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Abstract

We analyze the contributions of the one—pion—pole (OPP) exchange, caused by strong low—energy
interactions, and the pseudoscalar interaction beyond the Standard Model (BSM) to the correlation coeffi-
cients of the neutron 8~ —decays for polarized neutrons, polarized electrons and unpolarized protons. The
strength of contributions of pseudoscalar interactions is defined by the effective coupling constant Cps =

C[(,?PP) +C ;,ESM). We show that the contribution of the OPP exchange is of order C,(,?PP) ~ —107>. The
effective coupling constant C,(,]?SM) of the pseudoscalar interaction BSM can be in principle complex. Using

the results, obtained by Gonzdlez-Alonso et al. (2019) [34] we find that the values of the real and imaginary

parts of the effective coupling constant CS?SM) are constrained by —3.5 x 1075 < Re C;ESM) < 0 and

Im C;ESM) <=23x1077, respectively. The obtained results can be used as a theoretical background for
experimental searches of contributions of interactions BSM in asymmetries of the neutron §~ —decays with

a polarized neutron, a polarized electron and an unpolarized proton at the level of accuracy of a few parts
of 1073 or even better Abele (2016) [40].
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1. Introduction

Nowadays the neutron lifetime and correlation coefficients of the neutron S~ -decays for po-
larized neutrons, polarized electrons and unpolarized protons are calculated within the Standard
Model (SM) at the level of 1073 including the radiative corrections of order O(« /) of and
corrections caused by the weak magnetism and proton recoil of order O (E,/M) [1-13], where
o, E, and M are the fine—structure constant [14], an electron energy and the nucleon mass,
respectively. Such a SM theoretical background has allowed to make steps forwards investiga-
tions of contributions of interactions beyond the SM (BSM) of order 10~* or even smaller [40].
The analysis of interactions beyond the V — A effective theory of weak interactions [15—19]
(see also [20,21]) in the neutron 8~ —decays with different polarizations of massive fermions
has a long history and started in 50th of the 20th century and is continuing at present time
[22-34] (see also [8,9,11]). The most general form of the Lagranglan of interactions BSM has
been written in [22-27], 1ncludmg non—derivative vector wpy,u/fn, axial-vector wpyuy Y,
scalar w,,lﬂn, pseudoscalar 1//,,)/ Y, and tensor wpa,wl//,, nucleon currents coupled to corre-
sponding lepton currents in the form of local nucleon—lepton current—current interactions, where
{1, vu, yMyS, y5, o,y } are the Dirac matrices [35], with respect to G—parity transformations [36],
ie. G=Ce'™2 where C and I are the charge conjugation and isospin operators [35], the vec-
tor, axial—vector, pseudoscalar and tensor nucleon currents are G—even and the scalar nucleon
current is G—odd. According to the G—transformation properties of hadronic currents, Weinberg
divided hadronic currents into two classes, which are G—even first class and G—odd second class
currents [37], respectively. Thus, following Weinberg’s classification the non—derivative vector,
axial-vector, pseudoscalar and tensor nucleon currents in the interactions BSM, introduced in
[22-27], are the first class currents, whereas the non—derivative scalar nucleon current is the sec-
ond class one (see also [38]). The analysis of superallowed 0" — 0" nuclear beta transitions
by Hardy and Towner [39] and Gonzalez—Alonso et al. [34] has shown that the phenomeno-
logical coupling constants of non—derivative scalar current—current nucleon—lepton interaction
is of order 10~ or even smaller. This agrees well with estimates of contributions of the second
class currents, caused by derivative scalar 3" (v »V¥n) and pseudotensor 9" (¥ po/wysw,,) nucleon
currents proposed by Weinberg [37], to the neutron lifetime and correlation coefficients of the
neutron B~ —decays carried out by Gardner and Plaster [32,33] and Ivanov et al. [11,12]. The
contemporary experimental sensitivities 10™* or even better [40] of experimental analyses of
parameters of neutron 8~ —decays (see, for example, [41-43]) demand a theoretical background
for the neutron lifetime and correlation coefficients of the neutron 8~ —decays with different po-
larizations of massive fermions at the level of 107> [10—13]. As has been shown in [28-31] in
the linear approximation the contributions of vector and axial-vector interactions BSM can be
absorbed by the matrix element V4 of the Cabibbo—Kobayashi-Maskawa (CKM) mixing ma-
trix and by the axial coupling constant A (see also [9-12]). As a result, taking into account the
constraints on the scalar interaction [39] and [34] the contributions of interactions BSM to the
neutron 8~ —decay can be induced only by a tensor nucleon current [44,45]. As we show be-
low the contribution of the one—pion—pole (OPP) exchange to the correlation coefficients of the
neutron B~ —decays for a polarized neutron, a polarized electron and an unpolarized proton is of
order 107>, This is commensurable with the contribution of the isospin breaking correction to
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the vector coupling constant of the neutron 8~ —decay calculated by Kaiser [46] within the heavy
baryon chiral perturbation theory (HB x PT). However, unlike Kaiser’s correction the contribu-
tion of the OPP exchange can be screened by the contribution of the pseudoscalar interaction
BSM.

