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In this paper we propose to discuss the electromagnetic structure of the nucleon in the framework
of the violation hypothesis of discrete symmetries. Analysis is performed with help of the general
method of the Lorentz-covariant local operator matrix element parametrization. The proposed
analysis allows to solve the problem of the "non-Rosenbluth" behavior of the electromagnetic
proton form factors. It is shown that the CP-violation effects give rise to the additional anapole
proton form factor.
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1. Introduction

Figure 1: "Non-Rosenbluth" behavior of the proton electromagnetic form factors (the blue points) and
Rosenbluth behavior (the red points). The data are taken from [11].

One of the basic theoretical approach to the elimination of this contradiction is taking into
account two-photon exchange in the electro-proton scattering [9]. However this approach, at first,
does not eliminate this conflict completely (see Fig.2-a)) [9, 10] and, secondly, causes the new
contradiction. This new contradiction implies that the two-photon exchange predicts the essential
difference between results of the electron-proton and positron-proton scattering [11], but direct
experimental comparison between these processes does not established any charge-asymmetry of
this kind (see Fig.2-b)) [10].
So the "non-Rosenbluth" behavior problem can’t be considered as the full solved.
In this work we suggest to analyse the results of the elastic ep-scattering in the framework
of the hypothesis about CP-violation in the proton as composite system with strong interaction.
The hypothesis about CP-violation in the electromagnetic processes in these systems was proposed
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One of the most interesting experimental results of the recent time is the "non-Rosenbluth"
behavior of the proton electromagnetic form factors in the scattering of the longitudinal polarized
electron beams by the protons [1, 2, 3, 4]. Ratio of the electric form factor to magnetic one was
obtained in these experiments as linearly decreased function of the momentum transfers square.
This result is in conflict with results of the nonpolarized electrons scattering by proton (see Fig.1).
In these experiments the electromagnetic proton form factors are measured by the Rosenbluth’s
method (see, e.g.[5, 6]), which gives for this ratio unity approximately [7]. Let us remark that the
replicates of the proton form factors measurements by the Rosenbluth’s method were performed recently [8] and these measurements have supported the previous results [7]. So the manifest conflict
between the experiments on the elastic ep-scattering with polarized and nonpolarized electrons is
well-established.

CP-violation hypothesis and the relativistic electromagnetic structure of nucleons

M.Yu. Kudinov

a)
Figure 2: a) Conventional approach to the solution of this problem is two-photon exchange. b) Asymmetry
between e− p- and e+ p-scattering.

for a long time (see, e.g. [12, 13, 14]). Our paper is close on spirit to paper [14], in which the
possible CP-violation in the elastic ep-scattering is related with the availability of the so called
anapole proton form factor in the matrix element of the electromagnetic proton current. In the
present paper we use the mathematical apparatus from [13], where the possible CP-violation in
elastic electron scattering on deuteron as composite nucleon system was considered.

2. Calculations
For analysis we used special construction method of the proton electromagnetic current operator (see, e.g. [17]) which follows from the general method of relativistic invariant parameterization for local operator matrix elements proposed by Cheshkov and Shirokov [18]. In fact, this
parametrization is a realization of the Wigner–Eckart theorem for the Poincaré group and so it enables one for given matrix element of arbitrary tensor dimension to separate the reduced matrix
elements (form factors) which are invariant under the Poincaré group. The matrix element of a
given operator is represented as a sum of terms, each one of them is a covariant part multiplied
by an invariant part. In such representation a covariant part describes transformation (geometrical)
properties of the matrix element, while all the dynamical information on the transition is contained
in the invariant part – reduced matrix elements.
The matrix element of electromagnetic current with regard to the self-adjointness, the current
conservation low and CP-symmetry:
h~p , m| jµ (0)| ~p 0 , m0 i = ∑hm|D1/2 (p, p0 )|m00 i×
m00

× hm00 | f10 (Q2 ) Kµ0 + i f30 (Q2 ) Rµ |m0 i ,

(2.1)

where ~p 0 , ~p are 3-momenta of particle in the initial and the final states, respectively. m0 , m are spin
projections, 4-vectors in the right side are determined by follows:
Kµ0 = (p + p0 )µ , Rµ = εµ ν λ ρ pν p0 λ Γρ (p0 ) ,
3
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here εµ ν λ ρ is a completely anti-symmetric pseudo-tensor in four dimensional space-time with
ε0 1 2 3 = −1 , Γµ (p) is relativistic spin operator (see, e.g. [19]), f10 (Q2 ) , f30 (Q2 ) are electric and
magnetic form factors, respectively.
The form factors from Eq. (2.1) are connected with Sach’s ones [20]:
2MGE (Q2 )
f10 (Q2 ) = p
,
4M 2 + Q2

