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 Introduction
« What is new?
» Space-like region : hew data at JLab
- Rosenbluth separation (unpolarized scattering)
» Recoil proton polarization
(A.I. Akhiezer and M.P. Rekalo in 1968)
» Time-like region
* Plans at BES-IIT
» Plans at PANDA

» Global description in a wide kinematical region
* Asymptotics
« Counting rules
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iHadron Electromagnetic Form factors

; t, The Nebel Prize in Physics 1961

“for his pioneering studies of
electron scattering in atomic
huclei and far his therekby
achieved discoveries
concerning the stucture of the
hucleons”

Robert Hofstadter

i 1/2 of the prize
=a

Stanford University
Stanford, Ca, USA

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

Elastic form factors contain information on
the hadron ground state.

In a P- and T-invariant theory, the EM
structure of a particle of spin S is
defined by 25+1 form factors.

Neutron and proton form factors are

different.

Deuteron: 2 structure functions, but 3 form
factors.

Playground for theory and experiment
at low g2 probe the size of the nucleus,
at high g2 test QCD scaling
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Electromagnetic Interaction

The 1nteraction 1s carried
by a virtual photon of mass g’

The proton vertex is parametrized
in terms of FFs: Pauli and Dirac

What about high order

radiative corrections” |l terms Of Sachs FFs:

GE=F,-tF,, GM=F ,+F,, t=-q°/4M?




Crossing Symmetry

and annihilation e~ +h—e +h
channels:

- Described by the same amplitude :
M(e*h = e h)|” = f(s,t) = |[M(eTe” = Eh}\g,
- function of two kinematical variables, s and #

s = (k1 + p1)? (p:) n(p.)
, .
. t = .Uf-l — kz)i . . e +et = h+h
- which scan different kinematical regions
P2~ P>

9 = L - M T '”:
cos’) = 1+ i +t(5 L il
t(; . Mﬂ) 147

&
Kolomna, 11-VI-2010 Egle Tomasi-Gustafsson




Analyticity

Space-like

Asymptotics
- Q0CD
- analyticity
Time-like

GE(0)=1
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Proton Form Factors ...before
Dipole approximation: G,=(1+Q?%/0.71 GeV?)-?
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Dipole Approximation

» Classical approach s /2)

— Nucleon FF (in the Breit | R
system) are Fourier transform V(%) P,(9;,2)
of the charge or magnetic
distribution.

Dipole approximation: G,=(1+Q%/0.71 GeV?)~?

* The dipole approximation corresponds
to an exponential density distribution.
— P = pyexp(-r/ry),
— ry?=(0.24 fm)?, <r*> ~(0.81 fm)
> m?,=0.71 GeV?
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Dipole Approximation and pQCD

= o
7
lr fuQ. : : "% g -
Dimensional scaling N §v . q
ey 5G
7 —F. (QY)=C, [1/(1+Q%m )], — > .
saclay * m =np? , <quark momentum squared>

* n is the number of constituent quarks

— Setting 32 =(0.471%£.010) GeV? (fitting pion data)

. pion: F_ (Q%)=C_[1/ (1+Q?/0.471 GeVv?)T],

- nucleon: F,, (Q?)=C, [1/( 1+Q?%/0.71 GeV?2)?],
- deuteron: F, (Q%)= C, [1/( 1+Q?%/1.41GeV?2)’]

V. A. Matveev, R. M. Muradian, and A. N. Tavkhelidze (1973), Brodsky and Farrar
(1973), Politzer (1974), Chernyak & Zhitnisky (1984), Efremov & Radyuskin (1980)...

