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Gauge models with two heavy leptons that decay sequentially are proposed as a mechanism for fast
multilepton production by neutrinos. To quantify the predictions of such models, a specific SU(2) X U(1)
model is constructed and realistic calculations are made of the heavy-lepton production and decay sequence:
VN—M X, M~ —>M% v, M°>1;1{v. Good agreement with trimuon data is found, with masses 7 GeV
for M ~ and 2-4 GeV for M °. The information contained in experimental distributions of multilepton events
is explored. Azimuth-momentum correlations exclude a hadron-vertex origin for the extra muons in
p~p~pt and in some p~pt events. The two undetected decay neutrinos carry off missing energy equal to
35% of the visible energy on the average; this prediction can be tested with narrow-band beams. The cascade
mechanism gives rise to p~u~ and p~p* events at about five times the w~pu~u* rate. The observed trimuon
rate may require a mixing of u;” with M;~ comparable to the Cabibbo angle, which strains conventional
universality limits. A generalized mixing scheme which circumvents these limits and allows large v,-M ~
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coupling is presented.

I. INTRODUCTION

The existence of heavy-lepton multiplets has
frequently been postulated in gauge-theory models
of the weak and electromagnetic interactions. In-
dications that such leptons may exist include:

(i) eu events from SPEAR! confirmed at DESY?
that most plausibly come from heavy-lepton pair
production and decays;

(ii) failure to detect parity violation in atomic
physics,® which suggests the presence of a right-
handed neutral heavy-lepton-electron doublet;

(iii) evidence for b-quark production,* which,
together with the idea of quark-lepton symmetry,
suggests at least one new lepton;

(iv) speculation that the decay u— ey may occur
at the 10™ level; this could proceed via heavy lep-
tons in intermediate states (e.g., Refs. 5-7);

(v) Fast trimuon and dimuon events®® which lie
outside the kinematical region expected for charm
production.!®

In gauge-theory models with two or more heavy
leptons, sequential decays were suggested as an
interesting possibility with a distinct experimental
signature.® The neutrino trimuon events seem to
have this signature, namely three fast muons
originating from the neutrino vertex with nonunique
dimuon and trimuon invariant masses.® Our ob-
jective is to quantify the predictions of such mod-
els with heavy-lepton cascade decays.

A. Gauge models

To put the discussion in perspective, we start
with a concrete SU(2) X U(1) gauge model with
eight leptons and eight quarks in the following
doublets (unspecified states are understood to be
singlets):

) () ) ()
o)
ANRRANHE
o) ),

The first two columns are the established Glashow-
Iliopoulos-Maiani (GIM) structure.'* E- is the
SPEAR heavy lepton'? with neutral partner E°.

The (E°, e7); doublet eliminates parity-violating
terms from the electronic neutral current and
hence from atomic physics.® The corresponding
(u,b)  quark doublet explains* the N high-y anom-
aly and the rising 0,(UN)/0,(vN) ratio. In fact these
doublets satisfactorily account for all hitherto es-
tablished experimental information regarding
charged and neutral currents.!?> Extending u-e
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symmetry from the GIM sector, we obtain the lep-
ton doublets in the final column. This scheme im-
mediately suggests the possibility of a chain of de-
cays® (Fig. 1)
M -MU,

MO~135v

(1.2)

and hence neutrino trimuon events (Fig. 2), pro-
vided there is some mixing of u; and M 7 to gener-
ate a coupling of v, to M. In the model above the
transition M "~ M?° is V- A while M°~ u” is domi-
nantly V+A.

Couplings of v, to M~ or M° can be induced
through the Higgs mechanism that gives the spon-
taneous symmetry breakdown.®!® The simplest
Higgs mechanisms result in couplings of order
m,/m, relative to the v, -~ u~ coupling that are
much too small to explain the observed trimuon
rate (see Sec. VI).

By whatever mechanism it arises, the v, ~M~
coupling cannot be prescribed arbitrarily because
of experimental universality tests. In a conven-
tional scheme where the (u,d.) doublet is not fur-
ther mixed, universality restricts the v, M~
coupling severely. In a generalized mixing scheme
(Sec. VII) or in a larger gauge group these restric-
tions on the size of heavy-lepton production can be
avoided.!* Although our calculations are mostly
phrased in terms of our SU(2) X U(1) model above,
the actual results remain valid in a much wider
context.

In our calculations we take the M~ mass to be
7 GeV and the M ° mass to be either 3.5 or 2 GeV,
as suggested by experimental invariant-mass dis-
tributions.

B. Cascade decay modes

The heavy-lepton cascade can involve both lep-
tonic and hadronic decay products

M~ -M°(1;v) or MC°H],
M°=~15(3v) or IH;,

(1.3)

where H; and H; are hadronic systems, as shown
in Fig. 1. Our discussion assumes that these are
the dominant diagrams. From this we obtain the

- o -
M M 22
e v ,0; v

or or

- +
HI H3

FIG. 1. Cascade decay channels.

FIG. 2. Trilepton production by neutrinos via heavy-
lepton cascade decay.

alternative decay categories
(i) M=,

(i) M~ =1ICH D, (1.4)
(iii) M~=HJlv,

(iv) M ~H;H;.

For events with three charged leptons, the rates

are related by

N(u p p?)=N(u"ue”),

N(e“e u*)=N(e'ee?), (1.5)

N (u'e”p)=N(u'e’e’)=N(u"u u")+N(e e u*)
neglecting identical-particle interference terms.
The relative rates between the different lines in
Eq. (1.5) depend on the ratio of M°—~ u” and M°—~e”
couplings.

Dilepton events can arise from type (i) decays
when one lepton is not identified. They also arise
from (ii) and (iii), that give same-sign and oppo-
site-sign dileptons, respectively; we expect these
mechanisms to dominate over type (i). Then for
the rates in the various channels we expect

N(up?) =N(u u*) =N(u'e*),
N(e“e™) =~N(e"u*) ~N(e"e*), (1.6)
N(ue”) =N(u " u’)+N(e'e’).

