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Abstract: We investigate the reliability of the hypothesis of exact conservation of the charged weak

hadronic vector current in neutron β−-decay with a polarized neutron and an unpolarized proton

and electron. We calculate the contributions of the phenomenological term responsible for Exact

Conservation of the charged weak hadronic Vector Current (or the ECVC effect) in neutron β−-decay,

even for different masses of the neutron and proton, to the correlation coefficients, together with a

complete set of contributions of scalar and tensor interactions beyond the Standard Model (SM). We

argue that if the total contributions of scalar and tensor interactions beyond the SM fail to reconcile the

experimental data on the correlation coefficients with the contributions of the ECVC effect, one may

conclude that the charged weak hadronic vector current is not conserved in the hadronic transitions

of weak processes with different masses of incoming and outgoing hadrons.

Keywords: neutron beta decay; ECVC

PACS: 12.15.Ff; 13.15.+g; 23.40.Bw; 26.65.+t

1. Introduction

Nowadays, it is generally accepted that neutron β−-decay is a perfect laboratory for
tests of the Standard Model (SM) [1–8]. The theoretical analysis of neutron β−-decay at
the level of 10−3, including the radiative corrections of order O(α/π), where α is the fine–
structure constant [9], and corrections of order 1/M, caused by the weak magnetism and
proton recoil, where M is an averaged nucleon mass, provide a theoretical background at
the level of 10−3 [6–8] for experimental searches of interactions beyond the SM at the level
of 10−4 [7,8]. The calculation of the main contributions to neutron β−–deca,y as well as
corrections of order 10−3, has been carried out in the V − A theory of weak interactions

and QED, where V and A are charged weak hadronic vector V
(+)
µ (x) and axial A

(+)
µ (x)

currents, respectively. The contribution of the charged weak hadronic vector current to
the matrix element of the hadronic n → p transition has been calculated at the standard

assumption that local conservation of V
(+)
µ (x), i.e., a vanishing divergence ∂µV

(+)
µ (x) = 0,

can be violated only by isospin breaking [10]. Another possibility for the contribution of
the charged weak hadronic vector current to the matrix element of the hadronic n → p
transition has been proposed by Leitner et al. [11]. According to Leitner et al. [11], the

matrix element ⟨p(⃗kp, σp)|V(+)
µ (0)|n(⃗kn, σn)⟩ of the hadronic n→ p transition is defined by
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⟨p(kp, σp)|V(+)
µ (0)|n(kn, σn)⟩ = ūp(kp, σp)

((

γµ −
qµ q̂

q2

)

F1(q
2) +

iσµνqν

2M
F2(q

2)
)

un(kn, σn), (1)

where F1(q
2) and F2(q

2) are form factors dependent on the squared 4–momentum trans-
ferred q2 = (kp − kn)2, ūp(kp, σp) and un(kn, σn) are the Dirac wave functions of the free

proton and neutron, γµ and σµν = i
2 (γµγν − γνγµ) are the Dirac matrices and q̂ = γνqν,

M = (mn +mp)/2, where mn and mp are masses of the neutron and proton, respectively [9].
The matrix element Equation (1) obeys the condition

qµ⟨p(kp, σp)|V(+)
µ (0)|n(kn, σn)⟩ = 0 (2)

or ⟨p(kp, σp)|∂µV
(+)
µ (0)|n(kn, σn)⟩ = 0 even for different masses of the proton and neutron.

As has been shown by Ivanov [12,13], the terms with the Lorentz structures γµ, qµ q̂ and
i σµνqν are induced by the first-class currents [14]. According to Ivanov [13], the matrix
element of the hadronic n → p transition, caused by the charged weak hadronic vector
current, has the following general structure

⟨p(kp, σp)|V(+)
µ (0)|n(kn, σn)⟩ = ūp(kp, σp)

(

γµ F1(q
2) +

iσµνqν

2M
F2(q

2) +
qµ q̂

M2
F4(q

2) +
qµ

M
F3(q

2)
)

un(kn, σn). (3)

where Fj(q
2) with j = 1, 2, 3, 4 are form factors. The first three terms with the Lorentz

structures γµ, i σµνqν/M and qµ q̂/M2 are induced by the first-class current [12,13], whereas
the term with the Lorentz structure qµ/M is a phenomenological contribution of the second-
class one [13]. According to Weinberg [14], the contribution of the second-class currents
should vanish. This gives F3(q

2) = 0. Thus, the general structure of the matrix element of
the hadronic n→ p transition, caused by the contributions of the first-class current only, is

⟨p(kp, σp)|V(+)
µ (0)|n(kn, σn)⟩ = ūp(kp, σp)

(

γµ F1(q
2) +

iσµνqν

2M
F2(q

2) +
qµ q̂

M2
F4(q

2)
)

un(kn, σn). (4)

We would like to mention that for the first time, the term with the Lorentz structure
qµ q̂/M2 was introduced by Berman and Sirlin [15] as a part of the Lorentz-invariant
structure of the nucleon vector form factor, with initial and final nucleons on-mass and
off-mass shell, respectively (see Equation (8) of Ref. [15]).

Of course, the form factor F4(q
2) is a new phenomenological function of q2 with respect

to the form factors F1(q
2) and F2(q

2), which are usually used for the description of the
hadronic n←→ p transitions. Moreover, it is not obvious that F4(q

2) = −(M2/q2) F1(q
2).

Such a relation we may call a realization of the hypothesis of Exact Conservation of
the charged weak hadronic Vector Current (or the ECVC effect [16]). For the first time,
the contribution of the term −F1(q

2) qµ q̂/q2 or the contribution of the ECVC effect has
been analyzed by Leitner et al. [11] in the quasi-elastic neutrino–neutron scattering
νℓ + n→ p + ℓ−, where (νℓ, ℓ

−) are the neutrino and charged lepton with lepton flavours
ℓ = e, µ, and so on. Such an analysis of the quasi-elastic neutrino–neutron scattering with
the ECVC effect has been carried out by Leitner et al. [11] in connection with neutrino
production of the resonance P33(1232) or the ∆-resonance, i.e., νℓ + N → ∆ + ℓ−.

