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PLAN

Experimental View and Models
dapnia — space-like (ep-scattering)
SS9 — time-like (e+e- or ppbar annihilation)
saclay  Model Independent Statements

— Symmetry properties of fundamental
interactions

— Kinematical constraints
Exact Calculations ?

— QED ‘exact’ calculations

— Radiative corrections

Nucleon Structure and/or Reaction Mechanism?

-
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. Hadron Electromagnetic Form factors

dapnia

SO In a P- and T-mvariant theory, the EM structure of a particle
saclay  of spin S is defined by 2S+1 form factors.

— Characterize the internal structure of a particle (# point-like)

— Neutron and proton form factors are different.

— Elastic form factors contain information on the hadron ground

state.
— Playground for theory and experiment.

— New interest due to polarization data
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. Space-like and time-like regions .
*FFs are analytical functions.

*In framework of one photon exchange, FFs are functions of the
ey momentum transfer squared of the virtual photon, t = g°= -Q~.

dapnia

| t<0 =0
saclay .
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Form factors are real in the space-like region
and complex in the time-like region.
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Crossing Symmetry

o o
{ ff;' £ ffs'
dapnia and annihilation channels:
e (ki) e (k)
eSS -Described by the same amplitude :

saclay | Ml(e*h — e h)|" = f(s,t) = |M(ete” — Eh}‘ja

- function of two kinematical variables, s and ¢
s = (k1 +p1)”

(e

. L= G-‘-l - fz‘-'-?)g. . . e +et —>h+h
- which scan different kinematical regions
k, = —k,
P> P,
- t4 (s — M?)? tg*5
(_:US‘)9:1+S +?L(S ) s 1+ - I 2

=
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The nucleon form factors

- v
E. T.-G., F. Lacroix, Ch. Duterte, G.I. Gakh, EPJA 24, 419 (2005)
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dapnia 3
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o __Ihe Rosenbluth separation (1950)

*Elastic ep cross section (1-y exchange)

dapnia
¢S 47 _ & 27G3, tan? be + GE + 7Giy
i, M M 2 147
saclay
* point-like particle: 0 Mott
40? & 6 402 € cos? o Q° B
OM = 55 2COS° = = ——— - 29,1':—
(—¢°)? e 2 (=4)?1 y g2 4m
T
do
o = D
o e (2)2
_q2 €1
Linearity of the reduced cross section

o)

cot2 Be

=
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The polarization method (1967)

. SOVIET PHYSICS — DOKLADY VO€., 18, NO, 6 DECEMBER, 1968
dapnia
PHYSICS
@ POLARIZATION PHENOMENA IN ELECTRON
SCATTERING BY PROTONS IN THE
I HIGH-ENERGY REGION
Sac ay Academician A. I. Akhiezer* and M. P. Rekalo
Physicotechnical Institute, Academy of Sciences of the Ukrainian SSR
Translated from Doklady Akademii Nauk SSSR, Vol. 180, No. 5,
pp. 1081-1083, June, 1968
Original article submitted February 26, 1967
do (S'Q) 11 6
— = : 1) | 1Gy (G G
SdeR 4P21+T 0, &) m (Gm + GE)

1
— e Gm (Gg — TGM)} )

The polarization induces a term in the cross section proportional to G; G,,

Polarized beam and target or
polarized beam and recoil proton polarization

- i
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. THE RE

1.5
dapnia
&= Linear deviation
saclay  from dipole Ué‘ +o
\Q-
l"lGEpiGMp C:?L
Jlab E93-027 . E99-007 0-5

Spokepersons:
Ch. Perdrisat, V. Punjabi, M. Jones, E. Brash

M. Jones et al., Phys. Rev. Lett. 84,1398 (2000)
O. Gayou et al., Phys. Rev. Lett. 88,092301 (2002)q
V. Punjabi et al., Phys. Rev. C (2006)

-
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. Electric NEUTRON Form Factor .

