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1. Introduction. Formulation of the general task.

Long since, the treatment of the /?—decay of free neutrons has been rightly conceived to

provide the straightforward way to inquire with full confidence into weak interactions in general.

Nowadays, it has been well realized that the characteristics of weak interactions are to

be acquired with a precision better than 1% in order to judge definitively the validity of the

general principals of the modern elementary particle theory. Rendering, properly speaking, the

simplest semi-leptonic process, the neutron /?—decay is evidently relevant best of all for the

most reliable and precision investigation of the underlying semi-leptonic interactions. Being far

more complicated, all the other phenomena used to ascertain the main features of the semi-

weak interactions - the nuclei /?—decay, the hyperon semi-weak decay, the muon-capture, and

so on - are known to involve the manifold ambiguities which preclude to attain the desirable

high-precision results. That is why within the past decade the considerable effort has been

directed towards the inquiry into the various phenomena associated with the )3—decay of free

neutrons. Amongst these, what is to point out, as presenting the special interest and advantage

to-day, is just the precision study of the recoil proton distribution; that is what the presented

work deals with.

In actual fact, to try our best in studying genuine semi-weak interactions, we have got

to-day no option, but to confront the high-precision experimental data with the results of

the theoretical calculations based on the trustworthy effective Lagrangian descending from

the general field theory. As charged particles are involved in the phenomena, electromagnetic

interactions are to be allowed for, and this effective Lagrangian proves to be of the form (see,

for instance, Refs. [1-3] )

Lint = LsjBiw + L^ + Ls-y , (1.1)

where

a»qu + 9lS<la + 75(7affl(?) + gfpia + 9^^)]*$ Bi{x) (1.2)



renders the (V — A) baryon-lepton weak interaction, q being the four-momentum transferred

in the /3-decay process. The expression

L^{x) = -ei,c(x)YiPc(x) • A,,(x) (1M)

describes the electromagnetic-field interaction with leptons, and LB-, similarly stands for the

interaction with baryons. In (1.2), (1.3), the notations are alike ones in Ref. [1], the index

B specifies the various kinds of baryons, and the system of units h = r = 1 is adapted:

^Bi{x), ty~gj(x) render the baryon fields in the initial and final states, and Vv, </V, A,, stand for

the electron (positron), (anti)neutrino, and electromagnetic fields, respectively.

As to the #y(0) value, we adapt, alike in Ref. [2], ffy(0) = 1 for the neutron decay (and

gy(0) = 0 for the strangeness-conserving decay S* —> A0 + c* + u(i/) + 7). Then, for various

semi-weak decays associated with definite %—>f quarks transitions, 11—>d, s—>d, b—*d. the

amplitudes G:j in Eq. (1.2) are known [1-3] to be represented as

Gi, = GF • \Vi,\. (1.4)

Here, GF = 1.16639(2) • 10"5 • GeV~'2 is fixed by the muon lifetime [4], and the Cabibbo-

Kobayashi-Maskawa, CKM, [5] quark-mixing matrix elements V,f satisfy the unitarity identity

\Vud\
2 + \Vsi\

2 + \Vu\2 = I • (1.5)

The validity of this relation is known to be warranted mainly by the contribution from the

U—*d transition; |VU(j| £3 0.9744±0.0010 as asserted, for instance, in Refs. [4,6]. Henceforward,

we treat the free neutron /?-decay solely.

In the current study, our tenet is, starting with the Lagrangian (1.1)-(1.3), to evaluate up-

right and consistently the values of the quantities measured in the correspondent trustworthy

experiments, that is, to express with a high accuracy the experimental data immediately in

terms of the effective interaction (l.i)-(1.3). Subsequently, confronting the results of calcula-

tions with the experimental data, we can acquire the values of the quantities Gi/, \Vij\, <y..i,...

in (1.2) and even get in position to judge the validity of the very general form of the effective

interaction (1.1)-(1.3) itself. For instance, we might judge an feasible admixture to (1.2), having



the same transformation properties as (1.2) has, but differing from (1.2) via replacing 75—> — j 5

(see Rcfs. [7-9]).

Though, by now, the terms with gjs and gir in (1.2) cannot be excluded absolutely (see, for

instance, [2,10]), and their possible availability, strictly speaking, must be investigated as well,

we abandon these terms in our study once and for all. In the common simplified treatment,

when the electromagnetic interaction (1.3) turned out, the nucleon mass is presumed to be

infinite, M^—too, and, consequently, the terms with gwM,gip disappear and the q—dependence

°f Sv(i),gA(i) is negligible, only the very terms with <7v(0),5,4(0) in (1.2) cause the bulk of the

ii—decay probability. With accounting for the electromagnetic interaction (1.3) as well as for

the finiteness of the nucleon mass, the calculations provide the correspondent, relatively small,

corrections to that main quantity. Surely, the high-precision allowance for these corrections in

any given case is a matter of the desirable accuracy to which we try to specify the peculiarities

of the effective interaction (1.1)-(1.3).

From the very first, it is instructive to recall that starting with the effective interaction of the

form (1.1 }-(1.3) we inevitably encounter (see, for instance, [1-3]) the ultraviolet divergencies in

evaluating radiative corrections. Consequently, the ad hoc effective cut-off parameter A emerges

to preclude these divergencies. At first, this cut-off mass A was thought to be of the order of the

nucleon mass A«Mjv [11,12]. Afterwards, as weak interactions were ascertained to be mediated

by heavy vector bosons [13], the masses of these mesons, W—boson, or Z—boson, were realized

to stand for the effective cut-off mass, A = My^Mpf- The profound investigations of Sirlin's

[14], carried out in the framework of the SJ7(2)£,x[/(l)-gauge modal [15], are known to have

confirmed this previous handy prescription, to all intents and purposes. In the work presented,

we don't contemplate plunging into the general treatment of the ultraviolet divergency, but

merely pursue the way paved by the aforecited investigations [13-15], the dependence of our

calculations on the A-value being offered in due course.

