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It is proposed that lepton number conservation, purely left-handed charged weak currents and vanishing neutrino
masses are a miting case of a parity symmetric SU2y X SUg X U2V gauge theory. Right-handed neutrinos acquire
a lepton number violating mass, leaving an SU2;, X Ul subgroup unbroken. Consequences for the decay u ~ ey are
studied.

In a gauge theory of weak and associated interactions (electromagnetic, strong, ... ) in which parnty and tume
reversal are spontaneously broken discrete symmetries, on an equal footing with the continuous symmetries of
SUn (fermions) X SU n (fermions) corresponding to chiral substitutions of lepton and quark flavors respectively,
the following features particular to leptons are intrinsically related:

(i) Neutrino masses are nonvanishing but orders of magnitude are smaller than charged lepton masses ¥! [1].

(i) Considering the mass scale set by Gp 12 ~ 300 GeV as small compared to the mass scale on which parity
invariance 1s restored, the chiral structure of the (light) neutrinos determines the corresponding (lowest level)
gauge group to be ((SU2); X Ul) [3].

(iii) Right-handed leptons (and quarks) are singlets with respect to (SU2;) [3]. (Scalars generating the masses
of the charged leptons transform as doublets under SU2; )

(iv) Lepton numbers (L, L,,, L¢* L,) are not exactly conserved [4—6]. We study a scheme for leptons in
which the breakdown of parity is reflected by the sequence of gauge groups

SU2, X SU2p X (UD)Y ~SU2; X (U1). (1) [7]
S04

We will investigate the consequences for the decays

u->e” (u—3e). (8] *

An irreducible (lepton) multiplet (one electronlike, one muonlike, . . ) can be represented alternatively by 4
Majorana fields or 4 (e.g.) left-handed fields (including CPT-conjugate fields):

- _ (New) ~ o2 _ ~ .
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In eq. (2) wg‘) (k;A =1, ..., 4) denote hermitian (four component) Majorana fields, (£);, denote left-handed, com-

#! In the light of the present discussion we note that the vectorlike scheme of ref [1] 1s unable to correlate points (1)—(v). It is
also at variance with the inclusive neutrino-hadron (1soscalar target) cross section ratio
0.59+£0.14 GGM (2]
<0.61 £0.25 HPNF [2]
=0.4 = 0.2 HPWF [2].
+2 The experiment currently in progress at SIN looking for the decay u* ~ e*y exploiting the high intensity muon beam has trig-
gered a renewed discussion of possible sources of lepton number violations [7]. We should hke to stress that we take the ru-
mors of a positive signal as stimulus for the present investigation only.

g? NoVX [ gVN-2X = | , and with the elastic neutrino-proton cross section ratio o? P~ Vp/oWP—vp
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plex two component fields (&= 1,2;2=v,, Ne, e, %+ and %6 = ((1) "(1)) 3. The (U1) weak hypercharge Yy,
takes on the values —1 for (v, e7); ; (N, e ™)y in order to satisfy the relation

Qem _1L+IR+2YV’ (3)
and thus can be identified with (—1) lepton number 4.

Yukawa couplings can only involve scalar multiplet transforming like the symmetric product of two spinor rep-
resentations of SO4, i.e. the multiplets

o (3,1,%2), ert (1,3;72), orrs (2,2,0). 4

In eq. (4) the first two numbers denote the values of (2J, (gy * 1) characterizing the SU2;  multiplets and the
third number gives the value of Yv;.

The multiplicities of the representations in eq. (4) occurring in the scalar sector are of physical significance.
They determine the range of Yukawa interactions beyond the couplings of the Goldstone mode scalars to fermions.
These “‘genuine” Yukawa interactions will in general violate at least some of the conservation laws valid for the
(incomplete) interactions of fermions and gauge bosons [10].

