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The most simple reaction that can be studied theoreticallypapdrimentally is the process involving electrons and pratin spite of its elementarity,
electron-proton elastic scattering and the crossed ceas@ucleon-antinucleon to (or created by) an electroitrpagair are actively studied since
decades. Assuming that the colliding particles interactdampange of one virtual photon, the transferred momentum sdu#ne mass of the virtual
photon) probes the dynamical structure of the nucleon atahesponding internal scale.

The diterential cross section and the polarization observabléseise reactions are expressed in terms of form factors, vduotain unique
information on the nucleon structure: form factors parareetitie internal structure of a composite particle and desdslilynamical properties. The
knowledge of form factors constitutes a stringent test frmodel which, after the static properties of a particles likasses or magnetic moments,
should be able to reproduce charge and magnetic distritsution

The experimental achievements: high energy acceleratays,ihiensity beams, high resolution spectrometers, poldutasgets, hadron po-
larimeters, full coverage detectors.. open the possibiftyery precise measurements in an unexplored kinematicabrregi wide program is
ongoing or is planned at facilities in the GeV range: elat&ocelerators, such ast#gson Lab (Newport News), electron-positron collidershsas
VEPPIII (Novosibirk), BEPCII (Beijing), proton-antipron colliders such as FermiLab and the future FAIR facilityDatmstadt.

From the theoretical point of view, the precise knowledgéhefform factors in a wide kinematical range gives the begglisn the transition
region, between the non perturbative domain where the nigdeloest described by constituent quarks and meson cloudhameérturbative region
where QCD can be applied and the nucleon appears as a confstethof quarks and gluons. Analytical and model indepenpiepterties of form
factors are a guide for modelization of the nucleon structure

After an historical and pedagogical introduction into tfiedd, a formal derivation of electromagnetic form factors fioe scattering and the
annihilation channels, as well as discussion of the recatat, @nd of new ideas in the understanding of the reactionanésh, is given.

1. Introduction

The experimental determination of the elastic proton edecagnetic form factors (FFs) at large momentum transferasently
of large interest, due to experimental developments whgendhe possibility to achieve new kinematical regions ag high
precision. In particular, polarization experiments haeer made possible by polarized electron beams at high itytearsd
proton polarimetry in the GeV energy region, as suggestatyiyears agd:

Hadron FFs are considered fundamental quantities, as themadterize the internal structure of a non pointlike pheti
They contain dynamical information on the electric and nedigrcurrents of hadrons, and are experimentally accesgibbugh
differential cross section and polarization observables. retieally FFs enter in the expression of the electromagrestirent.
Any hadron theory, that reproduces the static propertiel as masses and magnetic moments, should be able to dedsdbe
the dynamics of the charge and magnetic distributions the.electromagnetic FFs.

In a P and T invariant theory, the structure of any particlsh S is parametrized in terms of £+ 1) FFs. Protons and
neutrons are described by two FFs, eledBicand magnetiGy,, which are functions of one kinematical variable, phydjcadp-
resenting the internal scale. The deuteron (spin one riscdescribed by three form factors, charge, electrid,guadrupole.
Thea particle, spin zero, has one form factor.

The normalization of these FFs is related to the charge anthdgnetic moment of the hadron and corresponds to the static
value which can be observed through low energy electrotieksattering on hadrons, at the photon point. Schemétjcale can
say that at small momenta (large internal distances) FHsegle size of the nucleus. At high energies (short distaticeg probe
the quark and gluon structure. Their behavior should folkmaling laws, predicted by perturbative quantum-chromadyics
(pQCD). In this respect, the precise knowledge of FFs in @widematical region should probe the transition regiconfnon
perturbative to perturbative QCD.

The traditional way to measure proton electromagnetic BRsists in the measurement of electron-proton elastitestay,
assuming that the interaction occurs through the exchahgevatual photon, of four momentum squar€f = —g?. The
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differential cross section at a fixed value@f is depends linearly on c&t/2) (whered is the electron scattering angle). The
slope and the intercept allow to determi@g andGy. This is a specific characteristic of the one photon exchamgghanism.
This method was proposed first by N. M. Rosenbfuth.

Polarization phenomena play a major role (except for spio garticles), as they contain unique information on thegimary
part of amplitudes (amplitudes are, in general, complextions). Being related to interference of amplitudes, thsy very
sensitive to small contributions. Elastic electron hadsoattering has been the privileged reaction to access Fssinding one
photon exchange, a simple and elegant formalism, whichbsilllustrated in these lectures, relates all observabiess section
and polarization phenomena, to hadron FFs.

The idea that double spin polarization observables inielagtctron proton€p) scattering (with longitudinally polarized
electrons on a polarized target, or on an unpolarized tangedsuring the transverse polarization of the scatteretipy carry
the information on the produ@eGy was firstly suggested by A. I. Akhiezer and M. P. Rekdlat was only recently applied.
Besides the expected large precision achieved, the simgriact, was that the data revealed&-dependence of the ratio
R = uGg/Gwm (u is the proton magnetic moment) which deviates from unityvas previously commonly assumed.

In case of the neutron, the measurements are even nfacildj as the electric FF is small (the static value is zerg)thfere
is no free neutron target, one has to use either a deuterar’bretarget, and then correct for nucledfeets. In the neutron case,
too, the polarization method allows to extend the measunéstie the scattering region at larg®f values with higher precision.

Inconsistencies appeared among the results from polaaizédinpolarized experiments. The raiBg /Gy measured from
the ratioP,/P; (the longitudinal and transverse polarization of the rgmaiton ine pscattering induced by longitudinally polar-
ized electrons) shows a monotone decreasing @fthwhereas the individual determination®g andGy from the Rosenbluth
separation suggests a constant behavior. No shortcomgnigg®m found neither in the experiments or in the data asalybich
are based on the same theoretical background (the lowest diagrams forep elastic scattering). Therefore, the attention
has been focused to higher order corrections in the powert oddiative corrections ia" including the interference between
one and two photon exchange. This puzzle has given rise tg s@atulations and fierent interpretations, suggesting further
experiments (for a review, sde

Applying crossing symmetry considerations, the same ghygiformation can be extracted from the annihilation tiess:
p+ p < e + e through the measurement of a precise angular distributlomever, the kinematical variables scan fiafient
region, called the time-like (TL) region, because the matertransfer squared is positive here (i.e, the time compioofethe
four momentum transfer squaregt, is larger than the space component). The region accessiblegh the scattering channel
is therefore denoted as space-like (SL) region.

FFs are assumed to be analytical functiongof In the general case, reaction amplitudes are complex fumcwf the
relevant kinematical variables. Analyticity and unitarionstrain FFs to be real in SL region, and complex in TL regldp to
now, no individual determination of FFs has been done in Tiar due to the low statistics. FFs have been determinedrund
the assumptioGe = Gy or Ge=0.” Attempts of measuring the FF ratio were done by P8Hr@ BABAR collaborations.

The possibility of better measurements has inspired exjggrial programs to measure hadron form factors at JLabcdias
and at future machines, such as FAIR, both in SL and in TL regji&lectron beams in the GeV range are available at MAMI
and JLab, with high intensity and high polarization, largeeptance spectrometers, hadron polarized targets, aindrhpo-
larimeters. In colliding mode, the VEPP2 facility at Nouvaissk and the BES facility at BEPC provider 4letection with high
luminositye*e™ collisions. High intensity hadron and particularly antipnm beams will be available at PANDA (FAIR) in near
future.

From a theoretical point of view, the new results obtainethuhe polarization method have stimulated a revision of the
nucleon models. The interpretation of FFs as the Fourieisfemms of charge and magnetization densities is exact ionly
non relativistic approximation or in the Breit frame, whehe four components of the momentum can be reduced to three.
Recent model dependent pictures of the proton structure haen derived. In particular, form factors are specificgiratks
of generalized parton distributions, and they constitutéhis respect, an experimental constraint for thesestime. Different
classes of models have been developed in the non pertwglegjion: soliton models, constituent quarks, di-quark emadector
meson dominance, dispersion relations ... (for a revies?) selowever, not all of them are able to describe the existiag dn
the four nucleon FFs (electric, magnetic, neutron and pjoaod not all of them contain the necessary analytical ptigseto
describe both the SL and TL regioHs.

2. History

In 1961 R. Hofstadter got the Nobel prize, "for his pionegritudies of electron scattering in atomic nuclei and forthéseby
achieved discoveries concerning the structure of the pasle In his Nobel lecture one can reddver a period of time lasting
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at least two thousand years, Man has puzzled over and soughh@erstanding of the composition of matter. It is no wonder
that his interest has been aroused in this deep questionusecal objects he experiences, including, even his own, laoeyn a
most basic sense special configurations of matter. Therkisfqhysics shows that whenever experimental technigdesnae

to an extent that matter, as then known, can be analyzed lapleland proved methods into its "elemental” parts, newat a
more powerful studies subsequently show that the "elemepéaticles" have a structure themselves. Indeed thiscétine may

be quite complex, so that the elegant idea of elementarist beiabandoned.”

The first experimental evidence for a composite structurthefproton, arising from charge and magnetization currents
dynamically changing with the distance (probed by the airphoton ine pelastic scattering), was given in a series of experiments
at the Stanford accelerator SLAC, based on the Rosenblp#rationt!

In this chapter we recall the milestones of our present kadge on FFs.

¢ Rutherford scattering

— 1909: Experiments of Geiger and Marsden. The cross seatiothé scattering of electrons in the Coulomb field of
a nucleus of chargg, is given by the Rutherford formula (191 It applies to non relativistic, spin zero, pointlike
particle scattering. It was used to measure the 'size’ ofdhget and to introduce the concept of atomic nucleus

— 1968: DIS "deep inelastic scattering" experiments in wiviety energetic electrons were scatterépootons showed
that all the mass and charge of the proton is concentrateshatier components, then called "partons”. Partons were
later identified with quarks (Friedman, Kendall and TayMopel Prize 1991).

— 1967: First order extension of the Rutherford formula,d/ali high energy3

— 1975-79: Extension to higher orders (eikonal approxinmgttty1°

— >1980: Extension to heavy iohgolarization observablée$:!’

e Beyond the Rutherford formula

— 1929: N.F. Mott derives a formula for relativistic nuclédiat holds for scattering of spin2 pointlike particles®

— 1950: M.N. Rosenbluth extends the formalism to compositgeta?

— 1961: R. Hofstadter receives the Nobel Prize, for expertsanSLAC, on unpolarizeepscattering, at fixe?, doing
the first experimental determination @t andGy.1*

— 1958-1967: Polarization in ep scattering (Kharkov scH8@nd®). A.l Akhiezer and M.P. Rekalo give the explicit
derivation of polarization observables for elagtjgscattering in terms of form factots:

— later, after 1997: Polarization experiment at MIT, J&sénd Refs. therein.

x better precisior(large sensitivity to the smaBg contribution)
x determination of the sign of Fis

o Time-like region

1962: Cross section and single polarization in terms of RRlsé annihilation procegs+ p — €* + e (A. Zichichi, S.
M. Berman, N. Cabibbo, R Gatt9).

1983-1994: First TL measurements with antiprotons at LERERN): PS176.

1998: First TL measurements at FENICE (Frascati), witér collisions for proton and neutron FF%.

1997-2003: E768? E835 with antiprotons at FermiLab.

2002: Threshold measurements at BES.

— 2005: ISR in BABARe* e colliders?

— after 2010: Experiments at BESIII.

e Reaction mechanism

— 1970-73: Experimental and theoretical studies of two phetachang&®-3°

— 1999-2006: Model independent properties of unpolarizetiartarized scatterirfg3?and annihilatiof® in presence of
two photon exchange.

— 2006-today: Model calculations including proton struetfiand revision of nucleon models.

e Radiative corrections:

— 1949: J.S. Schwinger calculates photon emission in pure QfBering®
— 1969: L.W. Mo and Y.S. Tsai calculate at first order the radéatorrections for electron hadron scatterfig.

*Different sites have been built to play with.
For example, see htffpvaowen.screaming.netvisionnucleafrssim.htm
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— 1985: E.A. Kuraev and V.S. Fadin include higher orders ustiregelectron structure function method, and apply those
to elastic and deep inelastic scatteriig.

— 2000: L.C. Maximon and J.A. Tjon revise the work of R&fon ep scattering including (partly) the structure of the
proton38

— > 2000: Radiative corrections to polarization phenomerepialastic scattering®*

3. Basic concepts

As a first exercise, we consider here the elastic scattefistrocturelesgparticles,

a(pa) + b(pw) — c(pc) + d(pa). 1)

(the four momenta are indicated in parenthesis) whichaatehrough the Coulomb potentidl = U(F). The Coulomb potential
between the target and the projectilr) is spherically symmetric, directly proportional to theaches and inversely to the
distance:

)

In order to take into account the screenifiii@ets of the electrons surrounding the atomic nucleus (awtalavoid divergences),
a damping function is added and the Coulomb potential isllysas:

— Zazbe2 e_r/,l
r b

u(r) 3)

whered ~ 108 cm~ 10° fm is of the order of the dimensions of the atom.