2. The agenda of the neutron /3—decay study to-day.

So far the final state after the neutron /?—decay involves a proton, an electron, an antineu-



trino and 7—radiation, the probability of the polarized neutron /?—decay, upon summarizing

the absolute square |M;/|2 of the transition amplitude over the polarizations of all the particles

in the final state, is obviously put into the following well-known general form

(fW(p e ,P,p, ,k,$) = (2K)48(Mn - EP - uv - £ - u>)S{P+pB+Pl/+k) x

w(pe,P,pi,,k^)dPdpedp,,dkS{Mn- EF - ^ - t - w)<5(P+pG-rpt,+k), (2.1)

where £ stands for the polarization vector of an incident neutron which is presumed resting,

Mn is the neutron mass, and pe=(e,pe), P=(Ep,P), p,,=(uv,p,,), k=(uj,k) are the elec-

tron, proton, antineutrino and 7—ray four-momenta, receptively. The familiar expression (2.1),

appropriate and handy for the following discussion, renders the momentum distribution of

electrons, protons, antineutrinos and 7—rays in the final state.

Up to now, four species of experiments on the free neutron /5—decay have been known to

investigate the genuine form of the effective interaction (].l)-(1.3).

On integrating the distribution (2.1) over all the momenta in the final sate and averaging

over the polarizations of an original neutron, the calculation results in the total probability

of neutron /3—decay, i.e. the reverse lifetime, W = 1/T, which is known to be measured in

experiment most precisely and trustworthy, with an accuracy of ~0.3% or so [6]. Thus, by

equating the measured and calculated T values, we get the first relation to specify the effective

interaction (1.1)-(1.3).

Upon integrating (2.1) over the proton and 7—ray momenta and the antineutrino energy,

we arrive at the well-known clectron-antineutrino distribution

dn
(/W(e.pe,n,,.£) = dw—- x

AIT

PC9V,9A) +

+(nu£) • Wvt(e,pB,gv,gA) + (n^v) • Wvu(e,pe,gv,9A) \ . (2.2)

where

G 3 J , dnc . p e p e p^
rfw = —^evLj'nde , <+>M = A — e n c = — , v = — , v,, = n,, = - — r .

2TT3 4TT pc z \pv\ '



A = M,, - My = 1.2943.V/cV . E = Jm2 + pc
2 .

and in = 0.51 WlcV . Mn = 939.57.V/cV . Mp = 938.2S;V/tV are the electron, neutron, and

proton masses, restrictively.

Here, the dependence of the distribution (2.2) on the form of the effective interaction (1.1)-

(1.3). especially on gv,g,\, is incorporated into the coefficients Wo,vi.u(,w The quantities

, = H/K(f.p.».</<-.g,i) n _ ir^(f.Po..^..<y,t) ^ _ H/,,,.(c,po.<A-.</,i)

H ( p < 7 / ) ' W{spgg)' W ( s p < )

stand for the asymmetry of the electron and a.ntineutrino angular distributions and for the

electrou-antineutrino angular correlation, respectively. Surely, all the aforesaid corrections

having been abandoned, the quantities (2.3) take the familiar well-known uncorrected form

I + -Vy.i i + -V/.s i + -Mi A

and tin* distribution (2.2) itsell reduces to

^ { } (2.5)

liy now, the electron momentum distribution irrespective of the antineut rino angular distri-

bution has been measured in several high-precision experiments [l(i]. Such distribution cor-

responds to (2.2) integrated over dn,,, or to (2.1) integrated over all the momenta but </p,..

The. coedicie.nt A prefixed to (v£) in (2.2) is immediately acquired thereby. Thus, the second

relation has been gained in order to specify the form of the effective interaction (1.2). especially

to size up the value of g,\.

So far antineutrinos cannot be registered in any conceivable experiments, we are to deal

anyway with the general distribution (2.1), or with the distributions (2.2). (2.5) integrated

over rfn,,. Consequently, the coeflicicnt.s a, H in front of (vn,,), (n,,£) assigned to describe the

antineiilrino-elcctron correlation and the asymmetry of the antinetitriuo angular distribution,

respectively, are not, definable immediately from such experimental measurements at all. So.

there is no option for a further advance in the study of the peculiarities of neutron :i—decay,

but. to menage and register protons and 7 —rays in the final state, which is known to be many



times more difficult than to measure the electron momentum distribution [16]. Whereas the

7—radiation accompanying neutron j3—decay still stands beyond observations, the proton dis-

tribution has been studied by now in two kinds of experiments [17-20], and some new ones are

believed to be carried out and come to fruition before long [21-24].

For more than three decade, a great deal of effort has been devoted in the series of the

investigations [17,18] to register with a high precision, better than 1%, the electron momentum

p e simultaneously with the projection P\\sPx of the proton momentum P on an axis x, with

an incident neutron polarized along or opposite the x-direction. Such measurements provide

the distribution

Px, (2.6)

which corresponds to the general distribution (2.1), having been integrated over rf

By confronting the experimental results obtained in [18] with the calculated distribution (2.6)

we arrive at the third relation to elucidate the features of the effective interaction (1.1)-(1.3).

The most promising purpose of the works [17,18] might have been to define immediately the

coefficient B in the distribution (2.2) with a very high precision, better than 1%. Yet for now,

such a high accuracy is seen to be not attainable in B specifying [18], so far the antineutrino

momentum occurring in (2.2) can't be reconstructed precisely when the momenta of electrons

and protons are observed only, without registering the 7 —rays which are known to accompany

ft—decay unavoidably; see, for instance, Ref. [25].

The measurement [19, 20] of the energy distribution of protons in the ,8—decay of unpolar-

ized neutrons,

dW(Ep) = w{Ep)dEP = u>(|P|)<i|P|, (2.7)

is the fourth kind of the experiments carried out by now to investigate the neutron /?—decay.

The experimentally observed distribution (2.7) corresponds to (2.1), integrated over all the

momenta but d|P[. Thus, the fourth relationship is procured to inquire into the actual form

of the effective interaction (1.1)-(1.3). As far back as in the 'seventies, the distribution (2.7)

was acquired in the experiment [19,20], but an accuracy about 5% only was attained, which is



considered to be not sufficient for now. Lately, the ingenues experimental setup [21] has been

thoroughly elaborated in order to measure the distribution (2.7) with a precision better than

1%. The correspondent measurements are known to come true for now [22] and the desirable

high-precision results are believed to be offered before long. According to our lights, we are to

try our best to acquire outright the distribution (2.7), the effective interaction (1.1)-(1.3) put

to use.