The ratios between the different lines in Eq. (1.6)
depend on the ratio of M°— u” and M°— e~ couplings.

C. Trimuon rate

If we assume that e is unmixed, the extent of
pz-M 7 mixing is limited by the experimental check
of u-e universality

G,/G,=1.007+0.014 (1.7

from w,, decay after radiative corrections.!® If we
write the strength of the v, = M~ charged-current
coupling as € relative to v, - u”, then Eq. (1.7)
limits € by €=0.014+0.028. Allowing one stan-
dard deviation, we obtain

€2s0.04. (1.8)
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This sets the plausible scale for €, similar to the
Cabibbo angle, for models where e~ is not mixed.
However, this limit on € can be avoided entirely
in a generalized mixing scheme (Sec. VII) or in a
larger gauge group.

From quark and lepton counting (neglecting
charm channels which are relatively suppressed
by phase space), we estimate the two branching
ratios in Eq. (1.2) to be each of order 0.2. Hence
asymptotically, where the ratio of M~ to u” pro-
duction rates approaches €?, the ratio of trimuon
to single-muon cross sections is approximately

o(u ™ p)/o(u’) ~2x10%, E—oo (1.9)

if we take €2=0.04. At Fermilab and CERN ener-
gies, however, the M~ production cross section is
substantially below its asymptotic value, and the
trimuon rate is further suppressed (see Sec. II be-
low). After averaging over the Fermilab quadru-
pole triplet neutrino spectrum?® with E, >100 GeV
we obtain

o(u p p)/o(p) ~2x 107, m,-=7.0 GeV.
(1.10)

The reported uncorrected trimuon rates are

5% 10™ (Ref. 8) and 1 X 10™ (Ref. 9), based on six
events and two events, respectively. If higher-
statistics data indicate a substantially higher rate
than Eq. {1.10), a stronger v, ~M " coupling will
be indicated; this can be achieved in a generalized
mixing scheme'* described in Sec. VII, or alterna-
tively by adopting a larger gauge group. However,
the essential dynamical features of our model cal-
culations will still apply.

Since the incident v, beam has left-handed polar-
ization, the v,-M ~ coupling is necessarily V- A.
In the model described above, the M -~ M° and
M°- 4" transitions are V- A and V+A, respec-
tively, but for slightly greater generality we con-
sider V+A couplings at both of these vertices. We
note this does not exhaust all possibilities: for
example the existence of a (v,,M 7), doublet would
lead to a M "~ v, u"M° decay with RR couplings.

D. Same-sign dimuons

The cascade-decay mechanism can also give
same-sign dimuon events when the [ is an elec-
tron, or an undetected muon, or when the Ijv ver-
tex is replaced by hadrons. We approximate the
detection efficiency for each muon by a multiplica-
tive factor 7, and denote the branching fraction for
M°—~ u u*v by B,. Then the observed cross sec-
tions are
o(p p pu* observed)=n*B,o(u™M°), (1.11)
o(u u” observed)=n?[(1-n)B,+1~B,Jo(n"M°).

Hence the ratio of same-sign dimuons to trimuons

is

o(p"u” observed)/o(u"u"u* observed)
=(1=n)/n+(1=B,)/(B,n). (1.12)

The lower bound independent of detection efficiency
is therefore

o(u )/ o(u u w)=(1-B,)/B,. (1.13)

From quark counting we expect B, =0.2 and hence
the p"u” rate should be at least four times the tri-
muon rate. In our later Monte Carlo calculations,
folding in the Fermilab quadrupole triplet v spec-
trum and detection energy cuts E, >4 GeV, we es-
timate 1=0.88 for m.=T, m;=3.5 GeV and n=0.83
for m_="T, m,=2 GeV. Hence we estimate the ratio

N(u u” observed)/N(u p"u* observed) ~5.
(1.14)

E. Opposite-sign dimuons

The cascade decay sequence also gives u~u*
events as noted in Eq. (1.6), which come dominant-
1y through the M °— u~u*v subchannel. These can
be distinguished from p~u* production via charmed
hadrons by their different momentum-azimuth cor-
relations (see Sec. I F below). In fact a number of
the p~u* events from the previous Harvard-Penn-
sylvania-Wisconsin- Fermilab (HPWF) dimuon ex-
periment lie outside the expected charm region,
providing supporting evidence for heavy-lepton
production, as we discuss in Sec. VG. Another
possible source of fast u”u* pairs is direct M°
production’® via a neutral current arising from
v,-M° mixing.

F. Azimuth-momentum correlations
Azimuth-momentum correlations can be used to
discriminate between hadronic and leptonic origins

for multimuon events. Consider vN - u’H events,
with H a hadron jet: the yu"H azimuthal angular
difference about the neutrino axis is A¢=180°. As
the energy of a particle in the jet increases, its
momentum becomes more closely correlated with
the jet axis, and its azimuthal distribution relative
to the u~ becomes increasingly peaked at A¢ =180°.
This is a crucial and distinctive property of had-
ron jet constituents, shared also by their decay
products, e.g., muons from charm decay.!® Sec-
tion VB demonstrates that the observed trimuons
do not have this property.

G. Time-reversal invariance

CP violation, or equivalently 7 noninvariance,
can occur naturally'” in gauge models like that of
Eq. (1.1). Since the heavy-lepton-cascade mecha-
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nism involves no hadronic final-state interactions,
time-reversal invariance of the weak couplings
implies that the following scalar triple product
vanishes on average

<(§1+ﬁ2)xﬁs'f’v>=o) (115)

where P, and P, are the u” momenta, P, is the u*
momentum, and §, is a unit vector along the beam
direction. This relies on the leptonic origin alone,
plus assumed CP invariance. Failure of this test
would indicate substantial CP violation in the
heavy-lepton sector. The five well measured
events of Ref. 8 yield a value 1.8+ 0.9 GeV? for
this scalar product.

Each of the two terms in Eq. (1.15) can be
weighted by any T-invariant function. In particular
we can derive the simple geometrical prediction

(sin(¢; — d;) + sin(P, — ¢,))=0 (1.16)

for T invariance, where ¢; is the azimuthal angle
of lepton 7 about the beam axis. This is satisfied
by the data of Ref. 8, within two standard devia-
tions.

