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Hccnenosatue yrnoeoro pacnpeneneHyst aHTUHEHTPHHO B SKCIEPUMEHTAX 110
B -pacniany MONsApU3IOBAHHOTO HEHTPOHA

IMockoneky vy -H3TydeHHe HEH3IOEKHO COMPOBOXIAET B-pachan M BCIEACTBUE 3TOTO KO-
HEYHOe COCTOSHHME B f-pacnane HeHTpoHa BKI0YaeT GOTOH Hapsidy ¢ MPOTOHOM, NIEKTPO-
HOM H aHTHHEHTPHHO, T.€. HE TPH, a YEThIPE YaCTULILI, KHHEMATHKA AHTHHEHTPHHO HE MOXET
OBITE BOCCTAHORJIEHA OQHO3HAYHO, KOTAA RaHb! JIMIIL UMIY/LCH 3NeKTPOHA U MPOTOHA, a UM-
NYNBC ¥ -U3Ty4eHust Hen3pecTeH. COOTBETCTBEHHO, 3 3KCIIEPHMEHTOB MO pacnaly Mojlspu3o-
BAaHHOTO HEATPOHa, Iie Hab/IORAIOTCA JINLIB MMIY/IBCHBIE pacrpenesIeHNs 3JIeKTPOHOB U TIpo-
TOHOB, a y-U3Ty4eHHE He PETHCTpUpyeTcs, aKTOp aCHMMETPHH B YITIOBOrO pacnpefeleH!s
aHTUHEHTPHHO He MOXET OBITh TONYYEH CTPOrO, HO 3HaYeHHE BESIMUHHBI B clenyeT OLEHH-
BaTh JIHIUB B CPENHEM, BBO/II B PaCCMOTpeHMe cpefHee, Hanbosee BeposTHoe 3HadeHHe (B),
u aucniepcuio AB. HeusbexHble npy 9TOM HEONpEAENEHHOCTH B NMONYYeHHH B cocTaBnaioT
HECKONBLKO TPOLEHTOB, YTO CYLIECTBEHHO /I COBPEMEHHBIX SKCIEPUMEHTOB, HMEIOUIMX
LIeNbI0 NOMYUMTh 3HaueHHe B ¢ ouenb BbIcOKOil TouHOCTbI0 ~ (0,1 — 1) %. ITpu yuete anexTpo-
MarHHTHBIX B3aMMOACHCTBHH H3MEPEHHE MMIYJIbCHOTO Paclpene/IeHHs 3JeKTPOHOB H MpO-
TOHOB OKA3bIBACTCH MONE3HBIM TAKXKE [fis MPOBEPKU C BHICOKOH TOMHOCTBIO 3HAuECHMS g ,,
TNIOJlyYEHHOTO PaHee U3 YIJIOBOIO pacnpeReieHHs SIEKTPOHOB.
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Inquiry into Antineutrino Angular Distribution in the Experiments
- on Polarized Neutron f-Decay

of neutron B-decay involves photon beside proton, electron and antineutrino, i.e., not three

- but four particles, the antineutrino kinematics cannot be reconstructed unambiguously when
the proton and electron momenta are given only, the y-radiation momenta being unknown.
Consequently, in the experiments on the polarized neutron p-decay where the electron
and proton momentum distributions are observed only, without registering the y-radiation,

the asymmetry factor B of the antineutrino angular distribution cannot be acquired rigorous-
ly, but the B value is to be estimated only .on the average by drawing into consideration
the expectation (mean) value (B) and the dispersion AB. The correspondent unavoidable
ambiguities in B attainment amount to several procent which is significant for the nowaday
experimental attempts to obtain the B value with the very high precision ~(0.1-1) %.
With allowance for the electromagnetic interaction, experimental measurements of the elec-
tron and proton momentum distributions is seen also to be instructive to verify with high ac-
curacy the g, value obtained previously from the electron angular distribution.

‘ So far as y-radiation unescapably accompanies p-decay and thereby the final state
|

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

’
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1. Introduction.

Recently, there has been a great deal of interest in high-precise acquiring the neutron
B—decay characteristics, first, the lifetime 7 [1] , and, with neutron being polarized, the
asymmetry factors of electron, A, [2] and antineutrino, B, [3] angular distributions in
respect to neutron polarization vector £ The quantity A is obtained merely from the
experimentally observed electron angular distribution, whereas to gain the quantity B is
far more subtle thing as there is no means to measure straightforward -the antineutrino
angular distribution.. The germ of the idea of the experiment [3] to acquire B value ran
back to a long-ago. It was as far back as in the 'sixties when the method [4] was launched
to disentangle the quantity B by processing the experimental data on the prbton and
electron angular distributions, the unique reconstruction of the antineutrino kinematics
was presumed, the electron and proton momenta given. However, this assertion had
been strictly true only if there would have been no 7-radiatioﬁ which is well-known to
accompany inescapably (see, for instance {5-8]) S-decay. Certainly, the necessity of the
allowance for this 7-radiation is only a matter of accuracy required in ob‘taining the
B value in experimental data processing. Yet, in so far as the knowledge of the B-decay
characteristics with the precision about ~ (0.1—1)% goes [1-3], there sees no reason to take
for granted the ~y-radiation being negligible in acquiring the B value in the experiments
like those set out in Ref. 13]. .

In the work presented, our modest purpose is just to visualize the effect of electro-
magnetic interactions on the electron, proton and antineutrino distributions studied in
{3] and, subsequently, to ascertain the accuracy attainable in describing the antineutrino -
angular distribution [3]. To warrant the necessity of the high-pfeéise, unambiguous deter-
mination, both experimental and theoretical, of the f—decay characteristics, especially
B, we shall abstréct now some features of the S-decay treatment, the electromagnetic

interactions being properly accounted for.

2. The polarized neutron B-decay characteristics with proper

allowance for electromagnetic interactions.