3. Transition amplitude.

Pursuing the way proclaimed afore, we are now to evaluate, upright and consistently, the

distribution (2.7), measured in [19,20], starting with the effective Lagrangian (1.1)-(1.3). Upon

such calculating, the experimental results come out to be presented immediately in terms of

the original effective interaction (1.1)-(1.3), so that the form (1.1)-(1.3) itself and the values of

the parameters involved in (1.2) can be specified thereby. As a matter of course, so far as an

accuracy better than 1% has to be procured, all the peculiarities in describing ft—decay became

of value and must be properly allowed for. In the well-known work [26], all the corrections

entailed by accounting for the finiteness of the nucleon mass have been thoroughly evaluated in

studying the electron and antineutrino distribution (2.2). The results of Ref. [26] are thought

to be adjusted, in properly way, but not just immediately, for acquiring the correspondent

corrections to the distribution (2.7); as some simplified approach, the calculations [27] might

be referred to. We are not on the point of discussing here that task, but we have solely the aim

to scrutinize the effect of the electromagnetic interaction (1.3) on the distribution (2.7).

The effective interaction (1.1)-(1.3) is known to give rise to both the real 7—radiation of

the charged particles involved in ft—decay and to the virtual photon exchange between them.

To the lowest order in electric charge e, the matrix elements of the transition amplitude to be

calculated are displayed, as usually (see, for instance, [1,28]), by the diagrams presented in

Fig. 1. All the notations in the pictures need no explanations as being familiar. The diagram

a) renders the uncorrected bulk of the free neutron ft—decay, and b) describes the electron

bremsstrahlung. As the proton bremsstrahlung displayed by the diagram c) is concerned, there



is no need to take it into consideration so far the nucleon mass is as 2000 times greater as the

electron one.

b)

n p

d)

n p

Fig. 1. The diagrams to describe the neutron /3-decay to the lowest e-ordcr.

With accounting for the diagrams e),/), the uncorrected, zeroth-order in e transition am-

plitude displayed by the diagram a),

'0 = 7A(1 + 75), V = 7.\(.9v + 9Alb),

is known to be replaced by the renormalized one (see, for instance. [1,28])

Mo « Mo + MK, MR = M0(Zll) + 4 ' ' ) / 2 '

(3.1)

(3.2)

(3.3)

21n(A/m,)], m,- = m,Mp.

In (-S.1), PetPviPniPp = P a r e *'u' electron, anlineutrino, neutron and proton four-momenta,

respectively, and u,_,uu, l'n, Up indicate their Dirac spinors. The photon mass A is introduced,



as usually, to treat the soft (infrared) 7-radiation (see, for instance Refs. [1,28.29]). The con-

tribution (3.3) MR to the transition amplitude from the diagrams e), / ) is known to diverge

logarithmically [1-3,28] owing to integrating over the four-momenta of virtual photons. Con-

sequently, the cut-off mass A [11-14] has emerged in (3.3) to prevent this divergency, as was

expounded afore, see Sec. 1.

The matrix element, presented by the diagram d), involving an internal photon line, takes

the form

^ ^ / ( P , ) P " V ( P , ) ) • (fv(PP)(/SW<;,(P..)) • F{k). (3.4)

The following notation has been introdnced in (3.4):

F(k) = l/[(p2 - m2 + iO)(Q2 - Ml + iO)(k2 - A2 + /0)]

hx(\+1*) (3.5)

p = pc-fc, Q = P + k, 6=0nl
a.

Obviously, to the first order in the fine-structure constant a, the expression (3.1) incorporates

all the effects of the electromagnetic interactions between the charged particles involved in 3-

decay. In particular, the so-called "Coulomb corrections" are not separated as against what have

been assumed in a number of the previous papers [27,30-36] in evaluating the electromagnetic

corrections to the distribution (2.7). Let us emphasize that though outer miclcous are 11011-

relativistic and even have got negligible velocities, a virtual proton in the intermediate stale in

the diagram d) must be described by the relativistic propagator

because integrating over d''k in (3.4) involves arbitrarily large values of the virtual photon

momentum k and, consequently, of the virtual proton momentum Q. If anything, it might be

pertinent to point out that if we had replaced the function G (3.6) by the non-relativist ic value,

the calculation of the radiative corrections to the transition amplitude and, subsequently, to



the /?-decay probability could have reduced, to all intents and purposes, to handling their, so

called, "model independent" parts only, as was presumed, for instance, in Refs. [30,31,33-36]

accordingly the prescription of Ref. [37].

The transition amplitude corresponding to the diagram 6) in Fig 1. is

M\!} = ^ • eJ? • {U,[p.)'PmauAP»)) • ( S P ( P P ) V K , ( P , , ) ) , (3.7)

(m,/) = (1,2.3),

where e'1' is the 7—ray polarization vector.

After all, upon lumping all the terms of (3.1-3.7) together, we left with the corrected

transition amplitude accounting for electromagnetic interactions to the lowest order in electric

charge e:

M$ = M0 + M# + M2, (3.8)

where

M2 = MR + M27 (3.9)

is proportional to e2, whereas M^ is linear in e.

The decay probability we aim to calculate is expressed through the absolute square

\MV\f = \M0 + M2 + M['j\2 (3.10)

which reduces in the first Q-order to

|M^|2 « |M0|
2 + M'MR + MaM'R + |M<!>|2 + M;M2^ + M0M^ . (3.11)

To allow for the polarizations of the particles involved in the process considered, we rewrite, as

usually (see, for instance, [1]), the terms incorporated in (3.11) making use of the polarization

matrices pe, pu,pn,Pp °f the electron, the antineutrino, the neutron and the proton, respectively.

The value of the first term in (3.11) is, of course, well known,

^ a
o p X ] • Sp{pJOaPJo0}, (3.12)

10



and evaluating the quantity

[MSMR + M0M'R]if (3.13)

in (3.11) is straightforward, allowing for the equations (3.1), (3.3). The quantities h%,lOa have

been defined in (3.1), (3.2), and, as usually, a = 7°a+7°.

The fourth term in (3.11) is

^ 2 ^ ^ p ^ 0 } , (3.14)

where V1"" is defined by (3.5). With the equations (3.4), (3.5) accounted for, the sum of the

last two terms in (3.11) can be presented in the following form

+ (T^S^)'}, (3.15)

^Pv(l0)o}. (3.16)

The distribution (2.7) studied in this work corresponds with the experiment on the /3—decay

of unpolarized neutrons, where only the absolute value of the proton momentum P = |P | is

registered, whereas electrons, antineutrinos and 7—rays are not considered at all, as well as the

proton angular distribution. Consequently, the polarization matrices in (3.12)-(3.16) are given

as follows

pp = Mp\ , pn = Mn\ , pe = (pe + m)/2, p, = ?„, (3.17)

1° ° ; 1° ° ;
and we are to evaluate henceforth the yield of protons with a given value P = |P|, that is, the

/?—decay probability integrated over the momenta of electrons, antineutrinos, 7—rays and over

the proton escape direction as well as summarized over the polarizations of all the particles in

the final state. It is instructive to recall that in the previous work [38] we have treated, the

other way round, the electron momentum distribution (2.2) in the decay of a polarized neutron

just regardless of the final proton state.