This paper is addressed to the analysis of contributions of the OPP exchange, caused by
strong low—energy interactions, and the pseudoscalar interaction BSM introduced in [22-27]
to the neutron lifetime and correlation coefficients of the neutron g~ —decays for a polarized neu-
tron, a polarized electron and unpolarized proton. The analysis of contributions of pseudoscalar
interactions to the electron—energy and angular distribution of the neutron 8~ —decay for a po-
larized neutron and unpolarized electron and proton has a long history [47-54] (see also [4,
34]). For example the Fierz-like interference term [55], induced by pseudoscalar interactions,
can be recognized in the electron—energy and angular distributions calculated in [47-54] (see
also [4,34]). The contributions of the pseudoscalar interactions to the correlation coefficients of
the electron—energy and angular distribution of the neutron 8~ —decay for a polarized neutron
and unpolarized electron and proton can be, in principle, extracted from the electron—energy
and angular distributions obtained by Harrington [47] (see Egs. (9) — (13) of Ref. [47]) and
Holstein [51] (see Appendix B of Ref. [51]) (see also section 4 of this paper). In our work in
addition to the results obtained in [47-54] (see also [4,34]) we calculate the contributions of
pseudoscalar interactions to the correlation coefficients of the electron—energy and angular dis-
tribution of the neutron 8~ —decays, caused by correlations with the electron spin. The analyze of
contributions of pseudoscalar interactions to the correlation coefficients of the electron—energy
and angular distribution of the neutron 8~ —decays for a polarized neutron, a polarized electron
and unpolarized proton, carried out in this paper, completes the investigations of contributions
of interactions BSM to the electron—energy and angular distributions, which we have performed
in [10-12], where we have calculated i) the complete set of corrections of order 1073, caused
by radiative corrections of order O(«/m) and the weak magnetism and proton recoil corrections
of order O(E,/M), and ii) contributions of vector, axial-vector, scalar and tensor interactions
BSM introduced in [22-27].

The paper is organized as follows. In section 2 we write down the amplitude of the neutron
B~ —decay by taking into account the contributions of the OPP exchange and the pseudoscalar
interaction BSM only. We analyze the contributions of energy independent corrections to the
pseudoscalar form factor of the nucleon defined by the Adler-Dothan-Wolfenstein (ADM) term
[56,57] and chiral corrections calculated within the HB y PT [58-60]. We show that the ADM—
term and chiral corrections, calculated in the two—loop approximation within the HB x PT by
Kaiser [60], are able in principle to induce sufficiently small real contributions to phenomeno-
logical coupling constants of the pseudoscalar interaction BSM of a neutron—proton pseudoscalar
density coupled to a left-handed leptonic current. In section 3 we discuss the contributions to the
correlation coefficients of the electron—energy and angular distribution of the neutron 8 ~—decays
caused by the OPP exchange and the pseudoscalar interaction BSM. The distribution is calcu-
lated for a polarized neutron, a polarized electron and an unpolarized proton. Using the results,
obtained in [29,34,53,69] we estimate the phenomenological coupling constants of the pseu-
doscalar interactions BSM. We adduce the results in Table 1. In section 4 we discuss the obtained
results, which can be used for experimental analyses of the neutron 8~ —decays with experimen-
tal accuracies of about a few parts of 107> [40]. Since the complete set of contributions of order
1073, including the radiative corrections of order O(«/m) and corrections of order O (Eg/M),
caused by the weak magnetism and proton recoil, are calculated at the neglect of contributions
of order O(aEo/mM) ~ 107° and O(E%/Mz) ~ 1079 [9-12], the results obtained in this pa-
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per should be tangible and important for a correct analysis of experimental data on searches
of contributions of interactions BSM with an accuracy of a few parts of 107, We give also a
comparative analysis of the results obtained in this work with those in [4,47-54]. This allows us
to argue that the corrections, caused by pseudoscalar interactions, calculated for the correlation
coefficients of the neutron 8~ —decays, induced by correlations of the electron spin with the neu-
tron spin and 3-momenta of decay fermions with standard correlation structures introduced by
Jackson et al. [24], are fully new. Moreover all terms in Eq. (A.6) with correlation structures be-
yond the standard ones by Jackson et al. [24] and proportional to the effective coupling constants
C,s and C}; were never calculated in literature. In the Appendix we give a detailed calculation
of the contributions of pseudoscalar interactions caused by the OPP exchange and BSM to the
correlation coefficients of the neutron 8~ —decays for a polarized neutron, a polarized electron
and an unpolarized proton, completing the analysis of contributions of interactions BSM to the
correlation coefficients of the neutron §~—decays carried out in [10-12].

2. Amplitude of the neutron 8~ —decay with contributions of OPP exchange and
pseudoscalar interaction BSM

Since the expected order of contributions of pseudoscalar interactions of about 1073, we take
them into account in the linear approximation additively to the corrections of order 10~% — 1073
calculated in [1-34]. In such an approximation and following [9,11,12] the amplitude of the
neutron 8~ —decay we take in the form

M — pe v,)

G - - o 1
= —7; Vaa { (pGep oI5 Ol s, 00)) [ Ko 00y (1 = y )i Ks +5)]

- - _ s . -1
i1y (ks )y (. 00) [T Re, 0)(Cp 4+ CoyPvsths+3)] | (D

where Gr and V,4 are the Fermi couping constant and the Cabibbo—Kobayashi—-Maskawa
(CKM) matrix element [14]. Then, ( p(%p, op)lJ,EJ“) (0)|n(l;n, 0,)) is the matrix element of the
charged hadronic current J,EH 0) = V,EJ”) ) — A,(j') (0), where Vifr) (0) and A,(j') (0) are the
charged vector and axial-vector hadronic currents [15,18,19]. The fermions in the initial and
final states are described by Dirac bispinor wave functions uy, u,, u. and vy of free fermions
[9,62]. In the second term of Eq. (1) we take into account the contribution of the pseudoscalar
interaction BSM [22-27] with two complex phenomenological coupling constants Cp and Cp
in the notation of [9,11,12].

