https://www.nobelprize.org/nobel_prizes/physics/laureates/1961/hofstadter-facts.html
https://journals.aps.org/pr/abstract/10.1103/PhysRev.119.1105

ZTFHKRETF

m 47 EMFFs 2} F 9 AP R :
o S WiF M A e £,
o M FHF EMFFs ZioIot F AR LML 6 E & 55,
m TF EMFFs &u3g = (SL) Fent (TL) :

Form Factors
Dirac: F1(g?)
Pauli: F2(q2)
Geg = F1 + j0=F2
Gm = Fy N e Fz et
p p Time-Like Region

FFs Complex
Space-Like Region . ; Physical
FFs Real Unphysical ”
Sees e >

-8 -7 6 -5 -4 -3 -2 -1 1 2 3 '4 5 6 7 8

m B R TR T SRS

[0}

r,
T — . F Gt
u(P'p) = vuFila )+ 2 2(q7)

m TL EMFFs 5 5 £ (N. Cabibbo and R. Gatto, PR 124, 1577 (1961)) :
wHRE T Ge(e?) = e "2 [Fi(e?) + ThpFa(q?)],
BHIKA T Gu(e®) = e D[R (¢?) + KpFa(e?))-
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.124.1577

BT S H T
m LA, BOLF R (TPE) #9AT LAkR#H B, XA 20
RERZTEMG—F EA I FE L T E (A Schmidt et al,

arXiv:2308.0877 (2023)) o

H polarization transfer | —— JLab Hall A (2012)
2 | —m— JLab Hall A (2000) | —#— JLab Hall A (2017)

H —&— JLab Hall A (2001)

—
“C‘>, [| —=— JLab Hall A (2002)
<= 1.5} —— sLabHall A (2005, 1) g
(DE [| —e— JLab Hall C (2010)
2 | |
& 1f F’h =
& eid 1 % I
O_ 0.5 *+y =+
o Ty Rosenbluth Separation ¥ —
3 H —s— SLAC (1994) 1 + +
0 [] =e— JLab Hall C (2004)
[—#—JlabHallA(2005,2) || |
(6] 2 4 6 8
Q* [GeV?]

(A. J. R. Puckett et al, PRC 96, 055203 (2017), PRC 98, 019907 (2018))

m FPRTPE AR FRME FTLEMELAETR, RAH L ERSEL

T (OPE) #9&-Fad = AR ETAR, XIHFREBHH

m TLif2d, AOPE ¢fE T, BAE-Fx69 A oA %A w7
T2 #R (Charge asymmetry)
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https://arxiv.org/abs/2308.08777
https://arxiv.org/abs/2308.08777
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.055203
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.98.019907

X F 2 A

TPE. 1970 X424,
OPE. (V. BoiPhytsov et al., Sov. J.
Nucl. Phys. 16, 287 (1972)).

(V. Franco, PRD 8, 826 (1973)).

o OPEZ/ F# TR 5 . (F. Lev, Sov. J. Nucl. Phys. 21, 145 (1975)).
” 1,80

g (H. Q Zhou PRC 95, 025203 (2017))
Ju= ?ﬂ(lﬁ)%u(kl)ﬁ(m)[%Fl(QQ) + S Fo(q)]u(pr).

2mye
. TPEiUVlQTé‘JDﬁ,é:
e’ _ _ i0,,q”
Ty :q—zu(k2)VMU(k1)u(p2)[7u31(57 ") + #pc%(s’f)

+ KP.Fs(s,q%)]u(p1).

o MA: 2 NABIRNE, 4 NS — 3 ANLEIRNE, 6 MRIG
‘(}fl(s>q2) — Fl(q2)7g2(57q2) — Fz(q2)793(8,q2) —.0.
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https://www.osti.gov/biblio/4592218
https://www.osti.gov/biblio/4592218
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.8.826
https://www.osti.gov/biblio/4202149-two-photon-exchange-ed-scattering-high-momentum-transfer
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.025203

X F 2 A

m TPE VS OPE:

TPE. 1970 %42,
(V. BoiPhytsov et al., Sov. J.
Nucl. Phys. 16, 287 (1972)).
(V. Franco, PRD 8, 826 (1973)).
(F. Lev, Sov. J. Nucl. Phys. 21, 145 (1975)).
(H. Q. Zhou, PRC 95, 025203 (2017)).