11



4. The distribution of protons with momentum absolute value.

The quantity |M0|2 in (3.11) provides the well-known uncorrected yield of protons at a

given value of the momentum P = |P[ [19,27,39]

aoJV(e, P)]. (4.1)

Here, the limits of the integration over the electron energy are

1
[[ ± F A + I 7 7 ^ ] , (.1,2)

P itself varying within

Pi = 0 < P < P2 = \/A2 - m2 , (4.3)

and the notation is introduced:

/f(e,P) = (v,v) = --L-tf-P'-uk) , (1.4)

where pe = ev is the electron momentum, \ v and v are the antineutrino and electron velocities,

restrictively.

After the unsophisticated familiar calculations, the contribution owing to (3.14) into the

distribution (2.7) is put into the simple, but slightly long and cumbersome form

e
a0

0 - 1
,2

{eu>u[(uj + e)v'u + —(1 - i t ) ] - (4.5)

Here we have denoted:

^2

/ = ^/k2 + p e
2 + 2pekx , s = (w - lufc)2 , o)1/ = A - e - w , (4.6)

and the upper limit of the integration over x is

X2{LO,PC) = - ! — [ K + ^ ) 2 - (P. + ^) 2 ] + 1 < 1 • (4.7)

12



Herein, feasible further reducing the quantity (4.5), being rather complicated and time-

consuming, runs nevertheless, as a. matter of fact, along a conventional familiar way, so that

there sees no reason to put out here all the calculations at full length; the outcome is incorpo-

rated into the final result (4.15) for the distribution (2.7), along with the contributions from

all other diagrams in Fig. 1.

The contribution to the decay probability caused by (3.15) sets out as follows:

dWP(P, p«, p,,) = P2dPdnpdPedPl,S(P + P c + Pl/)S(A - s - ^ 0 ( P , pe))
4(

S^Y} . nP = | . (4.8)

The evaluation of all the expression (4.8) comes out to be plain and unsophisticated except, for

the piece incorporating the integral

/ = 2MpiJd4kF(k) = ̂ -J , (1.9)

the careful study of which is relegated to Appendix. In Eq. ('1.8), all the emerging integrals of

the type

[d*kF(k)kZk%' (»,m = 0,1) , (1.10)

but one given by (4.9), are evidently real and their straightforward evaluating runs in a general

way, with allowance for the relations A/A-Z/v —> 0, (A/A//v) ln(A/M,v) —» 0 which hold true so

far the nucleon mass is presumed tending to infinity, MR —» oo. Then, upon integrating (1.8)

over diipdpedp,,, the contribution caused by (4.8) into the distribution (2.7) results as

dWP(P) = -dP-l'~ J'dse*M x

{[?(ln( A). ln(x) - J) + 2\n[%-)]-[(3g\ + 1) + M(l - g*A)] +
U lib irip

I\n(x)[v\3gl + l)+m~9l)}-^(r2+2]n(^-)) x ( I . I I )

(5 + l2gA + l5g2
A + 5^ (1 - <7?,)) + [2 + 3gA + ZgA + 2Ar( 1 - gA)}} .

with allowance for all what is expounded in Appendix. Here

( I ) l l ) + ^ ^ ) , , = i ^ , (1.12)

13



(z) is the Spens function [40]

j
o

and the quantity ip(P,e) is defined by Eq. (A.21).

As was discussed above, see Sec. 1., the ad hoc effective cut-off parameter A emerges in

(4.11) in order to prevent the ultraviolet divergency of the integrals

2MC i f d4kF(k)kakp = -ga0 — ( - + 2ln( — )
J 4 V2 M,,

which occur in calculating (4.8).

The contributions to the distribution (2.7) from the diagrams a ) , e ) , / ) , that is, due to the

first three terms in (3.11), when combined, result as

dWs(P) = dP-P^Jdee^0[(Zg2
A + 1) + JV(1 - g\)\ x

Upon summarizing all the results (4.1), (4.5), (4.11), (4.14), after a good deal of plain, but

slightly cumbersome calculations, the distribution (2.7) sets out in the eventual form

dW{P) =dW0(P)+dP-P

2 Mv 9 2uvo 1 2
-J + 31n(—-) 41n( )(1 H ln(:r.)) K. —
v m 2 m 2v v

V2
2

v

- \n(x}(v2 + a0Af) + ~ { [ dx[v2({u}M - e)/0 - / i ) ^ ^ - + ^-(^oh - h)) + (4.15)
v w^o J b* be

VdkVdk P
j y(w"0 - k)[v2(k + e)(i0 - ii) + —

—^— I I dk(A(l) + B(l) + C(l))+ / dk(A{x2)-

1 33 , A , , 0 ]
T + §9A H g\ + \n(-jrr)(3N0 ~ 9A) + ®9A + 1 2 ^ + 3) f •

Here, the quantities u^o , J,N, «-o,^i, P have been defined afore, and the following notations

14



are introduced anew:

v+\n(

k(e) = (Wl/0 - P + ev)/2, b=l-xv,

t dxx" r dkkn

= J TJT- '»Ko)=y — >
-1 0

* ^ > , (4.16)

Ikb2 '
- l

I = [I2 + e2(l - xv2) + keb - e(e + k)]/b .

For briefness's sake, we don't pull out explicitly the vast expressions of the integrals in (4.16),

though they all are amenable to straightforward analytical evaluation.

Surely, upon integrating (2.7), (4.15) over dP within the limits (4.3), one gets the total

decay probability, W = 1/r. Consequently, the quantity

SW = I [dW(P) - dW0(P)} (4.17)
Pi

stands for the effect of electromagnetic interactions on the total decay probability. The quantity

(4.17) was evaluated earlier in Ref. [38], starting with the same Lagrangian (1.1)-(1.3), but by

integrating the general expression (2.1) first of all over dP and then over dp^dpedk, just the

other way round as compare to the order of integrating in this work.