For the analysis of contributions of pseudoscalar interactions to the neutron §~—decays for a
polarized neutron, a polarized electron and an unpolarized proton we define the matrix element
(p(kp, )| TS () (K, ) as follows

(pkp. o) ISP )| (Kn, o))

o LSy M s o >
:up(kpvap)<yu( + Ay )+m)’ )Mn(kn,gn)’ 2
where A is the axial coupling constant with recent experimental value A = —1.27641(45)at.

(33)syst. [41]. The first term in Eq. (1) is written in agreement with the standard V — A effective
theory of weak interactions [15,18,19] (see also [20,21]). The term proportional to quy5 defines
the contribution of the OPP exchange, caused by strong low—energy interactions (see also [18])
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with the 7~ —meson mass m; = 139.57061(24) MeV [14] and g =k, — k, = —k. — kj is a
4-momentum transfer. The OPP contribution is required by conservation of the charged hadronic
axial-vector current in the chiral limit m,; — 0 [18].

In the more general form the matrix element of the hadronic axial-vector current can be taken
in the form accepted in the HB x PT [58—60]. This gives

(plkp. op)|ASY O)n(kn, o))
=ity (Fp. o) (1 Galg)) + 32 G (@) ¥ un (. o). 3)

where G 4(g?) and G p(g?) are the axial-vector form factor and the induced pseudoscalar form
factor, respectively, at 0 < g> < A? for the neutron f~—decay with A = m, — m p- The in-
variant 4-momentum transfer squared g2 vanishes, i.e. g2 = 0, at the kinetic energy of the
proton T, = E, — m, = A?/2m,. In the chiral limit m, — 0 because of conservation of the
charged hadronic axial-vector current [18] the form factors G A(q2) and G p(qz) are related
by Gp(g?) = —(4M?/g*)G 4(¢?%). In turn, for a finite pion mass the pseudoscalar form factor
G p(g?) has been calculated in the two—loop approximation within HB x PT by Kaiser [60]. A
precision analysis of the induced pseudoscalar form factor in the proton weak interactions has
been also carried out by Gorringe and Fearing [61].

2.1. Pseudoscalar interaction BSM as induced by corrections to the pseudoscalar form factor,
caused by strong low—energy interactions

According to [58], the axial-vector form factor G 4(g?) can be rather good parameterized by
a dipole form (see also [63])

84 1
Galgh=——— =ga(1-cvha’+...), )
(1+q2/M3) 6
where g4 = —X is the axial-coupling constant, and M4 is the cut—off mass related to the

mean square axial radius of the nucleon (ri) as (r2) 1) =12/ M?% = 0.403(29) fm? with M4 =

1.077(39) GeV extracted from charged pion electroproduction experiments [63]. In turn, the
cut—off mass M4 = 1.026(17) GeV extracted from (quasi)elastic neutrino and antineutrino scat-
tering experiments [63] gives (r%) 9 =12/M 2 =0.440(16) fm>. In the approximation Eq. (4) the
pseudoscalar form factor G p(g?) acquires the following form [58] (see also [61])

2MgA 1

—G =0 — M 2y 5
M pg?) m2 — g2 =10 3 84 (ry) (5)

b/

where the correction to the OPP exchange is the Adler—Dothan—Wolfenstein (ADW) term [56,

57]. The ADW—term induces the BSM-like pseudoscalar interaction with the coupling constants

1

CPPW) = _cPW) — -3 —A(rAymeM =21 x 1073, (6)

According to Eq. (11), this gives the contribution to the correlation coefficients of the neutron

B~ —decays equal to Re C ¢ BSM — =Cps (DW) — _4.9x 1077. Using the results, obtained by Kaiser

[60] (see Eq. (7) of Ref. [60]) in the two—loop approximation in the HB y PT, the induced BSM—
like pseudoscalar coupling constants are equal to

X)) _

c®=_ciP= 4.1 x 1073 g, 7

732 473 fo=
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where fr; =92.4 MeV is the charged pion leptonic (or PCAC) constant [58,60]. Since [¢p| ~ 1
[60], we get |Cp| = |C_'p| ~ 4.1 x 107°. The contribution of C;DK) = —C_';K) to the coupling
constant Re CI(ESM) (see Eq. (11)) is of order |Re CS?SM)| ~ 9.6 x 107°. This means that the
SM strong low—energy interactions are able to induce the BSM-like pseudoscalar interaction
with real coupling constants, the contributions of which are much smaller than the current
experimental sensitivity of the neutron 8~ —decays [40]. Below we consider a more general pseu-
doscalar interaction BSM with complex phenomenological coupling constants Cp and Cp such

as Cp # —C P.
2.2. Non-relativistic approximation for the amplitude of the neutron 8~ —decay Eq. (1)

In the non-relativistic approximation for the neutron and proton the amplitude of the neutron
B~ —decay in Eq. (1) takes the form

Gr
V2

— M@}G @nl - liey (1 — y°)v5]

M(n— pe~v0) = ==L Via2M {lgonlley (1 = y*)vs]

Me ot i i 5)o-
+A m—z[(ﬂp(ﬁ : kp)‘pn][ue(l —y)vi]

1 PR _ -
— 527195 @ Kpellie(Cp+ CryPyusl}, ®)

where ¢; for j = p,n are the Pauli spinorial wave functions of non-relativistic neutron and
proton, and k, = —k, — k; is a 3-momentum of the proton.