H. Synopsis

In the following sections we make quantitative
predictions for neutrino trimuon production and
decay distributions via the cascade mechanism.
Section II describes our method of calculation and
presents numerical results for heavy-lepton pro-
duction cross sections and the associated recoil
hadron energy distributions. Section III gives the
squared decay matrix elements. Section IV evalu-
ates relations among the mean energies of heavy-
lepton decay products. Section V presents calcula-
tions of the various observable distributions for
the two- and three-lepton combinations. Section
VI discusses a simple Higgs mechanism which
generates a v,-M " coupling. Section VII describes
a generalized mixing scheme that permits a large
v,-M " coupling. Section VIII summarizes our con-
clusions.

—

II. PRODUCTION AND CASCADE-DECAY CALCULATION

We use a laboratory-frame helicity basis and
sum over helicities of intermediate heavy leptons.
An exact calculation requires coherent summation
of amplitudes involving all possible combinations
of intermediate helicities. Given our present in-
complete knowledge of the V,A nature of the heavy-
lepton couplings, the algebraic complexity of an
exact evaluation is not warranted. We therefore
make the simplifying approximation of neglecting
interference terms between amplitudes with differ-
ent intermediate helicity configurations. This re-
tains important features of the full theory; in each
amplitude the helicity is correctly followed from
the production through the final stage of the decay.
In any situation where a particular helicity config-
uration is dominant, our approximation gives the
exact result. Furthermore, the neglected inter-
ference terms integrate to zero in the total rates.
In any multibody process, particle masses and
phase space are bound to have overriding impor-
tance in any case, and these we treat exactly.

It is convenient to distinguish the partial decay
widths

E.dTY(M;~MS1;7)=A ,Hd Pe 54< _-Zpa>,

2.1)

3 a
EdT™(M S~ 1;1) = AT ] Ti’ﬂ 6“<po_ » pﬂ>
[} [

(2.2)

with @=M°1,,V and B=1,,l,,v; we use — and 0
subscripts to denote M~ and M °, respectively.

A, A™ are invariant squared matrix elements;
h,j=+are helicity labels for heavy leptons, and
the helicities of /,,7,,1, (which may be either elec-
trons or muons) have been summed over. In the
approximation discussed above, the partial width
for the cascade process is then

. II ds3 d3
EdT™ (M 5~ 115 1307) =2y S A, A ] S22 [T S22 64<p_.. > pa>64<p0_ 3 p,,) , 2.3)
o i @ @ g B8 a 8

where T''! is the partial width for M°—~1;I;1} in the M ° rest frame and B! is the branching fraction for this

mode.

The multilepton production cross section in our approximation is

do(UN —=1,1,1,v0X) =———

pnr

Z do,(vN— M ; X)dT" 1 (M 5~ 1, 1,1, vD) , 2.4)

where T''™ is the partial width for M ~—~1]1;1:V7 in the M~ rest frame and B is the branching fraction of

this decay.

The M~ production by v, or v, necessarily proceeds via V- A lepton coupling, with the helicity cross

sections given by
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do* &G °ME [( 2) ]( Mx
prz i Tl G AN R 777-) Rl e Sy o

ym. | m.? ”‘_2]
‘F3§2xy‘xyz‘§ME‘ [ ("“zME>§2]}+F4[("“m)+“I ME

where € characterizes the strength of the v, - M~

coupling relative to v, - u°, M is the nucleon mass,

=Q*/(2Mv), y=v/E, Q and v are the four-momen-
tum and lab energy of the exchange current, and

=[(E2-m2)'2_E_.cos8]/M,
- (E.2 _ m_2)1/2/E .

In the limit of high E_ or small m., § ~xy, &,
-~1-y, F, and F, terms in Eq. (2.5) disappear,

o, vanishes, and o. reduces to the familiar muon
production cross section for e=1. The coefficients
F; are related to the structure functions W; of the
standard hadron tensor (with p=p, andg=p,-p.)

(2.6)

1
-W,, =6, W+M2Pui) W+2M2€uvorpaq7

1 1
+—ﬁ§ququ4+W (P“q, +qul>,,)W5 (2.7)
as follows:
F,=2MW,, F,=vW, fori#l. (2.8)

In the quark-parton model the F; for vp—- p°X
are related to the parton densities by

F,=F,/x=F,=2(u+d cos*0,+s sin®0,) ,
F,=2(@ - dcos’0,- s sin®f,), (2.9)
F4=0)

where we have neglected charm components and
charm production. For vn— p"X the » and d labels
in Eq. (2.9) are interchanged. The results for

Up - u*X can be obtained by the following modifica-
tions: k- -k on the right-hand side of Eq. (2.5)
and u~#,d~~d,s 7S in Eq. (2.9). In the following
calculations, we use the quark-parton distributions
from solution 3 of Ref. 18.

Figure 3 shows YN - M "X and VN - M *X helicity
cross sections on an isospin-averaged nucleon tar-
get N, for full-strength Fermi coupling e=1, with
heavy-lepton masses m.=T and 3.5 GeV, compared
with u* production. For neutrino beams the helici-
ty-minus cross section dominates over helicity
plus, so that the produced M ~ is dominantly left-
handed. Asymptotically o,(v) and o_(7) tend to zero,
and the produced M~ (p*) become completely left
(right) polarized in this limit. Note that threshold

m.
}ME‘Lh[gl(l - 52(”* SME

ﬂ}) 2.5)

r

factors suppress the cross sections appreciably,
even in the 100-GeV region. The ¢,/0, production
cross-section ratios, averaged over the HPWF
quadrupole triplet neutrino spectrum, are

m.=3.5 m_=17.0

0y-/0,- (E>50) 0.44 0.10
0,-/0,- (E>100)  0.57 0.17
0y-/0,- (E>150) 0.60 0.20

Figure 4 shows the distribution of hadron energy
fraction y = (E,,q— M)/E for various incident v and
7 energies. The suppressed helicity component of
the cross section has a very different y dependence
from the dominant component. Neutrino production

| T T ——— T
o (UN—=X)
107 't ¢ —
U_ [EApp——
; |0—2:_ a'+ ...........
® E a
© 1 UYN—=M"X 3
;o:’ IO_3§' ,’
S E m=3.5
2 -a
10 M Il i
NE 1 10 100 400
G El/ (GeV)
®
'? 1 T T
o
107k
Y
w
~
6" 1072}
1073k
-4 ,
10
1 10 100 400
E;; (GeV)

FIG. 3. Helicity cross sections for v and ¥ production
of heavy leptons M assuming Fermi coupling strengths
and masses 3.5 and 7.0 GeV for M*.