3.1. Reminder on perturbation theory

The elements of the scattering matr8¢; are the probability amplitudes for the reaction> f. The initial state of the system,
li >, after an interaction can be written as a superposition s$ipte final free particle stat¢s >:

P, >=Z|f><f|S|i >=Z|f>sfi 4)
f f
where|Ssi|? is the probability of the transition— f. S = U(—c0, o), U(t, 1) is the time evolution operator.
The scattering amplitud€ is defined as:
Sti = 61 +1(2n)*6*(pr — P) T (5)
wheredy; is the Kronecker symbol, which gives the superpositiofii > in the absence of interaction. The Dirac function
&*(ps — p) = 8°(Br — B)S(Es - EN, (6)

insures that each component of the four vector energy-mtumehas to be conserved.
In a scattering process, the matrix element can be expressaglithe perturbation theory. The Hamiltonian which dibss
the evolution of the system can be decomposed as:

H = Ho + Hy, )

whereHg is the free particle Hamiltonian ard; is the interaction Hamiltonian. The time evolution is givarthe Heisenberg
representation by

le(t) — éHo(t—to) H'e—iHD(t—to)' (8)

Assuming thatH’(t) can be treated as a perturbation, it is convenient to dpwbkeS matrix in a series of terms which contain
the product of operatond;:

S=U(-co,0)= Y S"=1+ ) (_n—l.)n fw dty..dty T[H! (t)...[H] (t2)] 9)
n=1 n=1 : i

whereT is the time ordering operator, particularly important wikgift) andH; (t") do not commute.
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The first terms of the development (9) are:

st= —if H/ (ty)dty,

00

1 00 00 , ,
S? = -3 f d; f dtyT [H{(t2)H[ (t1)] . (10)
There is of course a one to one correspondence with the nfataxcorresponding term of the same order and corresponding

elementsTy; = 37, T{. The Born approximation consists in keeping only the terrn = 1. For our interest here, it is applied
to processes which involve electromagnetic and weak ictierss.

3.2. Derivation of the Rutherford formula: analogy with optics

L scattered wave
incident wave

k=pTH

Fig. 1. Schematic view of elastic scattering on a compositeaibj

In guantum mechanics, the particle-wave duality requinas & particle of three momentufiis associated to a plane wave
vectork = p/n. If a plane wave scatterdfa charges, at a positiorp;, it generates a spherical wave, that can be observed at large
distances as a plane wakle= p’/h. The amplitude of the scattered wave in the point definediby

A = fegrigk ) _ fdk rggs (1)

wheref is the amplitude on the unit charge= Z,e, which is the same for all constituent particlés; g; is the vector from the
observation point to the chargeandd = i — p; is the momentum transfer. The facef? defines the phase of the incident

plane wave at the interaction point, aglfi ™) determines the phase of the scattered wave at the obserpaiiat. Similarly to
optics, the total scattered amplitude on the nucleus caakemtas the sum of the amplitudes on the individual charges:

A=A = 1Ry qdo, 12)

However, in quantum mechanigs,represent the position operators of the internal motioméntarget. Therefore the last term
should be replaced by the corresponding mean value in thandrstate of the target. We define the form factor:

1 -
— = i G-4i [
F(@ Zbe<IIZaé i >, (13)
and then the cross section on an extended nucleus becomes
do do 2
()= (&) For (1)
where we identified the cross section on a pointlike partste
do 21£12 )2
6 = @RI e« (ZaZef)’. (15)
pl

The detailed and rigorous derivation of charge and magR&tcin a relativistic formalism is given in Section 4.
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3.3. The charge form factor

Form factors are fundamental quantities, as they allowectitomparison between the theory and the experiment. kr ¢od
determinglF(g)|? one has to measure thefférential cross section, for fiierent values ofy. This can be done by varying the
scattering angle and the energy of the projectile. If onetsvemdeduce the mean value of the charge density, in principé
can invert Eq. (13):

o9 =< HPOIIY >= 5 [ Far@e ™ (16)
However, in practiceF(g) can not be determined for all values @fdue to the limits of the kinematically accessible region.
Moreover, at largej, cross sections are very small anéhidult to measure. Furthermore, the cross section is semsitithe FF
modulus squared, and does not give access to the phaseforbeire general, one assumes a specific mathematical &umfcir
p(X), and free parameters that are fitted to the experimental dat

For small values ofi? one can develop (g?) in a Taylor series expansion @h X:

F@ = 5, [ 09
1 (e d. 2 Lg. a2
_Zbefdzulq X- 5@ %%+ ..
L mxzdx 2”d
_ZTefo fo i
1
fdcose
-1

The normalization i% d®Xp(X) = Z,e. The second term does not give any contributiord-&s= qxcosd andf_l1 cosfdcost = 0.
This is a general fact, asis a odd quantity, whereagx), which contains the square of the wave function, is an evemtity
with respect to space parity.

In case of spherical symmetry,

p(X)

1+ igxcost — %qzx2 cos G]p(x).

1
F(g)~1- ng <13 > +0(P), 17)

where we define the mean square root charge radius of the,targe>, as
, o Xp(xdx

<Ilg>= (&% —7"—.
I ®p(x)dx

3.3.1. Application to diferent charge distributions

Let us calculaté-(g) normalized to the full volume and charge:
Joy PREPn(x)

| %
Q
In case of spherical symmetry the denominator is:

D= 47rf X2p(xX)dx
0

F(a) =

and the numerator:

oo 1 ) 0o eiqx _ e—iqx
N(q) = 27 f Xp(X)dx f d coshe™* s = 27 f X p(Xdx———
o o o igx
Therefore:

ar [ X sin@®p(x)dx

F(a) = (18)

4 [ x2p(X)dx

The typical shapes of charge density, with spherical symynatd the corresponding form factors and radii are showrabie
1.
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density Form factor rm.s. | comments
p(r) F(@) <ré>
1) 1 0 pointlike
at 12
e — = dipole
e a 6 |
— —— — monopole
r o? + & a P
e“"”z 2 1(4a2 1 .
g /() — aussian
2 3(sinX — XcosX) 2a ’
po for x<R 3 IR2 | square well
0 forr >R X=qR

As an example, let us calculate the radius corresponding texponential charge densip(x) = e 2%, First, we recall the

following integrals:

r(1)= f dze?z Y2 = /n,
2 0

X = fow dze?2L, T(x+ 1) = x['(%),

n! =f dxX'e *dx
0

The radius is given by:

<fIl;>

(19)
(20)

(21)

,  Jp Xe®dx  a® [F(an‘e®d(ax)

and the form factor:

éf xsin@xe *dx
F(g) = ==

fo‘” x2e-axd x

Applying (21), the denominator in Eq. (22) is:

° 2
D= f x2e ¥dx = =.
0 a

The numerator:

1 S )
N=— x(9% — g9\ x
2iq Jo ( )
1 00 ) )
— —(—ig+a)x —(ig+a)x
= — X|€e —-€ dx
2iq Jo [ ]
1

1 ;f“’ Yy L
2q|@-iaz o 7Y @rigp

Integrating per parts:

° Iy xeeaxdx  as J5 (@ye-axd(ax)

(22)

f ye‘ydy] i
0

r2) = f yeYdy = — f yde?) = -ye¥ + f eVdy=-ye’-e”g = +1L

one finds:
N = i 1 _ 1 B 4aiq a 2a
C 2q[(a-ig? (a+ig)?|  2q@+q)? (@ +g)?
Finally:
a4
F(q) - (az + q2)2'

Similarly one can verify all the results of Table 1.
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3.3.2. Units and orders of magnitudes

The amplitude of the scattered wave is the sum of the amphktud the waves scattered from the individual constitugluts.
observer far from the target can see that the intensity obtagtered wave shows minima and maxima, as a function of the
scattered angle, which correspond to interference amandifierent amplitudegy of the scattered waves. As in optics, one can
introduce a resolving power
h 200
d - ca’
The quantitys defines the spatial region that can be accessed in an expenmhere the transferred momentum|ds For
exampled= 1 GeV (in center of mass system)empscattering corresponds &= 0.2 fm.
Let us comparéc to the Bohr radiusa ~ 10°[fm]:
nc _ 200[Mev] [fm]
A 10°[fm]

s[fm] = (23)

~2.103MeV. (24)

3.4. Extensions of the Rutherford Formula

Let us summarize the assumptions under which the Rutheidomula holds:

U(r) = Z1Z,€%/r: coulomb interaction between target and projectile;
validity of the Born approximation (lowest orgene photon exchange);
non relativistic approximation;

structureless and spinless particles.

The non relativistic approach is justified if the momentahef particles are smaller than their masggsrAA1). The diferential
cross section for spinless and pointlik&****- particles, in the relativistic case and in the Borpproximation, was derived by
N. F. Mott, including recoil &ects of the target nucleus of mags!®

(d_a)Lab _ ico§(0/2) 1
dQJyon  4E? sin'(6/2) 1+ S|n2(9/2)

(25)

In the language of Feynman diagrams, it is easy to verify th'mrieatures of the Mott cross section. The transition atnbédi is
proportional toZ;e, the vertices contribution, which does not depend on théglmmomenta for pointlike particles, and to the
photon propagator/?:

T o o« T (26)

Z]_Zzez do Lab
g2 " \dQ
Further developments were given several years later. Tieasion of the Rutherford formula at the next ordeZa)3*3 showed
that the scattering of electrons and positrons is no moraalgnt, because the correction depends on the charge:
do=* da’R 3 (Za)?
dQ ddQ 4E? sint(6/2)
which leads to a charge asymmetry. ngher order correctioff&r)" have been calculated more recently in the eikonal approxi-
matiornt*1>17for charge asymmetry and polarization phenomena. A noiattiwmiversal angular dependence is predicted, whose

sign depends on the charge, observable in electron and@uositattering. The Rutherford cross section results neatify a
factor:

Mott

[1 + aZ sin@/2)],

(27)

(:—g) ~ (j—g)R [1 £ mxsin@/2) cosp(X)], x = %, (28)
with

I(3 +iX)I(1-ix)
F(% —ix)L(L+ix)’
whereg is the velocityv of the initial particle of massn, in the Laboratory system, in units of 8 = v/c = W
Using the properties of Euler gamma function one obtains:

2n+1
w@-%Z(w

=1In2; ¢, = 343 ¢ = 15, ..., € = (22" — 1)éony1, N> 1. (30)

D(X) = cosp(X) + i sing(x) = (29)



March 9, 2012 15:52 Page Size: 20.0 x 28.5cm  main

Phenomenology of Nucleon Form Factor§1
Applying the Stirling formula one can write

oS ~ (31)

One can apply this formalism to the strong interaction, digfothe replacement = Za — x. = Nas, proton and antiproton
peripheral collisions on heavy nuclei may show a measumrabléphoton dfect.

Further developments of the Rutherford formula include dligh energy scattering on heavy targets (also in the elkona
approximation)-6

3.5. Cross section for a binary process

The cross sectionr for a binary process

a(p1) + b(p2) — c(p3) + d(pa), (32)

(where the momenta of the particles are indicated in paesighcharacterizes the probability that a given processrecThe
number of events issued from a definite reaction is propuatito the number of incident particlég, the number of the target
particlesNr and the constant of proportionality is the cross section:

N = 0Na x Np. (33)

The cross section can be viewed as affieive area” over which the incident particle reacts. Theeg its dimension is ¢y
but more often barn (1 bazr10-28 m?), or fr? (1 fm=10"1° m) are used.

A useful quantity is the luminosity’, defined as = Ng [s™%] Ny [cm~2]. For simple counting estimationbly = o£. This
is an operative definition, which is used in experimentalgts;

On the other hand- needs to be calculated theoretically for every type of mscd@he present derivation is done in a
relativistic approach. This means that :
- The kinematics is relativistic,
- The matrix elemeniM, which contains the dynamics of the reaction is a relativistvariant. In general it is function of
kinematical variables, also relativistiel = f(s,t, u),
- o has to be written in a relativistic invariant form.

The starting point is the following expression for the cresstion

M 2
dor = 2 20*59(ps + 2 = s~ PP, (34

which is composed of four terms:

(1) The matrix element, which contains the dynamics of the reaction, and it is dated following a model,

(2) The flux of colliding particled,

(3) The phase space for the final particld®,

(4) Aterm which insures the conservation of the four-moraemi®(p; + p, — ps — ps) Which is the product of fous functions,
because each component has to be conserved separately.

Let us calculate in detail each term.