Smaller than for proton, but not so small

dapnia New results, also based on polarization method
SaCIay 0.7 Paris w.f., |. A,
0.6
0.5
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o -'i;’ﬁ*‘"’""*w"'h1-"*=dii::i'-77 PR 1T
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Q? (CeV?)
E. T-G. and M. P. Rekalo, Europhys. Lett. 55, 188 (2001)
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STATUS on EM Form factors

Space-like region

dapnia

e 3) "standard" dipole function for the nucleon magnetic
FFs GMp and GMn

saclay

2) linear deviation from the dipole function for the electric
proton FF GEp

3) contradiction between polarized and
unpolarized measurements

4) non vanishing electric neutron FF, GEn.

- -
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Time-Like Region

=] (&)
. : 0.Bf
dapnia - ook
— _n.4§
cd : foat VDM : IJL
3 Togh F. lachello..PLB43 191 (1973)
saclay 1 ot
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E. T-G., F. Lacroix, C. Duterte, G.I. Gakh, EPJA 24, 419 (2005)
-
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STATUS on EM Form factors

daonia  ime-like region
apnia
eSSy 4) No individual determination of GE and GM

saclay 9) Assume GE=GM (valid only at threshold) VMD or pQCD insp1
parametrizations (for p and n):

G — A
M *A(p) = 56.3 GeV*
S [m?+In%(SIN%)]  Am)=77.15 Geve

N=0.3 GeV 1s the QCD scale parameter

3) TL nucleon FFs are twice larger than SL. FFs
4) Recent data from Babar (radiative return) :

* 1nteresting structures in the Q? dependence of GM(=GE)
* GM#GE.

=4 =4
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Spin Observables

9 o
Analyzing power, A
dapnia
da da
0
. am‘.!ﬂfm{?‘}f}'u _ a3 .2 1 2 . 32
saclay A D7 , D= |G| (1 4+ cos™ 8) + T|{'}';¢| sin” #
Double spin observables
do . a1 2
(E)DAH = sIin 3(|Gf|,f| —|—;|GE| )J"'Ur,
do . 2 1 2
(E)DAW = — & IE']I(|GM| _;|GE| )Mﬂ
Eiﬂ' . 3 ]- JHE: 3
(E)UA:: = [{l—l—coa 9)|Gar|” — —sin 8|Ge|"| NV,
do do 1 .
(E)DAI: — (E)DA:I = \TFE]_TJ 20 ReGeGYyN.
J o
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. Models in T.L. Region (polarization) .

dapnia

saclay

-
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Issues
o

*Some models (IJL 73, Di-quark, il

soliton..) predicted such behavior
before the data appeared

0
BUT

saclay

dapnia

nG /G,

*Simultaneous description of the four..|

nucleon form factors...

*...In the space-like and 1n the time-

like regions o
*Consequences for the light ions . e
description oo f
*When pQCD starts to apply? : Si
*Source of the discrepancy o
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Perspectives in Time-Like region

O Tl
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. Time-like observables: | G| 2and | G| 2.

-The cross section for p+p — e™ + e~ (1 vy-exchange):

dapnia 5

do T
G20 d(cosb)  8m2y/T =1

saclay f): angle between e~ and P in cms.

[71Ga (1 + cos”6) + |G p|*sin® 6]

A. Zichichi, S. M. Berman, N. Cabibbo, R. Gatto, Il Nuovo Cimento XXIV, 170 (1962)
B. Bilenkii, C. Giunti, V. Wataghin, Z. Phys. C 59, 475 (1993).
G. Gakh, E.T-G., Nucl. Phys. A761,120 (2005).

As 1n SL region:

- Dependence on g* contained in FFs

- Even dependence on cos?0 (1y exchange)

- No dependence on sign of FFs

- Enhancement of magnetic term

but TL form factors are complex!
-
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Time-like observables: | G| 2and | G| 2.

4
dapnia -The Total Cross Section
G0 : 1 :
2y ArS o2, LA s c
saclay a(qg”) =N 37 [2|Cr_u| + T|GE| ] N = VEE =)

-The angular asymmetry, R

do 2 _ TG ul* - |Gl
d(cosd) K[HR“““ o], R TGyl + |Gxl?