Having at our disposal the result (4.15), we are in position to ascertain the effect of elec-

tromagnetic interactions on the proton distribution (2.7), which is our outright objective.

5. The calculation of the proton distribution and discussion of the

results.

Before to set forth the results of the numerical calculations, the main features of the ultimate

formula (4.15) deserve to be spotlighted.
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Surely, upon adding the contributions (4.11), (4.14), (4.1), (4.5) from all the diagrams in

Fig. 1, the ad hoc artificial photon mass A has disappeared from the final formula (4.15),

amenably to the received handling of the infrared radiation; see, for instance, [1,2,29].

With the effective interaction (1.1)-(1.3) underling the inquiry, the ad hoc effective cut-off

parameter A has emerged in order to prevent the ultraviolet divergencies which would come

from integrating over the four-momenta of the virtual photons in the diagrams rf), e), / ) . As was

proclaimed in Seel, we are not on the point of treating the whole problem how to remove the

ultraviolet divergency out of the radiative corrections to the neutron /?-decay. In the course

of our upright calculation, we just take for granted the received recipe, first set forth in Refs.

[13] and perfectly confirmed in the profound papers [14], which prescribes the A value to be

equal to the mass of Z— or W—boson. So, in the present work, as well as in the previous

one [38], we presume A = Mz (or A = M\y) in the main calculations whose results are to

be confronted with experimental data. For comprehension's sake, we set out also the results

gained with A = MN which get us to realize several interesting features of the distribution

(4.15). While the dependence of (4.15) on the A value is slight enough as being due to the

terms ~ ln(A/Mp), the contribution of these terms into (4.15) is of value, so far the accuracy

about 1% or better goes. What is to emphasize here is that the contribution ~ \n(A/Mp) in

(4.15) would vanish at all, as in the case of the decay of the ji—meson [41], if the relation

IJA = — gv (i-e. gA = — 1 in the notations adopted here) held true, in perfect agreement with

the general theorem ascertained in Ref. [42]. It might be well to point out that, till now, this

stringent constrain has not been adhered to in many a calculation (see, for instance, [31,32]).

It goes as a matter of course that the genuine quantity a (2.3) prefixed to vvo in (2.2),

rendering the electron-antineutrino correlation, will never occur in the distribution (2.7), (4.15).

Moreover, considering the distribution (4.15), one realizes just away that beside the terms

depending on the combination a® (2.4), there exist ones depending on gA immediately, but

not via a0- The evaluations carried out make us realize that the contribution of these terms

into (4.15) is not negligible as compare to the contribution of the terms which are multiple

of ao (2.4). Thus, confronting the calculated distribution (2.7), (4.15) with the correspondent
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experimental data, we are not in position to acquire directly the quantity a itself, or even <zo,

but can judge the value of gA only, so far the accuracy about 1% or better goes.

Starting with the effective interaction (1.1)-(1.3), we have consistently evaluated, in the

unified way, upright and straightforward, all the contributions into the distribution (-i. 15) from

all the diagrams in Fig. 1, without treating separately the so called "Coulomb correction"

and the "model-independent" and the "model-dependent" parts of the contribution from the

diagram d). So, to the first a—order, we have acquired the complete effect of electromagnetic

interactions on the proton distribution (2.7). The final result (4.15) stands in one-to-one cor-

respondence with the form of the original effective interaction (1.1)-(1.3), being immediately

expressed just in terms of the quantities Gud~SA% |K<rf|, ••• involved in (1.2).

In the calculations (see, for instance, [30-36]) pursuing the approach launched long ago by

Ref. [37], the whole contribution from the diagram d) in Fig. 1, upon rather artificial extracting

the "Coulomb correction", is divided into the "model-dependent" and "model-independent"

parts. In this, strictly speaking, ambiguous separating, the "model-independent" part of the

amplitude M2-1 (3.4) is chosen to be a. multiple of Mo (3.1). Subsequently, the corrected eventual

distribution (4.15) would be a multiple of the uncorrected one (4.1), which is apparently not our

case. In that approach, the whole effect of the remained "model-dependent" part is presumed to

be absorbed into the quantities Gud,gv,fjA, • •• in (1.2) determining (1.1), so that they have got

the new values G'ud,g'v,g'A,... instead of the original ones in (1.2). Thus, the experimental data

show up to be described in terms of these "new" quantities. However, any strict quantitative

one-to-one correspondence between G'lllt,g'v,g'^,... and (7,,,j,gy,g.\, ••• has never been asserted

explicitly and definitely in the aforecited investigations [30-37]. But the guide tenet is to inquire

outright into the original effective interaction in order to ascertain, as precisely as possible, the

gemiine values of the quantities in (1.2). In particular, we are in need of the stringent |V,,,i|

value in order to judge the validity of the CKM identity (1.5) [5]. So, the aforesaid calculations

[30-37], making use of the very handy, but rather untenable simplifications, cannot be said to

be eligible for now. Consequently, we perform our calculation accordingly to the result (-I..15)

which lumps together all the effect of electromagnetic interactions on the distribution (2.7) up

to the first a—order.
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The main results to discuss, depicted by the solid curves in Figs. 2-4, are obtained with

A = Mz = 94GeV; the value #,4 = 1.2662 is adopted [4,16]. At first, we merely offer in Fig. 2 ,

for the sake of comprehension, the relative distribution

dP~'W' ( 0 l )

where W stands for the total decay probability which is obtained by integrating (4.15) over dP

the limits Pl, P2 given by (4.3). As a matter of fact, what is measured in the experiments [20

22] is just the quantity displayed in Fig. 2. In Fig. 3, the solid curve sets forth the modification

(in percent) of the quantity depicted in Fig. 2, namely,

,dW(P) 1 v (dW(P) 1 dWQ(P) 1 s ,dW0(P) 1 v
( '

where the quantity dW0(P)/dP stands for the uncorrected proton distribution (4.1), and

is the total uncorrected decay probability. The solid curve in Fig. 4 offers the modification (in

percent) of the proton distribution itself:

dp—vt-dp—)- (5-5)

Certainly, the modification of the total probability evaluated through (4.15), (4.1),

Pi Pl

comes out to be strictly equal to the value SW = 8.05% obtained earlier in the Ref. [38], starting

with the same effective interaction (1.1)-(1.3), but performing calculations in a different way.