The use of the ECVC effect in the quasi-elastic neutrino–neutron scattering in connec-
tion with the neutrino production of the resonance P33(1232) or the ∆-resonance is not a
surprise. Indeed, it is well known that exact conservation of the charged weak hadronic vec-
tor current or the ECVC hypothesis is usually used for the analysis of neutrino production
of baryon resonances by a nucleon N, i.e., in the reactions νℓ + N → R + ℓ−, [17–23] (see
also [11]). Here, R is a baryon resonance such as P33(1232), P11(1440), and so on [21–23],
where the numbers in parentheses define resonance masses mR measured in MeV. In this

case, the matrix elements ⟨R|∂µV
(±)
µ (0)|N⟩ vanish in spite of the fact that masses mN and
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mR are different, i.e., mN ̸= mR, even in the limit of isospin symmetry. Recently, the ECVC
effect or the contribution of the phenomenological term −F1(q

2) qµ q̂/q2 to the cross section
for the inverse β-decay ν̄e + p→ n + e+ has been analyzed by Ankowski [24].

It is very likely that scattering processes like quasi-elastic neutrino–neutron scattering
and inverse beta decay are not sensitive enough to the contribution of the ECVC effect.
Indeed, the contribution of the term −F1(q

2) qµ q̂/q2 to the matrix element of the hadronic
n→ p transition of the quasi-elastic scattering νe + n→ p + e− and the inverse β−-decay
ν̄e + p → n + e+ is equal to ∓F1(q

2)me∆/q2, where me = 0.5110 MeV and ∆ are the
electron mass and the mass–difference ∆ = mn − mp = 1.2934 MeV, respectively, and
q2 = m2

e − 2EνEe(1− β cos ϑeν) [25]. As we show in Appendix A, the cross sections for
the quasi-elastic electron neutrino–neutron scattering and for the inverse β-decay are not
sensitive to the contributions of the ECVC effect (see Figure A1). For the illustration of the
sensitivity of the cross sections for the quasi-elastic electron neutrino–neutron scattering
and for the inverse β-decay to the ECVC effect, we calculate in Appendix A, the cross
sections for the neutrino and antineutrino energy regions 2 MeV ≤ Eν ≤ 8 MeV and
2 MeV ≤ Eν̄ ≤ 8 MeV [25], where Eν and Eν̄ are the neutrino and antineutrino energy,
respectively. In these neutrino and antineutrino energy regions, the form factor F1(q

2) can
be replaced by unity, i.e., F1(q

2) = 1 [25].
In Figure A1 we plot the relative contributions of the ECVC effect to the cross sections

for the reactions under consideration. One may see that the contributions of the ECVC
effect decrease with the neutrino and antineutrino energies. The contribution of the ECVC
effect to the cross section for the quasi-elastic electron neutrino–neutron scattering makes
up about 0.7 % at Eν ≃ 2 MeV and one order of magnitude smaller at Eν ≃ 8 MeV. In turn,
the contribution of the ECVC effect to the cross section for the inverse β-decay is of about
3 % at Eν̄ ≃ 2 MeV and two orders of magnitude smaller at Eν̄ ≃ 8 MeV. It is important
to emphasize that the contribution of the ECVC effect to the cross section for the inverse
β-decay is negative. This implies that such a contribution may only increase a deficit of
positron [26]. Since the cross section for the inverse β-decay should be averaged over the
reactor electron antineutrino–energy spectrum, which has a maximum at Eν̄ ≃ 4 MeV,
one may expect an increase of the deficit of the reactor electron antineutrinos by about
0.5 %. Although this is important as a hint for a search of light sterile neutrinos with a
mass mνs ∼ 1 eV [27–29], the contribution of the ECVC effect to the yield of positrons Ye+ is
smaller than the experimental error bars Ye+ = 0.943(23) [26]. So one may argue that the
cross section for the inverse β-decay is insensitive to the contributions of the ECVC effect.

As has been shown in [16], neutron β−-decay and, namely, the neutron lifetime has
turned out to be extremely sensitive to the ECVC effect. Indeed, the contribution of the
ECVC effect changes the neutron lifetime by ∆τn = 76.4 s. Together with the theoretical

value τ
(SM)
n = 879.6(1.1) s, calculated by Ivanov et al. [7], the ECVC effect increases

the neutron lifetime equal to τ
(eff)
n = 950(1.1) s, which disagrees strongly with the world

averaged value τ̄n = 880.2(1.0) s [9] and recent experimental value τ
(exp)
n = 880.2(1.2) s [30].

As has been shown in [16], since in the SM there are no interactions, which can cancel such
a huge contribution of the ECVC effect, only scalar and tensor interactions beyond the SM
can be used to reconcile the ECVC effect with the world averaged value τ̄n = 880.2(1.0) s
of the neutron lifetime [9]. In a linear approximation the contributions of scalar and tensor
interactions beyond the SM reduce themselves to the neutron lifetime in the form of the
Fierz interference term bF. Cancelling the contribution of the ECVC effect one obtains
bF = 0.1219(12) [16]. As has been shown in [16], taking into account the contributions
of scalar and tensor interactions beyond the SM without any approximation, one may
cancel the contribution of the ECVC effect without fixing the value of the Fierz interference

term. The latter is because the equation which reduces τ
(eff)
n to τ̄n, is a quadratic algebraical

equation depending on four complex parameters, which are phenomenological coupling
constants of scalar and tensor interactions beyond the SM [7]. Thus, the analysis of the
contribution of the ECVC effect to the neutron lifetime, carried out in [16], has shown the
form factor F4(q

2) cannot be equal to −(M2/q2) F1(q
2) in the SM. Moreover, in comparison
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with the results, obtained in [7,8], the contribution of the term F4(q
2) qµ q̂/M2 to the neutron

lifetime, calculated in the SM without contributions of interactions beyond the SM, should
be of order O(me∆/M2) or even smaller.