4GM (Q2 )
f30 (Q2 ) = − p
.
M 4M 2 + Q2

(2.3)

h
 θ i
dσ  dσ 
=
A(Q2 ) + B(Q2 ) tan2
,
dΩ
dΩ Mott
2

(2.4)

where θ is the scattering angle of electrons in the laboratory frame, E is energy of electron in the
initial state, t = (p − p0 )2 = −Q2 is the momentum transfer square.
And ratio of electric and magnetic form factor in the polarized ep-scattering take the form:
θ 
R(Q2 )
GE (Q2 )
Pt (E + E 0 )
=
=
−
tan
,
µp
GM (Q2 )
Pl 2M
2

(2.5)

where µ p is the proton magnetic moment, Pt , Pl are transversal and longitudinal polarizabilities of
the recoil proton, respectively. E 0 is the energy of electrons in the final state.
The cross section of electron scattering on the spiless and structureless particle (Moth’s section) and the invariant function of the momentum transfer square have the conventional expressions:


 dσ 
α 2 cos2 θ /2

 ,


(2.6)
=
dΩ Mott 4E 2 sin4 θ /2 [1 + 2ξ sin2 θ /2 ]
A(Q2 ) =

G2E (Q2 ) + τG2M (Q2 )
,
1+τ

B(Q2 ) = 2τG2M (Q2 ) ,

(2.7)
(2.8)

where ξ = E/M , τ = −Q2 /4M 2 = t/4M 2 .
In the framework of the CP-violation hypothesis the parametrization of the electromagnetic
current matrix element for proton with regard to the self-adjointness, the current conservation low
and CP-violation will take form:
h
h~p, m| jµ (0)| ~p 0 , m0 i = ∑hm|D1/2 (p, p0 )|m00 ihm00 | f10 (Q2 ) Kµ0 +
m00

i
+ f11 (Q2 )(ipµ Γµ (p0 )) Kµ0 + f20 (Q2 )Aµ + i f30 (Q2 ) Rµ |m0 i ,
where
Aµ = Γµ (p0 ) −

 K0

µ
02
K

+

Kµ 
(pλ Γλ (p0 )) ,
K2

Kµ = (p − p0 )µ ,

f11 (Q2 ) - electric dipole form factor, f20 (Q2 ) - anapole form factor
4

(2.9)

(2.10)
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Using Eqs. (2.1) and (2.3) it is possible to obtain the conventional Rosenbluth’s cross section
for elastic nonpolarized ep-scattering (see, e.g., [5]):
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By analogy with obtaining Eq. (2.4) it is possible to calculate the cross section with help of
Eq. (2.9) taking into account CP-violation:
h
θ 
dσ  dσ 
=
a(Q2 ) + b(Q2 ) tan2
+
dΩ
dΩ Mott
2
i
2
+ f11 (Q2 ) f20 (Q2 ) D(τ, θ ) + f20
(Q2 ) F(τ, θ ) ,
where

g2E (Q2 ) + τ g2M (Q2 )
2
+ f11
(Q2 ) τ M 2 (1 + τ) ,
1+τ

(2.12)

b(Q2 ) = 2τ g2M (Q2 ) ,
!
r
√
x
1
F(τ, θ ) = √
+ τ + 1 + 2 τ (τ + 1) ,
x
2 τ (τ + 1)
D(τ, θ ) =


M 5 (E + E 0 ) (ξ − ξ 0 + 8τ + 10τξ )
1 + x(1 + 2ξ ) ,
8


E0
x = tan2 θ /2 , ξ 0 =
,
M

(2.13)
(2.14)

(2.15)

g2E (Q2 ) , g2M (Q2 ) are
and magnetic proton form factor, respectively, with regard to CP electric

2
violation, x = tan θ /2 . All other notations coincide with ones in Eqs. (2.4) – (2.8).
Analogy of the expression (2.5) with regard to CP-violation has following form:
θ 
Pl
gM (Q2 ) (E + E 0 )
×
=−
tan
Pt
gE (Q2 ) 2M
2
×
where

h

i
2 (Q2 )/g2 (Q2 )
1 + α f20
M
,
1 + β ( f11 (Q2 ) f20 (Q2 )) / (gM (Q2 ) gE (Q2 ))

√
τ +1
,
√
α= √
√
8 xτ
xτ + xτ +x+1

β=

1
M 2 (τ

+ 1)

(2.16)

.