At present, the stringent attainment of semileptonic dec‘a.y characteristics is well un-

derstood to be of fundamental value for the general elementary particle theory which
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imposes sevgral strict constraints on the quantities involved in the semiweak interactions.
Certainly, the validity of these constrained relations must be thoroughly examined with
the accuracy sufficient to judge with full confidence up to what extent, with what pre-
cision the underlying principles of the up-to-date elementary particle theory hold true.
For that matter, we have at our disposal, in actual fact, no option but to confront the
high-precise experimental data with the results of the consistent theoretical calculations,
the semiweak interactions being described by means of the tenable effective lagrangian
descending from the general field theory.

For the purpose of our work, the relevant effective lagrangian to describe 8-decay of
baryons with accounting for electromagnetic interactions is known to be set out in the

form (see, for instance [9-11]):

Lint = Lpspiw + Ley + Lp- | , (1)
where
Losmiul2) = SLELT 0+ )@)) %
U5 4(2)1a9(9) + ia ot + 1 (1095 (9) + 95040)] ¥ 5i(z) )

g

renders the (V — A) baryon-lepton weak interaction, ¢ being the four-momenturmn transfer

in B-decaying, whereas the expression
Ler(z) = —ede(z)7"Pe(2) - Aulz) t)

stands for electromagnetic field interaction with leptons and Lp,, likewise, with baryons.
In (2), (3), the notations are alike ones in Ref. [9], the index B specifying.here the variou:;
kinds of baryons and the system of units & = ¢ = 1 being adapted; Wgi(z), ¥} () render
baryon fields in the initial and final states, and ., %,, A, stand for electron (positron),
(anti)neutrino, and electromagnetic fields, respectively. ’

As to the g2(0) value, we adapt, alike in Ref. {10], g3(0) = 1 for neutron decay
(and g§(0) = 0 for strangeness-conserving decay £t — A® 4 ¢t 4 v(P) + 7). Then,
for the various semiweak decays associated to the certain 7 - J quarks transitions:
u — d,s = d,b — d, the amplitudes Gis in Eq. (2) are known [9-11] to be
represented as

Gis =Gr - |Vigl. (4)

Here, G = 1.16639(2)-10~% - GeV =2 is fixed by muon lifetime {12}, whereas the Cabibbo-
Kobayashy-Maskawa, C KM, {13] quark-mixing matrix elements Vis satisfy the unitarity
identity .

[Vaal? + [Vaal® + V3 = 1 ()

which must hold true exactly within the framework of the standard model {10, 11}. Thus,
any deviation from Eq. (5), if emerged from experimeut, small as it might be, would
be of fundamental significance, manifesting some puzzle in the underlying principles of
the up-to-date theory of elementary particles. The pivotal, overwhelming contribution
to the left side in Eq. (5) is just due to the strangeness-conserving, u—d, transitions;
|Vial & 0.9744£0.001 as asserted, for instance, in Refs. (1,12]. Thus, properly speaking,
the accuracy attained in fixing the |Vud| value warrants the precision the Egq. (5) is valid
with. The thoroughly treatment of neutron S-decay is believed to provide the precise,
trustworthy cognizance about the C I M-matrix element |V, 4] as well as of other quantities
incorporated in the semiweak interaction (2); hereafter, we treat the neutron B-decay
solely. 4

Thus, given the high-accuracy, ~ 0.1%, experimental data on the neutron lifetime [1]
and on tle energy and angular final-state particles distributions [2,3], the point is upon
consistent calculating these characteristics accordingly (1)-(3) to confront the experimen-
tal results with theoretical ones and thereby to acquire the plausible values of |V,4| and
of the various amplitudes g(q) in (2). With baryon mass let tend to infinity, Al — oo, the
quantities gv(0),g4(0) are known to provide the bulk 8-decay probébility, ‘whereas the
allowance for all other amplitudes g, for M finiteness, M#co, for the g—dependence of
gv(¢),94(q) and for the electromagnetic interactions (3) would give rise to the small-scale
corrections to that. Cerfainly, what determines the significance of accounting for the dif-
ferent corrections_; is just the precision the studied physical quantity to be obtained with.
In this work, alike in the previous one {8], we focus solely on the effect of electromagnetic
interactions on the angular distributions of the particles, especially antineutrino, in the
final state of the polarized neutron decay, all other corrections being put aside, important
though they might be in their own right. Let us recall that the corrections due to the
finiteness of baryon mass, M# oo, was thoroughly investigated in Ref. [14]..

With the electromagnetic interactions properly accounted for {8], the probability of



the polarized neutron B-decay with the electron energy-momentum (¢, p) and antineutrino
emitted in the direction n,, accompanied by the y-radiation of the energy w=k less than
some given v.alue km, (k<km < A — €), proves to be set out generally in the form [8]
dw(51 p,n,, kmv f) = dw%—em"k"’) X
T
e W s v,04) + (V) W, gy 0) 4
+(n,§) - Weele, p, km)gl/’ g4) + (nv)- W (e, Py kmygv, gA)}.- (6)

Here

B= cz(—), £—~ln(p+€)—1

wO — 2 + 3 — -
G;; g dim whe 2gA(yv 94), wye =2g4(gv +ga), vl =g — g2 (M
dW = — 2 - —

27(‘36110_"0(16471" w,o_A—s, A=Mn_Mp, ne:B v:.g.’ I‘l,,:p”.

Y

Blekm . N V
The exponent eB(ekm) emerging in (6) governs the true 1nfrared behaviour of the decay

probability: dW (e, p,n,, kp, £)——>O when the boundary v-radiation energy k,, — 0, which

means, in accordance to the general theory [9, 15],

1nfrared(s0ft) v-radiation. For the purposes of our present work, it is not necessary to set

out the explicit expressions of the functrons c,c , multiples of fine-structure constant o
+ 3

which are calculated accordingly [8].

