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The effects of heavy subdominantly coupled (HSC) neutrino mixing, without and with the in-
clusion of right-handed currents (RHC’s), on I* polarization in K/ decays are investigated. The
changes in average polarization components due to the HSC neutrino mass (<125 MeV) and the
RHC factor (<0.2) are less than one percent for u* and about 0.01% for e*. A large uncertainty
in the experimental value of £ renders it difficult to discern HSC neutrino mixing effects or RHC
contributions in u* polarization measurements. Electron polarization, if measured, could be de-
cisive in ascertaining the RHC admixture even if a few percent of HSC neutrino mixing is present.

In the past few years there has been a good deal of ac-
tivity investigating the effects of neutrino masses and
mixing in the decays of leptons! and mesons,”® among
several other processes.* In this paper we investigate the
effects of heavy subdominantly coupled® (HSC) neutrino
mixing on the /* (I =pu,e) polarization in K{ —m—I%v,
decays® with a view to ascertain whether these effects
could be discernible in present-day experiments.” In par-

ticular, we obtain the expression for the Cabibbo-
J

M =(G /2 WE S U ok +pa*f 1 (gD +(px —p )M _(gD)] [Fiva1 =y )l + Ceviva(1+¥5)]

where
G =21/2gL2/8ML2 ,
t t
Cr=gr M *VEULF /8.’ M*VL UL,

g; and gr denote, respectively, the field strengths for
left-handed (LH) and right-handed (RH) gauge fields in
the non-left-right-symmetric ~ SU(2); X SU(2)g X U(1)

Maksymowicz polarization vector® with the inclusion of
neutrino mass mixing! =3 and right-handed currents®’
(RHC’s), and estimate the effects of HSC neutrino mixing
on longitudinal, perpendicular, and normal components of
the It polarization without and with the admixture of
RHC’s.

The matrix element for the decay with the inclusion of
neutrino mixing and RHC is given by’

(D

bosons; VL and VR are the Kobayashi-Maskawa mixings
for LH and RH quarks;'® U and UF are the LH and RH
neutrino mixing elements and Cg denotes the RHC-
contribution parameter.'!

The expression for the Cabibbo-Maksymowicz polariza-
tion vector P=A/| A |, with the inclusion of neutrino
mixing and RHCs, is derived by using the matrix element
(1). The vector A, in the rest frame of the kaon, is given
by

model; ML and Mg are the masses of W; and Wy gauge
|
L 2 2 mimeReb(qz)
A=2 |U1,‘| (l—-CR ) 01(§)+ |
i my
mg—E
—[ay(&)—m*|b(g) ] [pr | ——"
my
2 2 m;
+mg Im&(q°)p, Xp; |1+ Cr -‘2CR7
I

where
a(§)=2mg*[E, +Reb(q* ) Wo—E,)]/m, ,
ay(&)=mg*+2Reb(g2)mgE;+ | b(g?) | *m,?,
b(g)=+[E@*)—1], Wo=(mg*+m 2—m?)/2mg ,
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§(q2)———f_(q2)/f+( Y, mi=m(v;) .

The form factors f+(g?) specify the behavior of the hadronic current. Time-reversal invariance requires f, and f_

be relatively real, i.e., Im§ 0. Consequently the last term in Eq. (2) representing the /* polarization component normal
to the decay plane vanishes. In general, to allow for the possibility of breakdown of time-reversal invariance, | and f_
are taken to be complex (see, e.g., Ref. 12, pp. 474—476). At present, measurements of the normal component of muon
polarization give an average value Im§= —0.020+0.022 (see Ref. 13). On retaining the term containing Im¢, Eq. (2)
reduces to the usual expression of Cabibbo and Maksymowicz® for the case of zero neutrino masses, no mixing and zero
RHC admixture.