Nevertheless, as has been pointed out by Ivanov et al. [16], in order to understand a
validity of the hypothesis of exact conservation of the charged weak hadronic vector current

or the ECVC effect, corresponding to a vanishing matrix element ⟨h′|∂µV
(+)
µ (0)|h⟩, i.e.,

⟨h′|∂µV
(+)
µ (0)|h⟩ = 0, of a hadronic h→ h′ transition for different masses of incoming h and

outgoing h′ hadrons, and to estimate the values of the phenomenological coupling constants
of scalar and tensor interactions beyond the SM one has to investigate experimentally all
asymmetries of neutron β−-decay, expressed in terms of the electron and proton energy
and angular distributions, obtained in [7,8] and supplemented by the contributions of the
ECVC effect and scalar and tensor interactions beyond the SM, calculated without any
approximation.

This paper is addressed to the analysis of the contributions of the ECVC effect, i.e.,

the contributions of the term −F1(q
2) qµ q̂/q2, to the matrix element ⟨p|V(+)

µ (0)|n⟩ of the

hadronic n→ p transition providing a vanishing matrix element ⟨p|∂µV
(+)
µ (0)|n⟩ even for

different masses of the neutron and proton. We calculate the contributions of the ECVC
effect to the correlation coefficients of the electron energy and angular distributions of
neutron β−-decay with a polarized neutron and unpolarized proton and electron.

The paper is organized as follows. In Section 2 we define the electron energy and its
angular distribution in neutron β−-decay n → p + e− + ν̄e. In Section 3 we calculate the
correlation coefficient A(Ee), defining the electron asymmetry, with the contribution of
the ECVC effect and the Fierz interference term in the linear approximation for scalar and
tensor interactions beyond the SM. In Section 4 we discuss the obtained results, compare
the theoretical correlation coefficient A(Ee) with the available experimental data. The
correlation coefficient A(Ee) contains the contributions of (i) the correlation coefficient
A(SM)(Ee), calculated at the level of 10−3 in the SM [7], (ii) the ECVC effect and (iii) the
Fierz interference term.

We propose for new experimental investigations of the contributions of the ECVC
effect together with the contributions of scalar and tensor interactions beyond the SM,
to use the effective expressions for the correlation coefficients of the neutron β−-decay.
These are given in Equations (14) and (19) for a polarized neutron, unpolarized proton

and electron and neutron lifetime τ
(eff)
n . They take into account the contributions of the

SM, calculated at the level of 10−3, the ECVC effect and scalar and tensor interactions
beyond the SM, calculated to linear approximation for vector and axial vector interactions
beyond the SM [7,16]. In Appendix A, we calculate the cross sections for the quasi-elastic
electron neutrino–neutron scattering and for the inverse β-decay by taking into account the
contributions of the ECVC effect in the laboratory frame and in the non-relativistic limit for
the outgoing hadron. We show that the cross sections of the reactions under consideration
are not sensitive to the contributions of the ECVC effect.

2. Electron Energy and Angular Distribution

Following [16], the amplitude of the neutron β−-decay n→ p + e− + ν̄e is given in the
standard form by

M(n→ p e− ν̄e) = −
GF√

2
Vud ⟨p(⃗kp, σp)|J(+)

µ (0)|n(⃗kn, σn)⟩
[

ūe (⃗ke, σe)γ
µ(1− γ5) vν (⃗k,+

1

2
)
]

, (5)

where GF and Vud are the Fermi weak coupling constant and the Cabibbo–Kobayashi–

Maskawa (CKM) matrix element [9], ūe (⃗ke, σe) and vν (⃗kν,+ 1
2 ) are the Dirac wave functions

of the free electron and antineutrino with 3-momenta k⃗e and k⃗ν and polarizations σe = ±1
and + 1

2 [7,31], respectively, and γ5 is the Dirac matrix. The matrix element of the charged

weak hadronic V − A current ⟨p(⃗kp, σp)|J(+)
µ (0)|n(⃗kn, σn)⟩ is given by [16]
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⟨p(⃗kp, σp)|J(+)
µ (0)|n(⃗kn, σn)⟩ = ūp (⃗kp, σp)

[(

γµ −
qµ q̂

q2

)

+
κ

2M
i σµνqν + λ

(

− 2M qµ

q2 −m2
π
+ γµ

)

γ5
]

un (⃗kn, σn). (6)

where q = kp − kn is a 4-momentum transferred and −qµ q̂/q2 is the phenomenological
term responsible for the ECVC in neutron β−-decay. Then, the term κ/2M, where M =
(mn +mp)/2 is the averaged nucleon mass, defines the contribution of the weak magnetism,
where κ = κp − κn = 3.7058 is the isovector anomalous magnetic moment of the nucleon,
measured in nuclear magneton [9]. The contribution of the axial current is given by the last
term in Equation (6), where λ = −1.2750(9) is the axial coupling constant [1] (see also [7,31])
and mπ is the charged pion mass [9]. In the limit mπ → 0 (or in the chiral limit) [32,33], the

matrix element Equation (6) obeys the constraint qµ⟨p(⃗kp, σp)|J(+)
µ (0)|n(⃗kn, σn)⟩ = 0, even

for different masses of the neutron and proton.
Using the results obtained in [7,16], and skipping standard intermediate calculations,

we arrive at the electron energy and angular distribution for the neutron β−-decay with a
polarized neutron and unpolarized proton and electron

d5λn(Ee, k⃗e, k⃗ν, ξ⃗n)

dEedΩedΩν
= (1 + 3λ2)

