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In this paper a scenario admitting the participation of the right-handed
vector Vg and axial Ag couplings with the conservation of the left-handed
standard (V, A)r, couplings is considered. The research is based on the
muon capture by proton. We consider muon capture at the level of the
Fermi theory, whose Hamiltonian describes the four-fermion point (contact)
interaction. Neutrinos are assumed to be massive and to be Dirac fermions.
We propose neutrino observables, it means transverse components of the
neutrino polarization, both T-odd and T-even. That would be a test veri-
fying the participation of the (V, A)r couplings in muon capture. The mea-
surements of nuclear observables and of longitudinal neutrino polarization
do not offer such possibilities because of the suppressing of interferences
between the (V, A)r, and (V, A)r couplings caused by the neutrino mass.
Using the current data from p-decay and inverse u-decay, the magnitude of
effects coming from the transverse components of the neutrino polarization
can be determined. Our considerations are model-independent. We give
the lower bound of 305 GeV on the mass of the right-handed gauge boson.
This limit is compatible with the current bounds on the mass of the Wg
received from the weak interaction processes at low energy.

PACS numbers: 13.15.+g, 14.60.Ef, 14.60.Pq, 14.60.St

1. Introduction

The present theory of weak interactions (the Standard Model of elec-
troweak interactions [1-3]) describes only what has been measured so far.
These are, most of all, the measurements of nuclear observables and of ob-
servables for massive leptons. It means the measurement of the electron he-
licity [4], the indirect measurement of the neutrino helicity [5], the asymme-
try in the distribution of the electrons from S-decay [6], the experiment with
muon decay confirming parity violation [7]. Basing their inferences on these
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results, among others, Feynman, Gell-Mann and Sudarshan, Marshak |8, 9]
established that only left-handed vector V', axial A couplings are involved in
weak interactions because this yields the maximum symmetry breaking un-
der space inversion, under charge conjugation; the two-component neutrino
theory of negative helicity; the conservation of the combined symmetry CP
and of the lepton number. The Fermi Hamiltonian, being low-energy ap-
proximation of the Salam—Weinberg model, has thus a vector—axial (V — A)
structure, and the three remaining scalar S, tensor T', pseudoscalar P cou-
plings are eliminated by the assumption that only left-handed states can
take part. The V — A theory has a chiral symmetry.

The investigation of the completeness of the Lorentz structure and of the
handedness structure of weak interactions at low energies can be reduced to
two main scenarios. The first conception assumes the participation of the
scalar S, tensor T and pseudoscalar P couplings in addition to the standard
vector V' and axial A couplings. Wu [10] indicated explicitly that possibility.
According to her, both left-handed (V, A);, couplings and exotic right-handed
(S, T, P)r couplings may be responsible for the negative electron helicity
observed in f-decay. Mursula et al. [11] analyzed all the available data on
the charged leptonic weak interactions while testing different models which
admit the participation of additional (S, T, P) couplings beside the standard
(V, A) couplings.