OPE TPE
Fi(d®) Fi(s,4°)
=1 JP€ 417~ with only C = +1 known
o(etp) _ o(e"p)
G(E*Gp) =1 U(e*Gp) 71
e 1 e (42)
d;é"” = a(¢?) + b(g?) cos? 0 djg’ = cosco(q?) + c1(q?) cos? 0 + ca(g?) cos? 6 + .|

w AT TR A A A RT3 60 £ 4t
Pr Ty
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https://www.osti.gov/biblio/4592218
https://www.osti.gov/biblio/4592218
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.8.826
https://www.osti.gov/biblio/4202149-two-photon-exchange-ed-scattering-high-momentum-transfer
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.025203
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dA./dcos6/[0.2]
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x
X
S

x
X
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HE P dop(cosf) F= dop(cos ) 4714

B AE, W

Z2idEEW pFep B S

W AT ARG R A
op(cos® > 0) — op(cosf > 0)
op(cos@ > 0) + op(cosd > 0)’

Ac=

T8 Ac e B

%é% %ppkupﬁwp
> A

EHEAIRETRT
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RO AEFREFAT, pt 8 Ac B

10/24

Wi

%o

s-¢e€e- pp p average p average
50~ 50 50
2.125 GeV “++H T bl S - e
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ey S
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-0.8 06 04 02 0 0.2 04 06 08 -0.8 06 04 -02 0 0.2 04 06 08 -0.8 06 04 -0.2 0 0.2 04 06 08
cosé cosé cosé
B R AFARPE T LR AT AT R AT ARG A A A
dAc  dop(cos) — dop(cosb)
dcosf  dop(cos) + dop(cosh)’
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dA./dcos6/[0.2]

dA./dcosa/[0.2]
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-B-e'e .y == paverage -#-e'e . u'y  E== uaverage -@-e'e . p'y  E== uaverage
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cos@ cosf cosf
10"
- 2.1228<M7<2.1484 [GeV/c?]
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N 25 = 10°F |
w0 L
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w |-
1 L
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o %-€e'€- pp p average o & ¢e'e- pp p average 0.1 § e'e - pp p average
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2 * + 3
o . 1 & 5 «
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S EU E
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& exp. s Sym mod. %, asym mod. 01 § et y'y == paverage
08 -06-04-02 0 02 04 06 08 -08-06 04 -02 0 02 04 06 08
cos@ cosf
m BAF p 89 A 5T BT ARAR AL
dogr* —|a0PE (¢2)|+] a9PE (¢2)|cos? 0
dcosd 0 2 ’

am?2c?
IGo E(a*)|* + p \G‘Z”E<q2>|2},
WQEMBC GOPE (2|2 4mi02 GOPE (2|2
T‘M(‘I”* o [Ge (a7 |,

ROPEEM T4 |Ge(q?)]? A= |Gm(q?)]? 89 &ixms.
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26 =2

B RATARAEA

ao(qz)

\EM(q2)\2 =

R T2.125 GV 16 A
At 2 .5 23809 £+t

+ a1(¢?) cos f

2 @2 0 — a1(q*) cos® 6.

do,/dcos@ [pb/0.2]

16m(a®) 12 + 2RelGpr(a®) AGy(a)] +

16m(a*) 12 + 2%e[Gp(a®) Ay (a®)] —

4m,202 _

—‘;\GEWZMZ] =
q

Ao |Gum(g®)|? # &k 41 4.
|Gum(q?)|o

OPE

Ax? Andf=45.1/1

14| § exp. << Sym mod. %, asym mod.