On substituting the maximum Ko value, kn = A —¢, Eq. (6) gives the correspondent

decay probablllty accounting for all the possible y-radiation at some given ¢. Obviously
b

the quantities

Wee(e, p, m,gv,gA) Wioe(e, p, ki .
WO(E P k, av,g ) B= W ) ’gVygA), a= Ww(€,P,km,gv,gA) ( )
s Fmy 19A (5 P, ]CmagV’gA) WO(E P, ﬂHyV,gA) g

stand for the asymmetry of the electron and antineutrino angular distributions and for the
electron -antineutrino angular correlation, respectively. It i 1s to point out that when proton
mass was not let tend to infinity (i. 6. M #00), the effects entailed thereby: the proton

recoil, the g-dependence of 9v,94, and the contributions of the therms with gy, gip

) 3
would not spoil the general forms (6),(8),
(8) evaluated in Ref. [14]. Surely,

the correspondent corrections to the quantities -

all the aforesaid corrections having been abandoned,

that there is no 8-decay without the .

the quantities (8) take the familiar well-known uncorrected form

Ao = 294(gv — ga) B — 2g4(gv + yA) _9v—4 9
0 — 2 3 2 3 3 y Qg = 2 3 2 ( )
gv +391 g% + 343 gv +394

and Eq. (6) itself reduces to
, . . v
AW (e, prnu,€) = dw (g} + 3.:&){1 +(vE) Ao+ Bo(nuf) + o). (10)

Upon integrating Eq. (6) over dpdn,, the total neutron ,3 decay probabrlrty, =1/7,1is
obtained. Subsequently, with equating this calculated llfetlme T va.lue and one measured
in experiment [1], the first relation emerges to determine the quantities 1ncorporated in
(2), in particular |V,4|. The experimental A value [2] is obtained in studying the electron.
momentum distribution’ which corresponds with Eqs. (6), (10) having been -integrated
over the antineutrino emission direction dn,, the terms with'the coefficients B,a in Egs.
(6), (10) disappeared thereby. The relation to acquire g4 value follows then from equating
the calculated and experimentally observed A values (8) [2]. ;
How precise are the‘measurements of the 7, A values [1,2] and their theoretical eval-
uations, even with all the aforecited corrections included, it is, nevertheless, extremely
desirable to draw into consideration beside T and A another #-decay characteristics,‘ in par-
ticular the antineutrino angular distribution in respect to the neutron polarization vector
€ and the angular correlation between antineutrino and electron emission directions which
are figured by the coefficients B, a prefixed to (n,€) = c0s0,¢ and to (n,v) = vcos©,, in
(6), (10), respectively. Such evolving is expedient both to check ones more the precision
the quantities Gif, 94,91, gsm in (2) are determined with (see [16]), and to ascertain how
stringent is the general form (2) itselfl As has been asserted in Ref. [17], pursuing the
ideas argued in’[18], the B magnitude, if known with the accuracy ~ 0.1%, is pertinent-
as the experimental input to test the possibility that weak interaction may be left-right
symmetric at the lagrangian level, parity l/iolation arising exclusively from spontaneous
breakdown of this symmetry. According to the assertion of Refs. [17,18], if B value was
fixed with such a high precision, the value of an admixture to the lagrangian (2) could-
be revealed, having the same transformation properties as (2) has, but differing from (2)

via replacing v° — —+®. Thereby, the point is to check the feasible right-handed currents

" contribution to the eﬂ'ective semiweak interaction and to estimate the restriction on the

magnitude of the mass of the right gauge boson associated with those [19]. Certainly, all
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this conception does make sense only wher the B value is known from experiment with
the accuracy ~ 0.1%. 4

Evidently, to ascertain B value in (6), (10) one has to attain the antineutrino an-
gular distribution which corresponds with Eq. (6) having been integrated over electron
momentum dp, the terms with the coefficients A4, a in (6) disappeared thereby. Yet, to ob-
serve the antineutrino angular distribution in experiment immediately is quite impossible
because there is no means to register antineutrino itself, alas.

The very ingenious fair way to sidestep this obstacle seemed to have been managed

all the time ago in Ref. [4].

3. The electron and proton momentum distributions and the

angular distribution of antineutrino.

It is just the Egs. (6) - (10) that usually haunts us every time when we conceive -
decay process, but they themselves turn out to be not applicable in acquiring the quantity
B from experiment. Describing the electron and antineutrino distributions in the final
state in polarized neutron S-decay, these Eqgs. (6) - (10) imply, ébviously, the integration of
the general decay probability has been carried out over outgoirig proton momentum as well
as over momentum of y-radiation. This treatment would correspond to the experiment-
where the outgoing proton as well as the y-radiation were not registered at all, that is
we would be dealing with the decay probability involving proton and 7-radiation of all
the momenta allowed at given dpdn,. In the experiment to acquire A value [2], the
electron momentum distribution is observed solely without registering antineutrino, that
is including all the allowed antineutrino momenta. This observed distribution is to be
described by Eq. (6) upon integrating over dn, which would contain then only the term
(v€)A. To attain the quantity B prefixed to (n,£) in (6), (10), the experiment should have
been arranged to measure, the other way round, just the antineutrino angular distribution,
regardless of the momenta of proton, electron, and y-radiation, the consequent integration
of the Eq. (6) over dp to be carried out, the terms with A and a disappeared thereby,
and we left, respectively, with the term  (n,£&)B only. But this advisable experiment is

well known to be unfeasible, so far as antineutrino can’t be registered, hereupon the Egs.

(6), (10), immediately as they stand, are thought to be fruitless to obtain the quantity B

from experiment.