&
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The Rosenbluth separation

) @
do [(do | T 5
— dQ_(dQ] W(GE(Q )+2G2(0%)
Cﬁj MOtt 0.0150
00145} Q*=2.64 GeV? | /._/;___,.-!"’
_] 0.0140
0 2
g:[]+2(l+r)tan2(€j} | O .
2 M
o, =G4 +1G< u
R E M 0.0050 | B T /_}”/I _
| ! i Q%=4.10 G(ﬁé/ﬂ
Linearity of the reduced cross section S
0.0046 L

—> faﬂztge dependence 0.0 0.3 05 0.8 1.0

€

—Holds for 1y exchange only PRL 94, 142301 (2005)
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The polarization method (1967)

=] 9
SOVWIET PHYSBICE — DOKLADY VOL., 13, NO, B NECEMBER, 1968
lr fu
PHYSICS
A A

POLARIZATION PHENOMENA IN ELECTRON
SCATTERING BY PROTONS IN THE
saclay HIGH-ENERGY REGION

Academician A. I. Akhiezer* and M. P. Rekalo

Fhyaicoteshnica] [nglitule, Acsdamy of Seiences of the Ukrainlan SE5R
Translated [rom Doklady Akademii Mauk S38R, Vol. 180, HNo. 5.

pp. 1081 -1083, June, 196

Original article submilled February 26, 1965

d Q) p
——% = 4p, ?%l (8, 1) [fGM (Gm + GE)

1
— e Gu (Gg ——TGM)} )

The polarization induces a term in the cross section proportional to G¢ G,
Polarized beam and target or
polarized beam and recoll proton polarization
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The polarization method (exp)

Transferred polarization is: C. Perdrisat et al, JLab-GEp
I r fu collaboration

P,=0
+hP; = Fh24/7(1 4+ 7)G%GY, tan (9 )/Io

+hP, = +h(E. + Eo)(G%,)?\/7(1 + 7) tan? (Z—E) /M/ I

Where, h = |h| is the beam helicity
Iy = (GL(Q*))*+ (;I{I(Qz))

—

1p ,

Gh. B 2M 2

The simultaneous measurement of P, and P, reduces

the systematic errors

Kolomna, 11-VI-2010 Egle Tomasi-Gustafsson
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_ Polarization experiments - Jlab

A.l Akhiezer and M.P. Rekalo, 1967 - : )

. [ 1 31 i
'rfu  GEp collaboration ax 0 P j S
' . . & [ el -
1) "standard" dipole function for X [, 1 _
the nucleon magnetic FFs 0 e ]

GMp and GMn RPN
2) linear deviation from the Ty T
dipole function for the [0 Gattan Sy

-0.50 —t

electric proton FF Gep
3) QCD scaling not reached

3) Zero crossing of Gep? o - 300

4) contradiction between E.\'”
polarized and unpolarized & 2
measurements

1.00

0.00

A.J.R. Puckett et al, PRL (2010) 100 12.0

-
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/Issues

* Some models (IJL 73, Di-quark,
soliton..) predicted such behavior

lr fu
before the data appeared
ey =
BUT .

* Simultaneous description of the four..!

nucleon form factors...

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

like regions )
 Consequences for the light 1ons wzii
description 08
« When pQCD starts to apply? o
 Source of the discrepancy zi

Kolomna, 11-VI-2010
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The nucleon form factors

E. T-G., F. Lacroix, Ch. Duterte, G.I. Gakh, EPJA (2005)

[a] . 6] .
Electric Magnetic
1.2
S .- . M : 1L
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Models in T.L. region

=
=] (]
0.6 0.6
proton .
04 04
gnn.:a o3 VDM : |JL

F. lachello..PLB43 191 (1973)

0.2
0 0
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4 i a 10 1 14 16 18 4 G a 10 1 14 16 14
q° (GeV) q (GeV)
Extended VDM (G.-K. 92):
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0.3 o.af
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o2 e M, + 0.2 ‘q'"“vl ﬂ"‘—u
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E. T-G., F. Lacroix, C. Duterte, G.I. Gakh EPJA 2005
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_ Time-like observables: | Gg|2and | Gy| 2.

-The cross section for p+ p — e* + e~ (1 y-exchange):
do 2

o
d(costl)  8m2y/T —1

(: angle between e~ and p in cms.

[7|Gar|*(1 + cos? ) + |G| 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 in 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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Proton-Antiproton Annihilation

need of

~ e highest rates

e good resolution

eGood Particle Identification

Parameters of HESR

http://www-panda.gsi.de/
e Injection of p at 3.7 GeV

e Slow synchrotron (1.5-14.5 GeV/c)

e Storage ring for internal target operation
e Luminosity up to L~ 2x1032 cm-2s-1

e Beam cooling (stochastic & electron)

-
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o Physical Background .