2146 V. BARGER et al. 16

at high y is suppressed by the threshold; neverthe-
less for y<0.5 the distribution is relatively flat
for vN and approximately (1 - y)? for N.

III. DECAY MATRIX ELEMENTS

The leptonic cascade decay is described by the
two decay segments in Eqgs. (2.1) and (2.2). In
each case we have a known vl V - A vertex and a
vertex involving heavy leptons; for the latter we
consider V - A and V+A possibilities. We label
the four-momenta in the decay by p,~p,p.p, cor-
responding to M~ —~M°I;v or M°~1;vI}. The
squared matrix elements A for Egs. (2.1) or (2.2)
for V-A are

AYTAL (P = (by) s Pt

52GF2 )
2—(211')5 (pa+h$a) ‘pd(pb"‘]gb) Do (3.1)

where 9§ is the a— bcd transition strength relative
to G,/V2; & is related to the covariant spin vec-
tor S as

£=MS=(pE/|p|,i|p|) . (3.2)

For V+A coupling, p. and p, are interchanged on
the right-hand side of Eq. (3.1), and the £ terms

0.5 T

E =400
UN—M"X
m=3.5

0.4

100

o
o

o
N

o

0.5

0.4
L7
—lw ©3

FIG. 4. Distributions of recoil-hadron energy fraction
9= (Epag — M)/E associated with heavy-lepton production
at neutrino energies E=25,50,100,400 GeV.

change sign. In the case of M°—1;vl;, Eq.
(3.1) is summed over the helicity j. We
note that the strength parameters 0 cancel
out on the right-hand side of Eq. (2.4); the
dependence on the 6 parameters is con-
tained in the branching fraction B! which for
present purposes may be regarded as an arbitrary
parameter,

IV. MEAN ENERGIES OF HEAVY-LEPTON
DECAY PRODUCTS

The ratios of mean energies of leptons from a
heavy-lepton decay obey restrictive bounds. For
arbitrary V, A couplings and initial lepton polariza-
tion, the bounds are!®

2=(E,) [(E,)=2 4.1)

for any two decay leptons, in the zero-mass ap-
proximation. For a specified V+A interaction and
specified heavy-lepton polarization, the average
decay energies and their ratios are more re-
stricted.

Consider the leptonic decay a—bcd with a, b, ¢
particles and d an antiparticle, with either V-A
or V+A coupling at the a— b vertex (relevant for
charge current decay) and V — A coupling at the
cd vertex. The mean decay energies are then

V-A V+A

- -

(E)Y/E,= (1-5+V)/20 (7+5-V)/20
(E)/E,= (1-5-%)/20 (6-25-¥)/20 (4.2)
(Ej)/E,= (6+25°V)/20 (7+5°v)/20

in the limit of negligible b, c, d masses. Here S
is the rest-frame covariant spin vector and V is
the laboratory velocity of particle a.

Since SV is always bounded by +1 (the limits
being reached for relativistic particles), the ratios
of mean energies are rigorously bounded as fol-
lows

V-A V+A
b/c=1 i=b/e=2
i<b/d =2 b/d =1 (4.3)
isc/d=2 isc/d=%

For massive b the results corresponding to Egs.
(4.2)-(4.3) are more complicated. They take the
general form

(Ei>/Ea=A¢(x)-%Bi(x).s..; ’ (4‘4)
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where A, and B, are functions of x=m,/m,. For
V — A coupling at the a— b vertex they have the
forms

TA,=T7-25x2+160x* - 160x°+ 25x % - Tx*°
+120x%*(1+x%)1nx ,

IB,=3-15x2%+200x* - 120x° - 75x %+ Tx1°
+120x4(1+3x2) Inx ,

TA,=T-"T5x%-120x*+200x° - 15x 5+ 3x1°
-120x%*(3+x %) Inx , (4.5)

IB, =3 - 45x % ~ 240x* + 240x 5+ 45x°% - 3x 1°
-360x*(1+x2)1Inx ,

IA3=-IB; =6 -60x%-40x*+120x°-30x°8

+4x1°-240x%1nx ,

where
I=20(1 -8x2+8x°%—x%—24x*1nx) .

To obtain the case of V+A coupling at the a—=b
vertex, reverse the sign of all coefficients B; and
interchange the labels ¢, d in Eq. (4.5).

The corresponding average decay energies are
plotted in Fig. 5 for §*v=%1, for V —A coupling
at the a— b vertex. For V+A coupling at this ver-
tex, the §+V=x1 labels in Fig. 5 should be re-
versed and E, E; curves should also be inter-
changed.