To have got at our disposal the antineutrino angular distribution without the antineu-
trino itself registration we are in need of the momentum distributions of el_ectrons, protons,
and - radiation, the initial neutron being presumed 10 be at rest. Whereas the electron
momentum can be determined in up-to-date experiment with high enough accuracy 2],
the unsophisticated way to measure the desirable momenta of the outgoing proton and
'y-radia.tion is inferred to be rather as good as 1mposmble for now. So, it might seem, we
have deadlocked trying to acquire B value from experiment. Neverthcless, mazy as came
out this problem, the research [4] blazed the trail to resolve it. In these investigations
and subsequently in (3], the method had been asserted and the respective experiment
profoundly elaborated to reconstruct kinematics of antineutrino and to acquire, consé.
quently, the quantity B which resides in Egs. (6), (10) from me.a,surements of the electron
momentum distribution and the distribution of the values P, of the proton momentum
projection on the X axis, the initial neutron being polarized along or opposite the direc-
tion of this x axis. With the real experiment thoroughly expounded in Ref. [3], we only
recall here that in its ideal scheme, just sufficient for our purposes, the registered electron
momentum p is directed strictly along the x axis, the rested nentron polarization vector I3
is also directed exactly along or opposite the x axis dlrectlon and the proton momentum
projection on the x axis , Ps, is registered in coincidence with the clectron momentum p,
the perpendicular to x components of the proton momentum P not observed at all, as

well as all the v-radiation. The kinematics of the particles participating in the process

describea is set out in the Fig. 1.
X

P
k Py

¢
1
B
¢

FIG.1

Fixed the clectron energy ¢, the Px value varies within the limits
pl— (A - e)SPSlpl+ (A ~¢). (1)
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For the sake of visualization, we find convenient, alike done in [3], the quantity P, in (11)
alei hereafter Standing for the z-component of the proton momentum with opposite sign,
that is, the value P.>0 i's figured in thg Fig. 1. With leaving aside, for a moment, the
~-radiation and ‘neglecting the proton kinetic energy on account of the very large proton
mass, the antineutrino energy w,o and the cosine of the angle between the x axis and the

direction of antineutrino emission are evidently

. P, — .
wey=A—¢, y=c0s0,, = -—:-———‘P—l (12)
Wyo

In the real experiment in Ref: [3), the measurements consisted in counting up the events
with the given values p, P, and the neutron polarization vector £ directed along or opposite
the x axis direction. What is measured in this experiment is the probability of the
polarized neutron B-decay with the electron momentum p and the value of the proton
momentum projection on the x axis, P, regardless of the antineutrino and y-radiation
momenta and of the proton momentum components perpendicular to the x axis. Thus,
we arrive at the electron momentum p distribution simultaneous with the distribution of
the values Py, '
dW_,( Pz, p) = W, (Pr, p)-dp dPx, (13)
the contributions of the antineutrino, 4-radiation, and proton with all the allowed mo-
menta incorporated therein. In (13) and hereafter, the value z = + stands for the neutron
polarization along the x axis, whereas 2 = — for the opposite one. ’
The general expression to describe the polarized neutron f#-decay prbbability with the
electron mom.entum p and the z-component of proton momentfn;n Py, apcompanied by the
v-radiation of all the energies w = k = |k| less than some given value kyn, k<k,<A —¢,

is deduced from the lagrangian (1)-(3) in much the same way as Eq. (6) was obtained in
Ref. (8],

AW (Puy B, ) = AP 3 (P o),
W (PP, in) = €4 - {ulL 4 Calp, k)] + Cal P, By v, 94) +
(VEV{1Se[1 + Cue(P, k)] + Cog(Pr, P, v, 94)} +
+wl,zyo[l + Cou(Pry P, )] + 105, 250[L + Con(Pr, P, k)] + 2C (Pz,p,gv,g/a)}- (14)

For our purposes in this work, there is no need to pull out the explicit expressions of

the functions C,C, multiples of fine-structure constant a. - At k., = A —¢, Eq. (14)

8

renders the aforecited experimental distribution (13). Instead of Eq. (13) immediately,

the treatment of the quantity

p (Pz,p) - w;p(Pza p)

X = wezp
w,

z:-r:p(Pl'v p) + we_:.':p(Pl"l P)

(19)

is known to be convenient in experimental data processing [2,3]. With Eq. (14) used, the

quantity (15) is presented as:

ofule(1 + Cue) + Cogl + whvol1 + Ce) + vl yo(1 + Con) + C (16)

X = < ,
wl[l + Co) + Co ‘

Thus, coﬁfronting {14) with the correspondent experimental data (13), (16) [3], we arrive
at the equation, additional to ones set out in [1], [2], to specify the quantities Gyf,ga, ...
which reside in (6), (14). So, the g4 value obtained from experiments [2] might be checked
once again [16].

However, along this line, oﬁr desirable quantity B, the coefficient prefixed to (n,£) in
(6), (10), can’t come into picture at all, so far as the integration over all the allowed an-
tineutrino momenta has been carried out in obtaining (14) and, respectively, the observed
in the experiment [3] distribution (13) does incorporate the contribution of antineutrino
with all the allowed momenta. Thus, we are to pursue another way, properly accounting
for the y-radiation effect in acquiring the quantity B from the experimental distribution

(13) observed in [3].

4. The effect of y-radiation on attainment of the coefficient B

through the electron and proton- momentum distributions.

: Evidéﬁtly, in the conceivable simplified case, where the relations (12) were valid, the
antineutrino kinematics would be uniquely predetermined by the values p, P;, registered
in the experiment [3]. Consequently, with y-radiation left aside and proton mass suggested

to be infinite, M = oo, the distribution (14) reduces to

dW*(P,,p) = dP, 2 (P, p)
2wu0 :

w*( Py, p) = wl[l + Azv + Bayez + ayov), (17)

whereas ‘the antineutrino angular distribution has got the form (10). Thus, in this sim- .

pliﬁqd case, there would be exist the one-to-one correspondence between the distribution

9



(13), (17) treated in the experiment [3] and the antineutrino angular distribution (10),
with the quantity (§n,) in Eqgs. (10) having got the value zyo in Eq. (17), as the quantity
dP,/2w,,o‘ in (17) replacing dn, /4 in (10). Then, on equating (17) to the experimental
distribution (13) [3], the equation

Weoo (P2, P) = folwio) - (1 + 2Av) + fo(wyo) Yo (2Bo + av) (18)

would be inferred, and, consequently, one would arrive at the expression of the coefficient

prefixed to (€n,) in (10)

G?fw‘,o 0
1674 Wo

[wEzp — Jo(1 + 2Av) ~ foavye], fo= (19)

1
0=
zyofo

through the wZ,, (13), or, more convenient, as was done in [3], via the quantity X (15)
By = [X(1 + avyo) — Av]/y0. (20)