The hierarchy of gauge groups (1) extended to include the quarks (left-handed doublets, right-handed singlets)

u C ' . ’ '
(d')L(s')L; (u, 4, c, s)R; d; =cos 9.d +sind s, sy Ldp, 5)

would imply the following unacceptable mass matrix provided only one multiplet ¢y » (2, 2; 0) would generate all
quark masses:

m [my=m [m 8,=0. (6)
We conclude that there are several scalar multiplets transforming like o 5 (2, 2, 0) and consider for simplitiy two

such multiplets coupling to the leptons together with two multiplets transforming like g (1, 3, —2) and ¢; (3, 1,
—2) (and their antiparticles):

a, a b, b
. = . a* : b = b*
PLR’ apo (a— a2) ’ pa’ po (b_ bz)’ po
1 (7
——=d S e
_ _ d0 N2 d . 0 5 .
YR dpo‘ = dop = ; dpa’ ‘pL SPG = Sop = ——1— . . B Spo

L
_\/§d

a3 2, by 2, dy, Sp are electrically neutral but not self-conjugate; d*, s singly and d**, s** doubly charged.
The interaction of the scalars in (7) with the electron and muon multiplets #° are:

#3 The relation between Majorana and chual fields i is. w(k) R(k) xp(k) J(k) R(k) 2, 13, h.c., J( ) = (1/1)9kL +h.c.

#4 Extending Yy to quarks. (Yv(q) = -, Yv(q) = —3 ) 1mp11es YV A - L whereA denotes baryon number and L =L, + L,_t
(overall) lepton number. Thus Yy, is conserved if baryon and lepton numbers are separately conserved, and yet there does not
exist a long range force associated with the corresponding boson. This problem generally arises in unified gauge theories [9].

+5 We do not include for simplicity an eventual third lepton multiplet including the heavy charged lepton which may have been
observed in the e*e ™ ~ e "u*X events at Spear [11] involving no (detected) hadron in the field state.
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+
O (k. +piky ) 1+ o®)
p 1 %po 2 Ypo 2 [¢]

= e 1pikg o0
Hy = {80 1hika, R +he.

D1 ke ok
elg 2hL SpaQaLB

=0, N);  W=es @D =@,N) P =pm (8)
Spontaneous symmetry breaking is induced by the vacuum expectation values
A, 0 B 0
- [ N ! (D O (S O )
@y = (0 AZ)’ 0l = (0 B, ) ‘@ _(0 0)’ o= (0 0) ' ©)

We may assume A, A,, By, D real, nonnegative without loss of generality. The breakdown SU2p X SU2; X Uly
- SU2; X (Ul) correspond to D # 0 only.
Points (1) —(iv) become indeed logically connected if we choose

S~0; (41,38, )=0Gz"D; (4, ,:B,)<D. (10)

The mass matrix 1n the charged lepton sector ‘W 4, 1s independent of D and 1t serves to define the basic fields with
respect to which M 4, is diagonal

Ci)L’ (ZM—)L; (j—e)R’ (:If)R' (1

In the above basis the mass matrices in the neutral and charged lepton sectors are, before D is turned on

m, 0
"0 0
m,

me, m,, in eq. (12) are the physical masses of electron and muon respectively.
The 7 gauge bosons corresponding to SU2; X SU2p X (U1), shall be denoted by

My =Ahy +Bhy: M, = Axhy +Bzhzz(

S wl _wdy 0 = w3 vV
(WDL,R =3 W, =W ps W) =W Y, (13)
Using the basis of eq. (11) the lepton currents couple to (Wy, i , Yy) conserving parity invariance:
1+y 1—y
g, u Z[ 3wk s R] (k)
2 Yy 5 Wht o WR e
H= 2 : (14)
k=1
&V Gy V o)

In the limit D - o= the above scheme reduces to the SU2; X Ul (U1 # (Ul)y,) theory with its symmetry breaking
provided by a set of scalar SU2; -doublets as proposed by Weinberg [3] with the identification
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sm219W S~ CHF Vara=e=gsin 9y,
2 2
g *+2gy
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Y =gin 19VW(1)1 + cos 19VYV Y =sin ﬂwwg +¢cos BWY
-

g
tg&v=%; tg Oy =sindy  {Z =cos 9y W —sin 8, Y

m% =2(g* +g%,)D2 oo (Z' = cos zS‘VW%—sm 19VYV).

The mass matrices of the gauge bosons in the neutral and charged sectors are given 1n terms of the quantities

F2=3(4,P +14,° +1B,P +1B,’),  G=Re(4}4, +B{By)=F’siny; D7,

in the following form
neutral
fmd " =122 WO W22+ D2eWY — g, YV)2,

charged _ 2rp2w—w+ - - 2 QJw—
.cm]23 g Wy Wy — G(W Wy + Wy W) + (F2 + DHWL Wi

Expanding in powers of F* 2/D? we obtain the eigenstates of the mass matrix »:

Z,~7+¢Z, Z,~E2+Z,

2
y g2F2 F2 s 2g2D2 F2 _mZ1
M 2, Utols)) M, T S -\ 7)) TS
1 cos vy D 1 —tg“dy, D mz,
in the neutral sector and
~ +, + o wt + o 2 2,2 2
W, ~ W{ +nWgs W, ~Wp —nWp, 1 mle/mW2F My, sin a,o/mw2

mys <g2F2 (1+O(FYDY),  mys =¢?D? (1+O(FYD?),

and thus F = (44/2Gp)~ 12 ~ 124 GeV.
We note the relation

m‘ZNi{/coszéwm%I =1+0(F%/D?,

1- th ‘pw

1+ tgzﬁw

25 Apnl 1977

)1/2

(15)

(16)

an

(18)

(19)

(20)

which reflects the realization of the doublet breaking mechanism inherent to SU2; X U1 in the limit /D — 0.
We now turn to the neutrino mass matrix which contains the lepton number conserving part

. ik ik
(M Dy =A by + By

and a lepton number violating part

- ik _
(NR)ik - Dth - (NR)ki .

424



Volume 67B, number 4 PHYSICS LETTERS 25 Apnl 1977

In the basis we have chosen A, k4 are constramed by eq. (12) but this does not constrain (W ).
Combining the CPT-transformed right-handed — with the left-handed fields in eq. (11) we obtamn the Majorana-
like basis of eq. (2)

_ ¢l & TE T IR TN | .
(f&)_(f ’f2’??’T2)_(VeL’VuL’NeL’NyL) s a—l,2.

The mass eigenstates correspond to the solutions of the equation

(10, + 1Ve)f = u(10,)f*, 1)
where u 1s the 4 X 4 symmetric (complex) matrix of the following 2 X 2 block form
0 m,
wEl L . (22)
mn n N, R

We assume the strength’s of the Yukawa couplings A, A, are of the same order of magnitude or smaller than 2g

O(lhy 1) = 0(lhy) SO(Ig)), |h|2=§|h,.k12.
A
It follows
F
o(lam 1 =0(Mm 4D <O FINI <IN, (23)

and hence we can diagonalize u expanding with respect to (W |/INg| -

"y
v
0= v/.tdiagvT; wh =1, f=vf;) Hpg = my 0
o m m’{’z,mll‘f’2>0. (24) ¥6
mN
From eq. (24) we infer: 2
o>
mv=0( N >S10eV. (25)
M2
Assuming m”/m,, = 0(10-8) 1t follows
[WC_I\2 m
(104 m—“) = o(;lﬂ), 1M~ om, > my ~ 107 GeV, M ~107%m, > my~ 10GeV. (26)
u u

We proceed to compute and estimate the decay amplitudes for the process u~ = e~y due to fermion-gauge boson
interactions alone.
The corresponding radiation graph [12] yields the following amplitude

6 . Vi1 V12 my 0 T c 1
*° Reducing all four by four matrices to 2 X 2 block forms we obtain: v = Pougy vl ~ —MNg MT,
U1 V22 0 my
N
my 0 -1 -1+
1)22( )U;z ”NR, vig zC)”Z,,JVR U225 Uy ® —(CmnNR) U111 -
0 m2N
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Table 1
Order of magnitude of helcity amplitudes in the four cases, I: my < my,, II: my =~ my,, III' my =~ myy,, IV: my > myy, .
1T ITLRI = O (TRLD ITRRI
g Mym —afm\t2  mw? m 2
I %Xlos‘—; ;I sin¢ X 10 4(—%3) Wi l__;m_Nz_
Wl mwg sz sz
s m _a ™MW\ 12 mW? mwi\a
I 107 —~ sinyp X 10 4(—‘) 1 -
le my ng mw2
e m _al™Wa\1/2 my? my?
it Ix108 £ sinp X 10 4~2) —1 !
mw, My mw2 mw2
2 2
2 2 2
-8 m _a[mn\1/2 MW my
v Fx107—L sine X 10 4(7”3‘) — llog(ﬂ)
N M, mw,l myN ng
1 _ B eg2 1_75 1+75
= = +
T,wey 3 uelaaﬁe7k7Twu“, Ty, 5 A > B ) 27)
my, 327
1
The factor l/m\z,vz in eq. (27) simplifies the comparison with the (main) u~ - e~ vy, decay.
In the limit m, > O we obtain
_ k kY. - k k o\ 7 -
A %;(TLL + TLR) ; B ? (TRR + TRL) , k=(v, vy N Ny) (mpl, M, My s mNz),
(28)

my =1¥{gx(le,2)

k(=1,..,4)in eq. (28) denotes the contribution of a given mass eigenstate in the neutral fermion sector.
er cpnsider four c.aS(.es, Lmy< My, (< mwz); 'II: m‘N N My, III: My, <m.N %‘mw2; 1v: rr’le > My, - ‘
Within the above limits exact resuits can be obtained in terms of the mass matrix u in eq. (24) 7. We only give
the respective orders of magnitudes of the amplitudes 7, = X; T’;y here in terms of the parameters my , my,