All the results obtained make us realize that the whole effect of electromagnetic interac-

tions amounts to several percent. Nowadays, this is of value to ascertain with a high accuracy
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the genuine form of the effective interaction (1.1)-(1.3), especially to gain the strict g& value,

in processing the experimental data of [20-22]. Apparently, this conclusion is seen to be appre-

ciably different as compare to one asserted in Refs. [30,35,36], where the radiative corrections

were inferred to be rather beyond interest in studying the proton momentum distribution (2.7).

Bearing in mind what has been expounded afore, we realize the primary origin of this mismatch

and see no reason to be confounded.

The difference between the results obtained with utilizing A = Mz = 94AfeV (presented

in Figs. 2-4) and ones with A = Mw = 80MeV comes out to be less than 0.1%, alike what

was inferred in the previous work [38]. So, for now, there sees no practical difference between

the calculations with A = Mz and with A = M^. The short-dashed curves in the pictures

render the results obtained with assuming A = Mpi instead of A = Mz,w the solid curves

were obtained with. As seen, the deviations are visible. Especially, they are noticeable for the

quantity (5.5) depicted in Fig. 4 and for the quantity (5.6) whose value at A = Mjv comes out

to be SW = 5.04% as gained before in Ref. [38].

Certainly, the various terms in the distribution (4.15) are of different species and signifi-

cance. To the best of our believe, it is pretty much relevant to visualize the effect of the very

term TT2V/VP in (4.11), (4.12), (4.15), which is scrutinized in Appendix, on the whole results

depicted in Figs. 2-4. The results of the calculations without allowance for this term •K^vjvp

are displayed in Figs. 3,4 by the long-dashed lines. In appearance, their shape shows up to be

utterly unlike the shape of the solid curves standing for the main results obtained amenably to

the complete formula (4.15).

Let us now pay attention to some curious peculiarity which shows up on the very curves at

P = P = A — m = 0.7833MeV. Surely, this tiny cusp isn't visible in the shape of the curve

in Fig. 2. When P tends to this value P, the lower limit of the integration over ds in (4.15)

evidently tends to m, e\—>m. Consequently, there appears v—>0 at the lower limit, whereas

the quantity vp (A.21) remains though very small, but still finite, t)p—>(A — m)/Mp, so far we

don't presume at this point the infiniteness of the proton mass (see Appendix). To all intents

and purposes, what rules the behaviour of the distribution (4.15) in the vicinity of P is just
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the part of (4.15) containing the very quantity I/tip, namely,

^lP = MP) = ^rp(l + ̂ Jdeeu^l + a0M(e, P))~ , (5.7)

so far the remainder of (4.15) is seen to be very flatten at P~P (the long-dashed lines in Figs.

3,4). First thing, what is to emphasize here is that, even on replacing vp = v, the function

(5.7) does not diverge at P—>P, e\—>m, when v=(s/e2 — m2/e)—>0 at the lower limit, e = £i.

Moreover, the difference between the results obtained with vp and with replacing vp == v comes

out to be as good as negligible, amounting to ~0.3% to the whole radiative correction itself.

For that matter, it is instructive to recall that the electron momentum distribution, treated

in Ref. [38], includes the quantity (A.18) which would apparently diverge with replacing v=v,

when e—nn, that is, at the end of the electron spectrum.

Though the values of the function (5.7) itself with v and vp do coincide practically, the

derivatives of (5.7) for these two cases show up to be quite different. Indeed, the term ruling

the behaviour of the derivative of (5.7) at P = P + 6, 5—>±0 stems from differentiating the

function (5.7) with respect to the lower limit, namely,

+J * 1 ^ 0 + 3^(1 + «oA/>(A - m ) 2 ^ . ^ . (5.8)

As a matter of fact, the quantity (5.8) renders at P~P the whole derivative of (4.15), so far

all the quantity (4.15), but the term (5.7), is as good as constant in the vicinity of P, as one-

recognizes considering the long-dashed curves in Figs. 3, A. With vp—>(A — m)jMv being very

small but finite, the quantity (5.8), remaining continuity, changes its sign at 6 = 0. So, the

function (5.7) itself, and thereby the very quantity (4.15), having got the very sharp maximum

at P = P, do not suffer a fracture. Yet, when vp was replaced by v, the behaviour of the

derivative (5.8) and, consequently, of the function (5.7) itself would become quite different. In

fact, as v = \S\/m at P = P + S, the derivative (5.8) would suffer discontinuity at P — P, with

its sign changing when 6—>±0. Consequently, in the case when vp was replaced by v, the very

function (5.7) and, subsequently, (4.15) itself would have got a fracture at P — P.

Thus, the properties of the distribution (4.15), especially its dependence on P, have been

thoroughly expounded.

20



2.0

1.5 :

1.0 :

0.5 :

0 . 0 I "Til—I—|—i—I—I—I—|—i—i—i—i—|—i—i—i—i—i—i—i—i—i—I—i—i—r

0.0 0.2 0.4 0.6 0.8 1.0 1.2
P (MeV)

F i g . 2 . T h e relat ive d i s t r ibu t ion (5.1) of protons with abso lu te value of the m o m e n t u m

P = | P | ob ta ined accordingly (4.15) with A = M-/ = %\GeV.
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Fig. 3. The modification (5.3) (in per cent) of the relative distribution (5.1) of protons

(5.2) owing to electromagnetic interactions. The solid and short-dashed curves represent the

results obtained accordingly to (4.15) with A = Mz = 94GW and with A = MN = 939MeV,

respectively. The long-dashed curve stands for the result obtained with A = Mz, the term with

\/vP(P,e) extracted from (4.11), (4.12), (4.15).
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Fig. 4. The modification (5.5) (in per cent) of the proton distribution owing to electro-

magnetic interactions. The solid, short-dashed and long-dashed curves have the same meaning

as in the Fig. 3.
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The results obtained bring to light that if we are in need to ascertain the g,\ value with

an accuracy of ~ 1 % or better from the high-precision measurements of the proton spectra, the

effect of electromagnetic interactions is bound to be properly accounted for. As to the value of

the quantity a itself in (2.2), or even ao in (2.5), thy can't be immediately gained in studying

the distribution (2.7), (4.15), so far a precision of ~ 1 % or better goes. Surely, it is to recall

that the corrections to the distribution (4.1) owing to the proton mass finiteness [26] must Im-

properly taken into consideration as well, which, in turn, entails the corrections to (1.1) caused

by the terms with gwMifliP ' n (1-2).