Of course, we have put aside herein the uncertainties emerging in the real experiment on
account of the poor statistics, the geometrical shortcomings of devices, and so on. It does
not mean to say all the correspondent corrections must be conceived as being negligible,
yet here we are about to scrutinize solely the effect of y-radiation itself on B obtaining
in experimental data processing [3]. In (17)-(20), we prescribe .the subscript 0 to the B
value to stress that it is obtained provided y-radiation would be turned off, alike in (9),
(10). As seen, the quantity B, shows up to be expressed via the quantities fo, yofo, w.o
(12), (19) which would be strictly known in this case for each event with the given P, p
values registered in the experiment [3]. V

However, so far as the neutron §-decay has long been well-known to be accompanied
by ~-radiation, the real experiment [3] deals with the 3-decay probability with given P, p
values, involving the y-radiation of all the allowed momenta k. In describing each single

event, the expressions for yo,w,o in (12) will give place to the following ones:

P, —|p|—
Yo — y(w) = c0s0,, = __Igl_z_ui’ T = 05O, (21)

G?fw‘, 0 .
fo—-'f(“’)=167w01 wo — w,(w) = A —e—w,

where w = |k| is the y—radiation energy, and G.,,Astands for the angle of the y~radiation

direction relative to the x axis direction. Thus, to reconstruct uniquely the antineutrino

10

kinematics we ought to have known the quantities w, z of the y—radiation, accompany-
ing every one single f—decay event with the given p, P, values which are registered in
experiment [3].

Certainly, in the rcal case of the S-decay accompanied by v-radiation, our desirable
quantity B can’t be expressed accordingly (19), (20) through the quantities fo, foyo,wwo
which themselves, strictly speaking, do get no longer the rigorous physical sense. For
that matter, it is natural to estimate the quantity B in (6) by drawing into consideration
the expectation values < yf >, < f > of the quantities (21) f(w), f(w)y(w,z), replacing
fo, foyo in the state with certain P,, p, = values. These quantities < f >,< fy > are to be
calculated by averaging f(w), f(w)y(w, ) over the momentum distribution Wi (P, p.k)
of the y-radiation accompanying the decay event with given P.,p, z. Thereby, the expec-
tation value < B >, expressed via < yf >,< f >, is to be introduced to evaluate the
desideratum quantity B (6)-(10).

Up to now, in the existing experiment [3], only the total number of the 3-decay events
with the given values of p, P, is registered, accompanied by the y—radiation including all

kinematically admissible w, z, that is the integral
Wip(Py Pe) = [ dikw*(p, Pryk) (22)

over all the permissible k. The purpose is to manage and disentangle fromn the exper-
imentally observed distribution W, (Ps Pz)dpd Py (13) [3] the tenable knowledge about
the quantity B whicli resides in (6)-(10). Every one single decay event with given k value
enters into the experimental wZ, (p, /) value with its own weight, its own probability
WZ(p, Pr, k)dk, that is the probability of the y—radiation with given momentumn k ac-
companying the 8-decay with the given p, P, values. ‘Consequently, Eq. (18) gives place
to new one, where the cxperimentally observed quantity w},,(p, P%) is equated to the
[B-decay pl‘oBability averaged with the weight W3 (FPr, p, k), namely:
z ~ z )
=< > (1+zAv)+ <yf > (2 < B> tav),

(23)

where the familiar notation of averaging is introduced:

J AW (Pr, p k)P (k)
J dkW:(P;.p,k)

< F>*(Prp)=

11



&t dw 22 dzF(P., p,w, z) [JT dpWE(P;, p,w, 2, 8)
JE7% dw f22 dz [3" dgWz( Py, p,w, T, 6) ’

1

(24)

Here, the limits

zy=1-(A+|p|-e— P)/w> -1,
zg=—-14+(A—-|p|—-e+ F)jw <1

emerge merely from kinematics éf the considered process, the quantities to be average,

flw), f(w)ygi/(w,;z:), being independent on the azimuth ¢ of 4-radiation, see Fig. 1. The

quantity P, itself varies within the limits (11) at the given .electron energy ¢. We shall

specify the form of the distribution W3(P;,p, k) and discuss concisely its properties a bit

later. Once W;{P:,p,k) depends on the neutron polarization, z = &, all the average

values (24), (23) do depend on z in turn, being different for the different polarizations, i.e.,
forz=+,z = —.

Thus, we have worked out Eq. (23) replacing former Eq. -(18). Being prefixed to
the quantity zyofo in Eq. (18), the coefficient By would be just equal, as argued before,
to the antineutrino angular distribution coefficient Bp in Egs. (6)-(10). Dealing with
the real experiment description, the Eq. (23) defines the quantity < B >7 prefixed to
the mean, expectation value < fy >* replacing the quantity foyo in Eq. (18). In the
lack of the immediate one-to-one correspondence between the distribution:(23) involving
< B >* and the antinentrino angular distribution (6) involving B, the quantity < B >*
is seen, nevertheless, to be relevant to estimate, on the average, the B value in (6)-(10)
which is our goal. The expression of < B >* through By results from Egs. (17)-(19), (23)
straightforward

< B>*=z{(1 + éAv)(fo— < f>*)+yofolav + zBo))/ < yf >* —;av. (25)

As seen, two different & B >* values to describe the antineutrino angular distribution
have been obtained for two different polarizations of neutroi’l, z = +. Evidently, Eq‘ (25)
reduces to < B >*= B, provided < f >*= fo, < fy >*= foyo. As seen, the expectation
value < B >* shows up to be presented as a function of the mean, expectation values of
the quantities f (w), f (w)y(w,z) Thus, toijudge with full confidence about the accuracy,
and even va.lidity itself, of the aforesaid B estimation via'< B >* we are to visualize the

distributions of the quantities f(w), f(w)y(w;z).around their. mean, expectation values

12

o

< f>,< fy >, that is, the dispersions of f(w), f(w)y(w, z) are to be evaluated. For that
matter, the mean square deviations of f(w), f(w)y(w,z) from their expectation values

< f>,< fy>:

AN >*=< 137 = (< > < (AW >*=< (uf) >* —(<uf >,
<Afyf) >=< fyf > = < f>*-<yf>*, (%)

i. e. just their dispersions, must be calculated beside the quantities < f >,< fy >

themselves. Respectively, the attainable accuracy

AB = \[<(AB*) > = /< B?>* —(<B>)F 27)

of the B value estimation (25). is expressed in the usual way (see, for instance, [20])

through the quantities (26) and the derivatives

8< B>* < B>*
< f>’.0<yf>"

(28)
Surely, in (26), the mean values < f2 >* < (fy)? >%,< f“;y >* are obtained by averaging
(24) of the quantities f2(w), [f(w)y(w, z)]%, f*(w)y(w, z) with the weight W (P,, p, k).
Thus, the ambigﬁities in estimating the gemﬁne qua.ntity B via the expectation values
< B >* stem from the difference between these < B >*, < B >~ quantities themselves
and out of the dispersion AB* emergence. ’
Handling the expectatioﬁ value < B >* to ascertain the genuine quantity B in (6) is
realized to be releQant in the case where the distributions of the values of the quantities
f(w), f(w)y(w, z) show up to be sharp enough, that is, when, at given P, p, the ratios
Af] < f>, A(fy)/ < fy >, and thereby AB/ < B > prove to be substantially smaller,
rather negligible, as compare to the desirable accuracy of the B determination [3]. As a
matter of course, the mégnitude of the ratio AB/ < B > sets the bound of the precision
to acquire the B value (6), (8) from experimental data (13) processing [3]. Yet, when, at
certain P, p, the distributions of f(w), f(w)y(w,z) around < f >, < fy > tﬁrn out to be
so smoothed as Af/ < f > ~1, A(fy)/ < fy > ~1, and, subsequently, AB/ < B > ~I1,
there will be no reaso{rﬁx,kv‘svidently, to estimate the quantity B (6), (8) via < B >* at' all. In
that case, the @tingufginq kinematics, antineutrino angular distribution (6)-(10) can’t be

reconstructed from the experimentally observed 3] distribution (13) even on the average.:

13



Under such circumstances, at such Pr, p, there is no sensible way to estimate trustworthy
the quantity B in (6)-(10) utilizing the experimental data [3]

Thus, we are to realize up to what extant, with what accuracy we are in position
to reconstruct the antineutrino kinematics, having at our disposal the experimentally
observed [3] quantities wZ,,(p, Pr) (13) at given p, P values only, y-radiation being put

aside. Consequently, the task we are faced is to evaluate the ambiguities in estimating B

via < B >* and to visualize the physical sense of the < B >% introduction itself, as a -

matter of fact. Surely, if the differences B* — B, between the calculated values of B (25)
and By asserted in [3] as well as the AB* values (27) had been as good as negligible, for
any p, P, values, as compared with the proclaimed in [3] uncertainties A Bx0.4% of the B
experimental measurement, the allowance for y—radiation would have been superfluous,

but it is not a case, in actual fact.

5. Evaluating the quantities < B >.’, AB? and discussion of the

results.

To the first a-order, the distribution W?(#;, p, k) in (23), (24) is obtained accordingly
[8] for polarized neutron §-decay straightforward from (1)-(3) in much the same way,
properly speaking, as the probability of y-radiation W,(w) with the energy w, regardless
of the P, p,k/k \.'alues, was calculated for uhpolérized neutron f-decay, as far back as in
[5]. Upon integrating over d@, as it stands in (24), the v-radiation distribution takes the

form

2T
widwdzdpdP, - /0 QW ( Pz, prw, 3, ) =

Ciyp, 8 1 & 1 dedpudp x
GAB) Gry 17 [oap w dedbedp

% {(1 = Pevlvle +w)(gh +363) + ylw + ve)(gh ~ gB) +

+w?[(g¥ + 393) +yz(gy — 921 —vz) +
+2zg4[(1 = z%)ev](gv — ga)(v’e + w) + (v + ga)vy(e + w)] +
+w¥(1 — vz)|(gv — 94)z + (9v + ga)y]l}- (29)

However, this expression itself is not applicable immediately, as it stands here, to calculate
(23)-(28) because of the evidential unintegrable singularity at w—0 which wou]d entail

the logarithmic divergency in integrating (24) over dw. As thq quantities to be averaged,
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f(w), f(w\)y(w.z), in (23)-(28) show up to be independent on £ when w—0, we are, as a
matter of fact, to take care only of the true behaviour of the distribution Wiip, Pr,w,z,9)
at w—0 upon integrating over dz. To describe consistently the y-radiation at small w,
when aln(A/w)>1, i.e., infrared radiation, the processes incorporating a.‘rbitrary number
of such “soft” photons are known to be allowed for [15]. Pursuing the method set forth in
Refs. [9], [15], the true behaviour at w—0 of the 7-radiation distribution, upon integrating
over dz, is to be obtained accordingly [8] by replacing in (29) at w—0

1 1 (1~0} 2a,1
___}_(m) , o= _a[_ln(il_f’_l) —1].
w m Ty m

(30)

w

I anything, it might be instructive to recall that at such small w—0, when
aln(Afw)>1, we deal with the radiation of the unfixed, arbitrary large “soft” photons
number, the directions of their emission being not fixed too [9], [15], that is, the classi-

cal y-radiation sets on under such conditions. The consistent allowance for the infrared

. (“soft-photon”) y-radiation results, accordingly to [§], in the factor e5(#m) in the formulae

(6), (14), the Eqs. (29), (30) being deduced also rather straightforward by differentiating
of (14) with respect to k, and then setting km = A — ¢ [8]. ‘