18

AN

-0.8 06 04 -02 0 02 04 06 08

5 s cosé
4
o O 293‘-’[GE(<12)AGE(<12)]}:| ,

q2

- 4m2c2 -
{\quz)\z + —’;\Ggq%ﬁ] =30 E(a%) + Aag(a?),
q

am2c?
b—cea®I® + zoae[cgq?mcgq?)]}] :
q

2

(@®) + Aay(a?),

ko [Ge(a?) ~ |Ge(d)],
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e &Rt y
n RAHARAL g +
% =lao(¢?®)|+ a1 (¢?)|cos g“ 30
Ha( @ ILa)oos™ 0. g,

cos6@
EF |20 () [Z 8B () + Aao(q?), |a2(q?)|= aS7E(¢?) + Aax(g?),

T 2 2C 4 2.2

a(e”)= qZ‘(“f“”_Bﬂ2)ae { %GE@?)—GM@?) %(q%},
ma,B82C
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m EAVH T Tete — pp TARKRE pp Ao 69 Rt AR,
m R T RS F T e AR ALk R e i R A AR

V3 [GeV]

oPE
pp

OPE®TPE
pp

OPE®TPE ;_OPE [o
%pp [opp - [%]

Signifi
-cance

Ac [%]

2.0000
2.0500
2.1000
2.1250
2.1500
2.1750
2.2000
2.2324
2.3094
2.3864
2.3960
2.4000
2.6444
2.6464
2.9000
3.0091
3.0800
3.5843
Average !
Average 2

769.7 £ 11.7+2.1
647.6 £18.0 £ 2.7
625.7+9.24+0.9
529.9+28+1.1
486.9+16.9+ 2.1
404.1+£78+5.5
334.5+6.2+46
272.5+5.3£3.7
114.7£2.7£1.8
104.8 £29+1.5
101.8£1.6£1.6
98.0+7.1+1.1
17.74 £0.97 £0.34
27.774+1.244+0.43
11.72 £0.45 £0.17
6.51+0.35+0.11
6.39 £0.20 £ 0.10
1.14 £0.04 £0.02
25.324+0.15+0.23
51.3140.20 4 0.22

185 £11.1+£1.7
9.0+ 16.6 £2.0
28.9+85+0.9
21.6+£2640.6
0.5+152+1.0
21.9+71+£05
9.0£57+£04
9.9+5.040.6
53+£2640.2
32+£28+£06
40+£1.6+£02
9.3£6.9£0.9
—0.04 £0.94£0.13
1.70 £1.16 £ 0.27
1.08 £ 0.43 £ 0.04
0.76 £0.34 £ 0.04
—0.03 £0.20 £ 0.02
0.03 £0.04 £0.01
0.93 £0.14 £0.03
1.98 £ 0.19 £ 0.05

2.41+1.44+0.28
1.39 £ 2.57 £ 0.36
4.61 £ 1.37+0.23
4.08 + 0.50 £ 0.21
0.11+3.11+0.27
5.42+1.76 £0.21
2.70 £ 1.70 £ 0.21
3.64 + 1.85 + 0.28
4.63+2.31£0.25
3.09 % 2.64 % 0.60
3.95 + 1.56 + 0.28
9487710 +0.93
~0.24£5.31£0.76
6.11 % 4.20 = 0.97
9.19 +3.74 + 0.34
11.65 + 5.30 £ 0.58
—0.43+307 £ 0.34
2.68 % 3.60 + 0.72
3.66 % 0.55 + 0.20
3.85 +0.37 £ 0.20