The other conception assumes that the right-handed vector Vi and ax-
ial Agr couplings participate in weak interactions beside left-handed stan-
dard (V, A)1, couplings. This scenario is studied and analyzed in this work.
There are many theoretical and experimental papers devoted to this prob-
lem. The models with SU(2);, x SU(2)g x U(1) as the gauge group emerged
first in the framework of a class of grand unified theories (GUT) [12]. The
manifest left-right symmetry model [13] predicts the existence of the addi-
tional heavy vector bosons of the masses much larger than the masses of
the bosons of the Standard Model. Bég considered the bounds on the ad-
mixtures of the right-handed currents obtained from the measurements of
the lepton polarization in semileptonic decays and by the determination of
the parameters characterizing the spectrum in muon decay. Herczeg model
is the generalization of the manifest left-right symmetric model, in which
the fermions couple to distinct charged gauge-boson fields Wi, and Wgr with
the different coupling constants gy and gr, respectively [14]. The effec-
tive Hamiltonian has the structure of the four-fermion point interaction, for
both muon decay and semileptonic processes. There are many experimen-
tal constraints on the possible mass of the right-handed vector bosons Wg
obtained from weak interaction processes at low energy and from high en-
ergy collider experiments. The lower mass limits for the Wg received at the
Tevatron collider are Mg > 652 GeV (95% CL, CDF-collaboration [15]) and
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Mg > 720 GeV (95% CL, DO0-collaboration [16]), respectively. The lower
bound obtained from Ky— K mass difference is Mg > 1.6 TeV [17]. Jodidio
et al. [18] measured the positron spectrum from muon decay, which allowed
them to give the lower bound of 432 GeV (90% CL) on the possible mass of a
new vector boson. Maalampi et al. [19] explored the structure of the charged
leptonic weak currents in the framework of the SU(2);, x SU(2)g x U(1)
models. They fitted the parameters of this model to experimental results
obtained from pseudoscalar meson decay, muon decay, nuclear S-decay and
inverse muon decay. It allowed them to determine the values of the mass
ratio of the charged gauge bosons and the mixing angle. Shul’gina [20] intro-
duced the admixtures of the right-handed (V, A)r currents into the interac-
tion lagrangian, which helped to explain, e.g., the neutron paradox. Recent
measurements of the longitudinal polarization of the positrons emitted by
the polarized '%7In and '2N nuclei gave the lower limit of 306 GeV (90% CL)
on the mass of the right-handed gauge boson [21]. The recommended lower
constraint on the mass of the additional gauge boson is Mg > 549 GeV [22].
Zralek et al. [23] considered the possibility of the existence of neutrino mag-
netic moments in the framework of the left-right symmetry models. That
could be especially interesting in the context of the solar neutrino deficit.
However, all these limits are model-dependent and they can be consider-
ably weakened. The stringent bound Mgr > 1.6 TeV can be relaxed to the
300 GeV range [24,25] if one assumes that the Cabbibo-Kobayashi-Maskawa
matrix elements for the right-handed quarks and for the left-handed quarks
are not identical, and also that the SU(2)1, r gauge coupling constants are
distinct, g1, # gr. Therefore one should give the bounds for the nonstandard
(V, A)r couplings without model assumptions |26]. There are the present lim-
its on all possible coupling constants obtained from normal muon decay and
inverse muon decay [22].

However, to verify uniquely a scenario admitting the possible partici-
pation of the right-handed (V,A)r couplings beside the standard (V, A)r,
couplings in weak interactions at low energies, one proposes neutrino ob-
servables in the process of p-capture by proton. Both T-odd and T-even
transverse components of the neutrino polarization are taken into account.
Only in the quantities of this type the interference terms between the stan-
dard (V, A)r, and nonstandard (V, A)r couplings appear and they do not
depend ezplicite on the neutrino mass. It is analogical to the situation
analyzed by Lee and Yang in (-decay [27]. They proposed an observable
which was pseudoscalar under space inversion to determine uniquely if par-
ity is violated. Only in this quantity interferences between couplings for the
parity-conserving interactions C' and the parity-nonconserving interactions
C’ can appear. Using the current data from p-decay and inverse p-decay,
the magnitude of effects coming from the transverse components of the neu-
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trino polarization can be determined. At the end, we can derive the lower
limit on the mass of the right-handed gauge bosons (assuming, for example,
manifest left-right symmetry).

Recently Sromicki [28] measured the CP-odd transverse electron polar-
ization in 8Li S-decay. The final results indicated the compatibility with the
Standard Model prediction and CP-conservation in -decay. Armbruster et
al. [29] measured the energy spectrum of electron neutrinos v, from p-decay
at rest in the KARMEN experiment using the reaction 12C(ye,e_)nNg.S..
They determined the upper limit of |g5; + 2g%;| < 0.78 (90% CL) on
the possible interference term between scalar S and tensor T couplings.
Abe et al. |30] searched for T-odd transverse components of the muon po-
larization in K+ — 70 + ut + v, decay at rest. They pointed out that the
contribution to this observable from the Standard Model is of the order of
1077, so nonzero values of this quantity would indicate the beginning of new
physics beyond the Standard Model. In our case, there is no contribution
to the transverse neutrino polarization from the Standard Model (massless
Dirac neutrinos), so nonzero values of such observable would be the unique
proof of the participation of the (V, A)g couplings and of the production of
the right-handed neutrinos. These last experiments made at high precision
show that the problem of the completeness of the Lorentz structure and of
the handedness structure of weak interactions is still explored.