Using Eqgs. (4.2) and (4.4), plus the information
that M~ is relativistic (v =1) and dominantly left-
handed (S +¥=~-1), we can deduce the decay ener-
gies for the cascade M~ ~M°; v, M°~1;13v. We
take V —-A, V+A couplings at the M~ -M°, M°
—~1; vertices and masses m.=T GeV, m,=3.5 or
2 GeV as before. The results expressed as a frac-
tion of the average grandparent M~ energy are

my=3.5 GeV my=2.0 GeV
(M®/{M~y= 0.62 0.49
Ay /AM™)= 0.24 0.33
(DY /AM~y= 0.14 0.18 .6)
LY AMY= 0.22(1+5,+7,/T)  0.17(1+5,+V,/7)

(I3 /AM™y= 0.22(1+5, *V,/7)
(V) /(M7= 0.18(1 - §,+7,/3)

0.17(1+5,V,/7)
0.15(1 - §, *V,/3)

where §,, V, refer to M°,

The calculated ratios of decay energies based on
our approximation to the production-decay se-
quence, including corrections due to muon-energy
acceptance cuts and right-handed M~ contributions,

1.0 T T -T
7
7
7
7
- // -4
s.v=-1 -7
//
~
ﬂ 05} /// -
E //
a  — -
| == 5=+
O 1 1 1
(o] 0.5 1.0
x=mb/m°
0.5 T T T
s.v=-1
N ]
Eq COER 3 I
o 1 L 1
(0] 0.5 1.0
x=mb/m°
0.5 T T —r
——————— s.v=+1
(Ea> - \\\\\\\ ~
Eq =~<
s.v=-—1 \\\\\
0 " n 1 —
0 0.5 1.0
x=m,/mg

FIG. 5. Average energies of decay leptons ina —bed,
relative to the parent energy, as a function of the mass
ratio x=m,/m,. Here c,d are massless and V—A cou-
pling at both ¢ — 5 and ¢ —d vertices is assumed. The
curves represent upper and lower bounds corresponding
to§:¥=+1. For V+A coupling at the a —~b vertex,
interchange the § -¥=+1 cases and exchange the c,d
labels.

are in fact quite close to the idealized theoretical
predictions of Eq. (4.6): see Eq. (4.7). For the
Fermilab quadrupole triplet » spectrum, o(S v
=-1)/0(5+V=+1)=~3. For high-energy M~ produc-
tion, we find ( §,*V,) =~ - 0.3 for m,=3.5 GeV and
(8, *Vy) =-0.5 for m,=2 GeV,

The actual mean decay energies from the model
calculation with the experimental v, spectrum and
acceptance cuts E,>4 GeV are as follows in GeV
units:

m,=3.5 m,=2.0
(M~) = 126 129
(MO = 75 63
(1= 30 40
(V) = 20 26 4.7
(1= 25 21
(I3 = 26 21
(v) = 24 21
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It is impossible to know experimentally which of
the two negative leptons is I; and which is I;
these two leptons can be classed as fast and slow,
which does not identify the vertices of origin. As
MP° becomes lighter, I, tends to become the faster
lepton on average. With the fast-slow classifica-
tions, our calculation gives mean energies (in GeV)

m_=7.0 wm_=7.0 wm_=10.0
my=3.5 my=2.0 my=2.0
)= 53
oy 39 45 .8)
(I3 = 17 15 23

where we include one example with higher m_ for
comparison. Three other quantities of interest are
the hadron energy E, ,; the total visible energy
E,,,, and the total energy; for m_="7.0 we find the
mean values (in GeV)

(Epa) = 49 a1
(Epg)= 131 129 (4.9)
(Erorar) = 175 175.

The mean missing energy carried by neutrinos is
about 55% of the 31 energy and about 35% of the
total visible energy. The incident neutrino energy
is appreciably higher than the visible energy; this
prediction can be tested with narrow-band beams.
The experimental results of Ref. 8 give (in GeV)

(K3) =595,
() =132,
(u*)=31%6, (4.10)

(Eppa) =525,
(E,q)=183 211,

where the errors quoted are measurement errors
only. The number of events in these average
values are 6,6,5, 3,3, respectively. These energy
averages are in the neighborhood of our predic-
tions.

V. COMPARISON WITH EXPERIMENTAL DISTRIBUTIONS

A. Invariant-mass distributions

The invariant-mass distribution for the I;I; lep-
tons from M° decay has been calculated previous-
ly.?° Defining s = (m,,)?, the result is

1 4ru
T gs

=2(my % - s)2(my2+2s)/m2 (V-A)

=12s(my? - s)2/m,® (V+A) . (5.1)

This distribution is interesting for opposite-sign
dileptons originating in M~ cascade decay, since
there I “7* come dominantly from M°. The average
values from Eq. (5.1) are

32
(Myg) =25 m, (V-A)
63 (5.2)
= % m, (V+A) .

For the cascade decay M~ —I;I; I} vv we make
Monte Carlo calculations based on Egs. (2.3) and
(3.1) for the observable invariant-mass combina-
tions m__,=m(;;13), m_=m(l{l;), and m_,
=m(171;) or m(l;l}), summing the latter indis-
tinguishable alternatives. Figure 6 shows the re-
sults for the four possible V +A coupling possibili-
ties at the heavy-lepton vertices, with masses m_
=7 GeV and m,=3.5 GeV. The similarity of the in-
variant-mass distributions for different coupling
choices supports our expectation that phase space
would be a dominant effect. The V-A,V -A case
has also been calculated independently in a dif-
ferent approximation, with similar results.?

The kinematical end-point of all three invariant-
mass distributions above is the mass of the M~
parent. The m__, distribution most clearly re-
flects this scale, with (m_.,) =3m_.. The lower
peaking of m_, is partly due to the M° component,
which from Eq. (5.2) has (m_,)~%m,.

Figure 7 compares the LR choice, corresponding
to the model of Eq. (1.1), with the HPWF trimuon
data. Here two choices m,=3.5 and m,=2 GeV are
shown, with m_=7 GeV. The previous invariant-
mass distributions are somewhat insensitive to the
precise value of m,. However, in each event the
lower of the two m_, combinations must always be
less than m,: in Fig. 8 we show the distributions
of m._, (lower), for which the kinematical end point
is m,. The data exclude m,< 2 GeV; the event at
the high end of the distribution has m._ (lower)
=2.2+0.2 GeV.