G2
F|Vud|2
32π5

(E0 − Ee)
2
√

E2
e −m2

e Ee F(Ee, Z = 1) ζ(Ee)

×
{

1 +
[

bF −
1

1 + 3λ2

(2me∆

q2
− meEe∆

2

q4

)] me

Ee
+

[

− 1

1 + 3λ2

m2
e ∆

2

q4
+ a(Ee)

] k⃗e · k⃗ν

EeEν

+A(Ee)
ξ⃗n · k⃗e

Ee
+

[

− bST
me

Ee
− 1

2
(A0 + B0)

m2
e ∆

q2Ee
+ B(Ee)

] ξ⃗n · k⃗ν

Eν
+ Kn(Ee)

(ξ⃗n · k⃗e)(⃗ke · k⃗ν)

E2
e Eν

+Qn(Ee)
(ξ⃗n · k⃗ν)(⃗ke · k⃗ν)

EeE2
ν

+
[

− 1

2
(A0 + B0)

α m2
e ∆

q2ke
+ D(Ee)

] ξ⃗n · (⃗ke × k⃗ν)

EeEν
− 3 a0

Ee

M

( (⃗ke · k⃗ν)2

E2
e E2

ν
− 1

3

k2
e

E2
e

)}

, (7)

where ∆ = mn − mp and Eν = E0 − Ee with E0 = (m2
n − m2

p + m2
e )/2mn = 1.2927 MeV

is the end-point energy of the electron energy spectrum, and q2 = m2
e + 2 ke · kν = m2

e +

2EeEν − 2 k⃗e · k⃗ν. All terms depending on ∆ are caused by the ECVC effect. The correlation
coefficients a0, A0 and B0 are equal to [1]

a0 =
1− λ2

1 + 3λ2
, A0 = −2

λ(1 + λ)

1 + 3λ2
, B0 = −2

λ(1− λ)

1 + 3λ2
. (8)

They are calculated to leading order in the large nucleon mass expansion. Then, ξ⃗n is a
unit polarization vector of the neutron. The correlation coefficients ζ(Ee), a(Ee), A(Ee), and
so on, have been calculated in [7] (see also [6]) within the SM at the level 10−3 by taking
into account the 1/M corrections, caused by the weak magnetism and proton recoil, and
radiative corrections to order O(α/π). The contributions of interactions beyond the SM are
calculated to linear approximation (see Appendix G of Ref. [7]) and denoted by bF, which
is the Fierz interference term, and bST . The correlation coefficients bF and bST are defined
by [7]

bF =
1

1 + 3λ2

(

Re(CS − C̄S) + 3λ Re(CT − C̄T)
)

,

bST =
1

1 + 3λ2

(

λ Re(CS − C̄S) + (1− 2λ)Re(CT − C̄T)
)

, (9)

where CS, C̄S, CT and C̄T are phenomenological coupling constants of scalar and tensor
interactions beyond the SM [7]. The contribution of the ECVC effect to the correlation
coefficient D(Ee) is caused by the distortion of the electron wave function in the Coulomb
field of the proton [34–36] (see also [8,37–40]).
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3. Electron Asymmetry Aexp(Ee)

The electron asymmetry, caused by the correlations between the electron 3-momentum
and neutron spin, is defined by the electron energy spectrum and angular distribution

Equation (7) integrated over the antineutrino 3-momentum k⃗ν [7]. Having integrated over

directions of k⃗ν we get

d3λn(Ee, k⃗e, ξ⃗n)

dEedΩe
= (1 + 3λ2)

G2
F|Vud|2
8π4

(E0 − Ee)
2
√

E2
e −m2

e Ee F(Ee, Z = 1) ζ(Ee)
{

1 +
[

bF −
1

1 + 3λ2

× me

βEe

∆

2Eν

(

1− ∆

4Eν

)

ℓn
(m2

e + 2EeEν(1 + β)

m2
e + 2EeEν(1− β)

)

− 1

1 + 3λ2

∆

2Eν

m3
e ∆

(m2
e + 2EeEν)2 − 4E2

e E2
νβ2

] me

Ee

+
[

A(SM)(Ee)− (A0 + B0)
m2

e ∆

8βE3
e

(m2
e + 2EeEν

2β2E2
ν

ℓn
(m2

e + 2EeEν(1 + β)

m2
e + 2EeEν(1− β)

)

− 2Ee

βEν

)] ξ⃗n · k⃗e

Ee

}

. (10)

The correlation coefficient A(SM)(Ee) is fully defined by the contributions of the SM
interactions, including the 1/M corrections, caused by the weak magnetism and proton
recoil [41], and radiative corrections of order O(α/π). It is equal to [7]

A(SM)(Ee) = A(W)(Ee)
(

1 +
α

π
fn(Ee)

)

, (11)

where the correlation coefficient A(W)(Ee) has been calculated by Wilkinson [41] (see also
Equation (20) of Ref. [7]). The function (α/π) fn(Ee) describes the radiative corrections [42]
(see also [6,7]). Following [7], the expression of the electron asymmetry Aexp(Ee) is given
by

Aexp(Ee) =
N+(Ee)− N−(Ee)

N+(Ee) + N−(Ee)
=

1

2
A(Ee) Pβ (cos θ1 + cos θ2), (12)

where N±(Ee) are the numbers of events of the emission of the electron forward (+) and
backward (−) with respect to the neutron spin into the solid angle ∆Ω12 = 2π(cos θ1 −
cos θ2) with 0 ≤ ϕ ≤ 2π and θ1 ≤ θe ≤ θ2. Then, P = |ξ⃗n| ≤ 1 is the neutron polarization
and A(Ee) is the correlation coefficient, taking into account the contribution of the ECVC
effect and of the Fierz interference term. It is equal to