The purpose of this paper is motivated by the desire to test how right-
handed vector Vg and axial Agr couplings with the participation of left-
handed standard (V, A);, couplings enter different observables such as: lon-
gitudinal and transverse neutron polarization, longitudinal neutrino polar-
ization and, most of all, transverse neutrino polarization.

The structure of the work is as follows: Sect. 2 concentrates on the qual-
itative description of muon capture and on the assumptions concerning the
calculations. In Sect. 3 the results obtained for the transverse, longitudinal
neutron polarization and longitudinal neutrino polarization, among others,
are presented. In Sect. 4 the results for the transverse neutrino polarization
are dealt with. Sect. 5 gives the conclusions. In these considerations the
system of natural units with A = ¢ = 1, Dirac Hermitian matrices 5 and
the four-plus metric are used [31].

2. Muon capture by proton

The research is based on the reaction of the muon capture by proton
i~ +p — n+v,. Inthe Standard Model it is a coherent low-energy process
at the lepton-quark level. The typical energy transfer is of the order of
1 MeV and therefore the space-time area within the interactions coincides
with the size of the muonic atom, because of that both hadrons and leptons
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participating in this process are point objects. In the light of the above muon
capture is considered at the level of the Fermi theory, whose Hamiltonian
describes the local, derivative-free, lepton-number-conserving, four-fermion
point (contact) interaction. Right-handed (V, A)gr couplings are assumed
to take part in muon capture in addition to left-handed standard (V, A)r,
couplings. The coupling constants are denoted as CL, Cﬁ and C‘},{, Cf}
respectively to the neutrino handedness.

Hy- = Cy@um(1+ %)) (T ) (1)
+ CL (T ivsya(1 + 75) ) (Tnivs 12 ¥yp)
+ CH (1 = 75)0) (T )
+ CR (T ivsyA(L — 75) ) (Trivsa?y)

where ¥, ¥,,¥,, ¥, — Dirac bispinors for the muon, muonic neutrino, pro-
ton and neutron. The above Hamiltonian can be derived from the one by
Lee and Yang [27], when the following expression is put Cy + Cyrys =

xL/( +5) + CF(1 - 75) Ca+ Cuys = C%(1 +75) + CX(1 — 75), where
Cy (Cv+CVI)/2 CR = (Cy - Cy1)/2, CIA =(Ca+Cy)/2, C}} = (Cy—
C’A/) /2, Cy,Cy4,Cyr,Cy - the vector and axial couplings for the parity-
conserving interactions and the parity-nonconserving interactions. The re-
maining couplings are omitted Cg = Cg» = Cp = Cpr = CT = Cp = 0.
The Fermi Hamiltonian, Eq. (1), can be modified if one puts C 1¥ CR%%
(CL = CH (A +75)/2 4 (CH+CH (1 —75) /2, CR 4+ CRvys = (CE +CH)(1 +
¥5)/2+ (CE—CR)(1—75)/2, and then, one obtains the effective Hamiltonian
of the form:

cl — % _ -
H,- = VTA(LZ?,,%(l +95) ) (T ya (1 +75) %) (2)
+ B G, (149500, @1 = 75)0)
+ w(@ﬂ,\(l = 95) ) (T A (1 + 7))
+ M(@ﬂ,\(l —=75) ) (oA (1 = 75) %) -

Muonic neutrinos are assumed to be massive and of Dirac nature. The
nonrelativistic approximation is applied both for the nucleons and the muon
in the 1s state. To describe muon capture the following observables are used:
P — the initial muon polarization in the 1s state, S, — the operator of
the neutrino spin, ¢ — the momentum of the outgoing neutrino, Jn the
operator of the neutron spin. P, and ¢ are assumed to be perpendicular to
each other. To illustrate the calculation method the definition of the T-even
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components of the transverse neutrino polarization is given <§V . 13“) f=
T[S, - ﬁupf], where p; — the density operator of the final state (neutrino—

neutron), 13“ — the direction of the muon polarization in the 1s state. The
calculations are made with the Reduce computer program.