~ 37.6 GeV/sin Sy ~ 60 GeV
lcmnl = (meN)l/ 2 (mv: characteristic neutrino mass).

We assume m,, ~ 10-8 m,, here (m,| =~ 104 (mumN)l/Z). The results are given in table 1.
The branching ratio B#~¢Y = [¥>ey/Ttot (Tiot ~ G% mz/ 19273) restricts the possibilities in table 1:

7 T’,Ey in eq. (28) are determined from the mass matrix  in eq. (24). T’,ﬁy = 1‘?2 cl,ﬁ(e)E’Jﬁ‘(u)té‘y(mﬂ, my; mw; o), cf(e')
" - — _ — - mg
= vk, C’{(ﬂ ) =vag, c’ﬁ(e ) =3k, k) =Tak, t’fL ~ 1L (M, myy,)- t’f,R ~th ~ "nm—” tLr(mg, mw)),
2 2
. a a
tllclR ~ 111 (Mg, mW2)§ n = sin w/m%vz , trpla, b)=2I+ b—2 J3—J1); tyirl, b) =4Igy, +ﬁ J3, {11, Ipy, J, J3}
' miy 1
=I, «k=1,..,4, LGb= | dxfx(x)—l,—l; F@, b;x)=(1-x)b2+xa?, fU)=1-x%20-3x), fUgr)=0-x)3%
0

fUp=ixa-»0?, fUy=xa-».
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21 ey _ 2 N _ _
3—aB“ Y =(|41° + |BI"); A—TLL+TLR, B—TRR+TRL. (29)

If B+~ = 0(10~9) then Max (141, |B]) = O(5 X 10~4). This excludes Ty | grom giving a sizable contribution.

For Ty g, Ty I-1I would imply sin ¢ (mwl/mwz)2 ~ (0.1-0.2) and thus considerable deviation of the lepton
current from the V—A structure. We conclude that 77 g, Try, cannot contribute significantly (always for B4~ Y
~ 10~9) unless my > My, (e.g. s <pmw2/mwg =10-2 »my ~2 X 104 GeV).

Finally T g can be a source of 4~ ey decay at the above level in cases IIl and IV provided my < 10myy, .

In conclusion we remark that I1l is an outstanding possibility (unless B*~¢7 < 1079), yielding the parameters

my =y, ~A4Smy ~ 2700 GeV ¥, IT LI T R 1 TR 1 <€ I TRg !

The 1 — 3e decay corresponds in all cases considered here, mainly to ordinary Dalitz pairs.

A dominating Tgp amplitude would produce predominantly right-handed e~ from u~ — e~y decay (Pjy,,(e7)
= +v,+/c) and no T-violating polarization of e~ perpendicular to the plane spanned by the spin of ¢~ and the mo-
mentum of e~ This polarization could be large provided |Try |, IT gl = O (ITgg!)- *°

It is a pleasure to thank H. Fritzsch, T.P. Cheng, S.P. Rosen, C. Petitjean and H. Leutwyler for valuable discus-
sions.

*® The Majorana leptons N couple to e and thus produce neutrinoless double g-decay. However, their coupling constant 1s reduced
relative to the Fermi constant by a factor (myy, /mwz)2 ~1/2 X 1073, This together with my =~ myy, insures an effect small
enough to be compatible with observation [13].

1 dar

# The asymmetry parameters of the u~ ~— e~y decay are ¥ = 9 (P, -, Sy,
' I‘”__,e “y dcos ¢

=2(1+P, —acos 9),
€

d|:I‘ Det (Se—, Sy, J/d cos ¢

141> — 1B Pel sing  2ImAB .

= =P, - + - +

“ A1+ 1B1* dr/d cos © o 1+Py-acos 9 1412+ 82" CPT & =&, u"=>u,
lTtys—17%7v;s, A-—+B,B—~ A, Py~ degree of polarization of the stopped muon.
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