M. Sudol et al, arXiv:0907.4478 [nucl-ex] _ € _
+ 3 body reactions p+tp—e te
lr fu
iy =» kinematical constraints
&= > PID o . )
: 2~ 10
» 2 body reactions (hadrons) o
ee”
m, KK L
g pp — e'e
High statistics GEANT4 simulations . )
L e .

——-—y
‘.\\k
-
-~

< few Y/, misidentified events / cosO, bin .. -1
*< 1% on the total cross section up to 16 GeV? oz AN

| —— PID & kinematics

0 Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il
5 10 15 20
¢ [(GeVicy]

It is possible to discriminate €€ from " 7"

Kolomna, 11-VI-2010 Egle Tomasi-Gustafsson 19 19



Expected Results

o L
o =2.10% s M. Sudol et al, EPJA 2010,
lrfu . arXiv:0907.4478 [nucl-ex]
PR, 100 jours o 3:
( panda i R=GE/GM
p+p—et+e %
o 151
Individual iy
determination T
of 05- I
- PS170 PANDA sim
GE and &M 2
up to large Q o [(GaVicr
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~ p+p— e +e Angular Distributions

= 9
f The form of the differential cross section:
l r fu
— do Ta? 0 5 9 . 9
=0 d(cost)  8m2\/T — 1 71G1e"(1 + o086} + |G| sin”

saclay is equivalent to:

do —|og [1 —I—ECDEE E?]

d(cos 0)
Cross section at 900 Angular asymmetry
A o T|1’-::-rir|,.1|'|2 — |'G'_E'|2 o T — RE
a2 [ T 1 ., TGP+ GEE T+ R
7y = 4{}2 V'II — (|Gﬂf|2 4 7__|GE|H) | ‘|,1r| | E|
R = |GE|/|GM|

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

& =
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Spin Observables

= 9
Analyzing power, A
da e
—(P,) = ( ) 1+ AF, -
2P [ AP e
sin 20 Im GG 1
A= D??’f L, D =|Gul’(1 +cos” ) + —|Gx[*sin’ 0

Double spin observables
) A.. = sin” 3(|Gf|,»_r| —|——|GE| )
T
.7 7 1 7
Ayy = —sin @ (|GM|“ — ;|GE|“) N

-:. ~ 1 .o ~
) A.. = [{l—l—m::s‘ﬂﬂi;ﬂ,ﬂ‘——sm‘H|GE|‘ N
T

(5

(),
(i
(d

do | N
A_. = (—) A = \.TFELH 20 ReGeGYyN.

),

- -
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~ Models in T.L. Region (polarization)

]
Irf U 0s " Ay
2= o1
saclay

q° BV

Angular
i i Asymmetry

-
0 5 10 15 20 25 0 35 &

q [EeV]

-
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LAY
g i1 VDM:IL
ps { | Ext. VDM

\ L ‘QCD inspired’

0O & 10 15 20 25 30 35 40
q° [GeV] 7 [GeV]

086 [
ATTTY PPTTL FTTTY PYPTY FTTY FPOTE FPPP] POTY PP FPTTL FPTTL FPTTE PRTTY PRV PITT FYEPL I

0O & 10 15 20 25 30 35 40 0O 5 10 15 20 25 30 35 40
q [GeV] ] q [GeV)
E. T-G., F. Lacroix, C. Duterte, G.1. Gakh, EPJA 2005

-
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Phragmen-Lindelof theorem

Asymp‘ro’rlc properties for analytical
'+ fu functions

O If 7[{2) —a as Z—»>oo 1imq2—>—oo F(SL)(q2) - hmqg—:-oo F(TL)(QQJ
oA . ) space — like time — like
along a straight line, | T
saclay (e"+e < p+p)
and f(z) —»b as z—»o
along another o
g. . — FUL(g%) = real, if ¢ — o
straight line,
and f(z) is regular F = |Im(Fy/Fy)|/|Re(Fy/Fy)| = A
and bounded P| = A A=0.05,0.1
In the angle between, — By Filre/| By Filsp = 1+ A

then a=b and f(z) —a
uniformly in the angle.