3.5.1. Definition of fluxZ

The flux is defined through the relative velocity of incomimgldarget particles:
I = anTVre|, (35a)
I= 4\/(p1' P2)?2 — M2M3, (35b)

whereM;(M,) is the mass of the beam (target) particlg, is the relative velocity between beam and target partichesthe
densities of the beam and target particigsny are proportional to their energiesas= 2E;.

Let us prove that the two expressions (35a) and (35b) arevaqut. It is more convenient to calculafe(Eqg. 35 ) in the
laboratory frame where the target is at rest:

p1 = (E1, Br), P2 =(M2,0), Vel = Vi —Vo| = % = ng = 2E;, ny = 2Ma,. (36)

1
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Replacing the equalities (36) in Eg. (35a):

| Pal

I = 2E12M2E = 4M,| 31|

and in Eq. (35b) :
(P1- P2)* ~ M{M3 = M3ET — MIM3 = M3(ES — M7) = M3|pif?, thusT = 4Mo|pi|

and the equalities (35) are proved. Moreover, we prove aksothe flux does not depend on the reference frame, becauese it
be written in a Lorentz invariant form.
Let us consider the center of mass system (CMS):

P = (Er.K). p2=(E2.—K), p1- p2 = E1Ez + K2 MZ = EZ - [KP, M3 = E3 - |K?
and
(P1- P2)® — MM3 = EZES + 2E1E,[K? + [K1* - EZE3 + [K(ES + E) - IKI*
= [KP(Ey + E2)? = [KPW2. (37)
The flux, 7, can be written as
T = 4KW, (38)

whereW = E; + E; is the initial energy of the system in CMS.

3.5.2. Phase space

The phase space for a particle of eneEjymassM and four-momentunp (the number of states in the unit volume) can be
written according to quantum mechanics in an invariant form

d*p 6(p? - M?)
dP= | ————=—06(E),
| e
where the function insures that the particle is on mass shell and gefanction®(E) insures that only the solution with positive
energy is taken into account. Note that the wave functioradlgfarticles entering in the matrix element must be norneglito
one particle per unit volume. In this case all these wavetfans contain the factor/1v2s, whereg is the particle energy. Usually

these factors are explicitly taken into account in the esgimn for the cross section, we insert them into the phaszespa
Extracting the term which depends on energy:

d*p o(p* - M?) = *BdES(E® - * — M?),

and using the property of thiefunction

[atroonax=Y, o (39)
(x; are the roots of (x)), with f(E) = E? - g> - M?, andf’(E) = 2E one finds:

1
dES(E? - % — M?)O(E) = —.
[ a2 - MojeiE) - o
For the reaction under consideration:

d*gs  d®p,

W = Grrae; (orr2es

3.5.3. Final formulas

The total cross section can be written as:
(2n)* f 2(4) d*ps d°ps
= — ) - ps-— . 40
7 IMI7*(P1 + P2 — P3 — Pa) (2132, (217264 (40)
One can see that it corresponds to a six-fol@ledéential, but fouw functions are equivalent to four integrations. So finalby, f

a 2 — 2 process one is left with two independent variabl&sgJ or (s,t). For three particles, one has nindferentials, four
integrationsj.e., five independent variables.
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The termé™(py + p2 — ps — Pa) can be split into an energy and a space p#f{p; + p» — ps — ps) = 6(E1 + E» — E3 —

E4)6®(P1 + B2 — Pa — Pa)-
Note that

jﬁ%m+m—m—m&m=1 (a1)

in any reference frame.
Let us use spherical coordinates in CM& & (Es, B), ps = (Es4, —p), d°p = |pl°dQd p)and consider the quantity:

d*ps |pl*dQd p
J=0E1+Ex-E3- E4)4E3E4 =6(W-E3- E4)?3E4’ (42)
where
E32 = M3 +|p%, E3 = M2 +|p® — EsdEs = E4dE, = |gldp.
After integration, using the property (39):
dE3|pldQ dQ 1
j:fé(W—E3—E4) slpd2 _ 19 , (43)
4E, 4| 4 w_EE)
dE, 3 4
where
d ~ dEs Es W
EEM—&—aL—LEE_l 5 G (44)
and therefore
_|pdQ

Substituting Egs. (38, 45) in Eq. (40) we find the general esgion for the dferential cross section of a binary process, in
CMS:

do _ IMPIP

- =0 (46)
aQ 6472W2|K|
and for the total cross section:
2
o= f _MARL @7)
64r2W2|K|
In case of elastic scatterinﬁl = ||, therefore:
do® IMP? 2 el _ M

where7® is the elastic amplitude.

3.6. Reminder on the Dirac formalism

Spin 12 particles
The elastieN scattering involves four particles, with spif21 The relativistic description of the spin properties ofteaf
these particles is based on the Dirac equation:

(k-mu® =0, k=ky,=Eyo-k-7%,

wherek is the particle four momentunk (= (E, k)) and u(k) is a four-component Dirac spinor. We shall use the follayin
representation of the Diracx44 matrices:
10\ . 0 &
7’0—(0_1)’7—(_6&0), (49)

whered is the standard set of the Paulk2 matrices. On the basis of the Dirac equation one can write:

u(k) = x/mw[)(&-k ] (50)
E + nf\/
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wherey is a two-component spinor. We used here the relativistiariant normalization for the four-component spinoiu =
2E.
Spin 12 antiparticles

An antiparticle is described by the following spinor

@k
v(K) = \/E+m[—E+mX]. (51)
X

The Dirac equation for particles (nucleon with momentpghand antiparticles (antinucleon with momentyn) is:

u(p2)(P2 = m) = 0 = u(p2)P2 = u(p2)m,
(Pr + Mu(=p1) = 0= Pru(=p1) = —U(=p1)m.

The density matrices = u(p)u(p) for polarized and unpolarized particles and antiparsielee given in the Table 2. Applying
the Dirac equation to the four-component spinfp), of an electron with mass,, one can find the expressions for the density

matrix of polarized electrons,s = ua(p)u;(p) reported in Table 2, wherg, is the four vector of the electron spin.

particle antiparticle
unpolarized p+m p—-m
polarized | (p+m)3(1-ys9 | (B—m3(1- 159

3.6.1. Useful properties of Dirac matrices

Some useful properties of Dirac matrices :

The anticommutator iy, v,} = 29,,, whereg,, is the metric tensor of the Minkowski space-time;
ab + ba = 2ab, &y, + v,4 = 2a,, wherea andb are four vectors;

TrYa¥s = 49ap;

Tryavsyy =0;

T yaYeYyYs = 4(GogYys + Yoy Yoo = YyaYes)-

3.6.2. Relativistic formulation for the spin

The four vector of the electron spis,, satisfies the following two conditions:

s-p=0, £ =1 (52)
In terms of the three-vectgtof the electron polarization at rest, i.e., with zero threementum, the four-vectacan be written
as:
Me Me(€ + Me)

The conditions® = —1 corresponds to full electron polarization,®o= —|§2 = —1. Eq. (53) is simplified in case of relativistic
electronse > me. In this case:

€

wherel denotes the unit vector aloqpgands, = ¥ - p/|p| = A.
Taking into account that for relativistic electrons:

P = €(1,1), (55)
it is possible to re-write Eq. (54) in the form:

Sy = —A. (56)
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One can find the following expression for the density matfia celativistic polarized electron:
1 py 1. A, p
p=5(p+ me)(l ysﬁﬂ) =5(P+me) + (P + mc.-)meys

1. Apo
= g(p+ma)+§(p +mip) s (57)
= E(ﬁ+ me)(1 + Ays) = Eﬁ(1+/175),

where we used the following property of the-matrix: pys + ysp = 0, for any four-vectop,.

4. Relativistic formalism for ep elastic scattering

Let us derive step by step the elastic cross section and theizadion observables for electron proton scatteringh& Born
approximation, in a fully relativistic formalism, takingto account that the proton has a spin and an internal steuctinis
derivation closely follows lecture notes earlier prepangith Prof. M. P. Rekald?

4.1. Relativistic kinematics

The Feynman diagram for elastt\-scattering is shown in Fig. 2, assuming one-photon exahahge notations of the particle
four-momenta are also shown in the Fig. 2 and in Table 3 (wleus# in our calculation the system whérec=1).

NV(@W) N(p2)

Fig. 2. One-photon exchange diagram for elastic scattegindN — e+ N.

The conservation of four-momenta at each vertex of the diagran be written as:

=k -k =p2—py, (58)

which is valid in any reference frame. Using the relation) (8&he Lab-system, we derive the formula for the momentwamsfer
squaredy?, which is the basic kinematical variable for elastid scattering:

0 = (P2 - P1)? = P + P3 — 2MpEz = 2M3 — 2MyEz = —2M, T,

whereE; is the total energy of the final nucleoll;, is the nucleon mass, afid= E, — M, is the kinetic energy. This formula
demonstrates that, for elastic scattering, the momentanster squaredy?, is negative for all energies and scattering angles
of the outgoing electron. Ag? is a relativistic invariant, this is true in any referencetsyn. The kinematical region for which
¢? < 0'is called theS pace- Like region.

Lab CMS Breit
q | (w0) (@.9) | (ws=0.08)
ki | (enka) | (é,ke) (€1, K1B)
P | (Mp,0) | (E1,—ka) (E1g, p18)
ky | (e2.k2) | (&2.ka) (e2.Kk2B)
P2 | (E2,p2) | (E2,—k2) | (E2g,—P1s)
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4.1.1. Proton kinematics in the Breit system

The most convenient frame for the analysis of elashkscattering is the Breit frame, which is defined as the systdmre the
initial and final nucleon energies are the same. As a conseguthe energy of the virtual photon vanishes and its foomesntum
squaredg?, coincides with its three-momentum squarggf, more exactlyg? = —qg?. The derivation of the formalism in Breit
system is therefore simpler and has some analogy with a @lativistic description of the nucleon electromagnetiacure.
From the energy conservation, and from the definition of theitBystem, one can find:

wp = Eig — Exp =0,

where all kinematical quantities in the Breit system areoteth with subscripB. The proton three-momentum can be found from
the relation

2 2 2 2 2 2 2 2
Elg = B35 = P18° + Mp =pP2s” + Mp, 1.6, P1B” = P28~

The physical solution of this quadratic relatiorpigs = —pg, as the Breit system moves in the direction of the outgoimdgqor.
From the three-momentum conservation, in the Breit sysiem pi1g = p2g, one can find:

_ % _G
Pis = > P2s = >

The proton energy can be expressed as a functiop 9fand therefore of:

2 2 2, Q8° 2 @ 2
ElB = EZB = Mp+ T = Mp_ Z = Mp(1+T),
where we replaced the three-momentum in Breit system byaimerhomentum and we introduced the dimensionless quantity

Q? o
r=—<_—-__"1_>0
4M‘2) 4M‘2)

4.1.2. Electron kinematics in the Breit system

The conservation of the four momentum, at the electron xedan be written, in any reference system, las= q + k, (the
virtual photon is radiated by the electron). In the Breitteys the energy and momentum conservation is:

{615 = wB t+ €28 = €28, (59)

Kig = 0s + Kze.

In order to proceed, we must define a reference (coordingg&drs: we choose theaxis parallel to the photon three-momentum
in the Breit systemz|| gg, and thexzplane as the scattering plane. So we can write:

€15 = € = M + (Kp)* + (Kip)® = M + (K5)” + (K3p)%,

Kig = Kpg,

(60)
k{B = kéB = (Z)’
kig = Og + Ko

It follows ki = -k = q—ZB (the other possible solutiokf, = kj; would imply gg = 0). A graphical representation for the
conservation of three-momenta is given in Fig. 3.