3. Approximations
In this Section we’ll discuss the approximations in which the analysis of the elastic epscattering will be produced with help of Eqs.(2.11) - (2.16).
3.1 EDM
The measurements of the neutron dipole moment in the modern experiments give the very
small upper limit of this value [15, 16].
In this connection it is naturally to suppose that the electric dipole form factor in the Eqs.
(2.11) - (2.16) can be assumed equal zero approximately:
f11 (Q2 ) ≈ 0 .
5

(3.1)
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a(Q2 ) =

(2.11)
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Cross section of the non-polarized ep-scattering in this approximation:
h
θ 
i
dσ  dσ 
=
a(Q2 ) + b(Q2 ) tan2
+ g2A (Q2 ) F(τ, θ ) ,
dΩ
dΩ Mott
2
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(3.2)

where functions a(Q2 ) and b(Q2 ) have the structure of Eqs. (2.7) and (2.8), respectively, with
substitution of GE,M (Q2 ) by gE,M (Q2 ).
gA (Q2 )
.
f20 (Q2 ) = √
1+τ

(3.3)

θ 
gM (Q2 ) (E + E 0 )
Pl
=−
tan
×
Pt
gE (Q2 ) 2M
2
h
α g2A (Q2 ) i
× 1+
,
1 + τ g2M (Q2 )

(3.4)

3.2 Kinematical function
Let us discuss now the kinematical function F(τ, θ ):
!
r
√
1
x
F(τ, θ ) = √
+ τ + 1 + 2 τ (τ + 1) ,
x
2 τ (τ + 1)


This function has the linear asymptotic Fa (τ, x) at large x = tan2 θ /2 :
!
1
1
Fa (τ, x) = x 1 + p
+ √
.
4 τ (τ + 1)3/2
2 τ (τ + 1)

(3.5)

(3.6)

We can easily to see (Fig.3) that the function F(τ, θ ) can be substituted by the asymptotic
Fa (τ, x) to a quite good approximation in the region of the not very small τ and for the angles
(x ≥ 0.5). These angles are typical for the elastic ep-scattering. It should be mentioned that
the quality of this approximation is improved with increasing τ, e.g. with increasing momentum
transfer square. To demonstrate the quality approximation let us construct the function:
S(τ, x) =

F(τ, θ ) − Fa (τ, x)
.
F(τ, x)

(3.7)

This function take the following values at different parameters. At τ = 0.01, (Q2 = 0.035
GeV2 ), x = 0.5 (θ ≈ 70.50 ) S(τ, x) = 0.14, and at x = 0.8 (θ ≈ 83.60 ) S(τ, x) = 0.072; at τ = 0.1
(Q2 = 0.352 GeV2 ), x = 0.5 S(τ, x) = 0.098, and x = 0.8 S(τ, x) = 0.05 . Functions F(τ, x) and
Fa (τ, x) are shown on Fig. 3. for different τ.
So in the region of the transfer momenta in the experiments [1, 2, 3, 4] the function F(τ, x)
from (2.14) can be approximated by function Fa (τ, x) from (3.6) with good accuracy. It should be
pointed out that in this approximation the cross section in Eq. (3.2) have the Rosenbluth’s structure
(2.4) but with other invariant functions:
h
 θ i

dσ  dσ 
=
a(Q2 ) + g2A (Q2 ) c(τ) + b(Q2 ) + g2A (Q2 ) d(Q2 ) tan2
,
(3.8)
dΩ
dΩ Mott
2
6
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Equation (2.16) in this approximation has following form:
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where

g2E (Q2 ) + τ g2M (Q2 )
, b(Q2 ) = 2 τ g2M (Q2 ) ,
1+τ
1
1
1
, d(Q2 ) =
+ √
,
c(Q2 ) = √
5/2
τ
+
1
4 τ (τ + 1)
2 τ (τ + 1)3/2
a(Q2 ) =

(3.9)
(3.10)

So effects of the CP-violation does not change the Rosenbluth’s structure of the cross section which
is observed in the non-polarized experiments.
3.3 Polarized scattering
We are coming now to the approximations in Eq. (3.4) for the polarized ep-scattering. The
ratio of the anapole form factor to the magnetic one can being considered as equal to zero approximately at small momentum transfers because in this region conflict between the polarized and
non-polarized experiments is absent and contribution of the anapole form factor is present in minor.
In the region of the large momentum transfers function α(τ, x) is very small. In these approximations taking into account (3.3) the following inequality is true for the all region of the momentum
transfers:
α g2A (Q2 )
 1.
(3.11)
1 + τ g2M (Q2 )
Taking into account the Eqs. (3.1) and (3.11) the Eq. (2.16) coincides fully with Eq. (2.5)
obtained in the case of CP-conservation with substitution GE,M (Q2 ) by gE,M (Q2 ):
θ 
gM (Q2 ) (E + E 0 )
Pl
=−
tan
.
Pt
gE (Q2 ) 2M
2

(3.12)