3. Electron—energy and angular distribution of the neutron g ~—decay for polarized
neutron, polarized electron, and unpolarized proton

The electron—energy and angular distribution of the neutron 8~ —decays for a polarized neu-
tron, a polarized electron and an unpolarized proton has been written by Jackson et al. [24]. It
reads

d3rp(Ee, ke, ki, £n, G2 |Via|? >
n( ey Re, Ky En 5e)=(1+3)L2) F| ud| (EO_Ee)2 EZ—ngeF(Ee,ZZI)

dEedQede) 32715
me ]_ée . ]_él_J 'gn . ]_ée é:n ']_éf)
E){1+b—2 E A(E,) 22— + B(E
x¢(Eo) {14055+ alEe) Lo 4+ AGE) '+ BE)
(En - k) (ke - Kp) (& - k3) (ke - K3) Ey - (ke X kp)
K, (E,) 2L —¢ "¢ v E,) 2L e TV L p(E,) ¢
+K,(E.) E2E; + On(E,) EE2 + D(E,) E.E:
ge']-ée ge']_éi 2 2 (gn']_ée)(l_ée'ge)
G(E H(E N(E,)E, - E,) 2L ¢l oS¢l
+G(E,) E + H(E,) £, +N(E:) & &+ Qe (E,) (E. +mo)Ee
(ge'];e)(l_ée'l_éﬁ) gn'(]_éeXge) ge'(l_éeX]_éﬁ)
K (E,) —£—¢"¢ V7 4 R(E,) 2L —¢ "5 L [(E,)2 ¢~V
+K.(E,) (Ee+mg)EgEa+ (Ee) E, + L(E,) E.E.
Ee 122 ((ke k)2 1 K2 1=22 me (Go ke k) 1 & -k
M 1+3x>\ E2E*? 3 E2 14322 M E.E? 3 E,
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where we have followed the notation [9-12]. The last three terms in Eq. (9) are caused by the
contributions of the proton recoil calculated to order O (E,/M) [8—12]. Then, Sn and Se are unit
polarization vectors of the neutron and electron, respectively, d€2, and d€2; are infinitesimal solid
angels in the directions of electron k. and antineutrino k; 3-momenta, respectively, Eg = (m -
m? »t+ mg) /2m, = 1.2926 MeV is the end—point energy of the electron spectrum, F(E,., Z = 1)
is the relativistic Fermi function equal to [64—66] (see also [4,9-12])

o 1 4(2rpme,3)2y e™/B o
F(Ee,Z_l)_<l+—y> a3y 1 ‘F(l+y+lg)

2

where B =k,/E. =/E? —m2/E, is the electron velocity, y = +/1 —a? — 1, rp, is the electric
radius of the proton. In the numerical calculations we use r,, = 0.841 fm [67]. The function ¢ (E,)
contains the contributions of radiative corrections of order O(«/m) and corrections from the
weak magnetism and proton recoil of order O(E,./M), taken in the form used in [8—12]. Then,
b is the Fierz interference term defined by the contributions of interactions beyond the SM [55].
The analytical expressions for the correlation coefficients a(E.), A(E.) and so on, calculated
within the SM with the account for radiative corrections of order O (/) and corrections caused
by the weak magnetism and proton recoil of order O (E./M) together with the contributions of
Wilkinson’s corrections [4], are given in [9—12].

2
, (10)

3.1. Corrections to the correlation coefficients of the electron—energy and angular distribution
of the neutron B~ —decays caused by pseudoscalar interactions

In the Appendix we calculate the contributions of the OPP exchange and the pseudoscalar
interaction BSM to the correlation coefficients of the electron—energy and angular distribution of
the neutron B~ —decays for a polarized neutron, a polarized electron and an unpolarized proton.
The corrections to the correlation coefficients and the correction to the electron—energy and an-
gular distribution are given in the Appendix in Egs. (A.5) and (A.6), respectively. The strength
of these corrections (see Eq. (A.5)) is defined by the effective coupling constants C),; and C,
which are the real and imaginary parts of the effective coupling constant C s given by

Cps = C[()?PP) i CI(ESM) C/ Lic”

s>
o =< 5212 Z—% Eo=—147x 1075,
CBM — _ 1 Eo (Cp—Cp)=—1.17x10"*(Cp — Cp),
ps 14332 2M
Chy =ReCpy =CO™ +Re CM),
C)y=ImCps =ImCH™M, (11)

where C;,?PP) and CI(,I?SM) are the effective coupling constants caused by the OPP exchange and
the pseudoscalar interaction BSM, respectively. The numerical values are calculated for A =
—1.27641 [41], m, = 0.5110 MeV, my = 139.5706 MeV [14], Eg = (m3 — m? + m2)/2m,, =
1.2926 MeV and M = (m, +mp)/2 =938.9188 MeV [14], respectively. According to our anal-

ysis (see Egs. (6) and (7)), a real part of the phenomenological coupling constant C g (BSM) can be
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partly induced by the SM strong low—energy interactions through the ADM-term (see Eq. (6))
and Kaiser’s two—loop corrections, calculated within the HB x PT (see Eq. (7)).