The longitudinal perpendicular, and normal components of the I * polarization are defined parallel to P;, perpendicu-
lar to Py [in the decay plane along the direction P; X (p,XP;)] and normal to the decay plane along the direction P, X P,
respectively.'* The expression for the longitudinal polarization (P} ) is given by
1 1-Cg? ! 1
PL(EI’mv»CR):TFL(EIrmv’CR )PL(E,,0,0) y (3)

where
P} (E;,0,0)=P}(E;,m,=0,Cxg =0) ,
is the longitudinal polarization!? for the case of vanishing neutrino masses and zero Cg, and

2 | Uy | 2fL(E;,m;)

FL(E,,mV,CR)

2 | Uy | (R (Ef,m;)—[Cr /(14 CrDRS(E;,m)))

The complete expressions of the functions f L(El, ;) and h! 1,2(E;,m;) are lengthy and are given in the Appendix.

It may be emphasized that the neutrino-mixing contrlbutlons are congregated in the function F, which attains a con-
stant value one for massless neutrinos. As such in order to have an idea of neutrino mass contributions to this function,
we display the behav1or of its constituents f7 (I = =He e) and h}in Figs. 1 and 2, respectively. The nature (not shown here)
of the function 4/ is almost identical to that of f} except for a slight difference in numerical values.

The expresswns for perpendxcular (Pp) and normal (P}) components of the [+ polarization, with the inclusion of
neutrino mixing and RHC’s, are given by!?

PL(E;,m,,Cr)=[(1—Cg?) /(14 Cg*)F}(E;,m,,Cg)Ph(E},0,0) (5a)
and

PL(E;,m,,Cr)=F}y(E;,m,,Cg)P%(E,;0,0), (5b)
where

2_ | Uy | *fp.5(Erm;)

Fin(E;,m,,Cr)=
PR TR 31U P Epm) (G /O GO Em,)|

The functions f 11>, ~(Ej,m;) are given in the Appendix. The dependence of f§, f§, f5, and fx on lepton energy and neu-
trino mass is almost identical to that of f} and f7 shown in Fig. 1.

In the present three-generation neutrino world (i =1,2,3), the current experimental limits on neutrino masses are
20 < m; <45 eV (Ref. 16), m; <250 keV (Ref. 17), and m; <125 MeV (Ref. 18). This holds if one assumes'® that v, is
principally vy, v, is mainly v,, and v, is v3. In order to have an order-of-magnitude estimate of the effects of neutrino
mass mixing, we note that the relative contribution of neutrino mass m; depends on the ratio §; =m; /mg. The present
mass limits give §; <1077, 8, <104 and 8;<0.25. As such, we may take 8, =58,=0 for estimating the effects of HSC
neutrino v; mixing. With the use of the unitarity condition | U;; |+ | Uj, | 2=1— | U} | ?, expression (3) becomes

P}(E;,m5,Cr)=[(1—Cg?)/(1+Cr)IF}(E;,m5,Cr)PL(E,;,0,0) , (6)
where
1— | U3 | {1 —fL(E;,m3)]

Fl(E;,m3,Cr)=
R L U | M1 —h ' (Epyms) +[Cr /(1 + Cr DR (B ms))

We plot in Fig. 3 the function F}(E,,m;,Cg) for my=75 lchange slightly for finite?! Cgr(=0.2). At the kinematic
and 125 MeV, Cg =0 and 0.2, for two different values of = cutoff of E,, F{ approaches unity. The nature (not
neutrino mixing element.”® We note that the HSC neutri-  shown here) of the other two functions F§ and F§ that
no mixing contributions to this function are small and  would occur in the corresponding expressions of P§ and
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FIG. 1. The variation of f7(T;,m;) with lepton Kinetic ener-
gy T; (I=p*,e%t). The solid curves are for f¥(T,,m;) and the
dashed curves are for f7(T,,m;). The single circle, double cir-
cle, triple circle, single cross, and double cross on the curves
represent m; =25, 50, 75, 100, and 125 MeV, respectively.

P§ in the v; dominance limit is similar to that of Ff'. We
give below the estimates of HSC neutrino mixing effects
to the three components of u* polarization for the case of

m3< 125 MeV, | U, | 2<0.059 (Ref. 22), without and
with the inclusion of finite Cg.