B. Azimuth-momentum correlations

As remarked in the Introduction, azimuth-mo-
mentum correlations provide a means of dis-
tinguishing between heavy-lepton and hadron
origins for multilepton production by neutrinos.
Energetic particles from the hadron vertex tend to
come out with A¢ ~180° relative to the fast p-
from the v, vertex. Figure 9 illustrates this for
dimuons from charm decay (v, N-u"DX,D -~
- K* u*v). This figure also shows a similar
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FIG. 6. Invariant-mass distributions for trimuon
events of cascade decay origin. The L and R labels
denote the M~ —M" and M°->l§ couplings, in that order.
The M~ and M° masses are taken to be 7.0 and 3.5 GeV,
respectively. Units of N are arbitrary.

azimuth-momentum correlation plot for the
trimuon data®: here A¢ is computed between the
fast u~, assumed to come from the v, vertex, and
either of the other muons. If the two slow muons
came from decaying hadrons, the correlation plot
should be similar to the charm case, but it is
clearly not. The corresponding azimuth-momen-
tum correlation for trimuons predicted by our
heavy-lepton-cascade model is also shown in Fig.
9: there is no strong A¢ dependence here, in
agreement with the data.
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FIG. 7. Invariant-mass distributions for trimuon
events with the LR coupling choice of our model. Two
choices m(=3.5 and my= 2 GeV are shown, with m_=7
GeV. The trimuon data in this and succeeding figures
are from Ref. 8.

C. Muon rapidity distributions

The rapidity variable y=31In[ (E +p)/(E —=p,)]
has proved to be extremely useful in analyzing
secondary-particle distributions and correlations
in multiparticle hadron physics. We expect that
it will also prove useful in studying high-energy
neutrino phenomena. If we neglect corrections of
order m?/(p26%), which is generally a very good
approximation for muons, rapidity reduces to a
purely angular variable, y=1ncot(39).
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Predicted rapidity distributions are compared
with results from trimuon events in Fig. 10. In-
dividual muon rapidities are large but rapidity
differences are small, in complete accord with the
heavy-lepton predictions.

V. BARGER et al.

D. Energy distributions

Figure 11 shows the predicted energy distribu-
tions for leptons originating in the two stages of
M~ decay, integrating over the v production spec-
trum and including E, > 4 GeV cuts. Figure 12
compares the predicted pg, 45, u* energy distribu-
tions with histograms of the data. The agreement
is broadly satisfactory. One event has E(u3)
=157 +24 GeV which is on the tail of the predicted
spectrum. It'is interesting to speculate that such
an event might have originated in a single-step
neutral-current decay M~— p~u~u*: if so, future
accumulations of trimuon events should occur with
unique invariant mass m__, as well as higher
muon and visible energies than cascade decay
events.

Figure 13 shows distributions for E(M~),
E(hadrons), E(visible), and E(missing) with v
spectrum average and muon cuts. :

E. Transverse-momentum distributions
The transverse momenta p, of decay products
provide another means of determining the mass of
the parent when the p, distributions of the parent
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Adlur,p*) A, pt) [ordplur, )] Adlug,pu”) [or Adlpg,p))]

FIG. 9. Momentum-azimuth correlation test of hadronic versus leptonic origin for multimuon events. (a) Momentum
of the slow u* versus its azimuthal separation from the fast u-, calculated for dimuons from charm production, vN
—u"DX, D—~K*p'v. (c) Momentum of slow cascade decay products of heavy leptons (u* or p%) versus their azimuthal
separations from the faster negative muon (u%). The Monte Carlo theoretical distributions are normalized to 1000
events in each case. (b) The trimuon data are shown for comparison, with the momentum of each slow muon (u7 or
u") plotted versus its azimuthal separation from % The solid curve indicates a very conservative empirical boundary
of the charm region and the line at p ,=4 denotes the experimental acceptance cut.
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is known. This method has previously been suc-
cessfully exploited in deducing the mass of
charmed mesons produced by neutrinos.2*? The
technique should be more reliable in heavy-lepton
mass determinations, since the p, distribution of
the produced M~ lepton is specified by an estab-
lished theory and the identities of the decay pro-
ducts can be surmised.

Figure 14 compares predicted p, distributions
for u” (summed over both) and p* with histograms
from the trimuon events. If M~ were produced
with zero transverse momentum, the decay muon
p, distributions would be bounded by 3m_: The
curves show that the M~ production process smears
the p, distributions very little beyond this value.
The experimental p, distributions indicate an M~
mass about 7 GeV.

F. Angular correlations

Figure 15 shows the distributions in the opening
angles between uy, ug, 4*, taken in pairs, for
trimuon events. A scatter plot of Monte Carlo
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FIG. 10. Rapidity distributions of muons from heavy-
lepton cascade decays, for the v spectrum of Ref. 8 with
energy acceptance cuts E, >4 GeV. The y* distributions
for p* have similar forms and are shown combined.

The rapidity differences Ay™* and Ay~ " also resemble
one another and are shown combined. The histograms
are trimuon data.

events in Fig. 16 shows the correlation between
the u* pz and u* ug opening angles; our model
predicts a tendency for the u* u; angle to be the
smaller of the two, which is also seen in the data.

G. Dimuons

The present multimuon event rates have approxi-
mate ratios®?®-2%2¢

TR TN TR T T
~1:1072:1.5%10°%: (0.1-0.5)x10°3 .  (5.3)

The p"u™ to u~u~u* ratio is consistent with the
lepton cascade prediction in Eq. (1.14). From the
prediction of Eq. (1.6) that u™p* =~ u=u~ for a lep-
ton of cascade origin, we are led to expect that
about 15% of the observed p-u* events are due to
M~ production and decay.

To obtain dimuon distributions of heavy-lepton
cascade origin we approximate the hadronic vertex
by light quarks; the calculation then reduces to the
trimuon analysis. Figures 17 and 18 show azi-
muth-momentum correlation plots, similar to
those used to discriminate against hadronic origin
in Sec. V B above, applied to the dimuon events.

A significant fraction of the u~u* events from Ref.
23 lie above the boundary for charm production by
neutrinos. A few of the u~u* events, with p(u*)

> p(17), have in the past been identified as due

to charm production by antineutrinos (these events
are circled in Fig. 17); however, they may as
well be due to heavy leptons. Even excluding
these circled events, there remain some p-u*
events outside the expected charm region.