(a)

Fig. 3. Proton (a) and electron (b) three-momenta represemtair elasticeN-scattering in the Breit system.
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Then we can write, for the components of the initial and finetton three-momenta:

Os V-0 0
kig = (Kig, Kig, K{g) = ( 2 ’0’ 7) -T2 (COtE’O’ 1)’ (61)
O O V-0?
Kog = (kg Ky, K2g) = (— cot 2.0, 7) = (cot 2.0, —1). (62)
The energy of the electron (neglecting the electron maggyén by:
_q2
ffB = kqg® = (k)l(s)2 + (kiB)Z = — 0s andexp = €.
4 sir? >

4.1.3. Relation between the electron scattering angles in the atem g, and in the Breit systendg

As the Breit system is moving along tlzeaxis, thex andy components of the particle three-momenta do not change afte
transformation from the Lab to the Breit system:

kB = ko, =
{1y_2y 0, (63)

Fromk,? = k2, + k2, one can find:

(64)

92 9 9 9
where we replaced = k; — ko, ki2 = el, ky? = e2 after settingme = 0. On the other hand we find fof the following expression
in the Lab system (in terms of the energies of the initial andlfelectron and of the electron scattering angle):

2, = ky? - (ky - 0)? _ ki?g? — (ky - ) 6162 2 Sir? 6e _ dete; . 92e Co§ 9e

= (kl - k2)2 = 2[’[1(2E —2Kk; - ko m;:O —2e16 + 2kq - ko = —26162(1 - COSHe)
. 5 0,
= —4qe sm2 ie. (65)

Comparing Egs. (64) and (65), we find:

k2 = (@)° cot2

4q2
2
Using the relationsg? = w? — g andg? + 2q- py + p1 p2, we have, in the Lab system, = —;— andg? = —?(1+ 7). Finally:
2 q2 O
Ky = -7 >
4(1+71)

So, from the relatioﬂxfx = (ki‘B)Z, we find the following relation between the electron scatteangle in the Lab system and in
the Breit system:

0g _ cof 0e/2
cof o = (66)

. . O . o
4.1.4. Expression ofsmEB in terms of energies in the Lab system
Let us find the expression for 0 in terms of the kinematical variables in the Lab-system.
Using the relation (66), one finds:

Oe . 0Be

1 COtZE 1 1 1 1+TS|nZE
— =1+ 1 =1 T+ %=1 ) (67)
sir? =2 T T sir? = TGz

2
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So
ff . 4 0Oe € . 50
~—5 sin” — 1+ —sir? 2)?
. 5 0 M5 2 M, 2
1+TSII’IZE=1+ - o = - . (68)
1+2M—lpS|n2§e 1+2M—lpS|n2§e
Using the relation (87) between the initial and final electemergy, we have:
€1 .-,0 le+e
1+ —sif = == . 69
M 2727, (69)
Substituting (69) in (67), one finally finds:
1 (a+e) (70)

sip 2~ O

4.2. Dynamics

Electron proton scattering through one photon exchangéugrated by the Feynman diagram in Fig. 2, which includes t
vertexes: (1) the electron vertex, which is described by Q@Bs, (2) the proton vertex described by QCD and hadroetrele
dynamics, connected by the virtual photon line. The matgxnent corresponding to this diagram, is written as:

& &
M= ST = 50T, (71)

wheref,, = t(k2)y,u(ki) is the electromagnetic current of electron. The nucleentedmagnetic currentf,, describes the proton
vertex and is generally written in terms of Pauli and Diras FlrandF:

Ouy o

T = T(p2) [Fu(0P)y, — WFz(qz) u(ps), (72)

with

~ YuYy = VWVu
Ty = =

Note that7 - q = 0O, for any values ofF, andF, i.e., the curreny/,, is conserved
Using the Dirac equation for the four-component spinor$efinitial and final nucleon, Eq. (72) can be rewritten in afgén
form, using:

2M,,

u(p2)

OZ-”I\V/IT u(p1) = U(p2) [?’u - } u(py). (73)

which is also conserved.

"This can be easily proved as follows. The term g,q, vanishes, because it is the product of a symmetrical and amtigjrical tensors, ana(p2)qu(p:) =
U(P2)(P2 — Pr)u(p) = T(p2)(Mp — Mp)u(p1) = 0, as a result of the Dirac equation for both four-componeimicsp, u(p;) andu(p,). Note that the current (72)
is conserved only when both nucleons (in initial and finalestpare real, the form factér; violates the current conservation, if one nucleon is virtua
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Let us prove Eq. (73).
Using the definition foer,,,, one can write:

7;17\/ ')’v7ﬂ Q')’;z

U(p2) Ghu(py) = T(p2) Loy (py).

Recalling thaty = p, — py with &= a,y,:

Yu(B2 = P1) = (B2 — P1)yu
4Mp

U(p2) u(pa).

Applying the Dirac equation:
(B - Mp)u(p) = 0 — pu(p) = Mpu(p).
U(P)(p -~ Mp) =0 - TUP)p = U(P)Mp,

we find: . ~

Vp(pZ - Mp) - (Mp - pl)')’/l

" W(P1) = ~ TPy, u(pe) + 72— 0082 e + B (o). (74)

u(p2)

Using the propertiesy, v, + vyyu = 204, ab + ba = 2ab, ay, + yﬂé = 2a, we havep{yﬂ = —yuP1 + 2Py, so that:

1 ) A
2w P2) |72 + Buy,| u(py) = U(I02) |~ B2vu + 2P2u = 1 + 21, | U(p1)

= mpu(loz) [—ZYyMp + 2(pg + pl,l)] u(p1) (75)

- 310 [ + P2

Inserting Eqg. (75) in (74), we find Eq. (73).

Note that the relation (73) is correct only when both nuctesre on mass shell, i.e; they are described by the four-coemho
spinorsu(p), satisfying the Dirac equation. It is not the case for thaginelastic scattering of electrons by atomic nudeiA —
e+ p+ X, which contains as subprocess the scattezindN* — e+ N, whereN* is a virtual nucleon.

Eqg. (73) is an expression of the nucleon electromagnetientyrwhich holds in any reference system. However, for the
analysis of polarization phenomena, the Breit system igribst preferable. First of all, the explicit expression & turrent
Ty = ([/‘o,j) is simplified in the Breit system:

_ Eizs+E
Jo =U(p2) [(F1+F2)y0 - %Fz} u(p1), Eig = Eas = E,
2 (P18 + Dst)) (76)
7 = e |(Fa + £y - PP, ) = (P + Py apoucp).
P
With u(pz) andu(p,) defined according to (50) we find, for the time componggof the currenty,:
+ E i
Jo = (F1+ F) u'(p)u(py) - F2 - u'(p2) you(py)
P
2 X1
0 -Qs
= (E+M;) {(Fl + Fz)xg(l, —) ~¢ G ]
2E + M)/ 2@ T MM (77)

E F- (o]} 10 Xl
vyt 2E w01 2(E+M S
= 2Mpyx1 (F1 - 7F2),

where we used the definition:

2 E-M
g so that— 8 = P

2 2 2 _
P’ =E2-M _ ,
PT g 4E+My2 E+M,

and

U(p2) = u'(P2)yo, ¥5=1and ¢-g)(& - q) = ¢°
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For the vector parj of the nucleon electromagnetic current we can find similarly

X1
—&- ds

7= EeEE ML - 5 6]
2(E + Mp)**

C2(E+Myp)

1 > > >
=3 (F1+F2)x} (¢ gs — & - ) x1

Multiplying the left and right side bg:

Y

jé:d’-a’j’-qB_&qu’-a
d-qg+id-(@xQge)—(gs-d+id-gg xd) = -2 & X Qg.

Finally:

Jo = 2Mpxjx1 (F1 - 7F2),
J =iy xasx1(F1+F2).

These expressions for thefidirent components of the curref are valid in the Breit frame only, and allow to introduce in a
straightforward way the Sachs nucleon electromagneti¢*¥€kctric and magnetic, which are relatedpandF; as in Table
4. Note that, by conventior, > 0 is chosen to be always positive. In TL region, these relatiare correct after replacement

T -T.

G G

Gy =Fyi+F, Fl:m
1+t

Gu -G

GEZFl—TFz Fzzu
1+

Such identification can be easily understood, if one takimsancount that the time component of the currghy, describes
the interaction of the nucleon electric charge with the @b potential. Correspondingly, the space compoﬁedtascribes the
interaction of the nucleon spin with the magnetic field.

4.3. The unpolarized cross section

The starting point is the expression (34) for the cross secfirom Eq.(71) we can find the following representation|falf
(the bar denotes the averaging over the polarizations afitial electron and the summing over the polarizationshef final
electrons):

2 2
IM? = (f) le- g7 = (;) Lo W, (78)
where:

L., = £,C; is the leptonic tensor,

W, = J,.J is the hadronic tensor.

The product of the tensots,, andW,, is a relativistic invariant, therefore it can be calculaite@ny reference system. The
differential cross section, in any coordinate system, can bess@d in terms of the matrix element as:

d3k2 d3p2
(2n)32¢, (27)32E;

20 M
do = (@ry M §* (ke + p1— ko — p2)

4 /(ks - p1)? — mgM3

To compare with experiments, it is more convenient to uselifiierential cross section in Lab systeda;/dQ., wheredQ is
the element of the electron solid angle in the Lab systers Tan be done, integrating Eq. (79), using the propertiesenf
function.

(79)
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First of all, let us integrate over the three-momentmn applying the three momentum conservation for the consiler
process:

f d®p263(k1 — ka2 — p2) = 1, with the conditiornp; = ky — ka.

Using the definitiond®ky me=0 dQek,2dlky| =~ dQeegdez, we can integrate over the electron energy, taking into @tcthe

conservation of energy:
5(61+ Mp — € — E2)d62 = 6(61+ Mp — € — 1“\/% + pgz)dez =

5(61 FMp—e&— M2+ (ks - kz)Z)dez.

1
[olte@de =

wheref(e) =& + Mp— & — \/M,% + € + €5 — 2e16, COSYe. Therefore:

Let us recall that:

, B €2 — €,C0S0e & —ky ko k- (ki + pa)
If'(e2) =1+ 5 =1+ B T of

where we multiplied by, the numerator and denominator, and we used the conserdit@mergye, + E> = e1 + M. But from
the conservation of four-momentum, in the following fokit+ p; — ko, = po, we have:

(ky + pr)® + K5 — 2(ky + py1) - ko = MS.
S0 2k; + p1) - ko = (K1 + p1)? — M3 = 2ky - p1 = 261 M, (in Lab system). Finally
’ €1 Mp
f(e) = L 2P
[T (e2)l o5

After substituting in Eq. (79), one finds the following rétat betweenM|? and the diferential cross section in Lab system:

3 2
do IM]? (62) 1 (80)

Qe 642 \ey) M2

4.3.1. Hadronic tensor W,

Let us calculate the hadronic tensaf, in the Breit system, where there is a simple expression ohtlodeon current. Let us
write this current asy,, :X;F#)(l, with F, = 2M,Gg, foru = 0 andF, = id* xqsGw, for 1 = X, y, z. So the the four components
of F,, in terms of FF$Ge andGg, can be written as:

2MpGe ,u=0
e _
F, = |\_/ 0°Gmoy  ,u =X (81)
—IV-q’Gmox.u =y
0 MU=Z

Therefore, the hadronic tenséf,, can be written as follows:

n 1 ¥
W, = ((3Fux) (i Fix2) = ETnypva,Oz,

where the averaging (summing) acts only on the two-comptosi@nors, and we introduced density matrix for the nucleon:
0 =xx", pab = Xakp, anda, b = 1,2 are the spinor indexes. We included the statistical fati(#s + 1) = 1/2, for the initial
nucleon.

In case of unpolarized particles= 1/2, and

1 ¥
W, = STIFF].
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4.3.2. Leptonic tensor J,,

The leptonic tensor, which describes the electron vertewyitten as:

Ly = Guly = Ulke)yuu(ke) [T(ke)yyu(ka)]™

Recalling that

U=u"y, T =(U'y0)" =yu=ru yor0=1 =70,

we can write:

Lo = U(Ka)y, U(k)UT (k) yiti(ko) = U(kZ:{Vﬂu(kl)uT(kl)VOVOVI'YOU(kZ)
= U(ke)yuukn)u(ka)yoys youlke) = STryu0zyvpe.

(82)

From the Dirac theory we can writa(k)t(k) = k + me = p:

1 . . .
L = ETWy(kl +Me)yy (K2 + me) = Try,kiy, ke + méT MYuyv-

Recalling thafl ryayp = 40ap (Jap = 1, fora,b = 0,gap = —1, fora,b = x,y, orz; andT ryayuycyd = 4(Qab3cd+IbcOda—Tacba)
we derive :

Ly = 2kykKo, + 2Ky, ko, + ZQ”V(mg — k1 - ko).
Using thatk; = g+ ko; @7 = 2(m2 — k; - k) we find:
Ly = 2Ke,Ka, + 2Kg Ko, + 00 O (83)

Neglecting the electron mass:

’ Lﬂv = Zkly kzv + 2klvk2y - ZgHVkl . k2.

From this expression we see that the leptonic tensor whistrites unpolarized electrons is symmetrical.