The corrections, caused by pseudoscalar interactions (see Eq. (A.5) and Eq. (A.6)), to the
electron—energy and angular distribution of the neutron S~ —decays for a polarized neutron, a
polarized electron and an unpolarized proton, taken together with the electron—energy and angu-
lar distributions calculated in [8—12] can be used as a theoretical background for experimental
searches of contributions of interactions BSM of order 10~* or even smaller [40].

3.2. Estimates of the real and imaginary parts of the phenomenological coupling constant
Cp—Cp

According to [30], the phenomenological coupling constant Cp — Cp can be defined as fol-
lows

CP—éPZZgPGP, (12)

where €p is a complex effective coupling constant of the four—fermion local weak interaction of
the pseudoscalar quark current iy >d, where u and d are the up and down quarks, with the left—
handed leptonic current E(l — y5 Yve [28-31] (see also [34,53]). Then, gp is the matrix element
(pliuy’d|n) = gpit pysun caused by strong low—energy interactions, where u, and u, are the
Dirac wave functions of a free proton and neutron, respectively. According to Gonzalez-Alonso
and Camalich [53], one gets gp = 349(9) (see Eq. (13) of Ref. [53]).

Following [53] and using the constraint |ep| < 5.8 x 1073, obtained at 90% C.L. from the
experimental data on the search for an excess of events with a charged lepton (an electron or
muon) and a neutrino in the final state of the pp collision with the center-of-mass energy of
/s = 8 TeV with an integrated luminosity of 20 fb~! at LHC [68], we get [Re(Cp — Cp)| < 4.1.
In this case the pseudoscalar interaction BSM can dominate in the effective coupling constant
C;,S in comparison to the OPP exchange, which is of order |CI(7?PP)| ~1077.

In turn, the analysis of the leptonic decays of charged pions, carried out in [34] (see Eq. (113)
and a discussion on p. 51 of Ref. [34]), taken together with the results, obtained in [69], gives
one Reep = (0.4 £+ 1.3) x 10~* and, correspondingly, Re(Cp — Cp) =0.03 + 0.09. Such an
analysis implies that the phenomenological coupling constants Re(Cp — Cp) and Re C ;,]?SM) are
commensurable with zero. This leads to a dominate role of the OPP exchange in the effective
coupling constant C),, equal to C),; = —1.47 x 1075,

Then, following the assumption €p = 2m,(m, + md)/m% ~ 4 x 10~% [34], which is also
related to the analysis of the leptonic decays of charged pions (see a discussion below Eq. (112)
of Ref. [34]), we get Re(Cp — Cp) ~0.3 and Re C;ESM) ~ —3.5x 1077. As a result, according
to the assumption €p = 2m,(m, + mg)/ m72, ~ 4 x 1074, the contribution of the pseudoscalar
interaction BSM to the effective coupling constant C;,S should be of order 1073, that makes it
commensurable with the contribution of the OPP exchange.

Since the constraint |ep| < 5.8 x 1073 [53] disagrees with the constraints following from the
analysis of the leptonic decays of charged pions [34,69], one may conclude that the phenomeno-
logical coupling constant Re(Cp — C_‘p) should be constrained by 0 <Re(Cp — Cp) < 0.3. This
leads to the effective coupling constant Re CS?SM) restricted by —3.5 x 107> <Re CEESM) <0.
This shifts the contributions of the pseudoscalar interaction BSM to the region of values

IRe C,(,ESM” ~ 1073 or even smaller.
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Table 1

Estimates of the phenomenological coupling constant C p — C p=
2gp ep for gp =349(9) [53] and the constraints on the parameter
€p [29,34,53,69].

0SRe(Cp—Cp) 503 —35x 1075 SReCH™M <0
Im(Cp — Cp) <02 ImCEM <« 231075

The imaginary part In(Cp — Cp) = 2gp Imep we estimate using the upper bound Imep <
2.8 x 107, obtained at 90% C.L. in [29] (see also Eq. (114) of Ref. [34]). We get Im(Cp —
Cp) < 0.3. The effective coupling constant Cgs =1Im C,(,ESM) is restricted by CZS =Im C[(ESM) <

—2.3 x 107, Since the contribution of the OPP exchange is real, the effective coupling constant

CZS, constrained by CZS < —2.3 x 107, is fully defined by the pseudoscalar interaction BSM.
In Table | we adduce the constraints on the real and imaginary parts of the phenomenological

coupling constant Cp — Cp and on the effective coupling constant C;,ESM), which may follow

from the results obtained in [34,53,69].
4. Discussion

The corrections of order 10_5, calculated within the SM, are needed as a SM theoretical
background for experimental searches of interactions beyond the SM in terms of asymmetries and
correlation coefficients of the neutron B~ —decays [10—12]. An experimental accuracy of about
a few parts of 107> or even better, which is required for experimental analyses of interactions
BSM of order 107#, can be reachable at present time [40]. In this paper we have continued the
analysis of corrections of order 107> to the correlation coefficients of the neutron S~ —decays,
which we have begun in [10-13]. In this paper we have taken into account the contributions
of strong low—energy interactions in terms of the OPP exchange and the contributions of the
pseudoscalar interaction BSM [22-27], and calculated corrections to the correlation coefficients
of the electron—energy and angular distribution of the neutron 8~ —decay for a polarized neutron,
a polarized electron and an unpolarized proton.

In addition to the results, concerning the corrections caused by pseudoscalar interactions to the
electron—energy and angular distributions of the neutron 8 ~—decay for a polarized neutron and
unpolarized electron and proton, obtained in [47-54] and especially by Harrington [47] and Hol-
stein [51], we have calculated corrections to the correlation coefficients, caused by correlations
with the electron spin, i.e. for a polarized neutron and a polarized electron with an unpolarized
proton.