With accounting for (29), (30), calculating all the integrals (24) do not encounter
any divergencies, and all the quantities < B > (P,,p), AB*(P,, p) are evaluated direct-
ly. It is expedient to point out that if fine-structure constant a—0, i.e., when electro-
magnetic interactions disappear, all the mean values (24) calculated with the function
Wi(Pr,w,p, 2, ¢) (29), (30) will prove to be equal to the values F(0) of the averaged
quantities /'(w) at w = 0. Indeed, at o = 0 the quantity o in {30) drops to zero too,
and the normalizing integral over dw in the denominator in Eq. (24) diverges logarith-
mically on the lower limit w—0. Consequently, if the nominator in (24) had got finite
value, the whole expression (24) would have vanished. On presenting the function to be
averaged as a power series in w, F(w)~F(0) + wF'(0) + ..., we become conscious that
all the terms including w brovide the finite contributions to the integral in the nomina-
tor in (24), whereas the term with F(0) proves just to be multiple of the normalizing
integral residing in the denominator. With this infinite normalizing integral. canceled,
each expectation valué (24) would reduce merely to the value F(0). Thus, at a—0 we
would leave with reduction < f(w) >* = f(0)=/s, < y(w) >* -y{0)=y,, < S(w)y(w) >*

= f(0)y(0)=foyo, < B >*= By, and, consequently, all the uncertainties would disappear,
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TABLE 1. The values of (< B >+ —By)/ By in %.

-0.80 -0.40 -0.20 -0.10 -0.05 0.05 0.10 0.20 0.40 0.80
0.55| 0.00 -0.04 -0.12 -0.28 -0.59 0.66 0.34 0.9 0.10 0.03
0.70 | -0.01 -0.09 -0.25 -0.57 -120 1.34 0.70 0.38 0.21 0.08
0.80 [ -0.02 -0.12 -0.33 -0.74 -1.57 1.74 0.91 0.49 0.27 0.11
0.90 {-0.02 -0.15 -0.40 -0.90 -1.90 2.11 110 059 033 0.14
1.00 [-0.03 -0.17 -0.47 -1.05 -2.20 2.45 1.98 0.69 0.39 0.17
1.25 ] -0.04 -0.23 -0.62 4~-1.37 -2.86 3.20 1.66 0.89 0.50 0.24

Af = A(fy) AB = 0. S0, accordingly to the physical meanmg, the formula (25) would
reduce to (19) when a was equal to zero, and we should arrive at the result dealing with
the idealized case where v-radiation was dropped. out, as was presumed in Ref. [3].

One can see the results of our calculations of the quantities < B >* A B* presented
in Tables 1-4. Just in case, Table 5 shows what P, value corresponds to given yo, € values.
The ﬁrst row in each Table contains the values of the quantity. yo, (12), and the e~ energies
\-\(m M eV) are ngen in the first column. So, every magnitude in Tables corresponds to the
certa.ln anr of the yq, € values. In our presented results, the yo value varies from —0.8 up
to +0.8, alike in Ref. (3]. In Tables 1,2 the quantities °

B* — B,

"By 100 . (31)

are displayed, i.e., the deviations of the quantities < B >* (25) from By (19) in percent.
For instance, from Tables 1 and 2, one can find out that at Yo = 0.2, ¢ = 1MeV the
B* value exceeds By by 0.69%, whereas the B~ value at the same ¢, P, is less than B,

by 0.44%. The differences displayed in Tables 1,2 substantially grow when the value |y
decreases. It comes to light from these Tables that the differences <B>*-B,, «

B >* — < B >~ prove to be not negligible in so far as thé accuracy 1% or better in

B determination goes. So, the results presented in these Tables 1,2 make us realize that
there is no reason to take for granted that the accuracy ~0.4% in B obtaining is attainable
in experimental data processing [3], with the v-radiation left out. Next, the quantities

AB*”
< B >i“‘
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TABLE 2. The values of (< B >~ —Bo)/Bp in %.

-0.80 -0.40 -0.20 -0.10 -0.05 0.05 0.10 020 040 0.80

0.55 ] 0.02 0.08 017 034 067 -0.65 -0.32 -0.15 -0.06 -0.01
0.70 1 0.03 0.13 0.29 0.58 1.17 -1.18 -0.58 -0.28 -0.12 -0.02
0.80] 003 0.15 034 070 1.40 -1.43 -0.71 -0.3¢4 -0.15 -0.03
0.90; 0.04 0.17 038 079 159 -1.64 -0.81 -0.40 -0.18 -0.04
1.00 | 0.04 0.18 042 0.86 1.74 -1.81 -0.90 -0.44 -0.20 -0.05

1.25 | 0.05 0.21 049 1.01 2.03 -214 -1.07 -0.52 -0.24 -0.07

TABLE 3.. The values of AB*/ < B >* in %.

F -0.80 -0.40 -0.20 -0.10 -0.05 0.05 0.10 0.20 0.40 0.80

0.55] 039 1.53 4.48 10.3¢ 22.01 24.53 12.85 6.96 3.86 1.68
0.70 | 0.37 214 592 1345 2844 31.82 16.62 9.00 5.05 2.28
0.80 | 0.41 245 6.67 15.05 31.70 3558 18.54 10.02 5.64 2.64
090 045 2.70. 7.29 16.37 34.39 38.76 20.15 10.87 6.14 2.96
1.00 | 048 292 782 1750 36.67 41.51 21.54 11.60 6.56 3.24
1.25 | 0.57 3.37 897 19.74 41.18 47.09 24.3¢ 12.98 -7.38 3.82

rendering the width AB? of the B genuine values distribution (dispersion) around the
expected (mean) value < B >#, are displayed in Tables 3,4. Certainly, being in possession
of the observed w,,(p, P;) (13) [3] only, we are not in position to judge about the genuine
quantity B with the accuracy better than the correspondegf A B*(yq,€) magnitude, as
was set forth before. Yet, as seen in Tables 3,4, even the smallest uncertainties AB at
]yol = 0.8 amount to ~1%, and the AB values increase very fast when |yol decreases
likewise the qua.ntmes in Tables 1,2 behave. The data in Tables make us aware that the
ambiguities in B estimation because of the large dispersion AB* come out to be far more
significant than ones on account of the distinction between < B >t < B >". So,it is
not sensible to ascertain the quantity B in (6) from experimental data processing [3] at
the P, P: values corresponding to the. small values- [yo|. »

Of course, it is no wonder that the values in Tables 1,2 and especially in 3,4 augment
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TABLE 4. The values of AB~/ < B>~ in %.