4.4. The Rosenbluth formula

Let us calculate explicitly the components for the hadraeitsorW,,, in terms of FF$Ge andGy. Recalling the property that
Tr& - A =0, for any vectoA, we see that all terms for the componeW(s which contain the produceGw vanish: this means
that the unpolarized cross sectionedi—scattering does not contain this interference term. Thezesa components of/,, are
determined only by32 andG2,:

Woo = 4M3GE,

Wy = _quﬁn,
Wy = —°GY.
Substituting these expressions in Eq. (78), one can findhfontatrix element squared:
2\2
(%) |M|2 = I-OOWOO + (Lxx + Lyy)Wxx = L004MgG% + (Lxx + Lyy)(_qz)G%/I- (84)

The necessary components of the leptonic tehggrcalculated in the Breit system, are:
o
Loo = 4€5 + ¢ = —¢f cof 78’

Ly = _qz’

Lx = 4K2, — o = - (1 +cot %B)

Substituting the corresponding terms in Eq. (84) we have:

— (& 0 0
IM? = ($) [—qz cof EB4M§G§ + (-29% — ¢? cof EB)(—qZGf,l)] ,
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which becomes in the Lab system:

[

[ 2 -
IMP? = (;) AM3(—oP) lzref,, + Clo ETZ (G2 + Teﬁ,,)]. (85)

We can then find the following formula for the cross sectiin/dQe, in the Lab system, in terms of the electromagnetic GEs
andGy, (Rosenbluth formut} :
fe

2 cot? %
o = (2] Jeron - 2 (2 rch) )

+T

wherea = €2/4r ~ 1/137 is the fine structure constant.
Taking into account Eq. (65) and the following relation beén the energy, and the anglé, of the scattered electron:

€1

@=—""""——, (87)
€ . 99
1+2—sit =
+ My si >
the differential cross section can be written in the following form:
do [2) G2 + G2
200 2rG2, tarf 28 E M
10 oM [ TGy ta > + 177 (88)
with
96 99
. Q/Z (62)2 CO§ E ( a 2 COS2 E 1
M =—= | —F = \|\5 £
—q2 €1 . % 2€1 . 4% € . ,0s
Slnz 2 sin 2 1+2M_p SanE

whereoy, is the Mott cross section, for the scattering of unpolariegkegtrons by a point charge particle (with spj@)1
) . . .
Note that the very specific c’otzf—dependence of the cross section é-scattering results from the assumption of one-

photon mechanism for the considered reaction. This can ity gmoved3! by crossing symmetry considerations, looking to
the annihilation channek* + & — p+ p. In the CMS of such reaction, the one-photon mechanism e&lacsimple and
evident cod#-dependence of the correspondinffetiential cross section, due to the C-invariance of the madiectromagnetic
interaction, and unit value of the photon spin.

. 7 . . L . .
The particular cdt—~-dependence of thefiierentialeN-cross section is at the basis of the method to determinerhmleon
electromagnetic FF&§g andGy, using the linearity of theeducedcross section:

do
dQe

Ored= — 5>
Clz €2 2
_q2 €
as a function of c6t9—29 (Rosenbluth fit or Rosenbluth separation). One can seettbdiackwardN-scattering §e = 7, cof % =

0) is determined by the magnetic FF only, and that the slope-fq is sensitive tcﬁé (Fig. 4).
Atlarged?, for r > 1, the diferential cross-sectica-/dQe (With unpolarized particles) is insensitive@ : the correspond-

ing combination of the nucleon FF@% + TGﬁ,l is dominated by th&y, contribution, due to the following reasons:

e Gu/Gg = up, Whereyy, is the proton magnetic moment, €3, /G2 ~ 2.7% ~ 8;
e The factorr increases thsf,, contribution at large momentum transfer, where- 1.

Thereforee p-scattering (with unpolarized particles) is dominated l®y/ tagnetic term, at large values of momentum transfer.
The same holds fagn-scattering, even at relatively small valuesydf due to the smaller values of the neutron electric FF.

As a result, for the exact determination of the proton eie&, in the region of large momentum transfer, and for thenoa
electric FF - at any value af?, polarization measurements are required and in partitbtese polarization observables which
are determined by the produstGy, and are, therefore, more sensitive3g.

There are at least two fiierent classes of polarization experiments of such typestagtering of longitudinally polarized
electrons by polarized target (with polarization in thectem plane, but perpendicular to the direction of the thremmentum

*More exactly, the original formula has been written in termt¢hefDirac 1) and Pauli F2) form factors.
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Fig. 4. [lllustration of the Rosenbluth separation for thesét diferential cross section f@N-scattering.

transfer)@+ g — e+ p, or the measurement of the ratio of transversal to longiiaigiroton polarization (in the reaction plane)
for the scattering of longitudinally polarized electronsunpolarized targeE+ p — e+ f.

In principle, there are some components of the depolaoizatnsor (characterizing the dependence of the final proton
polarization on the target polarization (for the scattgof unpolarized electrong,+ g — e+ p) which are also proportional to
GeGy, and therefore can be used for the determination of the an@kectric FF.244

Both experiments (with polarized electron beam) have beelized:p(€ p)e for the determination of the proton electric FF,
Gep?! and, for the determination of the neutron electric GF;, d(& €)p andd(& e'n)p.4¢

4.5. Polarization observables
In general the hadronic tens@t,,, for epelastic scattering, contains four terms, related to the possibilities of polarizing the
initial and final protons:

Wyv = \/\/l(l?/) + W/Jv(ﬁl) + Wyv(ﬁZ) + Wyv(ﬁl, |32),

wherePy, (P,) is the polarization vector of the initial (final) proton. &Hiirst term corresponds to the unpolarized case, the
second (third) term corresponds to the case when the iffitiel) proton is polarized, and the last term describes ¢aetion
when both protons (initial and final) are polarized. The 2 density matrix for a nucleon with polarizati¢hcan be written as:

1 5
p= > (1 +0- |3)
Let us consider the case when only the final proton is poldri@e= P.):

W,,,(P) = %TrFHFjo"- P.

For the scattering of longitudinally polarized electrohg (inpolarized target), only theandz components of the polarization
vectorP do not vanish. To find these components, let us calculatetistan,, (Pyx) andW,,, (P,).

1 .
W, (Py) = ETrF#FV'o-X.
Let us starf from the calculation of the componerfts:
2MpGE , V= 0,
—i /=2 =
sz . I V=0°Gmoy ,v = X, (89)

iV-0?Gmox v =Y,
0 , V=12

SWe will take into account the fact th&t(q?) andG (g?) are real functions ofef) in the space-like region.
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Therefore, one can find easily (usiogoy = ioz, oyo; = i0x, 020 = i0y):
2MpGeoy ,v=0,

- v-0PGmo , v = X
FT — q MOz, > 90
A T S 40
0 , V=12
This allows to write:
2MpGg ,u=0, 2MGgoy ,v=0,

i V-2 =X - V-0 =X
FuFjo= | Y IOMTY LH=X0 oy | =y GOz, v =X (91)
—I _q GMO—X ’/J = y, | _q GM V= ya
0 LM=Z 0 V=12
As we have to calculate the trace, recalling thaty,, = 0, we can see that the non-zero components of the hadrorsierten
W, (Py) are:

Woy(Py) = i V=02 2M GG, ©2)

W,o(Py) = —i v-02 2M,GeGw.
So we proved here that only two component3\y(Px) are diferent from zero: they are equal in absolute value and omposit
in sign: it follows thatW,, (Px) is an antisymmetrical tensor. Therefore, the prodygW,,(Py) vanishes: the product of a
symmetrical tensor and an asymmetrical tensor is zero. ffieans that the polarization of the final proton vanishedyef t
electron is unpolarizedanpolarized electrons can not induce polarization of the sattered proton. This is a property of
the one-photon mechanisifror any elastic electror- hadron scatteringand of the hermiticity of the Hamiltonian for the
hadron electromagnetic interaction. Namely the herntjticondition allows to prove that the hadron electromagnEfis are
real functions of the momentum transfer squared in the sliieeeegion. On the other hand, in the time-like region, ghis
scanned by the annihilation processss; et < p+ p, the nucleon electromagnetic FFs are complex functiong,df g? > 42,
wherem; is the pion mass. This is due to the unitarity condition, Wwhian be illustrated as in Fig. 5.

|

Fig. 5. The unitarity condition for proton electromagnetiesin the time-like region of momentum transfer squared. \@rtine on the right side crosses
the pion lines, describing real particles (on mass shellg d@btted line denotes other possible multi-pion states, enctimin of the following transitions:
y* — nr — pp, wheren is the number of pions in the intermediate state.

The complexity of nucleon FFs (in the time-like region) esun specific polarization phenomena, for the annihilatio
processeg" + € < p + p, which are dfferent from the case of elastap-scattering. For example, the polarization of the
final proton (or antiproton) is ffierent from zero, even in the case of collisions of unpolarileptons: this polarization is
determined by the produd@mGeG;, (and, therefore, vanishes in the case of elaspiscattering, where FFs are real). Note
that two-photon exchange mp-elastic scattering is also generating complex amplituBesthe interference between one and
two-photon amplitudes induces nonzero proton polarinatiot small in absolute value, as it is proportionadto

Numerous experimerfts have been done with the aim to detect such polarization all sneenentum transfefo?| < 1
Ge\?, but with negative result, at a percent level. Only recetityyabove mentioned interference was experimentally thetec
measuring the asymmetry in the scattering of transverpalirized electrons by an unpolarized proton tafés.
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Note that at very large momentum transfer, the relative abte/o-photon amplitudes may be increased (violating then¢o
ing in @), due to the steeg?-decreasing of hadronic electromagnetic FFs.

Note also that the analytical properties of the nucleon Eéissidered as functions of the complex variabted?, result in a
specific asymptotic behavior, as they obey to the Phragnigaelsf theorent

lim FSY(@?) = lim FTY (). (93)
gZo-o0 gZ—c0

The existing experimental data about the proton FFs in the-tike region up to 15 Ge¥/ seem to contradict this theoreth.
More exactly, one can prove that, if one FF, electric or mégnsatisfies the relation (93), then the other one violatés
theorem, i.e., the asymptotic condition does not apply.

Let us consider now the proton polarization in théirection:

1 4
W[JV(PZ) = ET TFIJ F‘l,o—z.

First, we calculate the componentsl%ifo-z:

2M,Ggo; ,v=0,

F'I'O_Z: V_qZGMO'x V=X (94)
Y V_qZGMO—y ,sz,
0 V=2
Therefore we find:
2MGg ,u=0, 2MpGgo, ,v=0,

i |1V-0?Guoy u=X V-Gmox ,V = X,
FpFVO'z = —i /_quMO_X =Y, ® /_quMa_y V=Y. (95)

0 LM=Z 0 , V=12

We see thaW, (P,) = W,o(P;) = 0, for anyv, and no interference ter@zGy is present. The nonzero component3\yf(P;)
are:

Wiy(P,) = —ig?GZ,,

Wy(Py) = i07G2,, (96)

from where we see tha,,(P,) is an antisymmetrical tensor, which dependﬁﬁpand thatPy /P, o« Gg /Gy .

4.5.1. Polarized electron

The leptonic tensor,,,, in case of unpolarized particles, contains only one teran.|léngitudinally polarized electrons, the
polarization is characterized by the helicitywhich takes values1, corresponding to the direction of spin parallel or artfiel
to the electron three-momentum.



March 9, 2012 15:52 Page Size: 20.0 x 28.5cm  main

Phenomenology of Nucleon Form Factor§07

Relativistic description of the electron polarization

Using the expression 57 for the density matrjet us calculate the leptonic tendgy, (1), corresponding to the scattering of longitudinally
polarized electrons (neglecting the electron mass):

1 N ~ 1 ! - N
L) = 5Tryuka(L+ dys)yke = STrvkinke + STenkysyke = LY + ALK, (97)
The tensoﬂ_,(f)v) corresponds to the scattering of unpolarized electrons:
LD = 2k, ka, + Kivkay — Gurka - k. (98)

The tensot. Y

. » describing the dependence on the longitudinal electron polarizatiorecaritten in the following form:

1 S 1 S .
L/(,lj;/) = 5 T "Yu Kiyvkoys = - ET r?’;ﬁ’vkl koys = 2i E;lvp(fklp Ko (99)

We applied another property ¢, that is:
TrYurvYpYoys = —Ai€upo-

Taking into account the conservation of four-momentum in the electraaxd; = ky + g, we can rewrite the tensdnf,ly) in the following
form, which is more convenient in this frame:
1 .
I-;(n/) = 2lfyvp0'Cloklo-- (200)

The three-vectog has only nonzera-component, in the Breit system. The tenggp, is defined in such way thagyo = +1.

The general expression for the leptonic tensor in case gfitiedinally polarized electrons is:
Luv = LO + Ly (1) + Li(42) + L (A1, 22), (101)

where the first term, considered previously, describesdhision where the initial and final electrons are unpoladzthe second
(third) term describes the case when the initial (final) tetis longitudinally polarized, and the last terms holdsew both
electrons are longitudinally polarized.