We have shown that the energy independent contributions to the pseudoscalar form factor
[56-60], related to the Adler-Dothan-Wolfenstein (ADM) term Eq. (6) and to the chiral correc-
tions Eq. (7), calculated by Kaiser [60] in a two—loop approximation within the HB x PT, are able
in principle to be responsible for sufficiently small real parts of the phenomenological coupling
constants Cp and Cp and at the level of 107% — 1078 of the effective coupling constant CI(ESM).
In turn, the isospin breaking corrections of order 10~ calculated by Kaiser within the HB x PT
[46] to the vector coupling constant of the neutron S~ —decay, should be taken into account for a
correct description of the neutron lifetime at the level of 107,

As has been shown in [30] the phenomenological coupling constant Cp — Cp, introduced
at the hadronic level [22-27], can be related to the effective coupling constant €p of the pseu-
doscalar interaction of the up and down quarks with left-handed leptonic current by Cp — Cp =
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2gpep, where gp = 349(9) [53] is the matrix element of the pseudoscalar quark current caused
by strong low—energy interactions. Using the relation Cp — Cp = 2gpep [30] we have esti-
mated the real and imaginary parts of the phenomenological coupling constant Cp — Cp. Having
summarized the results, concerning the constraints on the parameter € p, obtained in [29,34,53,
69], and taking into account that gp = 349(9) [53], we have got 0 < Re(Cp — Cp) < 0.3 and
Im(Cp — Cp) < 0.2. Such an estimate agrees well with the analysis of the contributions of the
pseudoscalar interaction BSM to the lifetimes of charged pions [34].

For the effective coupling constants Re CI(,E'SM) and Im CS;’SM), defining the strength of the
contributions of the pseudoscalar interaction BSM to the correlation coefficients of the electron—

energy and angular distribution of the neutron 8~ —decays, we get —3.5 x 107> <Re C EBSM) <0

and Im Cg’SM) < —2.3 x 1073, respectively. This implies that the effective coupling constant

B s of order |C ™| ~ 1075

The analysis of contributions of pseudoscalar interactions to the electron—energy and angu-
lar distributions of weak semileptonic decays of baryons has a long history [47-54] (see also
[4,34]). That is why it is important to make a comparative analysis of the results obtained in
our work with those in [4,34,47-54]. For the first time the contributions of pseudoscalar in-
teractions to the correlation coefficients of electron—energy and angular distributions for weak
semileptonic decays of baryons for polarized parent baryons and unpolarized decay electrons
and baryons were calculated by Harrington [47]. In the notation of Jackson et al. [24] Harring-
ton calculated the contributions of the induced pseudoscalar form factor to the Fierz interference
term b(E,) [55] and to the correlation coefficients a(E,), A(E.), B(E.) and D(E,), caused by
electron—antineutrino angular correlations and correlations of the neutron spin with electron and
antineutrino 3—momenta, respectively. The corresponding contributions of pseudoscalar interac-
tions can be obtained from Egs. (9) — (13) of Ref. [47] keeping the leading terms in the large
baryon mass expansion. They read

A58y (Ee, koo K5, En, E0) Re(g1gl) m2 E;  Re(gig) m? k. ks

dE.dQ.dQ IAP+3Igl M2 E,  1fiP+3lg:l M2 E,E;
__Re(fig) ml& -k Re(fig}) ml E;k -k
AiP+31022 M2 E,  1fiP+3l02 M2 E,  E
m(g18))  m2 & - (ke x k)

AP435 M2 E.E

; 13)

where the first term describes the contribution of pseudoscalar interactions to the Fierz—like inter-
ference term [55]. The analogous corrections can be extracted from the expressions, calculated
by Holstein [51] (see Appendix B of Ref. [51]). The corrections of pseudoscalar interactions
to the Fierz-like interference term 6b,,(E,.) and correlation coefficients da,s(E.), §A ps(E.),
3B,s(E.) and 6 Dps(E,), calculated in Egs. (A.5) and (A.6), agree well with those calculated
by Harrington [47] (see Eq. (13)). Since in [4,34,48-54] the electron—energy and angular dis-
tributions were analyzed for weak semileptonic decays either for polarized parent baryons and
unpolarized decay electrons and baryons or for unpolarized parent baryons and unpolarized de-
cay electrons and baryons the overlap of our results with those obtained in [4,48-54] is at the
level of the corrections shown in Eq. (13). Indeed, the contribution of the Fierz-like interfer-
ence term &b, (E,) in Eq. (A.4) agrees well with the result, obtained by Wilkinson [4] and by
Gonzalez-Alonso and Camalich [53]



A.N. Ivanov et al. / Nuclear Physics B 951 (2020) 114891 11

A5 (Eo, ko, kg, En, £0)

, , Eo— Eome gagir Eo— E. m,
o« Cha 2 Zele L, _SASR Me
dE,d$.ds Eo E. 2 +3g2 M E
’\ Reep 0= Ee e | (14)
- eep —— — + ...,
14322 8PP 0,

where the term proportional to g4gip, describing the contribution of the OPP exchange with
gp =2gaAM/ m%, was calculated by Wilkinson (see Table 1 and a definition of gip on p. 479 of
Ref. [4]), whereas the second term, caused by the contribution of the pseudoscalar interaction
BSM and where we have taken into account the relation Cp — Cp = 2gpep [30], was calculated
by Gonzélez-Alonso and Camalich [53] (see Eqgs. (16) and (17) of Ref. [53])).