6. Concluding remarks.

Despite the study of neutron ,8—decay has been lasting long since, properly speaking, for all

the time of neutron physics itself existing, it was restricted until a little while ago by the high-

precision reliable inquiry into the neutron lifetime r [6] and the election momentum distribution

(2.2) [16] only, as a matter of fact. Indeed, registering antinentrinos is apparently unattainable,

past questions, and all the attempts to deal with the proton distributions (2.6), (2.7) [18,20]

have turned out to be rather untenable by now, all the more that a precision of ~ 1 % or better

goes we are in need to-day. As one might reword, only the lifetime r and the coefficient. A in

the distribution (2.2) have been procured safely from experimental data processing, until now.

Nowadays, the situation is thought to alter towards the study of the proton distribution

in the final state of neutron fi—decay. The various new experiments [23,24] as well as the

substantial improvements of some previous ones [21,22] have recently been launched in order

to obtain, with an accuracy better than 1%, both the proton distribution itself solely and the

electron and proton distributions simultaneously; the appropriate measurements are believed

to come to fruition before long. Consequently, obtained such high-precision experimental data,

the observed proton distributions are to be evaluated, in turn, with the same high accuracy

outright in terms of the received effective Lagrangian (1.1)-(1.3), underlying the inquiry. It is

what this work has dealt with accordingly the tenet proclaimed from the very first.
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For that matter, it is to expound here that the corrections entailed by the finiteness of the

nucleon mass were thoroughly elaborated in Ref. [26] just to the distribution (2.2), but not in

the least to the distributions (2.6) and (2.7). So, such corrections are to be re-evaluated just

to the very distributions (2.6) and (2.7) in order to acquire the high-precision values of the

quantities G\,,i, |Vudl,.<7,i, ••• in (1-2) by processing the correspondent experimental data [21-24].

What is to realize here is that we shall never deal with the coefficients B or a in (2.2) imme-

diately, but only with the quantities G,,,j, |K,d|,.9v,.i7.<i, ••• in (1.2) themselves, so far antinentrinos

and 7 —rays are left beyond registering in studying such conceivable proton or proton-electron

distributions. It stands to reason that, the triple proton-electron-7—ray distributions, if ob-

served, could enable us to reconstruct the antineutrino kinematics and, subsequently, to try the

B and a values with an enough precision, as was expounded in Ref. [25].

Surely, to repose full confidence in the values of Gud, \Vuj\,gA,gv, ••• in (1-2), the results

acquired from processing the data of the various aforecited, see Sec. 2. experiments must be

properly compared and investigated simultaneously; the prescription of such recapitulation was

offered in Ref. [-13].

The methods of calculation elaborated and applied in studying the distribution (2.7). (1.15)

are certain to be relevant and eligible in treating other phenomena, when- the proton distribu-

tion goes, and we ate on the point of pursuing this way in our subsequent work.
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Appendix.

Here, we pick out from the general expression (4.8) the piece including the real part of the

quantity (4.9), especially interesting and worth-while for an inquiry,

, pe,Pi.) = P^dPdnpdpedp,,6(P + po + p,,)<5(A - £ — uiu0)^rr (SR
7r (2?r)

(I + i g A + v v ^ ( l - gA) + 2 g A v £ ( l — gA) + 2gAv»£(l + gA)J , ( A . I )

which stems out of the non-relativistic part of the proton propagator (3.6), with Qo + MP—>2MP

assumed therein.

Accordingly [1,28,29], the integral J in (4.9) reduces as follows

l ,

/ — f —.] (EV\ (A -?\

where 2p( = (1 + t)pe + P(t - 1). In (A.2) and hereafter in Appendix, P = (£/>,P), pc = (e,pe)

denote the proton and electron four-momenta, respectively. Surely, in further calculating J

(A.2), we are to retain only the terms whose contributions into / (4.9) do not vanish when the

nucleon mass tends to infinity.

With the roots

- Ml ± j { P e f
(A'3)

of the equation

P? = 0, (A.4)

both positive, ti,t? < 1 and t-2>ti, the consequent singularities of the integrand in (A.2) reside

within the range of integration. As usually, see, for instance, [1,28,29], these singularities

are to be treated by adding an infinitesimal negative imaginary part to pf in (A.2); then the

singularities of the integrand in (A.2) are at t2 + JO and ti — iO. We also choose the branch

cuts for the logarithms of the type ln(p^), occurring in (A.2) and hereafter, so that they do not

cross the real axis; the branch must be chosen so that 3m [ln(p^)] = 0 for t = 1 or t = —1.

That is what we are to keep in mind hereinafter, in course of the subsequent calculations.

Then, by introducing the new variable

p\ = l-(Pe(z + 1) + P(l - z)f = l-(m2 + Ml + 2PeP)(l - *,*)(1 - t2z), (A.5)
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the integral (A.2) proves to be transformed as follows

Let us now focus on the first integral in (A.6) which reduces to

A?

where A = (m2 + M* + 2peP)/4. The infinitesimal imaginary shifts of the singularities, t2 +

;>0, t\ — iO, give rise to the imaginary part of the integral (A.7). Yet, so far the desirable

distribution (A.I) does depend just on Re/, the emerged imaginary part of (A.7) will not

contribute to (A.I) at all. Integrating the term containing ln(A/X2) in (A.7) results in the pure

imaginary value

With allowance for the discussion set out before Eq. (A.5), the rest of the integral (A.7)

transforms to

t ) * [ ± iO(h * ) ) ] li +1 % ] (A9)^ ln[(t2 tl)[ iO(h *,))] = r r

So, the real part of the integral (A.7) we are in need of is merely

If anything, it is to note that when we assumed for the positions of the singularities t2—iO, t1+i0

instead t2 + iO, U — id , the imaginary part of (A.7) (which are, though, beyond our need here)

would change its sign, whereas the actually desirable real part (A.10) would not modify at all.

In the second integral in (A.6), the integrand has got no singularities within the range of

integration. The straightforward evaluation of this integral results in

(A.ll)

where F(z) is the Spens function [40] (4.12).