A(Ee) =
{

A(SM)(Ee)− (A0 + B0)
m2

e ∆

8βE3
e

[m2
e + 2EeEν

2β2E2
ν

ℓn
(m2

e + 2EeEν(1 + β)

m2
e + 2EeEν(1− β)

)

− 2Ee

βEν

]}{

1 +
[

bF −
1

1 + 3λ2

× me

βEe

∆

2Eν

(

1− ∆

4Eν

)

ℓn
(m2

e + 2EeEν(1 + β)

m2
e + 2EeEν(1− β)

)

− 1

1 + 3λ2

∆

2Eν

m3
e ∆

(m2
e + 2EeEν)2 − 4E2

e E2
νβ2

] me

Ee

}−1
. (13)

In Figure 1, we plot the correlation coefficientsA(Ee), A(SM)(Ee) in the electron energy
region me ≤ Ee ≤ E0 (left), and the denominator of the correlation coefficient A(Ee) for
the Fierz interference term bF = 0.1219 and bF = 0, respectively (right). In Figure 2, we
show βA(Ee) for bF = 0.1219 and bF = 0, respectively, and βA(SM)(Ee). The vertical lines
constrain the experimental electron energy region 0.761 MeV ≤ Ee ≤ 0.966 MeV [7].
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Figure 1. (Left) The correlation coefficientA(Ee), given by Equation (13) and calculated in the electron

energy region me ≤ Ee ≤ E0 for bF = 0.1219 (red) and bF = 0 (green), and the correlation coefficient

A(SM)(Ee) (blue). (Right) The denominator of the correlation coefficientA(Ee), plotted in the electron

energy region me ≤ Ee ≤ E0 with bF = 0.1219 (red) and bF = 0 (green).

0.6 0.8 1.0 1.2
Ee[MeV]

-0.15

-0.10

-0.05

Figure 2. The correlation coefficient βA(Ee), given by Equation (13) and calculated in the electron

energy region me ≤ Ee ≤ E0 for bF = 0.1219 (red) and bF = 0 (green), and the correlation coefficient

βA(SM)(Ee) (blue). The interval between lines Ee = 0.761 MeV and Ee = 0.966 MeV defines the

experimental electron energy region.

We discuss the results of the theoretical analysis of the electron asymmetry in compari-
son with the experimental data in Section 4.

4. Discussions and Proposals

We have continued the analysis of the reliability of the hypothesis of exact conservation
of the charged weak hadronic vector current in the framework of neutron β−-decay, even for
different masses of the neutron and proton, which we have begun in [16]. The contributions
of the phenomenological term in the matrix element of the hadronic n→ p transition, which
is responsible for the Exact Conservation of the charged weak hadronic Vector Current, are
referred to as the ECVC effect. We have calculated the contributions of the ECVC effect
together with the contributions of scalar and tensor interactions beyond the SM, taken in
the linear approximation, to the correlation coefficients of the electron energy and angular
distributions of neutron β−-decay with a polarized neutron and unpolarized proton and
electron. We have analyzed the validity of the ECVC hypothesis using example of the
electron asymmetry, which is caused by correlations of the electron 3-momentum and neu-
tron spin. In Figures 1 and 2, we plot the correlation coefficient A(Ee) for bF = 0.1219(12)
(red line), for bF = 0 (green line) and also the correlation coefficient A(SM)(Ee) (blue line),
defined by Equation (11). One may see that the correlation coefficient A(SM)(Ee) agrees well

with the experimental values of the correlation coefficient A0: (i) A
(exp)
0 = −0.11933(34) [1],

(ii) A
(exp)
0 = −0.11996(58) [43], (iii) A

(exp)
0 = −0.11966 ± 0.00089+0.00123

−0.00140 [44], and (iv)

A
(exp)
0 = −0.11832(78) [45]. As has been shown in [7], the deviations of A(SM)(Ee) from

A0 are of order 10−3. This explains a weak energy dependence of A(SM)(Ee) on the elec-
tron energy Ee. Unfortunately, the energy dependence of the correlation coefficient A(Ee),
corrected by the contribution of the ECVC effect and the Fierz interference term, differs
crucially from that of the correlation coefficient A(SM)(Ee). This also means that the correla-
tion coefficient A(Ee), given by Equation (13), is unable to reproduce the experimental data
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of the electron asymmetry, giving the experimental values of the correlation coefficients
A0 [1,43–45].

At this point, we do not want to argue immediately that the obtained result means
that (i) the ECVC hypothesis is not valid, even in the SM with scalar and tensor interactions
beyond the SM; nor that (ii) the charged weak hadronic vector current is not conserved
in the hadronic h → h′ transition with different masses of incoming h and outgoing h′

hadrons in the sense of a vanishing matrix element ⟨h′|∂µV
(+)
µ (0)|h⟩ = 0. Hence, we may

argue that the account for the ECVC effect together with the contributions of scalar and
tensor interactions beyond the SM calculated in the linear approximation does not support
the ECVC hypothesis in the neutron β−-decay, at least using example of the electron
asymmetry.