In turn, the contributions of pseudoscalar interactions to the correlation coefficients, induced
by correlations with the electron spin, were not calculated in [4,34,47-54]. Thus, the calculation
of contributions of pseudoscalar interactions to the correlation coefficients, induced by corre-
lations with the electron spin, distinguishes our results from those obtained in [4,34,47-54].
However, we would like to notice that in the book by Behrens and Biihring [52] there is a capture
entitled “Electron polarization”, concerning an analysis of a polarization of decay electrons in
beta decays. In this capture the authors propose a most general density matrix, which can be ap-
plied to a description of energy and angular distributions for beta decays by taking into account a
polarization of decay electrons (see Eq. (7.6) and Eq. (7.7) of Ref. [52]). Of course, by using such
a general density matrix and the technique, developed by Biedenharn and Rose [70], one can, in
principle, calculate contributions of pseudoscalar interactions to the correlation coefficients in-
duced by correlations with the electron spin. Nevertheless, the calculation of these corrections
were not performed in [52]. The authors applied such a general density matrix to a calculation
of a general formula for a value of a longitudinal polarization of decay electrons in beta decays
only (see Eq. (7.151) of Ref. [52]). Thus, we may assert that all corrections of pseudoscalar
interactions to the correlation coefficients, induced by correlations with the electron spin (see
Eq. (A.5)), and also other terms proportional to the coupling constants C;S and C;;S in Eq. (A.6)
are new in comparison to the results, obtained in [4,34,47-54] and were never calculated in lit-
erature. Moreover, a theoretical accuracy O(a¢Eo/m M) ~ 107° and O(Eg /M 2y ~ 107° of the
calculation of a complete set of corrections of order 1073 [9—12] including radiative corrections
of order O («/m) and corrections of order O (Ey/M), caused by the weak magnetism and proton
recoil, makes the contributions of corrections of order 107>, induced by pseudoscalar interac-
tions, observable in principle and important as a part of theoretical background for experimental
searches of contributions of interactions BSM in asymmetries of the neutron B~ —decays with a
polarized neutron, a polarized electron and an unpolarized proton [40].

Thus, in this work we have calculated the contributions of pseudoscalar interactions, induced
by the OPP exchange and BSM, to the complete set of correlation coefficients of the electron—
energy and angular distribution of the neutron S~ —decays for a polarized neutron, a polarized
electron and an unpolarized proton. The corrections to the Fierz interference term b(E,), the
correlation coefficients a(E.), A(E.), B(E.) and D(E,), caused by electron—antineutrino angu-
lar correlations and correlations of the neutron spin with electron and antineutrino 3-momenta,
respectively, and as well as the correlation coefficients, induced by correlations with the electron
spin such as G(E,), N(E.) and so on, and also corrections, given by the terms proportional to the
effective coupling constants C;,s and CZS in Eq. (A.6), are calculated by using one of the same
theoretical technique. The agreement of the corrections to the Fierz interference term b(E,) and
the correlation coefficients a(E,), A(E,), B(E,) and D(E,) with the results obtained in [4,34,
47-54] may only confirm a correctness of our results.
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The obtained corrections (see Eq. (A.5) and Eq. (A.6)), caused by the OPP exchange and the
pseudoscalar interaction BSM, complete the analysis of contributions of interactions BSM to the
correlation coefficients of the neutron S~ —decays for a polarized neutron, a polarized electron
and an unpolarized proton carried out in [9-12]. For experimental accuracies of about a few parts
of 1073 or even better [40] the exact analytical expressions of these corrections can be practically
distinguished from the contributions of order 1073, caused by the second class hadronic currents
or G—odd correlations, calculated by Gardner and Plaster [33] and Ivanov et al. [11,12].
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Appendix A. Calculation of corrections caused by pseudoscalar interactions to the
electron—energy and angular distribution of the neutron 8 ~—decays for a polarized
neutron, a polarized electron and an unpolarized proton

A direct calculation of the corrections, caused by the OPP exchange and the pseudoscalar
interaction BSM [9], to the electron—energy and angular distribution of the neutron 8~ —decays
for a polarized neutron, a polarized electron and an unpolarized proton yields

d*8rn(Ee. Ke. kv, En. Eo) G2 |Via 2
ndEedgg d;Z‘n == a +3k2) §2nu5 (Eo — E")z V Eez _mg E,F(E.,,Z=1)
eiie v

1 / o o _
Xm {Cps I:)" < — me(kp . ku) - (kp . ke)(é‘e . kl)) + (k[) A é‘e)(ke . kv)>
+(§n . £p)(meEg + E. (Lo - ky) — geo(ke . kl_)))

G x ) - (= EoGe x Ko) + 0 (ke x o) + Es (G x k) )

+C;s [Ee : (l;e X ]_éﬁ)(gn : ]_ép) + )L<Ee ]_ép : (Ee X l;f)) —Ej ]_ép : (Ee X I_ée)
ek - B x Kp) = e - B % Kp)Ge - ko) + e+ B x ) e k) ) |- (A1)

The strength of the contributions of pseudoscalar interactions is defined by the effective coupling
constants C },s and C ;,’s, which are the real and imaginary parts of the effective coupling constant
Cps given by