Recalling the quantity / is a multipleof 2MP> the contributions from (A.10), (A.ll) into the

decay probability (A.I) do not vanish when Mp—»oo, unlike the contribution into (A.I) from
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the third integral in (A.6) which proves to be proportional to

0

where <51|2 = — 2e(l±v)/Mp. Indeed, after variable change t — (1 + 6\$){\ + -1,2), the integrals

in (A.12) transform as

/ — ln[(l + 5,-)(l +-) ]» (A. 13)
- 1

and then the Eq. (A. 12) reduces to

-r^-[21n ^ * " - ( 1 + - ) l n ( s ) ] , (A.11)

which apparently tends to zero when Mp—>oo, even in the very case v—+0. So, the last integral

in (A.6) does not contribute to (A.l) and, consequently, to (4.9). Thus, after all, we left with

M i r 2 w2. m . / I >,j / Mpir
2 vs

2 tie A 2 A f2 — <i

which specifies the value of (A.l).

By integrating (A.l) over d,Vdpu one gets the contribution to the electron momentum

distribution with respect to £, studied in the previous work [38]. The contribution of (A.l) into

the antineutrino momentum distribution would be acquired by integrating (A.l) over dPdp,.

Surely, upon integrating (A.l) over dPdpedp,, and averaging over the neutron polarizations we

obtain the; contribution to the total decay probability. In order to acquire the distribution of

protons with a given | P | value we are to integrate (A.l) over dnpdptdpu. In integrating the first-

three; terms in (A.15), there occur no hitches and complexities. Let us focus on integrating the

last, term in (A.15). What is of value to realize here is that there would emerge the divergency

at t'—>0 if we merely put in this term Mp = 00, without any special cautions. Indeed, on

integrating this term over dnpdpu we get the value

which apparently would diverge when we put Mp—>oo ,v—»0 simultaneously. Thus, this is one

and only point in all the course of our calculation where the presumption Mp—»oo shows up to
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be self-contradicting, though in the very special case v—»0. Given an s value, the value of |P |

varies within the limits

WKO -ft<|P|<^Vo +Pe- (A.IT)

Then, upon integrating (A.I) over dPrfp,, with accounting for the limits (A. 17), the contribution

clue to (A. 15) into the correspondent electron momentum distribution (2.2) proves to be

(in j ln(.r) + (i ln(:r))
2 - F(l/r - 1) + T'J) , (A.I8)

where

. , > 1
(A.19)

with no divergency occurring herein. The replacement i>—>̂ jv2 + ^',2,0/-'^p is seP» to be rather

a good approximation [38].

Next, given a | P | value, the value of £ varies within the limits (1.2), the | P | value itself

varying within the limits (4.3). So far neutron is unpolarized, there are no contributions from

the terms including £, so that the desirable contribution from (A.I) into the proton distribution

(2.7), (4.15) results as follows

( + (l-ti)Ar(l'.c)). (A.20)

where

Let us recall that the terms in (A.18) and (A.20) containing l/t\ 1/iV which originate from

(A.10) are usually associated with the so called "Coulomb correction" (see, for instance. [;J|

33,44,45]). What is of value to emphasize here is that these terms have been wrought up in

our treatment, simultaneously with all other electromagnetic corrections, in upright consistent

evaluating the contribution from the diagram rf), Fig. 1, dictated, in turn, directly by the

original effective interaction (1.1)-(1.3).
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Here, it is relevant to point out that the method of Refs. [1,28,29] we pursue here is appro-

priate to describe consistently, including the "Coulomb interaction", the electromagnetic effect

only in the very case where electron and proton are in continuum, but never form a bound

state, neither real or even virtual. In summarizing the contributions from the processes to an

arbitrary-high a-order in frame-work of this method, the multiple electron-proton re-scattcring

with vanishing relative momenta, leading to the formation of a (Pt~) bound-state, isn't al-

lowed for. Thus, this approach provides true handling the infrared 7 —radiation accompanying

<?-decay [38], but does not describe the feasible production of the (Pe.~) bound-state, that

is, an //-atom. As one may reword, a certain species of the Bethe-Solpeter equation ought to

be drawn into consideration in order to reproduce such bound-state formation in calculating

the neutron 0—decay, but this is not our task here, all the more that the probability of the

//-production is known to be negligibly small [46].
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Бунатян ГГ. Е4-2000-19
О спектре протонов в р-распаде свободного нейтрона

Мы рассматриваем расчеты, предназначенные для того, чтобы извлечь с вы-
сокой точностью, ~ 1 % или лучше, общие характеристики слабого взаимодействия
из экспериментов по (3-распаду свободного нейтрона; особое значение придается
явлениям, связанным с отдачей протонов. Выясняется роль, которую играют элек-
тромагнитные взаимодействия в процессе р-распада, причем особое внимание
привлечено к влиянию у-излучения на импульсное распределение частиц в конеч-
ном состоянии. В свете экспериментов, проводимых и планируемых в настоящее
время, исследуется влияние электромагнитного взаимодействия на спектр прото-
нов отдачи. Результаты расчетов, которые надлежит сравнивать с эксперименталь-
ными данными, выражены непосредственно через величины, определяющие эф-
фективный лагранжиан, лежащий в основе исследований. Оказывается, что по-
правки к энергетическому распределению протонов, обусловленные электро-
магнитными взаимодействиями, достигают величины нескольких процентов. В на-
стоящее время это является существенным для получения с высокой точностью ха-
рактеристик слабого взаимодействия из обработки экспериментальных данных по
распределению протонов в р-распаде свободного нейтрона.

Работа выполнена в Лаборатории нейтронной физики им. И.М.Франка
ОИЯИ.

Препринт Объединенного института ядерных исследований. Дубна, 2000

Bunatian G.G. E4-2000-19
On the Proton Spectrum in Free Neutron (3-decay

We consider the calculations which are appropriate to acquire with a high preci-
sion, o f-1% or better, the general characteristics of weak interactions from the experi-
ments on the free neutron (5-decay; the principle emphasis is placed on the phenomena
associated with the recoil of protons. The part played by electromagnetic interactions in
p-decay is visualized, with special attention drawn to the influence of the y-radiation on
the momentum distribution of the particles in the final state. The effect of electromag-
netic interactions on the proton recoil spectrum is studied, in the light of the experi-
ments which are carried out and planned for now. The results of the calculations, which
are to be confronted with the experimental data, are presented upright in terms of the
effective Lagrangian underlying the inquiry. Owing to electromagnetic interactions, the
corrections to the energy distribution of protons prove to amount to the value of a few
per cent. Nowadays, this is substantial to obtain with a high accuracy the characteristics
of weak interactions by processing the data of the experiments on the proton distribu-
tion in the free neutron p-decay.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2000
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