If only the initial electron is polarizedi; = A, one can write fok,,,:

L.y (1) = 2ide, asKiakos. (102)
U pve 2B

The dfect of the electron polarization is described by an antisgtnical tensot,,(2). If the initial proton is unpolarized, again,
being described by symmetrical tensor, the total resultheilzero. This result holds because FFs are real, so it daegpply to
the time-like region.
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Let us consider th& andz components.
X-component
Let us consider the product of the leptorig,(1) and hadronidN,, (Px) tensors, for thex component of the final proton

polarization:
Ly (Wi (Px) = Loy()Woy(Px) + Lyo(4)Wao(Px)
= Loy(1) [Woy(Px) = Wio(Py) | = 2Loy(1) Woy(Py)- (103)
Taking into account thatLoy = 2idegyopkinkas the only non-zero terms corresponddo= x andg = zora = zandg = x.
Therefore:

. . . 6
Loy(/l) =2i1 (GOyXZleKZZ + EOyzxklzk2x) = 2I/l€oyxz(klxkgz - klzk2x) = I/lq2 COtEB,

with eyyx; = 1, and using Egs. (61) and (62).
We finally find:

Ly ()W, (Px) = —4AM 0P /-2 cote—ZBGEGM. (104)

z-component
Similarly, considering the antisymmetry of both tensiyg(1) andW,,(P;), one can find:

L (DWir(P2) = 2iAuapKaakos Wi (P) = Ao Why(P2) (€18k35 — e28kls)
2

- 4 G (105)
Sin@B/Z.

4.6. Final formulas

The polarizatiorP of the scattered proton can be written as:

do  a? (62 )2 Ly

P2 = (2] =B,
dQ.  4n? M,ZJ H

€1
. 1
with B,, = é(Tr?—;,sl—‘jc?), so thatP? = W, (P,) andP{) = W, (Py).
Using Eq. (66) one can find the following expressions for thimponentd?, andP, of the proton polarization vector (in the
scattering plane) - in terms of the proton electromagnéts: F

7
DP, = —2/lcot§e Ll

GeGw,

l+7 (106)
€+ e T 2

My Vi+7 ™

where D is proportional to the fierential cross section with unpolarized particles:

%Gé + ‘rG%,I

_ 2
D = 21GZ, + cof > 1o (107)
So, for the ratio of these components one can find the follgenmula:
P« P M 2
Pe_ Pl peorfe Mo Ge@) (108)

P, P, 2 e +6Gu(ed
which clearly shows that a measurement of the ratio of trarsgvand longitudinal polarization of the recoil protonegia direct
measurement of the ratio of electric and magnetic Be$o?)/Gm(0?).

In the same way it is possible to calculate the dependendeeddiferential cross section for the elastic scattering of the
longitudinally polarized electrons bypolarized proton target, with polarizatio®, in the above defined coordinate system:

d d
o ® = (—d;;‘ ) (L+ AP:A+ IPAY), (109)
e e/o

where the asymmetrie, andA, (or the corresponding analyzing powers) are related in glsimnd direct way, to the compo-
nents of the final proton polarization:
Ay =Py,

A, = -P, (110)
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This holds in the framework of the one-photon mechanism lfastie e p-scattering. Note that the quantitidg andPy have the
same sign and absolute value, but the compongngmdP,, being equal in absolute value, have opposite sign.

These two dferent polarization experiments in elastic electron-pracattering, namely the scattering with longitudinally
polarized electrons by a polarized proton target (with poédion in the reaction plane) from one side and the measemée of
the components of the final proton polarization (again irré@aetion plane) in the scattering of longitudinally patad electrons
by an unpolarized proton target, from another side, briegstime physical information, concerning the electromagféts of
proton.

Note that theP,-component of the proton polarization vanishes in the edatj of polarized and unpolarized electrons, as
well. This results from the one-photon mechanism and theli@atGg andGy, are real. For the same reasons, the corresponding
analyzing power,, also vanishes.

4.7. Discussion

The expressions of the unpolarized cross section and ofdleipation observables in terms of FFs given above fortielas
ep-scattering, hold in the framework of the one-photon meigdmn
There are at least twoftierent sources of corrections to these relations:

e the standard radiative corrections;
e the electroweak corrections.

These last corrections arise from the interference of aog#s, corresponding to the exchangeyadnd Z-boson. The
relative value of these contributions is characterizedheyfollowing dimensionless parameter:

G 2
F |q2| ~ 10—4 |q |

Gerf = ,
o V2an Ge\?

whereGg is the standard Fermi constant of the weak interacBn 1072/ M,ZJ.

So, for|g?| < 10 Ge\?, the electroweak corrections are negligible, for the podgion phenomena considered above. How-
ever, note that the® Z-interference is not only inducing (small) correctionstie tesults of the one-photon considerations, but it
induces also a new class of polarization observables oftPatiire, i.e., with violation of thB-invariance. The simplest of them
is the P-odd asymmetry of the scattering of longitudinatijepized electrons by an unpolarized proton tagjetp — e+ p (the
detection of the polarization of the scattered particlemisrequired). As this asymmetry vanishes in the one-phatechanism,
it is proportional toGe++, at relatively small momentum transfer squared.

Let us turn to the QED radiative corrections. They appeagrdily in the diferential cross section, and they have been
discussed, for example,¥hand more recently b§?

For polarization phenomena, it can be protfatiat, in case of soft photons, the contribution of radiativerections can be
explicitly factorized. Therefore, this contribution, whiis important for the dierential cross section, cancels in polarization
effects. Radiation of non-soft photons by electrons (in ihdiad final states) results in corrections, which arf@edént for the
component$y andP,. Such corrections can be calculated in a model independantivthe framework of the standard QED,
inducing efects of a few percerif

Model dependent radiative corrections can not be uniquailyutated. This concerns, first of all, the virtual Comptoats
tering on nucleons, which is driven by the amplitude of thecpssy* + p — y + p, with very complicated spin structure and
with different mechanisms, as, for example, pion exchangelrannel and\-exchange irs-channel. These contributions can
be estimated to give corrections of 1-3 %.

The most intriguing part of the radiative corrections is doi¢he two-photon exchange at large momentum transfer, with
comparable virtuality of the two photons. Polarization pbrmena for elastic positron scattering and for elastictsday of
positive and negative muons are the same as in case of elsctttering, only in case of one photon exchange.

Radiative corrections modify not only the absolute valud,dlso the dependence of the observables on the relevamt kin
matical variables and, in case of unpolarized cross sgciiblarge momentum transfer they can reach 30-240%herefore,
it appears necessary to introduce high order correcfibméat can be done in frame of the lepton structure functior®FjL
method7:53

This formalism equally applies ®n-elastic scattering, in the case of free neutron. As typicatarget liked or Heis used,
specific considerations apply, which are outside the piesers (see Ref!). The present formalism is valid in case of elastic
e+3Heande +3H scattering, and, in general, for elastic scattering ofted@s on any spin/2 target.
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5. Symmetries and two photon exchange

The discrepancy of recent experimental result@dande p elastic scattering obtained inffrent experimental set-ups dod
with different methods, lead to the suggestion that, beyond possitiematic ffects not taken properly into account, they could
result from the presence of afiirent reaction mechanism, the exchange of two photbiikis is not a new idea: in the 70’s
much theoretical and experimental work was devoted to tinislpm. More than 25 years ago it was obseféetlthat the simple
rule of a-counting for the estimation of the relative role of two-pdm contribution to the amplitude of elastd-scattering,
does not hold at large momentum transfer. Using a Glaubepapb for the calculation of multiple scattering contribns?® it
was shown that the relative role of two-photon exchange eagsentially increased in the region of high momentum fieans
It was also shown that thisffect can be observed in particular éd-elastic scattering , due to the steep decreasing of the
deuteron form factors. Moreover the relative role of twaaim contributions has to be even larger for heavy nuclkee @He

or ‘He) in comparison with deuteron. Thisfect would then manifest at relatively small momentum transbf the order of 1
Ge\ - especially in the region of firactive minima. The argument for the possible increase eféfative role of two-photon
exchange at large momentum transfer follows from the faattttiis momentum has to be shared between the two photoreh whi
results in a non negligible two-photon amplitude. Howeurg] the two-photon amplitude is purely imaginary, at least ayve
small scattering angles, so it cannot interfere with theimaton exchange amplitude. The experiments in the 70's weinly
focused on the dlierence between electron and positron elastic scatteririgeoproton (for a review, sé®. The precision of
the data does not allow to see the evidence offfacelower than a few percent. Note that this is also the sizbasfe radiative
corrections which contain odd terms. Presently, mafgres are devoted to precise measurements of tiierdnce betweee* p
elastic scattering at Novosibirsk, JLab and DESY.

One should also note that no experimental evidence echange (more exactly, of the real part of the) 2y interference)
has been found in the experimental data, searching for nearities in the Rosenbluth plots for electron elastictedag on
particles with spin zer8® one half®” and one’! An analysis of asymmetry in the angular distributions f& BABAR dat& also
does not show evidence of two photon contribution, in thétlahthe uncertainty of the daf.

Let us stress that the main advantage of the search of 2L region is that the information is fully contained in thagular
distribution (which is equivalent to the charge asymmeitry}he same measurement, the odd terms corresponding fghiwton
exchange can be singled out (whereas in SL region, in caseoophoton exchange it is necessary to measure electron and
positron scattering, in the same kinematical conditioha) photon exchangdfects cancel if one does not measure the charge
of the outgoing lepton, or in the sum of the cross section atptementary angles, allowing to extract the moduli of thetr
FFs33

5.1. Helicity amplitudes for binary reactions with spin§/2 + 1/2 - 1/2+ 1/2

N |12 12 - 1/2 12| N 12 12 - 12 12
1) | + + - 4+ + 9) - + -+ +
2) | + + - 4+ - 10) | - + -+ -
3| + + - - + 11) | - + - - +
4) | + + - - - 12) | - + - - -
5 | + - >+ + || 13)| - - >+ +
6) | + - >+ - 14) | - - >+ -
|+ - o - + || 15) | - - -5 - +
8) | + - - - - 16) | - - - - -

The total number of amplitudes for a binary reaction iSy(2 1)(2S; + 1)(2S3 + 1)(2S4 + 1), whereS;, i = 1 -4, is the spin
of thei- particle involved, see Table 5. However, not all of themiadependent, but they are related by symmetry properties:

e Parity conservation: it implies the identity of the amplies obtained when reversing all spins: it reduces the nuwber
amplitudes from 16- 8.
o |dentity of initial and final states: it gives two more corndiits: 2=5, 3=9=8 (9 was already equal to 8).

We are left with 1@-2=6 amplitudes. In Table 6, they are classified with, in thetrighlumn, the ones which require a spin-flip
of the projectile.
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N|le p —- e p|IN|je p —- e p
i+ + - + +|4d)]|+ + - - +
2|+ + - + -9+ + - - -
|+ - - + -6+ - - - +

In case of high energy electrons (wheng/EAA1), helicity conservation strongly suppress the amplisuéi®. The ampli-
tudes 1 and 3 correspond A& = 0, the amplitudes 2,4-6 correspondA8 = 1. This requireL = 0 andL = 1, respectively, in

order to conserve parity.
This analysis is better done in the annihilation channal.ilkestration, let us consider firstly the one-photon metdke for

€' + & — p+ p. The conservation of the total angular momentginallows only one valueg = 1, and the quantum numbers
of the photon.
The selection rules with respect to the C- and P invariankbes &wo states fore"e™ (and pp):
S=1,¢=0andS=1 ¢=2withg" =1, (111)

whereS is the total spin and is the orbital angular momentum of tké + e system. As a result thedependence of the cross
section fore* + € — p+ p, in the one-photon exchange mechanism must have the foldpgeneral form:

do, . _  _ N
E(e +€ — p+p) =a(t) + b(t) cos 6, (112)

wherea(t) andb(t) are definite quadratic contributions @& (t) andGy(t), a(t) andb(t) > 0 att > 4M,";.
Using the kinematical relation (see below):

1+e coffe/2

l-€ 1+t

between the variables in the CMS &f + e — p + p and in the LAB system foe™ + p — € + p, it appears clearly that

the one-photon mechanism generates a lieependence (or cofi/2) of the Rosenbluth éierential cross section for elastic

ep-scattering in Lab system.
Similarly, let us consider the césdependence of theyXX) 2y-interference contribution to the fiiérential cross section of
e’ + e — p+ p. The spin and parity of they2states is not fixed, in general, but only a positive value -gfa@ity, C(2y) = +1,
is allowed. An infinite number of states withfi#irent quantum numbers (fet + e andp + p) can contribute, and their relative
role is determined by the dynamics of the procgss y* — p + p, with both virtual photons.
But the co® dependence of they® 2y interference contribution to theftiérential cross section can be predicted on the basis

of its C-odd nature:

cos o = +1 (113)

dorint)
dQ
wherec;(t), i = 0, 1.. are real cofficients, which are functions of only. This odd cos dependence is essentiallyfférent from

the even co8 dependence of the cross section for the one-photon appativim

(e"+e — p+ p) = cosd[co(t) + cu(t) coF 6 + Cy(t) cos 6 + .., (114)

5.1.1. Kinematical relation between Lab electron-scattering larig e+ p — e+ p and CMS antiproton angle in
p+p—oe+e
Let us prove the following relation
l+e coB6e/2
Coszg_l—s_—l+7' +1, (115)
whered, is the laboratory scattering angle of the electron in edasgi scattering and is the CMS angle of the antiproton
produced in the annihilatio®™ + e* — p + p with respect to the beam direction.