OPP BSM
CPS = Cés : + C[(7S )’
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o) = % % Eo=—1.47x107°,
Che = S (Cp—Cp)=—1.17x107*(Cp — Cp),
14322 2M
Chy =ReCpy =C™ + Re C35M),
Ch=ImCps =ImCH™. (A.2)

The numerical values are obtained at A = —1.27641, Eg = (m% —mf, +mZ)/2mn =1.2926 MeV,
me =0.511MeV and M = (m, +mp)/2 =938.918 MeV [14]. Then, ¢, is a 4—polarization
vector of the electron [35]

ke(Ee - ke) )

me(Ee +me) A-3)

o= @L,g@)—(é‘m &+

obeying the constraints g“ez = —?E 62 = —1 and k, - £, = 0. The right-hand-side (r.h.s.) of Eq. (A.1)
can be transcribed into the form

A3 (Ee. Ke. Ky, 0. E0) G2\ Via?
ndEedg; d;z-n == a +3)L2) 1;27'[”5 (Eo — Ee)z V Eg _m% E,F(E.,,Z=1)

[ (E ne | Me I_ée l_év Ege'l_ée_<1_ mg )ge'l_éﬁ
E() E E E() Ee EOEe Ef/

<{<
i+ )(§e~k)(k kv))Jr( me by ke _me By &1 kv | Ee G ko) G k)
E;
Eo

(E. + mo)E.E3 Eo E. EyE, E; @ Ey E, E;

G k)& - k) Ee (& ko) (e ko) (ke k) Es (ko) (e - ko) (ke k))
Ez " Eo  (E.+mo)E2E;  Eoy  (E,+m)E, E?

— L5 (gn . ge)(l_ée . ]_él_)) E,— E; +m, (gn Ze)(ge iée)
)\‘ e v
+ ( E, E @" £+ Eo E,Ej; + Ey (Ec+me)E,
me G ko) Ee ko) | Ey Gy k)G ky) By G k)G k)
Ey E.E3 Eo E.Ej Ey E?
_& (gn ']_ée)(ge ']_ée)(]_ée ]_éf)) E (gn ]_éf))(ge ]_ée)(]_ée ]_év))il
Eo  (E.+m.)E2E; Eo  (Ee+me)E E?
vy [ Ee & - (ke xfaxirn k) Ey & - (ke % Iéa)z(én ) H(ée - (ke x kp)

Ey E2E; Ey E.E; E.Ej;
ﬂgn'(l_ée Xl_é\‘)) & gn(ge Xl_()e) +ﬂ§n'(§e Xi(},) _% gn’(ge X]_ée)(l_ée'l_éﬁ)
Eo E.E; Eo E, Eo E; Eo EZEj;

By b Gex b k) | Ep & (b x k)G ko) Ep (ke xR0 G ke>)]]
Eo E,E2 Eo E.E? Eo  (Ec+me)E Ey '

(A4)
‘We obtain the following contributions to the correlation coefficients

Eo— E. ne
TO s Saps(Ee) = C;;s A—,

Sé‘ps(Ee) =0, abps(Ee) = C/s A
Eg
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‘SAps(Ee)Z_C/ &7 (SBps(Ee) = C/ me Eo— Ee , BKnps(Ee) =5ans(Ee) =0
PS5 Eo E() E,
2
8G ps(Ee) = —Cly A =8 8 H s (Ep) = — Cly (1 — —¢
ps(Ee) = — ps E_O’ ps(Ee) = — ps _E()E )
2E,— Eo+m 1E
5Qeps(Ee) = Cy (1 2220 4 gy L E0 B,
Ey Eyp
’ Mme
‘SKeps(Ee) = Cps A (1 + E—O) s
—2E% 4+ EoE, + m? 1 Eg— E,
SN ps(E) = C! (x e C 4 (1—2)= ).
ps(Ee) s EoF. +( )3 Eq

m E | Eg— E
8D, (E)=C" 3¢ sR,.(E :C”(—A—E 1422) = e),
pEe) = Cpyd B8 5Rp(E0) = Cp (=3 g5+ (1420 5

SLps(Ee) = Clig . (A.5)

In terms of corrections to the correlation coefficients Eq. (A.5) the correction to the electron—
energy and angular distribution Eq. (A.4) is given by

A5 (Ee, ke, Ky, En, & 2 I
n(Ee, ke, ky én SE)—(1+3)»2) F| ud| (Eo —E)2 E2 m%EeF(Ee,Z=l)
7'[

dE,dQ2.d2;
ke - ks é ke e
x[3bps (E) B 4 8apu(B) ST + 5y E s (Ee)
E E; E;
s /2 a- (én-ka(ke-se)
+8G ps(Ep) = + 6Hps(Ee) —— +8ers(E )m
(ée~ke)(ke~ka) s 2 £, - (ko x &)
J’_SKePS(Ee) m +8Nps(Ee) (Sn ée) + 8Rps T
“FSLps Sn . (ke X kﬁ) C/ I:)L EO - Ee (En 'Se)(ke 'k\'))
E E‘ EO EeEl_)
LA =WE+AE G k)G k) me G ko) oK)
EO E E' E() EeEl_)
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+A

Eo— E. <§n (ke X k5)Ee - Kg) 1 Ea- (ke x $>>]} (A.6)

Eo E.E} 3 E,

This correction to the electron—energy and angular distribution together with the results obtained
in [8—12], can be used for experimental analyses of asymmetries and correlation coefficients of
the neutron 8~ —decays for a polarized neutron, a polarized electron and an unpolarised proton
with experimental uncertainties of a few parts of 107> [40].
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