We define

APL(E;,m3,0)= | P4(E;,m3,0)—Py(E;,0,0) | ,

where B=L, P, or N. Then, we find that (i) for Cx =0,

and

1.015]

1.000

0.997L1

|éo |190
Eu(MeV)
FIG. 3. The variation of Ff(E,,m3) with E,. The solid and

dashed curves are for m;=75 and 125 MeV, respectively. The

single and double arrow on the curves are for Cg =0 and 0.2,

and the single and double cross on the curves are for
| Uus |2=0.01 and 0.059, respectively.
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APEE,,m53,0)
e 7
APE W (E,,m3,0)
b (Epms <1.2% ,
PEN(E,,0,0)

(i) for Cg =0.2 (Ref. 21),
APE,P(E,‘,m3,O.2)

<1.6% ,
Pf p(E,0,0.2) ®
AP(E,,m3,0.2)
WE,,ms <0.4% ,
PY(E,0,0.2)

where

P{ p(E,,0,Cr)=[(1—Cg?)/(14+Cg*)]Pf p(E,,0,0) ,

PY(E,,0,Cg)=P{(E,,0,0) .

0.0
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FIG. 2. The nature of the function h5(E,,m;). The descrip-
tion of the curves is identical to that of the solid curves shown
in Fig. 1. The function h3(E,,m;) (not shown here) is approxi-

mately 2 orders of magnitude (m,/m,) smaller than h% and has
an identical behavior.

The corresponding contributions to e polarization, for

my <125 MeV, | U,;|?<0.044 (Ref. 23), and Cg <0.2,
24
are

AP (E,,m5,0)

L e Y T 0.002% ,
P (E,,0,0)

AP (E,,m5,0.2)

P;(E,,0,0.2)

9

<0.1% .

The experiments on lepton polarization measurements?’
report average values of polarization components. The
relevant estimates for average values of P; py with the
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inclusion of HSC neutrino v; mixing and finite Cg are ob-
tained by averaging Eqs. (3) and (5) over the entire Dalitz
plot. We express average polarization components as

(P} p(m3,Cr)) =[(1—Cr?) /(14 Cx2)]

X Gf, p(m3,Cr){(P[ p(0,0))  (10)

and

( Py (m3,Cr))=GL(m3,Cr){P4(0,0)) , (11)

where the varlatlon of the functions Gf p(m3,Cg) with
ms, for K2 u3 is shown in Fig. 4. For m; <125 MeV,
| Uys |2<o 059 (Ref. 22), and Cg <0.2, we obtain

A(PY p(m3,Cr)) /(P p(0,Cr)) <0.5% (12)

and

A{PE(m,,Cr)) /{P§(0,Cg)) <1.0% . (13)

In the case of K23 decay the nature of the function
Gi(m3,Cgr) is similar to that of Gf(m;,Cg) shown in
Fig. 4. It is found that®* for m; <125 MeV, Cg <0.2,
and | U,;|?<0.044 (Ref 23), Gf(m,;,Cg)=1 within
0.01%. Therefore, for K2; decay, Eq. (10) becomes

(Pf(m3,Cr)Y=[(1—=Cr?®)/(14+CrH]I{P£(0,0)) .(14)

This shows that any significant decrease in (P§ ) may be
attributed to RHC contributions even though large HSC
neutrino mixing ( U,3=0.21) may be present

It is well known that the value of u* polarization de-
pends significantly on the value of §&. The uncertainty in
the presently known best-fit value'® £(0)=—0.11+0.09
gives

(Pp(£=—0.2)) —(PL(£=—0.02))
(P (E=—0.11))

A(Pp(£))/(Pp(£))=4.6% and A(Py(§))/(Py(£))
=3.2%. As such, the uncertainty in £ makes it almost
impossible to discern the effects of HSC neutrino mixing
or the RHC admixture from the present u* polarization
measurements.”> The situation could improve if £ is
known with a much better precession.