This kinematical relation shows clearly the physical lidtween the linea# dependence of the Rosenblutiffeiential cross
section for elasti@p-scattering in Lab system (or éat./2) and the even distribution in co for the diferential annihilation
Cross sectionip+ p & e + €.

Crossing symmetry allows to connect scattering and aratibil channels (change a particle into antiparticle, chamign to

the momenta):

e (ki) + p(p1) — € (k2) + p(p2), € (k1) + €' (~k2) — p(=p1) + P(P2)-
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(1) Let us calculates andt in the scattering channel:

2 2 S— M%
S= (p1+k1) = Mp+261Mp= Mp(Mp+2€1)—>€1= M X (116)
p
. 5 0,
t = (ki — k2)® = K2 + k2 — 2e167 + 2kq||K2| COSOe = —4ere, SIMP Ee (117)

where we assumeat. = 0 and we calculateas function of the electron variables.
(2) The energy and momentum conservation are: My = e, + E; k1 = Ko + p2;
(3) Let us expressfrom the hadron variables:

t= (pg - p1)2 = ZMS — 2MpE2 = ZMIZJ - ZMp(El + Mp - 62) = ZMp(Ez - 61). (118)
From the equality of Egs. (117) and (118):

t=2M p(éz - 61) = -4 e sir? g (119)
Hence
Mp(s— M2
€& = :1 - = ol ) o= (120)
& g2 2 — M2)sirg =
1+2Mp Sir? 5 2| M2+ (s— M3)sir? 5
(4) Inserting the expression ef ande; as a functions o§in Eq. 118:
M2
% - 5 - s—llv|2' (121)
(s— M2)2sir? > P
(5) Inthe annihilation channel (CMS) one has="¢&, = Ei=E, =€ ks = -k, =k, pr=-p2=p#k:
s = (ki — P2)° = M3 — 2& + 285 cosd (122)
t = (ky + kp)? = 282 — 2818, coskpkp = 482, (123)
from where we find the expression of @bas a function of the invarianssandt:
. S—M24+2e2 . (s=M2?+ts
cosf=—F — - cofh=—_—P" 41 (124)
2¢ [ - M2 t(%—Mﬁ)
Reminding that = —t/(4M?), one finds
t
t(21 - Mg) = —M2t(r + 1). (125)
: YA 0 . ,
Inserting the reIanor(sm2 5) = cof > +1in Eg. (121), one finds
s—M32)? +ts
cotd = %. (126)

2 -M2t
p
(6) Comparing Egs. (126) and (124) with the help of (125) osxfies the relation Eq. (115).

5.2. Two photon exchange for e p scattering

The exact calculation of theyZcontribution to the amplitude of thetp — e*p-process requires the knowledge of the matrix
element for the double virtual Compton scatteriyigh p — y*+ p, in a large kinematical region of colliding energy and vétity
of both photons, and can not be done in a model independeant féowever general properties of the hadron electromagneti
interaction, as C-invariance and crossing symmetry, gg@ous prescriptions for ffierent observables for the elastic scattering
of electrons and positrons by nucleons, in particular ferdifferential cross section and for the proton polarization,asd by
polarized electrons. These concrete prescriptions hetfemtifying a possible manifestation of the two-photontexege mech-
anism. For example, assuming a lineatependence of the elastic cross section in presencg-ob2ections is in contradiction
with the C-invariance of the electromagnetic interactiois(the degree of polarization of the virtual photon).

If one takes into account the two-photon mechanism, theessmns of the matrix element and of théfeliential cross
section, are essentially modified.
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Itis required, first of all, a generalization of the spin sture of the matrix element, which can be done, in analogly aldstic
np-scattering’® using the general properties of the electron-hadron iotiena, such as P-invariance and relativistic invariance.
Taking into account the identity of the initial and final sstand the T-invariance of the electromagnetic interactian
showed above that the processell — €*N, in which four particles with spin/2 participate, are characterized by six indepen-

dent products of four-spinors, describing the initial amalfifermions. The corresponding (model independent) peitdation

of the matrix element can be done in manffefient but equivalent forms, in terms of six invariant com@mplitudes,; (s, Q?),

i = 1 - 6, which are functions of two independent variables, ard(k; + p.)? is the square of the total energy of the colliding
particles. In the physical region of the reactighN — e*N the conditionsQ? > 0 ands > (M, + me)? = Mg, apply.

Previously, another set of variablesandQ?, which is equivalent t@ andQ? (in Lab system) was considered. The variables
e andQ? are well adapted to the description of the properties of pimaton exchange for elastiN-scattering, because, in this
case, only th&? dependence of the form factors has a dynamical origin, vesettee lineae dependence in Eq. (88) is a trivial
consequence of the one-photon mechanism. On the other thendariabless and Q? are better suited to the analysis of the
implications from crossing symmetry.

The conservation of the lepton helicity, which is a generalpprty of the electromagnetic interaction in electrodoa
scattering at high energy, reduces the number of invariaptitudes for elastieN-scattering, in general complex functionssof
andQ?, from six to three.

Therefore, we can write the following general parametitrabf the spin structure of the matrix element for elasti¢
scattering, following the formalism &

M= gmkz)y,,u(kl)ﬂ( P2)

Oy

o .
Aw(s, Py, — Aa(s, QZ)W + As(s QOKP, | u(py), (127)
p
_ktke o prtp2
K= 2 P = 2

whereA; — Aj are the corresponding invariant amplitudes.
In case of one-photon exchange these amplitudes are rédetieel nucleon form factors:

A(s Q) = F1(Q%), Ax(s Q) — Fo(Q?), As(s Q) — 0.
But in the general case (with multi-photon exchanges) th@gon is more complicated, because:

e The amplitudesAi(s, Q?), i = 1 - 3, are complex functions of two independent variabtesnd Q2.

o The set of amplitudesi(s, Q?) for the procese™ + N — e + N is different from the sefi(*)(s, Q) of corresponding
amplitudes for positron scatteringf,+ N — €* + N, which means that the properties of positron scatteringicabe derived
from ﬂi(’)(s, Q?), as in case of the one-photon mechanism.

e The connection of the amplitudes; (s, Q%) with the nucleon electromagnetic form factosy (Q?), is non-trivial, because
these amplitudes depend on a large number ©édint quantities, as, for example, the form factors of Akexcitation -
through the amplitudes of the virtual Compton scattering.

In this framework, the simple and transparent phenomenotdgelectron-hadron physics does not hold anymore, and in
particular, it would be very diicult to extract information on the internal structure of aifwen in terms of electromagnetic form
factors, which are real functions of one variable, from &l@t scattering experiments.

It has been proved that even in case of two-photon exchamgecan still use the formalism of form factors, taking into
account the C-invariance of the electromagnetic intevaaif hadrons.

The spin structure of the amplitude®, and A, corresponds to exchange by vector particlet{@iannel), whereas the spin
structure for the amplitudeAi; corresponds to tensor exchange. Therefore, in caggNfelastic scattering, in theyl+ 2y
approximation, one can write the amplitudﬁ%z)(s @?) in the following form:

3{(1%2)(5, Q%) = FF1on(Q) + Aﬂ(fz)(s, Q?),
AATY (s Q) = AA)(s @) = AAL(s QD).

A(s Q) = AL(s Q%) = As(s ),
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where the superscripts] corresponds t&® scattering. The amplitudesA; »(s, Q%) and As(s, Q?) contain only the -
contribution, and are equal fef*) scatteringAA; » andAs are of the order of, o = €/(4r) = 1/137.
Note that the dference in the spin structure of these amplitudes, Eq. (X28)lts in specific symmetry properties with

l+e
respect to the change— —x[x =4/ 1 ]:

AAL2(S —X) = ~AAL(S, X), As(s, —X) = +As3(S, X). (128)

The x—odd behavior oAA; »(s, X)—contributions, corresponding tg-2xchange witlC = +1, results from the C-odd character
of the two vector-like spin structureg, ando,,,q, .

To prove this, let us consider, in addition to C-invariano@ssing symmetry, which allows to connect the matrix elgne
for the cross-channels” + p — € + p, s-channel, an@" + & — p+ p, t—channel. The transformation fros to t-channel
can be realized by the following substitution:

ko - —kz, pr = —p1,
and for the invariant variables:
5= (ki+ pr)® = (ki— )’ Q@ = —(ki — ko) = (ki + ko)” = —t.

The crossing symmetry states that the same amplitdtiés Q?) describe the two channels, when the variatlslesnd Q? scan
the physical region of the corresponding channels. Stozif4Mf) and-1 < cosf < 1 (9 is the angle of the proton production
with respect to the electron three-momentum, in the cerftetass (CMS) fore" + € — p + p), the amplitudesA(t, cosh),
i = 1- 3, describe the process + e — p+ p.

From C-invariance it follows that:

As(t, — cosh) = As(t, + cosh), AA; o(t, — cos) = —AA; o(t, + c0sH), (129)

which is equivalent to the symmetry relations (128).

Therefore, it is incorrect to approximate the@) 2y interference contribution to thefiiérential cross section, Eq. (114) by a
linear function in co%6 (what may be found in recent literature), because it is irtremtiction with the C-invariance of hadronic
electromagnetic interaction.

6. The annihilation channelp+ p —» €" + e~

The measurement of theffi#rential cross section for the procgss p — ¢* + ¢~ at a fixed value of the total energyand for
two different angle®, allows the separation of the two FFSy|?> and|Gg|?, and is equivalent to the Rosenbluth separation for
the elasticep-scattering. In TL region, this procedure is simpler, agduires to change only one kinematical variable,f;0s
whereas, in SL region it is necessary to change simultahetvs kinematical variables: the energy of the initial éfea and the
electron scattering angle, fixing the momentum transfeassiQ?. Due to the limited statistics, the individual determioatbf
the|Gg|? and|Gw|? contributions has not yet been realized in TL region.

In the TL region, the determination of a generalized FF nexguio integrate the fierential cross section over a wide angular
range. One typically assumes that tBe contribution plays a minor role in the cross section at lafgand the experimental
results are usually given in terms |& |, under the hypothesis th&: = 0 or|Gg| = |Gy|. The first hypothesis is an arbitrary
one. The second hypothesis is strictly valid at thresholg, am., forr = q2/(4M,2,) = 1, but there is no theoretical argument
which justifies its validity at any other momentum transfehereg?® # 4M,%l (My is the nucleon mas$\ = p(n) for pro-
ton(neutron)). ThéGy| values depend, in principle, on the kinematics where thesorement was performed and the angular
range of integration. However, it turns out that these twauagptions foiGe lead to comparable values f@y|.

In annihilation channel, it is more convenient to perforra tialculatations in CMS.

6.1. Observables fop+ p— et + €

The derivation given below is simplified by the use of 2 Pauli matrix, and 2-rank spinors, instead of 4 Dirac matrices and
4-rank spinors. It is a rigorous and simple derivation. Tidederivation in the Dirac formalism can be found in F&f.
Let us consider the annihilation reaction

P(p1) + P(P2) — € (k1) + €" (ko) (130)

in the CMS system, where an antiproton with three-momerguga p annihilates with a proton with three-momentpm= —p.
The transferred momentumts= s = (k; + k»)? = 4E2 and (assumingne = 0) one hak = ki = —k»; E = |K|. We choose a
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reference system with theaxis along the beam momentum, axwlis the scattering plane. In this system the unit vectors are:
=(0,0,1) andk = (sing, 0, cosd), with p - k = cosé.
The following relation holds (neglecting the electron mass
ag-k _ad-k
E+me ' =d-k (131)
The starting point of the analysis of the reactips p — €" + € is the standard expression of the matrix element in framlewor
of one-photon exchange mechanism:

M= Sl )ap) (P, (132)
with

TGl (=p1+ p2)
3= |Fa(@ = o Fa@)| = [Fale?) + Fole)] 7 = 53— Fal@).
p p

wherepi, p2, k1 andk;, are the four-momenta of initial antiproton and proton arglfihal electron and positron respectively,
o? > 4M2, q = ky + k» = p1 + p2. F1 andF, are the Dirac and Pauli nucleon electromagnetic FFs, whiglt@mplex functions
of the variableg® - in the TL region of momentum transfer.

In framework of one-photon exchange, the matrix elementidem as the product of the leptonic and hadronic currents:

3 3 e2
M= ?L,,J,, = é(LoJo -C-J= ——2 (133)

whereLyJo = 0, due to the conservation of the leptonic and hadronic ntsre'l’he conservation of the current implies that
L-g=0,i.e.Lo0o - C- g =0, butq = k; + k, = 0in CMS. Thereforel oqo = O for any energyp, i.e.,Lo = 0.