Cross section at 90°

Due to limited statistics, no experimental determination of
individual FFs in TL region, yet: G,=G,, or G,=0

-
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Time-Like Region

dapniad(ﬂﬂﬁ 9)

0

saclay

d{cosd)

E. T-G. and M. P. Rekalo, Phys. Lett. B 504, 291 (2001)

B T
- 8m2yT -1

=y [l—l—'Rm:-:uﬂﬁ'], R=

| Gyl 2

Asym

[7|G s [*(1 + cos

FORM FACTORS
S

3

f\-s}.@.ﬂw\ W\{::,y .}I%{) T (}

)

T|"'-?M|E - |'|'-?J~:|E
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dapnia

saclay

Predictions for PANDA

pbarp — ete-—

nb of counts for A cos(0,,)=0.2
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B. Ramstein, D. Marchand ...

=4
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Two-photon exchange?

o o
Electric proton FF L8 T ;
dapnia M ‘ ﬂ'
M ;
e Different results with different i{:Z ‘fm’%*:* J(ﬁg%ﬂ'\'k
experimental methods !! s 4 4
saclay o 4 ;
- Both methods based on the o Py
same formalism 00 Bt
- Experiments repeated Q* [GeV?]
New mechanism? ] ] ) ]
? > #e s €
*1y-2y ~ a=e?/41=1/137 % § E
*1970’s: Gunion, Lev... 5 o 5 o
(a) (b)
- -

Ferra
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Two-Photon exchange
” -

dapnia
e *1y-2y interference is of the order of a=e?/41=1/137 (in
usual calculations of radiative corrections, one photon is

saclay _
‘hard’ and one is ‘soft’)

°In the 70’s it was shown [J. Gunion and L. Stodolsky, V.
Franco, F.M. Lev, V.N. Boitsov, L. Kondratyuk and V.B.
Kopeliovich, R. Blankenbecker and J. Gunion] that, at large
momentum transfer, due to the sharp decrease of the FFs,
If the momentum is shared between the two photons, the 2
y— contribution can become very large.
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Ferra

12y interference

M. P. Rekalo, E. T.-G. and D. Prout, Phys. Rev. C (1999)

e L h
e A
Cy)=-1 C(2y)=+1

S=1 ¢=0and S=1, {=2with 7' =1",

|IMi(ete= = hh)[? = a(t) + cos® 0 b(t) ReMiM; = cos0(ag + a1 cos? 0 + ..)

¢ 0 0,

do
dsl,

(¢ h—=eh)=0a A cot? _; + B4+ Ccot 2 + D cot” 5+ )

=

- i .
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dapnia

saclay

Ferra

=

ra, 15-X-2007 CEA DSM Dapnia

The 1y2yinterference
destroys the linearity
of the Rosenbluth plot!

Egle TOMASI-GUSTAFSSON
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12 ymterference (e-d)

o o
;E( o f.') (Aur —|—B—|— (_THI_ + D cot’ 1—|—)
dapnia ) ) .
< 5 ] £0.3
= 5
| C/A * Hall A s - | D/A ¢ Hall A
saclay " Hall ¢ = Hall C
0.2 F
gl !
0.15 |-
S
0.1 F
0 TIH' ' |
TH 0.05 |- {
20 oL -++i‘* +++
+1"+*+ +
L ~0.05 |
3R 789WOH<;2J>5C”3456789wom EEN w:s
girm
M. P. Rekalo, E. T-G and D. Prout, Phys. Rev. C60), 042262 (1999)
- -
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k endin
PRL 94, 142301 (2005) PHYSICAL REVIEW LETTERS 15 APRIL 2005

Precision Rosenbluth Measurement of the Proton Elastic Form Factors
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Parametrization of 2y-contribution for e+tp

o <
o™ NQ% €) = eGH(Q?) + TGL(Q?) + aF(Q%, ¢),
dapnia
S °F
—_— e i "-‘I-’*l el , -
sacl: 0.5 - o ‘,‘ } i c 1—8
S ° ' C..G
S e Fo(Q%)= v
] S Vil L S [1+Q%[GeV /m?2 ]’
,_;‘J:E%
g 10 F | From the data:
e S U t deviation from linearity
o << 1%!
20 1 2 3 4 5 6
w k:"..ﬂv ]

E. T.-G., G. Gakh, Phys. Rev. C (2005)
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Two-Photon exchange
” -

dapnia

0

saclay
*The 2y amplitude is expected to be mostly imaginary.