V1. HIGGS-MECHANISM-INDUCED
NEUTRINO-LEPTON COUPLINGS

We discuss briefly a Higgs mechanism which
generates a coupling between v, and M~. Working
within the muon sector of Eq. (1.1), we use three
doublets and one singlet of leptons

0
(), o),
v/ M™ /)

MO -
DR=< > » Sp=Mpg,
R

(6.1)

i

together with a Higgs doublet

¢p= ( ¢ >
¢0
and one Higgs singlet ¢’. The interaction Lagran-
gian density is
Ly=-d Dp¢’ ~ D Do’ D¢y Sp+H.c.
(6.2)
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The Higgs fields have vacuum expectation values
(0*)=0, (¢° =v, (¢’ )=v’, so that the mass
operator for lepton fields is essentially

M=a,d;Dp+a,D;Dy+a,M7M j+H.c. , (6.3)

where a,=h,v’, a,=hyw’, a;=h,v. Alternatively,

the first two terms in Eq. (6.3) can be introduced
as gauge-invariant bare mass terms. The mass

operator can be diagonalized by the transforma-

tions
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FIG. 14. Predicted transverse-momentum distribu-
tions, relative to the v-beam axis, with neutrino spec-
trum average and muon energy cuts. The histograms
are from trimuon events.

0 o

v, =V, cosa +M7 sina
o 0 5

M7 =M% cosa —v, sina ,

u7=uzcosB+My sinB ,

M7 -M7 cosB— uy sinB (6.4)
Ky = ULgcCOSY+Mgsiny ,
Mz=M%cosy — U siny ,
where
tana =aq,/a,
tan2p=2a,a,/(a?+a,%> - a?) ,
tan2y =2a,a,/(a? - a,% - a,?)
(6.5)

m, =a,sing/siny ,
- 2 2\1/2
my=(a2+a2)t/?
m_=a, siny/sinB .

Equation (6.5) has a simple approximate solution

: X X
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FIG. 15. Predicted distributions of opening angles between pairs of muons from M~ decay, spectrum-averaged with
muon energy cuts, compared with histograms of trimuon data.
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in the limit where m, <m,<<m_, namely

a,=m,, a,=m,, a;=m.,

(6.6)
a=m,/m, B=m,my/m_2 v=my/m._ .

With the masses m , =0.106, m,=3.5, m_=7.0 GeV,

the exact numerical solution of Eq. (6.5) gives

@=0.035, $=0.009, ¥=0.523. (6.7)

This Higgs mechanism generates a v, =M~ cou-
pling of strength € =tan(B — a) relative to the v,
- i~ coupling. For the numerical solution in Eq.
(6.7),

€2=0.7%x10"3 (6.8)
which is much smaller than the minimum value sor ] sor 1
€2=0.4 needed to explain the trimuon data. | | | |
z | 1 3
S aof - {1 & aof
VII. UNIVERSALITY AND NEW LEPTON MIXING XL - ‘;in
(=Y Qa

A. Generalized weak universality

The constraint €2 <0.04 of Eq. (1.8) was based
on the usual tacit assumption that mixings in the
e, U, and quark sectors are uncorrelated. How-

0°

60° 120°
Adlpp®)

180°

so° 1200
Ap(p,put)

180°

FIG. 17. Momentum-azimuth correlation plot for pu u*
events, analogous to Fig. 9 for trimuons. The solid
curve is a conservative boundary for neutrino charm
production, and the line at p, =4 denotes the exper-
imental acceptance cut. The theoretical scatter plot
for the heavy-lepton cascade process is normalized to
1000 events. The data are from Ref. 23: points with
p(u")>p () that have in the past been interpreted as
antineutrino charm production are circled.

£,=2my(G'NE V2D (Dyy,7*Dy+ Dy, T DR)W*

+ H.

D, D*

c.,

(7.1)

where L, R subscripts denote left, right handed-

80
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ever, weak universality constraints actually admit ol ; . * ;
a hitherto unexploited maximal mixing of electrons o 60° 120" {80° 0*  60* 120° 180°
and muons with charged heavy leptons,*2° which A lp.pg) Adlpg.pg)

in turn allows heavy-lepton production by v, with
full Fermi coupling strength.
InSU(2) X U(1) gauge models the charged-cur-

FIG. 18. Momentum-azimuth correlation plot for u ™y~

events. The theoretical scatter plot for the heavy-lepton
cascade process is based on 1000 events. The data are
from Ref. 23.

rent interaction Lagrangian is constructed from
quark and lepton doublets D,, D} as
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ness. Universality of couplings requires that all
doublets appearing in (7.1) are normalized to the
same strength. Muon-electron universality is
maintained so long as u,e (and v,,v,) appear sym-
metrically in the doublets.

The standard model™ has G’=G, D3=0, and
the left-handed doublets of the first two columns
in Eq. (1.1). For massless v,, v, the Cabibbo
rotation is the only degree of freedom with these
doublets and its value is determined by experi-
ment. The universality prediction for this model

J
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is equality of ;ee, ;u i, ch vector coupling

strengths

22(v,e): £%(v, 1) : g 2(ud) : g 2(us)
=1:1:co0s%0,:sin?6, (7.2)

which is consistent with experiment, and must be
regarded as a constraint on all models.

When additional doublets exist, other rotational
degrees of freedom become possible. We con-
sider the eight left-handed doublets of Eq. (1.1)
and mix them together as follows:

v, v, < #CosSw — tsinw) (c cosw — ¢’ sinw)
b 2 ’ ’
e“cosw+E"sinw / Lo cosw+M™sinw / de L S¢ L

E° MO
’ ’
E-cosw-e"sinw/, \M cosw - pu~sinw/

By demanding the same mixing angle w for each
pair of doublets, we preserve e, . symmetry,
quark-lepton symmetry, plus the standard Cabib-
bo mixing and the constraint of Eq. (7.2) In this
extended model, the coupling G’ of Eq. (7.1) is

G’ =G /(cosw)? (7.4)

to reproduce the strength of known charged-cur-
rent transitions. Normalizing to G, units, the
modified left-handed weak current is

3Jdo=VorVe(e +tanwE™)  + v, 17 (1" + tanwM ™)
+ By o(E™ - tanwe™), + MYy, (M- - tanwp”),
+1 1Y o(do + tanwd)  + € ¥ 4(s o + tanwd’)
+1,74(b—tanwdy) +1 7, (b - tanws,); .
(7.5)

Conventional models with universality have im-
plicitly assumed G’= G, excluding anything other
than Cabibbo mixing in the standard sector of Eq.
(2). Only by this new mixing can we achieve a
substantial coupling of ordinary neutrinos to heavy
leptons M=, or left-handed coupling of « to b, with-
out violating the constraint Eq. (7.2).