The numerical results given here refer to KY >a—lty
decays but the conclusions apply equally well to
K*—7%*y. In Ref. 3, for K+ decays, the longitudinal
component PL(El,m3,CR) of charged- lepton polarization
has been calculated. It is shown that, in principle, (i) a

|

=4.5% ,

! A
SL.pN(E;,m; =f X p N ELE;
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FIG. 4. The variation of G{ p(m;,Cgr) with the HSC neutri-
no mass mj (for | U,; |2=0.059). The solid curves are for G{
and the dashed curves are for Gf. The single and double arrow
on the curves represent Cg =0 and 0.2, respectively. The nature
of the function G§(m3;,Cg) (not shown here) is similar to that of
the G} except for difference in numerical values.

study of the variation of muon polarization P{ with E,
could be a useful place to ascertain the RHC contributions
and v; mixing effects, (ii) the existence of electron polari-
zation Pf <1 would be indicative of the RHC admixture,
and (iii) any variation of P; with electron energy E,
would be indicative of contributions of finite m;. Here,
we find that the presently known uncertainty in &
[£(0)=—0.35+0.15 for K decay'’] would render it al-
most impossible to discern the effects of HSC neutrino
mixing or the RHC admixture in K decay also. Fur-
ther, due to v; mixing, the change expected in Pf, for any
value of kinematically allowed E,, is less than about 0.1%
for Cgr<0.2, m;<125 MeV and as such difficult to
detect. However, the average longitudinal polarization of

* is not sensitive to the value of £ and the HSC neutrino
mixing contributions to (P} ) are also insignificant (less
than 0.01%). Therefore, this measurement, if carried
out,?® and giving (P ) value different from unity?’ could
be a positive signature of the RHC admixture even if a
few percent of HSC neutrino mixing exists.?®

APPENDIX

For brevity we use the notation £ p,N to represent one
of the three functions f, i, f 1’:, or fy. All relations are ex-
pressed in the kaon rest frame:

b
ym;)dE /f X pN(ELEL,m;=0)dE, ,

hlZEI; f Y[zE[, M )dE /f Y(EL,E_ ,m;=0)dE,
PL p N (E},0) f Xy pn(EpEqym; =0)dE /f Y\(E,E,,m;—=0)dE, ,
where

X (ELE ,m;)=mA{[a(£)+Reb(g*)m;*mg /m] Ip: |

—[a(&)— 6™ ’m 1| p1 | img —E )+ | Py | ErcosO,1/my}

XP(EI’Eﬂami )= _mlx[aZ(g)

- |b(q2)|2m12]|p1r| Sinerrl >
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XN(ELE zom)=—mmgA[1—2Cgrm; /(1+Cgr¥m;] | p; | Im&(g?) | py| sinb,, ,

Y (ELE ,m;)=mgA[A +BRe(g?)+C | E(g?) | 2+m;’D — | b(q?) | *m;*/2mk] ,
Yo(ELE zmi)=3mimA{mg* | 1+6(g7) | +m,* | 1-E(g?) |+ 2mgE,[1— | £(¢%)|*]),
A =mg[2EE, —mg(Wo—E)]+m*W,—E,)/4—m/E,_,

B=m?E, —(Wo—E;)/2], C=m* W,—E,)/4,

D =my /2+2E;Reb(g?)+(Wy—E +3m*/2mg)| b(q

A=(14+Ar,q%/m,?) .

Z)IZ’

The integration limits a; =E i,,min and B;=E ;',,max are obtained from the following kinematic limits on E,:

E ' maxtminy = {[(mg —E)?— | py | 2+ m > —m2(mg —E)(%) | py | [(mg —E)*— | py |2 —(mp—m; ]2
X[(mg—E))— | py|*—(mg4+m;) 1 2 (2[(mg —E))*— |pr |21} 71 (AD
The limits a =E?,,mi,, and b =EJ ., are obtained by substituting m; =0 in Eq. (A1).
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