As a result, in order to avoid the problem of invalidity of the ECVC hypothesis with
scalar and tensor interactions beyond the SM and the experimental data, we propose to
take into account a complete set of contributions of scalar and tensor interactions beyond
the SM, which include also the quadratic terms [7]. Using the results, obtained in [7], we
get the following expressions for the neutron lifetime [16] and correlation coefficients

1

τ
(eff)
n

= 1

τ
(SM)
n

(

1 + 1
2

1
1+3λ2

(

|CS|2 + |C̄S|2 + 3|CT |2 + 3|C̄T |2
)

+ ∆ fn

fn
+ bF

〈

me
Ee

〉

SM

)

,

aeff(Ee, k⃗e · k⃗ν) =
(

a(Ee)− 1
1+3λ2

m2
e ∆

2

q4 + 1
1+3λ2

1
2

(

|CT |2 + |C̄T |2 − |CS|2 − |C̄S|2
))

/Y(Ee),

Aeff(Ee, k⃗e · k⃗ν) =
(

A(Ee)− 1
1+3λ2 Re

(

2CTC̄∗T + (CSC̄∗T + C̄SC∗T)
)

/Y(Ee),

Beff(Ee, k⃗e · k⃗ν) =
(

B(Ee)− 1
2 (A0 + B0)

m2
e ∆

q2Ee
− bST

me
Ee
− 1

1+3λ2 Re
(

2CTC̄∗T − (CSC̄∗T + C̄SC∗T)
)

/Y(Ee),

Deff(Ee, k⃗e · k⃗ν) =
(

D(Ee) +
2 Imλ
1+3λ2 +

1
1+3λ2

1
2 Im

(

CSC∗T + C̄SC̄∗T
))

/Y(Ee),

(14)

with a common denominator

Y(Ee) = 1 +
1

2

1

1 + 3λ2

(

|CS|2 + |C̄S|2 + 3|CT |2 + 3|C̄T |2
)

+
[

bF −
1

1 + 3λ2

(2me∆

q2
− meEe∆

2

q4

)] me

Ee
, (15)

where ⟨me/Ee⟩SM = 0.6556 [7,16], calculated for the electron energy density Equation (D.59)
of Ref. [7]. The correlation coefficients a(Ee), A(Ee), B(Ee) and D(Ee) are calculated in the
SM by taking into account the 1/M corrections, caused by the weak magnetism and proton
recoil, and radiative corrections of order O(α/π) [7]. Then, ∆ fn is the phase-space factor of
neutron β−-decay, caused by the ECVC effect. It is given by

∆ fn =
1

1 + 3 λ2

∫ E0

me

dEe ke (E0 − Ee)
2 F(Ee, Z = 1)

∫

dΩeν

4π

{

− 2 m2
e ∆

m2
e + 2 Ee(E0 − Ee)− 2 k⃗e · k⃗ν

+
m2

e ∆
2

(

m2
e + 2 Ee(E0 − Ee)− 2 k⃗e · k⃗ν

)2

(

Ee −
k⃗e · k⃗ν

Eν

)}

=
∫ E0

me

dEe

√

E2
e −m2

e (E0 − Ee)
2 F(Ee, Z = 1) (16)

×
{

− 1

1 + 3λ2

m2
e

βEe

∆

2Eν

(

1− ∆

4Eν

)

ℓn
(m2

e + 2EeEν(1 + β)

m2
e + 2EeEν(1− β)

)

− 1

1 + 3λ2

∆

2Eν

m4
e ∆

(m2
e + 2EeEν)2 − 4E2

e E2
νβ2

}

and is equal to ∆ fn = −4.887 × 10−3 MeV5 [16], where fn = 6.116 × 10−2 MeV5 is
the phase-space factor of neutron β−-decay, calculated to order O(1/M) and O(α/π)
caused by the contributions of the weak magnetism and proton recoil and the radiative
corrections, respectively [7]. As we have shown in [16], the contribution of the term
∆ fn = −4.887× 10−3 MeV5, caused by the ECVC effect, changes the value of the neutron

lifetime by ∆τn = (−∆ fn/( fn + ∆ fn)) τ
(SM)
n = 76.4 s. Thus, fitting the neutron lifetime

τ
(eff)
n = τ

(SM)
n at the level of current experimental accuracy 1.2× 10−3 or one standard devi-
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ation [16], where τ
(SM)
n = 879.6(1.1) s, calculated in [7], agrees well with the world averaged

value τn = 880.2(1.0) s [9] and the experimental value τ
(exp)
n = 880.2(1.2) s, we get

1

2

1

1 + 3λ2

(

|CS|2 + |C̄S|2 + 3|CT |2 + 3|C̄T |2
)

= −∆ fn

fn
− bF

〈me

Ee

〉

SM
. (17)

Neglecting the contributions of the quadratic terms, we arrive at the equation [16]

∆ fn

fn
+ bF

〈me

Ee

〉

SM
= 0, (18)

fixing the value of the Fierz interference term bF = 0.1219(12) in terms of the contribution
of the ECVC effect [16]. Plugging Equation (17) into Equation (14), we obtain

aeff(Ee, k⃗e · k⃗ν) =
(

a(Ee)− 1
1+3λ2

m2
e ∆

2

q4 + 1
1+3λ2

1
2

(

|CT |2 + |C̄T |2 − |CS|2 − |C̄S|2
))

/Z(Ee),

Aeff(Ee, k⃗e · k⃗ν) =
(

A(Ee)− 1
1+3λ2 Re

(

2CTC̄∗T + (CSC̄∗T + C̄SC∗T)
))

/Z(Ee),

Beff(Ee, k⃗e · k⃗ν) =
(

B(Ee)− 1
2 (A0 + B0)

m2
e ∆

q2Ee
− bST

me
Ee
− 1

1+3λ2 Re
(

2CTC̄∗T − (CSC̄∗T + C̄SC∗T)
))

/Z(Ee),

Deff(Ee, k⃗e · k⃗ν) =
(

D(Ee)− 1
2 (A0 + B0)

α m2
e ∆

q2ke
+ 1

1+3λ2
1
2 Im

(

CSC∗T + C̄SC̄∗T
))

/Z(Ee),

(19)

with a common denominator

Z(Ee) = 1− ∆ fn

fn
− bF

〈me

Ee

〉

SM
+

[

bF −
1

1 + 3λ2

(2me∆

q2
− meEe∆

2

q4

)] me

Ee
. (20)

This is a complete set of correlation coefficients, which can be used for a fit of the
experimental data on the electron energy and angular distributions of neutron β−-decay
with a polarized neutron and unpolarized proton and electron.