*In this case, the 1y-2y interference is more important in
time-like region, as the Born amplitude is complex.
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Unpolarized cross section

o
dapnia do o -
= — D
el dfl ﬁlq‘l\{ T— 1
saclay

. = 1 . = 5
D= (14 cos” 8)(|Gur|” + 2ReGyyAGY;) + — sin” 8(|Gg|” + 2ReGgAGEL ) +
T

., 1
24/ —1 Bsin- @Re(—Gp — G| FY
T(T ) cos @ sin E(T B i) F

Ferra

2y—contribution:

‘Induces four new terms
*Odd function of &:
*Does not contribute at 8=90°

-

ra, 15-X-2007 CEA DSM Dapnia Egle TOMASI-GUSTAFSSON
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Symmetry relations

4
*Properties of the TPE amplitudes with respect to the
dapnia transformation: cos©@=-cosBO 1ie.,0 - -0
ey (equivalent to non-linearity in Rosenbluth fit)
saclay

Ferra

ﬂG’EﬁM{qgj _EHSH} = _ﬂGE,M {q‘2= {Tﬂs'ﬂ):
F:?(qu —E{]Sﬂ} = Fﬂ(qu {T{j‘qﬁ)

*Based on these properties one can remove or single out TPE
contribution

=4
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dapnia

0

saclay

-

Symmetry relations

*Differential cross section at complementary angles:

The SUM cancels the 2y contribution:

S (0) = S (0) + S0 (m — 0) =27 (0)

The DIFFERENCE enhances the 2y contribution:

dor_ d do - ) .
70 —— () = [H} - ﬁ[ —f) =4N [[1 + 27 )ReG y AG +
1 —z? 1 .
+— ReGrAGYL + /7(1 — 1)z(1 — IE}RE[;GE — G ) Fy
¢ ,
= ot T = cosh
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Radliative Return (ISR)

o
c
dapnia P e"te- - pt+tpty
¢S '
e —
p
saclay

do(e’e —ppy)_2m P 2E,  m’
— W ’ Ie — ’ — Y:]___’
dm dcos6 S (s,x,8)0lee ~ppim], x Js S
2-2x+ x> x° m
Wi(s, x,0 _4a 2| >>—_2°,
| ) mX| sin’@ Vs

=4
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Structure Function method

o 4
dapnia =
0.02
+ + - + + 0.01
saclay T -pTpTYy
0
. ~0.01
20x 14+ de. AFE
aoft -
A™HE) ~ - (ln T~ fe In 7 ) 00
2ex | ‘
Atet — Amfi + Jd.fmrri _ = -,:'[.r } |Aiﬂf| < 2% —0.03 =0 100 50
m O [deq]
der cx
) * fm °) f da,D(z1, L)D(wy, L)dz, (1 + EH)
der dery a (3 AE 7 t
aa'+ dsz{_*} ) +E(§L_E{L_m“?+?_2)]’L_h‘@‘
4 4
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Angular distribution

dapnia ;
saclay
-
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. Radiative Corrections to the data .

dapnia - RC can reach 40% on O

- Declared error ~1%
G0 . Same correction for G; and G,,

saclay - Have a large e-dependence

- Aftect the slope
o7 (@) =@l ~ 6u(@, ) = 6@ (@) + {{;jg{)[l—fﬁ’wﬂﬂ
G slope

Slope negative if : o = G2,

The slope is negative starting from 2-3 Gel”
- -

Ferrara, 15-X-2007 CEA DSM Dapnia Egle TOMASI-GUSTAFSSON 37




Rosenbluth separation

Contribution of the electric term

...to be compared to the
absolute value of

O and to the size and &
dependence of RC

-
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The proton magnetic form factor