0.80 -0.40 -0.20 -0.10 -0.05 0.05 0.0 020 0.40 0.80
0.55| 1.19 3.29 647 1247 24.31 2299 11.05 504 1.96 0.56
0.70 | 1.01 3.37 7.07 1404 27.75 2743 13.38 632 2.66 0.65
0.80 | 0.96 3.40 7.27 14.56 28.85 20.02 14.20 6.77 2.92 0.7
0.90 | 0.94 - 343 7.40 14.89 29.55 30.13 14.77 7.08 3.10 0.77
1.00 | 093 3.45 7.50 15.13 30.02 30.96 1518 7.31 3.24 0.83
1251 0.94 - 351 7.72 1548 30.68 32.38 1587 7.61 3.46 0.95

sharply when y, tends to zero, yo — 0, the physical reason of such < B >, A»B behaviour
being quite visible. Indeed, when yo = 0, that is |[p| ~ P;, the imposition of t‘he term
zw in y(w) (21) originates the significant value of the ratios (y ~ vo)/yo, Ayl <y >
at any w, even tiny small one. In this case, any ~—radiation destroys absolu.tely the
antineutrino kinematics which would be valid without electromagnetic interactions. In
turn, the (< B >* —Bo)/B, values incregse significantly, and the enhancement of the
AB*/ < B >% values can be even arbitrary large at ‘]yo|—+0. 9f course, under such
circumstances, there is nothing to say about expectation (m’ean) values tﬁemsglves.
This outcome makes us realize quite clear that there is none single shred of physical
reason to make use of the experimental data of neutron B-decay at.small Yalues'iyol ~ 0.1
‘in tenable studying the asymmetry factor B of éntineutrino angular distribu?xon. Hav-
ing at our disposal only the probability of polarized neutron B-decay with given p, I.’:,
~y-radiation being left out, we are in position to reconstruct the antineutrino angular dlsf

’ y » -t
tribution only épproximately; on the average and, subsequently, to estimate the quantity

B on the average as well, with the accuracy restricted accordingly to the results offe{ed in

Tables, never better. The events related to the values [0] < 0.1 be_ing incorporat'ed in 1.;he
analysis siniplyjust, without pfescribing any relevant weights, obtamm.g the antmeutrm(;
a.symmetry coeflicient B is thought to be untenable_and‘to loose any faith, as a matter od
fact. Processing all the experimental data beyond these small lyo| values, we can preten

to acquire the semiquantitative B estimation with an accuracy about a few per cent. At

i ter than 1%
best, with allowance for the events with |yo] & 0.8—1.0 only, the accuracy better tha
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TABLE 5. The values of P, in MeV.

-0.80 -0.40 -0.20 -0.10 -0.05 0.05 0.10 0.20 0.40 0.80
0.55-0.39 -0.09 005 0.13 017 0.24 0.28 0.35 0.50 0.80

0.70 | 0.00 024 036 042 0.45 0.51 - 0.54 0.60 0.72 0.95
0.80 | 0.22 042 052 057 059 0.6.4 0.66° 0.71 0.81 1.01
0.90| 043 058 0.66 0.70 0.72 0.76 0.78 0.82 0.90 1.06
1.00| 062 0.74 080 083 084 0.87 0.89 0.92 0.98 1.10

1251 111 112 113 1.14 114 114 115 115 1.16 1.18

is thought to be attainable in restoring the antineutrino asymmetry coeflicient B from

the e~ and proton momentum distribution 3].
6. Concluding remarks.

Thus, there is no reason to gloss over the y—radiation effect on B attainment and
bolster up the achievement of the very high, ~ 0.4%, accuracy of the B measurement
proclaimed in [3], alas.

It is to realize and to score under that the ambiguities entrained by the unregistered
7-radiation in acquiring the B value, i.e., the differences [B+ — B~|,|B% — By| akd the
dispersion AB*, can be neither removed nor even lessened by improving statistics of the
experiment [3], or by ingenious ameliorating any devices within the actual experimental
set up [3]. The quantities in Tables have emerged in course of our treatment because the
antineutrino kinematics can be reconstructed from the measurements of P, P: values (3]
on the .avera.ge only, so far as y-radiation being not allowed for. In every decay event, the
antineutrino kinematics could be reconstructed in unique manner, if the momentum of
7Y-radiation was registered beside the P, Pz values. Consequently, the experiment should
be arranged to register the triple coincidences in polarized neutron decay, that is the
events where the quantities w, z (21) of the accompanying ~-radiation would be registered
simultancously with certajn P, P values. Then, there would be exist the one-to-one
correip({ndencc between such observed triple distribution and the antincutrino angular
distriBﬁt.ion where the desideratum quantity B resides. Hard as is such experiment to

carry out, there is no reason stickle that it is feasible, if necessary indeed.
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What can be inferred from our calculations (see Tables) is that the ambiguities caused
by v-radiating effect in obtaining B could be reduced to <1%, if the By value had been
extracted in [3] from processing experimental data at 0|>0.8 only. For that matter, it
might be sen51ble to re-process in this line the data in {3).

Let us recall also that, as mentioned above in Sec. 3, Eq. (14)-(16) the expenmenta.l
data obtained in [3] could be employed to acquire immediately the ga value residing in
(2). Of course, the explicit éxpression of the quantities C(Ps, P, gv,94), C(Pz, p,gv,gA)‘
in (14) are to be pulled out at length in much the same way as it was done previously in
the work 8] for the coefficients in Eq. (6). And also, vice veréﬁ; having at our disposal’
the g4 value obtained in [2], we can insert it in (14) asking if the experimental data (3]
would be reproduced thereby, such recapitulation of the g4 value acquired from various
experiments argued in Ref. [16]. In the light of all aforesaid about how important is to
ascertain, with the desirable high accuracy, the quantity ’B itself and the ga va.iue as well,
both the subjects of great conceptual interest and sig’niﬁcance, the investigations carried
out in Refs. [3,4] are realized, beyond questions, to be developed and set forward as fast

as possible.
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