Since our numerical analysis of the relative contributions of the ECVC effect to the
cross sections for the quasi-elastic electron neutrino–neutron scattering and for the inverse
β-decay, carried out in Appendix A (see Figure A1), shows that these processes are not
sensitive to the ECVC effect, the experimental analysis of the correlation coefficients, given
in Equation (19), is a matter of great importance for understanding whether the ECVC
hypothesis is correct in the sense that a matrix element of the divergence of the charged

weak hadronic vector current ⟨h′|∂µV
(+)
µ (0)|h⟩ vanishes, i.e., ⟨h′|∂µV

(+)
µ (0)|h⟩ = 0, for

the hadronic h → h′ transitions, even for different masses of incoming h and outgoing h
hadrons, or not. However, it is obvious that without contributions of interactions beyond
the SM, such a hypothesis cannot be fulfilled.

If such an experimental analysis of the ECVC effect shows that the correlation coef-
ficients Equation (19) are irrelevant, the contributions of the term F4(q

2)qµ q̂/M2 to the
neutron lifetime and correlation coefficients of neutron β−-decay should be of order
O(me∆/M2) or even smaller in comparison with the results obtained in [7,8].

In turn, in case of positive results of the experimental analysis of the ECVC effect
using the correlation coefficients Equation (19), they should be taken into account for the
description of the quasi-elastic neutrino–neutron scattering, the inverse β-decay, as well as
in the energy spectra of the neutrino production of nucleon resonances. The values of the
scalar and tensor phenomenological coupling constants CS, C̄S, CT and C̄T together with
the Fierz interference term bF and the correlation coefficients bST , which can be obtained by
means of the fit of the experimental data on different asymmetries of neutron β−-decay.

5. Conclusions

We are examining the validity of the hypothesis regarding the precise conservation
of the charged weak hadronic vector current in neutron beta-decay, utilizing polarized
neutrons and unpolarized protons and electrons. Our analysis involves the computation
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of contributions from the phenomenological term, which is responsible for the Exact
Conservation of the charged weak hadronic Vector Current (ECVC effect) in neutron beta-
decay, even when considering varying masses of the neutron and proton. We calculate
correlation coefficients, incorporating the complete set of contributions from scalar and
tensor interactions beyond the Standard Model (SM). We posit that if the cumulative effects
of scalar and tensor interactions beyond the SM fail to reconcile with the experimental data
on correlation coefficients alongside the contributions of the ECVC effect, it may be inferred
that the conservation of the charged weak hadronic vector current is not maintained in the
hadronic transitions of weak processes involving distinct masses of incoming and outgoing
hadrons.

Author Contributions: D.A.: Conceptualization, Methodology, Data Curation, Formal analysis,

Investigation, Writing—Original draft preparation. R.H.: Conceptualization, Formal analysis, Data

Curation, Investigation, Methodology, Software, Validation, Writing—Original draft preparation.

M.W.: Conceptualization, Formal analysis, Data Curation, Investigation, Methodology, Software,

Validation, Writing—Original draft preparation. All authors contributed equally and agreed to the

published version of the manuscript. The sole responsibility for the content of this publication lies

with the authors.

Funding: The work of M. Wellenzohn was supported by MA 23 (p.n. 30-22).

Data Availability Statement: The data and illustrations presented in this study can be obtained

directly from the equations. All data are available on request from the corresponding author.

Acknowledgments: We want to thank our dear colleague Andrey Nikolaevich Ivanov, who was

the main investigator of this work until he sadly passed away on 18 December 2021. We see it as

our professional and personal duty to honor his legacy by continuing to publish our collaborative

work. Andrey was born on 3 June 1945 in what was then Leningrad. Since 1993 he was a university

professor at the Faculty of Physics, named “Peter The Great St. Petersburg Polytechnic University”

after Peter the Great. Since 1995 he has been a guest professor at the Institute for Nuclear Physics

at the Vienna University of Technology for several years and has been closely associated with the

institute ever since. This is also were we met Andrey and have been collaborating with him closely

for more than 20 years, resulting in 40 scientific publications; see also [46–56]. We will miss Andrey as

a personal friend and we will miss his immense wealth of ideas, scientific skills and his creativity. See

also the official obituary (https://www.tuwien.at/en/phy/ati/news/test, accessed on 3 November

2024) for Andrey Nikolaevich Ivanov. The work of M. Wellenzohn was supported by MA 23 (p.n.

27-07 and p.n. 30-22). The sole responsibility for the content of this publication lies with the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A. Cross Sections for the Quasi-Elastic Electron Neutrino–Neutron Scattering

and the Inverse β-Decay

In this Appendix we calculate the cross sections for the quasi-elastic scattering νe +n→
p + e− and the inverse β-decay ν̄e + p→ n + e+ by taking into account the contributions of
the ECVC effect. Neglecting the contributions of the weak magnetism, recoil and radiative
corrections and skipping intermediate standard calculations, we obtain the following cross
sections for the quasi-elastic electron neutrino–neutron scattering σ(Eν) and the inverse
β-decay σ(Eν̄):

σ(Eν) = σ0(Eν) +
G2

F |Vud |2
2π k−E−

{

− m2
e ∆

k−E−Eν

[

ℓn
(

1 + 2k−Eν β−
m2

e−2E−Eν

)

− ℓn
(

1− 2k−Eν

m2
e−2E−Eν

)]

+ 2m2
e ∆

2

(m2
e−2E−Eν)2−4k2

−E2
ν
− m2

e ∆
2

4k−E−E2
ν

[

ℓn
(

1 + 2k−Eν β−
m2

e−2E−Eν

)

− ℓn
(

1− 2k−Eν

m2
e−2E−Eν

)

− 4k−Eν(m2
e−2E−Eν)