J o
: 1.2
dapnia - )
.. Al
CEd The polarization -
saclay  results induce S
1.5-3% global effect — *f
%103:— 2 Andivahis 4|
f_.'.iE E O Bartel [5]
The difference is not at  |u- o Linm
the level of the - % Janssens [10]
06— ¥ Walker |9]
measured observables, | E * Sill 18]
— === Rosted [16]
but on the slope SE  Thi work
(derlvatlve)! 0.1:1 L vl ool L

E. Brash et al. Phys. Rev. C65, 051001 (2002)
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o 4
Data from L. Andivahis et al., Phys. Rev. D50, 5491 (1994)
dapnia 350
Q=1.75 GeV?© 30« g
c&d g TR0 e B (2=) 5 Ge V2
3 9F B
saclay & e S
L
Q=325GeV? " / mpmomg H SRRl R LN
N T SR I \ Loy | IR B Q2:4GeV2
s 50 =
@Q - oo ianesemnee ..
Q=5GeV? 225 T
Ut T T Q=6 GeV?
Slope from P. ZM/ 0.2/6.4 0.6 0.8 1 2
mt;; 1.2 1>
Q=7GeV?> Zgm Radiative Corrected data
L — . |
(I RS NNRENIN BRI EUR
0.2 0.4 0.6 0.8 1 Raw data without RC
E. T.-G., G. Gakh Phys. Rev. C (2005) £

Reduced cross section and RC




Experimental correlation

o 2 2
Tred — TGI_;HP + EGEP

only published values!!

55 15 02 04 06 08 1 Correlation (<RC’8>)
R el
2T S Q2< 2 GeV? (b) oal f
Sl @2Ge | Oow
— —-0.8F -
T r %@p— -
0.5¢ b s
0 | | | | | | | —095
0.9 1 1.1 0.8 09 1 1.1 1.2 1
G’/ Gy G’/ Gy N T Fo T DA e eI e R MR I T e
- <6
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Scattered electron energy

o
(e oy g
dapnia E/E “}‘yﬂﬁj’ .y
3 L
B, = final state emission
C:e:J ?':i—[r?:"“"r\hﬁ/?_ I B
m * S1.5 ¢

saclay /

Initial state emission ' -

e ., do L E [
&5‘(“‘ ____,,f‘ ﬁa"’gxm

ttering

3%

—

St dg\' n A Ef w,

‘ ‘ ‘
Y

Shift to LOWER Q> Y,

- o
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. Structure Function method .
E. A. Kuraev and V.S. Fadin, Sov. J. of Nucl. Phys. 41, 466 (1985)

dapnia
° *SF method applied to QED processes: calculation of

(2  radiative corrections with precision of 0.1%.

saclay *Takes into account the dynamics of the process

*Formulated in terms of parton densities (leptons,
antileptons, photons) | Lipatov equations (1975)
*Many applications to different processes

(50\1(}}- x UL (EX) @(?GL M" -t‘"é ‘% 1
é, ?\i~ﬂLQJ\ J2CE )i L= b

h S

Electron SF: probability to ‘find’ electron in the
initial electron, with energy fraction x and virtuality up to Q?

- i
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Results

- 9
€, - SIS 'fj > A1
1 .y
dapnia 2 " é 2 :
e A — — 0.09 Q=3 GeV? ..
20.08
SaCIay ............................................. SF Bom *"- T
0.07F
————————— RC Born
-2
""""" Polarization x10

Both calculations assume <&}

dipole FFs

The slope changes
(due to different RC)

-
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0.26
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Unpolarized Cross section

o
. Q=1 GeV?
dapni&0
o
saclay
- Q*=3 GeV?
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2
Tred — TG_?HP -+

Born +dipole FFs

1 (=unpolarized experiment+tMo&Tsai)

SF (with dipole FFs)-------
SF+2y exchange .........