1.7
0.5
3.4
8.2
0.0
3.1
1.6
2.0
2.0
1.2
2.5
1.3
0.0
1.5
2.5
2.2
0.1
0.7
6.7

2.45+1.53+0.36
1.56 £2.75 £ 0.48
4.95+1.46 +0.27
3.79+£0.53 £ 0.23
0.10 £3.37 £ 0.37
7.144+1.88 4+ 0.61
3.69 £1.82+0.62
3.53 +1.95 4+ 0.64
5.314+2.43+0.63
3.08 £2.78 +0.90
5.81+£1.63+0.65
10.61 £ 7.37 £ 0.94
0.30 = 5.55 4+ 0.92
8.54+£439+1.14
11.13 £+ 3.88 £ 0.69
9.78 £5.48 £ 0.87
—1.06 + 3.22 4 0.66
3.90 £3.76 +0.93
4.28 +0.58 + 0.41
4.02+£0.39 +£0.30

2025 43 A 22 1
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!Denotes average of all the dN(cos #), excluding the data at /s = 2.125 GeV.
2Denotes average of all the dN(cos ), including the data-at /s = 2.125 GeV.
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{s[GeV]

n AFe BB KA FF 48 %
m Fs R FGEALTF WA M PR TPEA X 89 5 M6 .
4 2.2
Alg®) = fke{l W;SC Ge(¢?) — Gu(4?) %(QQ)},

n MAMI &4 € 2 #SLEG AT, TAF=Ge, Gy, Fzta %, &fn
Fy, F5 A8 % (B. X. Gou et al., PR 124, 122003 (2020)).
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.122003

m David Gross#) #Z 3L,

m B EH L RFRGER AL GGyt AL, B Arid 523
(Eur. Phys. J. A . 57, 255 (2021))6

Dispersion relations (DRs) are based on unitarity and ana-
lyticity. Here, DRs relate the real and imaginary parts of the
electromagnetic nucleon form factors. Let F'(¢) be a generic
symbol for any one of the four independent nucleon form
factors. We write down an unsubtracted dispersion relation

of the form 100i
1 [® ImF(@) i ~Ce
F(f)Z; /t ﬁdf s (26)2 50~ —Gy
0 &Y r —G./G,,
where f( is the threshold of the lowest cut of F (¢) (see below) s
and the i€ defines the integral for values of ¢ on the cut. The M/
convergence of an unsubtracted dispersion relation for the — -507 5 o2 5 2

form factors has been assumed. For proofs of such a repre-
sentation in perturbation theory, see Ref. [69] (and references

2025 43 A 22 1


https://www.nobelprize.org/nobel_prizes/physics/laureates/2004/gross-facts.html
https://epja.epj.org/articles/epja/abs/2021/08/10050_2021_Article_562/10050_2021_Article_562.html
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1% 8| Re(Gg)FnRe(Gyy), Bt w AF —s50F

v

2 25 3 35
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RIs T IRE T a9 2 s[6ev]
x107 _
0.5 e [
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T OO y—w——wm———— 7 -20F
Tig L u L
T L LI
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[ -60[- e'e - pp
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MERHRTF T o 8 B K

Ela: 708

BESIN L& 10 10 10

FHRA TS - 2.0883<M -<2.1484 [GeV/c] - 2.0883<M =<2.1228 [GeV/c7] - 2.1228<M %<2.1484 [GeV/c7]

MRETFIME S 10°[ 5221250 Gev —MC rec. S 10°[ (5=2.1250 Gev —MC rec. S 10°[ (5=2.1250 Gev —MC rec.

AL 2 — MC truth 2 — MC truth 2 — MC truth
2 a0f ‘ 2 10 2 100 \
[Te] L Te] te]
N N N
9 F S} S}
) ) )
c F <] <]
Qo Qo Qo
> > >
w w w
2.05 2.1 2.15 22 2.05 2.1 215 22 2.05 2.1 2.15 22
L [Gevicy My [Gevic) L [Gevic)
- oafAc = (2.16 £ 0.47)% = oafAc = (—2.73 £ 1.00)% = oafAc = (3.57 £ 0.53)%
s s s —
S —— 3 —4= S
2 = A a 2 S I TTIP, @ i
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