Let us reduce the expressions of the current in ternas @fauli) matrices instead of Dirgcmatrices], — gozjﬂgpl (we keep
in mind a global factor + Myp)).

F-p
~ ¢-(-p) \(1LO0\[(0 & o
Jﬂ—(F1+F2)(902, —E+Mp902 0-1\_¢0 E+ Mp
Y1
5 a-p
#-(-p) (10 )\ 2p =1
+(9”2’ Eit M S")(o 1)2|\/|pF2 EitMp
$1
2 g¢1
a-p S
=(F1+F2) (902, —902)[_ o-p ]
E+ M, &E+Mp¢l
p g-pa-p
L F
M, 29"2(E+m+E+|\/|p)“’1
CFi+F)|eo — . pad |+ PR, P
=(F1+ 2 E+ M) p p M, 2902E+Mp901

(134)

Using the relatiorp? = E2 — M%, introducing the unit vectorg and applying the following properties of matrices:

one finds

E-M 2E-M
Jﬂ:(F1+F2)(5'—2 ‘”) Sl

E+ M, E+ M, M, c-p

_(F F) = E_Mp» 2(F F)E_Mp E- MPF A A
= (Fr |0+ gy o) 2| (Pr Fdg g — =, F2|Po P
2E L 2(E-Mp) A
== Mp(F1+F2)a'—Mp(E—_’_Mpp)[MpF1+ MpF2 — EF2 — MpF2]pé - p
2E . e E2
= = Mp(F1+ F2)0'—2E(F1+ Fg)pO"p+2Mp F1+ M_%FZ
2E .

=E+Mp[G( - pé - p)] + 2M,Ggpa - p.
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Finally (reminding the global factor) we find for the hadroourrent:
' -2 A2 A 1 A A
3= e | Gu(e) - B B+ ~-Ge(epe B (135)

wherep; andy, are the two-component spinors of the antiproton and theprftis the unit vector along the three momentum
of the antiproton in CMS. The expression for the leptonicgentis:

L= \/égo;(& — ke - k)1, (136)

wherep:(¢») is the two-component spinor of the electron (positr&n};the unit vector along the final electron three-momentum.
Note that Eq. (136) holds for the production of unpolarizeigtdn (sum over the lepton polarization). From this expoess
one can see the physical meaning of the particular relagtwden the nucleon electromagnetic FFs at threshold:

Ge(d) = Gm(a). o = 4M}.
The structurgd - p describes th@ + p annihilation fromD-wave, i.e., with angular momentufa2. At threshold, where — 1,
the finite radius of the strong interaction allows only thet&te, an@Sy (q?) — %GE(qz) =0.
T

From Egs. (133), (136), and (135) one can find the formulath®unpolarized cross section, the angular asymmetry &nd al
the polarization observables.

6.2. The cross section

To calculate the cross section when all particles are unigeld, one has to sum over the polarization of the final gadiand to
average over the polarization of initial particles:

do M |k 2 ?
(d—Q) S G R N £
0 r20f [Pl 2 4

— 1¢et . «
IMP? = ZaLabJab, Lab = Laly, Jab = Jadp.
Lap = Lol ~ Tr(oa — kad* - K)(op — kot - K) = 2(6an — kako)- (137)
Let us decompose the contributionAd in four terms classifying along FFs:

1) - IGml%
1 5
ETr(O'a_ Pad” - P)(0b — Poo - P) =
Sab — TaPaPd - P = Pad® - PTb + PaPpd - PG - P = Fab — PaPo. (138)
TherefordGy|? contributes to the cross section with:
(6ab — PaPb)(ab — Kako) = Gandab — p° — k* — (p - k) = 3—-1 -1+ cos 6. (139)
2) - The termGgG;, vanishes:

1 1
51 7(Pad" - Pob = PaPp” - PG - P) = 7 (PaPb ~ PaPp) = 0. (140)
3) - The termGy G¢. similarly vanishes:
1
—Pad - p(0p ~ P - P). (141)
This shows that no interference term will be present in tlos€section.
4) - |Ge/*:
1 1 1
(Ca=Pac - P)(ob— Poo - P) = —=F - P—=G - P = —=PaPb (142)
T T \/?

ThereforeGg|? contributes to the cross section with:

1 1 1 1.
7 PaPolOab — k) = {1~ (p- )] = Z(1- oS 0) = i (143)
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We took into account the properties@imatrices? - pd - p = p? = 1, andTré - 85 - bet-c=id-bxc
Using the expressions (136) and (135), the formula for toessection in CMS is:
2

do
(6],
whereN = a—, « = €/(4r) ~ 1/137, is a kinematical factor. This formula was firstly obtairin Ref?? Note that
4\ (q? - 4M2)
the normalization factor is inessential for the calculatid the polarization phenomena.

The angular dependence of the cross section, Eq. (144)tseiectly from the assumption of one-photon exchangereh
the photon has spin 1 and the electromagnetic hadron itiemegatisfies thé—invariance. Therefore, the measurement of the
differential cross section at three angles (or more) would dlise o test the presence ofyZ2xchange.

The electric and the magnetic FFs are weighted Kfgidint angular termss in the cross section, Eq. (144). Ondefare an
angular asymmetryR, with respect to the dlierential cross section measured at 7/2 :

(1+ cog6)|Guf? + Lair 0/Gel?|, (144)
T

(g—g)o = 0(0 = 7/2)[1+Rcos 0], (145)

whereR can be expressed as a function of FFs:
_ 1IGwml? - IGel?
 7IGml? +IGel?’
This observable should be very sensitive to thEedént underlying assumptions on FFs, therefore, a pre@ssunement of this
guantity, which does not require polarized particles, widag very interesting. A deviation of thefiirential cross section from
a linearity in co$6 would be the signature of mechanisms beyond one photon eget(gimilarly to a deviation form linearity
in the Rosenbluth plot).
The? dependence of the total cross section can be presentedassfol

(146)

8 1
(o) = N3m [2|GM|2 + ;|GE|2} : (147)

6.3. Polarization observables

Polarization phenomena will be especially importanpw p — £+ + ¢~
The dependence of the cross section on the polarizaﬁgm;ld P, of the colliding antiproton and proton can be written as
follows:

do do
(E) (PP = (E)o [1+ APy + Pyy) +
ArP1,P2; + Axs(P1xP2z + P1.P2y)],

where the cofficientsA; andAjj (i, j = X, ¥, 2), analyzing powers and correlation ¢beients, depend on the nucleon FFs. Their
explicit form is given below. The dependence (148) resultsnfthe P-invariance of hadron electrodynamics. The poddri
hadronic tensor reads:

Wap(P1, By) = %TrJao*—- P1Jd - P,

and the cross section with unpolarized electrons is prapwt to L,y Whap.

6.4. Single spin polarization observables

In case of polarized antiproton beam with polarizatifnthe contribution to the cross section can be calculated as:

dO— > 1 .
(E)O A]_ ~ —Laszr\]aO'\]b =

1
[(O-a - paC?' : p)GM + ;GE ani . p](—O_" . |31)

1
[(ob = Pud - P)Gy + ;G*E P - PI(Sab — KaKp). (149)
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(1) The term inGyl?:
[1]: (0a— Pad® - P)& - Pi(cb — Pod - P)ab - (150)
[2]: (02— Pad® - P)@ - Pi(ob = Pod - P)kako. (151)
The first contribution (150) reduces to:
[1]: 0ad  Proa—0ad - P1pad-p — pad® - P& - Proa + P26 - pdt- P1d - p
= —pa(@-P1xp+p-Pyx&+p2d-Pr=0.
The second contribution (151) becomes:

[2]: (@ -k—-p-ké p)d-Pid@ k—p -kép)

-

ké-Bi-k—3 ke Bip-ke-p-—

T

ket -pd-Pi@ -k + (p-Kk)?¢-pd-BPid-p
=—cost(c-ké-Pi¢-p+o-po-Bio-k
=—cos[(k-Pxp+p-Prxk]=0

due to the antisymmetric terms in first parenthesis and tttdHliat theo- matrices have zero trace.
(2) The termGg|?:

2Pt -po - Pupad -~ (p-K)’ -pi Pact -p| =0
(3) The termGyGg
1_1
ST~ Pact - ) - Pupud - pl(0an — Kak)
= %[(‘Ta_ Pad - P)F - P1pad - p — (¢ -k — p- k& - pd - Py - ké - p). (152)
Let us decompose explicitly the components:

1
;[(o-xo_" P, Pxoz + oyd - P, Pyo7)

—(ox SiNG + 0, COSH — 0, cOSH) & - By coSbo,]
= —0xSiNG COSHG - P10, = —i Sind cosHPyy,

GuGg — —isinfd cosiPyy
(4) Similarly for the term irGeG;, one finds:

[pac® - P - Pi(0b — Pod - P)](Sap — Kako)
= [Pac? - P - PrdFa — Pad® - p&* - Prpad® - p —
p-ké pd Bid -k —(p-K)>2F pd- P& p
= i[pad-p x Py — cosdp - By x K].

Let us calculate the mixte product:

d-pxPi— pc=p =0;zpxP =0

pl o 0 1
PP1x Ply P1z

klsind 0 cos9

More explicitly:

i .
GeG:, - — cososingP.
EYMm \/; ly
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In the calculation of the single spin polarization the teralated toGg|? and|Gy|? vanish. We add a global sign as the term for
polarization of an antiparticle contains a "-" sighat - p.
For the interference terms, the only non zero analyzing p@swelated to the normal polarizatidty:

do iN . N .
Ay = I ul=— | 5). 1
(dQ) 1y = \Esmecose[GMGE GeGyl \Esmm m(GuGg) (153)

Other observables can be obtained with some algebra inesimady. When the target is polarized, one writes:

dO' > 1

Again the terms related {Gg[? and|Gwu|? vanish. Moreover, one can finkh = A; = A.

Eq. (153) has been proved also in R&One can see that this analyzing power, being T-odd, doesanigivinp+p — £++¢-,
even in one-photon approximation, due to the fact FFs argtmonin time-like region. This is a principal fiiérence with elastic
ep scattering. Let us note also that the assump@egn= Gy implies A, = 0, independently from any model taken for the
calculation of FFs.

6.5. Double spin polarization observables

The contribution to the cross section, when both collidiagiples are polarized is calculated through the followexgression:

do .
(dQ) Agp = Z LonT erU'aJr;O'b,

wherea andb = x,y,z refer to thea(b) component of the projectile (target) polarization. Amahg nine possible terms,
Axy = Ayx = Ay = Ay, = 0, and the nonzero components are:

d
(dg) Agy = s,|n29(|GM|2 |GE|2)N

d _ 1
(dg) Ay = - sun29(|GM|2— —|GE|2)N

(gg) Ay = (1+co§9)|GM|2——S|n29|GE|]
do do 1 . .
(dQ) Ag = (dQ) Agy = \ﬁsm PYReGG}N. (154)

One can see that the double spin observables depend on thdi squbired of FFs, excepty, (Az). Therefore, in order to
determine the relative phase of FFs, in TL region, the istarg observables am,, andA,,, which contain respectively the
imaginary and the real part of the prod @Gy, .

7. Conclusion

We have given here a formal derivation of unpolarized cresdien and polarization observables for the case pelastic
scattering in the Breit system ampg annihilation into a (massless) lepton pair in CM system, nettiee calculation is simplified.

The results are model independent expressions of polaazddinpolarized experimental observables as functionssf F
which hold in the assumption of one photon exchange meametaising into account the symmetries and the conservatias la
of the electromagnetic and strong interactions.

Polarization observables play an important role as theganéain the interference of FFs, whereas only the moduluseg
contribute to the unpolarized cross section.

The modelisation of the nucleon structure is contained énpairametrization of FFs. Berent models have been developed
in the recent years. In future, the interest will be focusedrmse models which can describe coherently all four nuckdes,
proton and neutron, electric and magnetic, in SL and TL megio

Precise data will strongly constrain nucleon models. S#hexperiments are planned or ongoing in electron acceleras
JLab, Mainz and colliders as Novosibirsk, BES, and Pandal.An SL region, the main purpose is to reach higher tramste
momenta or better precisions. In TL region the individuakdmination of the electric and magnetic FFs at least in dggon
over threshold will be possible in next future. The measaisat the highest possible momentum transfer will allosttaly
asymptotic properties, where predictions exist from QCD amalyticity.
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Search for fects beyond one photon exchange is object of a renewed mquesl €fort. The possibility to polarize an-
tiprotons through spin filtering is also under investigatfoopening the possibility to measure the relative phase ofifffse
time-like region.
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