Polarization ratio

. 0 =80° Born ——

0.99 ‘ ‘ ‘
6

) e (2T

do cx 1
. - _;\fd —
(pfdn)m - 1— Qﬂ ]2 202 (p
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m

u{_%r?m—
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Correction (SF method)

o o
dapnia
JLab data
/Polarization data
\
]

oG 2 4 5 3

Q7 GeV’]
Yu. Bystricky, E.A.Kuraev, E. T.-G, Phys. Rev. C 75, 015207 (2007)

-

-
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Interference of 1y 12y exchange

dapnia e e’ e R Ch

c= . &

saclay p p p P
(a) (b)

*Explicit calculation for structureless proton

— The contribution 1s small, for unpolarized and
polarized ep scattering

— Does not contain the enhancement factor L

— The relevant contribution to K 1s ~ 1

E.A.Kuraev, V. Bytev, Yu. Bystricky, E.T-G Phys. Rev. D74 013003 (1076)

=
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dapnia

saclay

P, P p/ P, pk p/
RV L SRS 0 25
P p" p' pY  prk p'
(a) (b)
Imaginary part of the 2y amplitude

dQ7dQ;

M= = |

Q7 + A2)(Q3 + A%)

y  2dQ5dQ5
dll, =

=4

1 dQTdQLF(Q7) F(Q3)

My =

V8s J VDi(QF + N)(Q] + A%)

Voxh Dy = 2(Q7 + @Q3)Q°Q; - 2Q°Q7Q5 — (QF — Q3)Q — (Q°)°Q;
1%
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QED versus QCD

i
dapnia P Q) = (rip + DGn(Q?),
0.8 T+1
%) °: )
=05 1 e (- 1)Go(@)
et e =

Q222 Gev?

o Q2 1GeV™
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o __erspectives and Conclusions

dapnia *Fundamental measurement: the electric and the magnetic
distributions of the proton are different in SL region.

(=0 What about TL 2 Separation of G, and G,, via angular
saclay dependence of differential cross section

* Clarify reaction mechanism: 2y exchange by model
independent symmetry requirements

* Unified description in TL and SL region : zero of GEp?
* Asymptotic properties : OQCD and analyticity

Model independent properties
Lessons from QED

- =
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Nucleon form factor ratio

-
dapnia
e *The ratio of the FFs moduli 1s given by the following
expression:
saclay
d{I+H dﬂ+ﬂ} T(].‘I‘T%}"‘(].—I%RE
(60 : dﬂtg 7(1+ 23) + (1 — 23) R?
G|
T; = costl;, R
G

Ferra

=4
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° ° ° — _|_ -
Model independent considerations for P —P — €= T ¢€
o o
M. L. Goldberger, Y. Nambu and R. Oechme, Ann. Phys 2, 226 (1957)
P. Guichon and M. Vanderhaeghen, P. R.L. 91, 142303 (2003)
M.P. Rekalo and E. Tomasi-Gustafsson, EPJA 22, 331 (2004)

&) The hadronic current:

dapnia

- ) -F - = F . =
saclay J,=a(—p2)|Garlg )y + o (g, ) + ;};fi Fs(g”,t)|u(p1)
K:.Iiﬁl-i—kg P:p1+p2
Decomposition of the amplitudes: 2 2

Gaul(g®,t) = Gur(q?) + AGr(g?,t).
GE(ant) — GE(QEJ -+ -&GE(ant)'
For ly-exchange:

t) = Fa(q7), F5""(¢%t) =0
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& The work presented

here was initiated in

a collaboration with
Prof. M. P. REKALO
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Qualitative estimation of Two-Photon exchange ( for ed)

o J
dapnia — g -
° M = aFy(l).
CE0 02 02
22 (1
saclay My =a’Fy (i]
> >
d d

Form factors — quark counting rules: F ~ t° and F,~t>

M, = aF5/Fy(t) = 256 at/m:
."'M]_
LoD ne
For 1 =4 GeV?, ffm? >~ 6 U = 1500 & — 10!
Vi
Ford, 3He, “He, 2yeffect should appear at ~1 Gel”?,
for protons ~ 10 Gel*?

- -
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