E. T-G. and G. Gakh, Eur. Phys. J. A 26, 265 (2005)
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N Phragmen-Lindelof theorem -
o L

Babar | Connection with QCD

E835
Fenice | asymptotics?
Bkt

DM2

cico |Applies to NN and NN

PANDA .
sim | [nteraction
+ |(Pomeranchuk theorem)

t=0 : not a QCD regime!

BA-0 P X0 @

—m-
|
{
-

— e

1 0'1 s SN T R INN AN TN TIN ' R R A | | | 11 | | L1 1 1
0 5 10 15 30
Iq I[(GeV/c)

E. T-G. and M. P. Rekalo, Phys. Lett. B 504, 291 (2001)
E. T-G. e-Print: arXiv:0907.4442 [nucl-th]
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_ Exclusive processes: hadronic ratios  _
et L
R, — (P_ﬁ).:rzn — KK R — (p_;ﬁ);r=1 — KK
(0P) g0 — mtm=" P (pD) gy — THE

Threshold region (L=0): |R, < Rs =1

=xal b,

— /
P J=1
Quark rearrangement Excited vacuum

;- ‘} 2
w12 Pr (BT 0
Y‘Eﬁ 3+1/2 ﬁ’h‘ .ﬁu

Experimental value at LEAR:
R = f(KTK™)/f(z*7") = 0.108 & 0.007.

E.A. Kuraev, E.T-G, PRD 81,017501 (2010)

& =
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Conclusions

» Comparison of scattering and annihilation channels: model
Ir fu independent statements

»Study of the validity of one photon exchange
approximation: basic question for deriving information
on the hadron structure . /n annihilation processes all FFs
information is contained in a precise measurement of the
angular distribution.

» Determination of time-like form factors up fo large q2
Tests of validity of pQCD and analiticity.
Polarization observables?
» basic program with anti-proton beams:
Panda Physics Performance Report
e-Print: arXiv:0903.3905 [hep-ex]

- -
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Symmetry relations (annihilation)

o
- Differential cross section at complementary angles:
The SUM cancels the 2y contribution:

do
(H] (H] + E{T —f) =

= 2(0) ~ 5 (x — ) = 4N [(1 +2°) ReGuAG) -+

HPGEﬂGE +yrr =1zl -z )RF( —Gp = Gu)k
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0) = 2(0) ~ 5 ()

0.25 ‘Mpp=1.§77;1.9 - + * B
\ +_+ ? - A=0.01+0.02

- | —0.1F
-0.5 0
cosv cost
1.8 2 22 24 26 28
E. T-G., E.A. Kuraev, S. Bakmaev, S. Pacetti, Phys. Lett. B (2008) M,, [ GeV/c’]
- =
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Rosenbluth separation

9
Contribution of the electric term
1

2 be
2

...1o be compared to the
absolute value of the

error on o and to the size
and ¢ dependence of RC' |

e ¢ R N S S

Q’IGeV’]

o -
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lachello, Jakson and Landé (1973)

x 0,P,P
lr fu Isoscalar and 1sovector FFs M

e~ 2y T :
NAAA Fis(Qz) _ g(;? :] (]. o .3 o Hq_‘:) +.S.,._, 21”’ Q? n 3¢ EP:'::.'.':QE] ?
| -
D (o5 | PR 4 8L/ ]
ﬂpﬂ 1 2 [0 " T+ Q7+ (A + Q70 (Q?) /s |
== o2 9@ 1 M L
F3(Q°) = 5 _(ﬁp“‘ﬁn 1 aéjﬁi+Qz+&¢#i+Q2]!
ooy _ 9@ [ p 8L pit/ ]
E(Q) 9 _(P'Jp Hn j(#ﬁ_l_QE) (4),_‘:%_‘_@2} &{QEJJ;“I

1
2y
QEQ} _ |::]_—|—"'Jr'Ei'HQ2]|2 F.E _|_ Fu
(o — 2| @+ us, V(@ +4p2) + V2
A1) = 5 Q" 24,
- -
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