3. Longitudinal and transverse neutron non-polarization and
longitudinal neutrino non-polarization

In this section the results for the longitudinal and transverse neutron
polarization and for the longitudinal neutrino polarization are presented.
The final results are as follows:
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where, ¢,,(0) — the value of the large radial component of the muon Dirac

bispinor for r = 0, § — the direction of the neutrino momentum, |15;¢| —
the value of the muon polarization in the 1s state, ¢/2M — the momentum
corrections, g, F/,m,, M — the value of the neutrino momentum, its energy,
its mass and the nucleon mass, respectively.

It can be noticed that in these observables the occurrence of the interfer-
ences between the right-handed (V, A)r and left-handed (V, A);, couplings
depends ezplicite on the muonic neutrino mass. Thus, the so-called “conspir-
acy” of interference terms appears here. This “conspiracy” makes the mea-
surement of the relative phase between these two coupling types impossible
because a very small mass of the neutrino (m, < 0.17 MeV CL = 90% [22])
at its high energy (E, ~ 100 MeV) suppresses such an interference in prac-
tice. The additional interference attenuation is further caused by the mo-
mentum corrections. The factor (m,/E)(q/M) ~ 17 x 1075 is very small.
We can see that new interference contributions can not be detected at the
present level of experimental precision. Longitudinal neutrino polarization
behaves as a typical nuclear quantity. The “conspiracy” of interference terms
caused by the neutrino mass occurs here. The measurement of this observ-
able would not allow the unique determination of the possible participation
of the (V, A)r couplings. Therefore, the observables in which such difficulties
do not appear are proposed.

4. Why transverse components of neutrino polarization?

In this section the results for two T-odd neutrino observables and for
one T-even neutrino quantity are given. All these three cases concern the
transverse neutrino polarization. In practice, that would mean the measure-
ments of the components of the neutrino polarization perpendicular to its
direction of momentum. The final results are as follows:

<§V . (I%M X (Aj)>

L0, {(EJFM)(CACR*_C‘L,C‘I}*)}’ ©

<§V (T % § >f - %m{(é + M) (050 c&cﬁ*)

+LChOf + (24 + L) Chck

my q % *
+ L (el - chok )} , (7)
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<§,,.f3ﬂ>f |¢“4( ) P, |{ (HEM) (CVC Cgcﬁ*)
1m,

+2E(|05|2—|c§|2+|05|2—|cﬁ|2)}. ®)

The obtained result, Eq. (6), consists exclusively of the interference terms
between the left-handed standard (V, A)1, couplings and the right-handed
nonstandard (V, A)r couplings, whose occurrence does not depend ezplicite
on the muonic neutrino mass. It can be understood as the interference
between the neutrino waves of negative and positive chirality. It creates
the possibility of measuring the relative phase between the two coupling
types. In the next observables, Eq. (7) and (8), we have the additional
dependence on the neutrino mass which occurs only at the terms of the
type: | CB |2,| CR |2,| C% 2| C% |2, CRCT*, CLCE*. Tt gives a very small
contribution in the relation to the main one coming from the interferences
between the (V, A), and (V, A)g couplings. There is no contribution to these
observables from the Standard Model, in which neutrinos are massless.
Now, we will express our coupling constants C"I},’g by Fetscher’s cou-
plings g/, [26] assuming the universality of weak interactions. The induced
couplings generated by the dressing of hadrons are neglected as their pres-
ence does not change qualitatively the conclusions about transverse neu-
trino polarization. Here, v = S, V,T indicates a scalar, vector, tensor in-
teraction; €, u=L, R indicate the chirality of the electron or muon and the
neutrino chiralities are uniquely determined for given v,e,u. We get the
following relations: Cy; = A(g)y, + gn1), —Ch% = A9 — 9ny), O% =
Algir + gkg), C = A(gLR 9grr), where A = (4GFp/v2)cosb., Gp =
1.16639(1) x 105GeV 2 [22] is the Fermi coupling constant, 6, is the Cab-
bibo angle (cos . = 0.9740 £ 0.0010 [22]). We can derive the contributions