4. Cross section and new form factor
4.1 Cross section
After using the above approximations cross section in the hypothesis of CP-violation are as
follows:
7
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Figure 3: In the region of the experimental angles kinematical function (3.5) is close to
linear function Fa (3.6).
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h
dσ  dσ 
=
a(Q2 ) + g2A (Q2 ) c(τ)+
dΩ
dΩ Mott
 θ i

,
+ b(Q2 ) + g2A (Q2 ) d(Q2 ) tan2
2
where

θ 
gM (Q2 ) (E + E 0 )
Pl
=−
tan
.
Pt
gE (Q2 ) 2M
2

(4.1)

(4.2)
(4.3)

(4.4)

4.2 The new values of form factors
Connection between the new form factors and the measured in experiments functions R(Q2 ), A(Q2 )
and B(Q2 ):
gE (Q2 )
= 1 − 0.13(Q2 − 0.04) .
R(Q2 ) = µ p
gM (Q2 )
(1 + τ) A(Q2 ) = g2E (Q2 ) + τ g2M (Q2 ) + g2A (Q2 ) (1 + τ) c(Q2 ) ,

(4.5)

B(Q2 ) = 2 τ g2M (Q2 ) + g2A (Q2 ) d(Q2 ) .
The new values of proton form factors from expression (4.5) can be rewritten in terms of the
Sach’s form factors obtained from experiment by Rosenbluth’s method (2.7), (2.8):


2 
2
2
2
2
2
2 τ(τ + 1) GE (Q ) − GM (Q ) R(Q )/µ p
2
2
gA (Q ) =
,
d(Q2 ) − 2 τ (τ + 1) c(Q2 )
d(Q2 )
,
1+τ
 R(Q2 ) 2
g2E (Q2 ) = g2M (Q2 )
.
µp

g2M (Q2 ) = G2M (Q2 ) + g2A (Q2 )

(4.6)

For the numerical estimation of the proton electromagnetic form factors with consideration of
the CP-violation we will use the analytical formulas for G2E (Q2 ) and G2M (Q2 ) [21, 22] which fit the
experimental data for A(Q2 ) and B(Q2 ), obtained from Rosenbluth-type experiments.
The results of the our calculation with analytical formulas for G2E (Q2 ) and G2M (Q2 ) from [22]
are presented in Figs. 4 – 6.
As it seen from figures the possible effects of the CP-violation leads to the small variation of
the magnetic form factor and modify the electric form factor widely enough. The anapole form
factor on the Fig. 4 is presented in the region where the fit for ratio of the polarizabilities (4.5) is
worked. The values of the all form factors depend on the variation of this fit. From these figures
we notice that the value of the anapole form factor is much less then the magnetic form factor. This
fact justifies our approximation in Eq. (3.11). The anapole form factor has the zero value at the
zero momentum transfers, what means that anapole proton moment equals to zero. In this work the
8
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g2E (Q2 ) + τ g2M (Q2 )
, b(Q2 ) = 2 τ g2M (Q2 ) ,
1+τ
1
1
1
c(Q2 ) = √
+ √
, d(Q2 ) =
,
5/2
τ + 1 2 τ (τ + 1)3/2
4 τ (τ + 1)
a(Q2 ) =
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Figure 5: The magnetic proton form factor. The solid (red) line - G2M (Q2 ) from Eq. (2.7, 2.8) calculated
without CP-violation, dashed (blue) line - form factor g2M (Q2 ) obtained having regard to CP-violation effects.
For G2M (Q2 ) the fit from [22] is used.

proton is considered as composite quark system. Of interest is the description of the CP-violation
effects in the electromagnetic processes with the participation of the proton in framework of the
composite quark model. It will be done in the other work.

5. Conclusions
In the paper the analysis of the experimental data in the elastic electron-proton scattering is
proposed in the framework of the hypothesis about CP-violation in the electromagnetic processes
in the composite systems with strong interaction. Analysis is performed with help of the general
method of the Lorentz-covariant parametrization of local operator matrix element. The proposed
analysis allows to solve the problem of the "non-Rosenbluth" behavior of the electromagnetic pro9
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Figure 4: The electric proton form factor. The solid (red) line - G2E (Q2 ) from Eq. (2.7) calculated without
CP-violation, dashed (blue) line - form factor g2E (Q2 ) obtained having regard to CP-violation effects. For
G2E (Q2 ) the fit from [22] is used.
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ton form factors. It is shown that the CP-violation effects give rise to the additional anapole proton
form factor. The estimation of this form factor and the new values of the proton electric and
magnetic form factors is performed in the region of the existing experiments. It is shown that
the CP-violation effects lead to the small variation of the magnetic form factor and have strong
influence on electric one.
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