(m2
e−2E−Eν)2−4k2

−E2
ν

]}

,

(A1)

where E− = Eν + ∆, k− =
√

E2
− −m2

e and β− = k−/E− are the energy, momentum and

velocity of the electron, and

https://www.tuwien.at/en/phy/ati/news/test
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σ(Eν̄) = σ0(Eν̄) +
G2

F |Vud |2
2π k+E+

{

m2
e ∆

k+E+Eν̄

[

ℓn
(

1 + 2k+Eν̄

m2
e−2E+Eν̄

)

− ℓn
(

1− 2k+Eν̄

m2
e−2E+Eν̄

)]

+ 2m2
e ∆

2

(m2
e−2E+Eν̄)2−4k2

+E2
ν̄
− m2

e ∆
2

4k+E+E2
ν̄

[

ℓn
(

1 + 2k+Eν̄

m2
e−2E+Eν̄

)

− ℓn
(

1− 2k+Eν̄

m2
e−2E+Eν̄

)

− 4k+Eν̄(m2
e−2E+Eν̄)

(m2
e−2E+Eν̄)2−4k2

+E2
ν̄

]}

,

(A2)

where E+ = Eν̄ − ∆ and k+ =
√

E2
+ −m2

e are the energy and momentum of the positron.

The cross sections σ0(Eν) and σ0(Eν̄) are given by [25]

σ0(Eν) = (1 + 3λ2)
G2

F|Vud|2
π

k−E− , σ0(Eν̄) = (1 + 3λ2)
G2

F|Vud|2
π

k+E+. (A3)

In the quasi-elastic electron neutrino–neutron scattering and the inverse β-decay the
energies of neutrino and antineutrino vary in the regions Eν ≥ 0 and Eν̄ ≥ (Eν̄)thr =
((mn + me)2 −m2

p)/2mp = 1.8061 MeV [25]. The terms dependent on ∆ are caused by the
ECVC effect. We define the relative contributions of the ECVC effect to the cross sections
under consideration as follows

Rν(Eν) =
1

2

1

1 + 3λ2

{

− m2
e ∆

k−E−Eν

[

ℓn
(

1 +
2k−Eνβ−

m2
e − 2E−Eν

)

− ℓn
(

1− 2k−Eν

m2
e − 2E−Eν

)]

+
2m2

e ∆
2

(m2
e − 2E−Eν)2 − 4k2

−E2
ν

− m2
e ∆

2

4k−E−E2
ν

[

ℓn
(

1 +
2k−Eνβ−

m2
e − 2E−Eν

)

− ℓn
(

1− 2k−Eν

m2
e − 2E−Eν

)

− 4k−Eν(m2
e − 2E−Eν)

(m2
e − 2E−Eν)2 − 4k2

−E2
ν

]}

, (A4)

and

Rν̄(Eν̄) =
1

2

1

1 + 3λ2

{ m2
e ∆

k+E+Eν̄

[

ℓn
(

1 +
2k+Eν̄

m2
e − 2E+Eν̄

)

− ℓn
(

1− 2k+Eν̄

m2
e − 2E+Eν̄

)]

+
2m2

e ∆
2

(m2
e − 2E+Eν̄)2 − 4k2

+E2
ν̄

− m2
e ∆

2

4k+E+E2
ν̄

[

ℓn
(

1 +
2k+Eν̄

m2
e − 2E+Eν̄

)

− ℓn
(

1− 2k+Eν̄

m2
e − 2E+Eν̄

)

− 4k+Eν̄(m2
e − 2E+Eν̄)

(m2
e − 2E+Eν̄)2 − 4k2

+E2
ν̄

]}

, (A5)

where Rν(Eν) = ∆σ(Eν)/σ0(Eν), Rν̄(Eν̄) = ∆σ(Eν̄)/σ0(Eν̄) with ∆σ(Eν) = σ(Eν)− σ0(Eν)
and ∆σ(Eν̄) = σ(Eν̄)− σ0(Eν̄), respectively. The cross sections Equations (A1) and (A2)
are calculated in the laboratory frame in the non-relativistic approximation for outgoing
hadrons. Since the most important region of the antineutrino energies for the inverse
β-decay is 2 MeV ≤ Eν̄ ≤ 8 MeV [25], in Figure A1, we plot Rν(Eν) and Rν̄(Eν̄) for Eν and
Eν̄ varying over the regions 2 MeV ≤ Eν ≤ 8 MeV and 2 MeV ≤ Eν̄ ≤ 8 MeV, respectively.
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Figure A1. The relative contributions Rν(Eν) (left) and Rν̄(Eν̄) (right) of the ECVC effect to the

cross sections for the quasi-elastic electron neutrino–neutron and inverse β-decay in the neutrino

and antineutrino energy regions 2 MeV ≤ Eν ≤ 8 MeV and 2 MeV ≤ Eν̄ ≤ 8 MeV, calculated for

λ = −1.2750 [25].
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Our numerical examination of the relative impacts of the ECVC effect on the cross
sections for both quasi-elastic electron neutrino–neutron scattering and inverse β-decay
indicates that these processes exhibit low sensitivity to the ECVC effect. Specifically, the con-
tribution of the ECVC effect to the cross section for quasi-elastic electron neutrino–neutron
scattering is less than 0.7 % at Eν ≃ 2 MeV and diminishes significantly by approximately
two orders of magnitude at Eν ≃ 8 MeV. The cross-section analysis for inverse β-decay, uti-
lized in examining the deficit of positrons induced by reactor electron antineutrinos [25,26],
should be averaged over the reactor electron antineutrino energy spectrum, which peaks at
Eν̄ ≃ 4 MeV. According to Figure A1, the contribution of the ECVC effect is expected to
decrease the yield of positrons Ye+ by about 0.5 %. Given that this contribution is smaller
than the experimental error bars Ye+ = 0.943(23) [26], one could argue that the inverse
β-decay is insensitive to the influence of the ECVC effect.
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