coming from the C"I},’g coupling constants in pu-capture, using the current

data [22]: |CL| > 0.8504, |C%| > 1.0704, |C}| < 0.0934, |C}| < 0.027A.
From the above, we can see that the effects of the transverse neutrino po-
larization connected with the right-handed (V, A)g couplings may be of the
order of 7%. This value is model-independent. In this way, we can give the
lower limit of Mg > 305 GeV on the mass of the right-handed vector boson
Wr (for manifest left-right symmetry, m, = 0, without Wi—Wg mixing). It
is compatible with the current bounds on the mass of the Wg received from
the weak interaction processes at low energy [22].
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When the neutrinos are massive and only standard (V, A)r, couplings
participate in muon capture, the transverse components of the neutrino po-
larization could be observed in both cases:

(S (hx i), = - 10OLme by (chor),
(5B, = OB g™ (jepp —jeir). ao

However, we can see that the eventual effect of the nonzero transverse com-
ponents of the neutrino polarization connected with the neutrino mass would
be much weaker than the one coming from the nonstandard couplings. In
such a scenario, the observable determined by the Eq. (6) always equals zero,

(S, (]3“ X q)) 7 = 0. Because the direct measurement of the transverse neu-
trino polarization in u~-capture by proton is very difficult now, one proposes
to use the muonic neutrino—electron elastic scattering v, + e~ — e~ + v,
to detect the effects of the transverse neutrino polarization connected with
the nonstandard couplings. From the differential cross section for this pro-
cess the possible neutrino—electron correlations in terms of the longitudinal
and transverse neutrino polarization will be seen [32] (in preparation). Ob-
serving the change in the distribution of the electrons in relation to the
distribution with standard neutrino, one would obtain a clear signal of the
nonzero values of the transverse neutrino polarization. Maalampi et al. [19]
considered the presence of muonic neutrinos of a given initial polarization
in the inverse muon decay. In the future the experimental verification of the
hypothesis concerning the transverse components of the neutrino polariza-
tion could be carried out by the Fermi laboratory. Currently at Fermilab,
the BooNE experiment [33-35| (The Booster Neutrino Experiment) with the
intense neutrino source is designed to search for the muonic neutrino oscil-
lations, the mass difference, the mixing angle, the CP violation in the lep-
ton sector, the muon—neutrino disappearance signal, the neutrino magnetic
moment, and the helicity structure of the weak neutral current. This exper-
iment will also look for the non-oscillation neutrino physics using, among
others, the neutrino—electron elastic scattering. At Fermilab, essentially all
of muon-neutrinos come from 7+-decay. However, on the quark level, in p~-
capture and 7 -decay, there is the same semileptonic interaction. Therefore
the conclusions regarding transverse neutrino polarization in p~-capture are
also correct for the muon-neutrinos coming from 7 -decay.
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5. Conclusions

The measurements of the T-odd, Eq. (6), transverse components of the
neutrino polarization could verify the possibility of the right-handed (V, A)r
couplings participation in weak interactions. They would also be the proof
of the production of the right-handed neutrinos. As far as the T-odd com-
ponents of the transverse neutrino polarization are concerned, one would
also obtain a proof of the symmetry breaking under time inversion T'(CP)
in a semileptonic process. The measurement of longitudinal neutrino po-
larization does not offer such possibilities because of the suppressing of in-
terferences between the (V; A)r, and (V, A)r couplings caused by the neu-
trino mass. In this way, that will always lead to the compatibility with the
Standard Model. The similar regularity can be observed in nuclear observ-
ables: longitudinal, transverse neutron polarization and also probability of
muon capture, and the quantities of only this type are measured today. The
BooNE experiment, which is now being constructed, will be able to measure
the nonstandard neutrino-electron correlations using the v, +e~ — e+,
process. This experiment will be started in the year 2001.

I am greatly indebted to Prof. S. Ciechanowicz for many useful and help-
ful discussions and his interest in my research. I owe much to Prof. M. Zratek
for interesting critical remarks.
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