There may also be mixing in the right-handed
sector, e.g.,

< E° > (—u cosy+tsiny )
) b
e“cosy+E"siny /4 b R

(7.6)

( Mo (-c cosy + ¢’ siny
b b
K cosy+M™siny /5 b’ R

where the mixing angles are equal for quark-lepton
symmetry, but may be different from those in the

(7.3)

b b’

tcosw+usinw> (t'cosw+csinw>
R .
L L

r
left-handed sector. The ¥y mixing cannot be large,
because it permits the neutral-current decays

M~ = u7l*l" and E”—=e"1*l7, which are known not to
be the major decay models of M~ and E~. To be
consistent with the experimental upper limit?®

I'(E- -3 charged leptons)/T(E~ —all)< 0.006

we must require?” tan?y <0.05. There is no com-
pelling reason for having a nonzero 7Y in any case.

B. Heavy-lepton production rate

In our w-mixing scheme the v, —M~ coupling
strength is tanw relative to v, = 1°, This allows
for M~ production by neutrinos at high energy, with
asymptotic ratio

o(v,N-M"X)/o(v,N - u"X)=tan’w . 7.7)

To the extent that the coupling €=0.2 in Eq. (1.8)
is not in disagreement with present experimental
information on the trimuon rate [ see Eq. (1.10)],
the rotation angle w is approximately of the same
magnitude as the Cabibbo angle.

C. W-boson mass

In a unified theory?® based on the doublets in Eq.
(7.3), the W* mass is

my, =(37.7 GeV) X (cosw/sinby,) (7.8)

where 6, is the Weinberg angle.

D. Z%boson mass and neutral currents

The w rotation in Eq. (7.3) drops out of the neu-
tral current, except insofar as it appears in the
overall strength G’/k%, where k=m ,cosb,/my,

Z being the neutral weak boson. The experimental
determinations of 6, from ratios of neutral-current
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cross sections are thus unaffected by w.

The theoretical value of « is fixed by the Higgs
mechanism; in the Weinberg-Salam model «=1.
The ratio of inclusive neutrino neutral-current to
charge-current cross sections gives'?

(G'/k?)/Gp=~1, (7.9)
within 10%, which implies the usual result

m ,~2(37.7 GeV)/sin(26,)~78 GeV .  (7.10)

E. Muon anomalous magnetic moment
In our model the major weak contribution to ¢,
= é(gu —2) comes from the triangle diagram with
intermediate M°, which gives

2
Gpm,

a, (M%) =
w01°) V2 72

[-ngR :In_’li+ 1-52' (gz,z'*'gnz)jl s

(7.11)
where g, = - tanw, gp=cosy/cosw, and m, is the
mass of M°, Taking cosy =1 and adding the con-
tribution of the intermediate-neutrino diagram,?®
which has g, =1, gz=0, m,=0, we obtain

a,(M°)+a,(v)=9.2 X 10'9(m—°- sinw + 2>/cos2w .
m, 6

(7.12)

The Z°-exchange contribution is negligible, of
order 1071°, The trimuon analysis indicates m,
~2-3.5 GeV and |tanw|=~0.2-0.3; taking the lower
values in each case civac

a,(weak)=-28 x10"° (7.13)

for w< 0. The discrepancy between the new experi-
mental value® for a, and the theoretical electro-
magnetic contributions®' (through eighth order) is

a,(expr) —a,(em)=[ (1165922 £9)
- (1165918 +13)]x 107°
=(4£22)x107° (7.14)

which can be attributed toweak contributions. Al-
lowing the two standard deviations, this is con-
sistent with Eq. (7.13). The g -2 restriction could
be weakened by introducing other heavy leptons in
the right-handed sector, e.g., the dominant g, g,
term in Eq. (7.11) would be eliminated if the right-
hand doublet was (M%, 1) instead.

F. Further comments

The w mixing provides an E~ -y, coupling for
the decay E~—v,(I"v). The model can accommodate

CP violation.” If only the left-handed sector Eq.
(7.3) is retained, the model is natural in the sense
of Ref. 32, VN anomalies may partially originate
in the u, —~ b, coupling induced by w mixing,
atomic-physics parity violation must exist, and
o(v,e’) #a(v,e).

VIII. SUMMARY

The properties of neutrino trimuon events indi-
cate heavy-lepton production with cascade decays.
We have proposed a specific SU(2) X U(1) gauge
model, which allows cascade lepton decays, and
have made detailed calculations of the complete
heavy-lepton production and decay chain. The
model is in broad agreement with all trimuon
distributions. We draw particular attention to the
following results.

(i) The azimuth-momentum correlations of the
data exclude a hadron-vertex mechanism for the
extra muons in trimuon events and in some di-
muon events.

(ii) The invariant-mass and transverse-momen-
tum distributions of trimuon events indicate a mass
of about 7 GeV for the primary heavy lepton M".
The mass of the secondary heavy lepton M° is in
the range 2-4 GeV.

(iii) A characteristic feature is the presence of
two unobserved neutrinos, carrying off about 55%
of the pu~u~u* energy (about 35% of the total visible
energy): this prediction can be tested in narrow-
band beams.

(iv) The initial v, =M~ coupling is necessarily
V —A. The analysis is not especially sensitive
to the V +A nature of the other heavy-lepton cou-
plings.

(v) Our cascade model predicts u~u" events at
about five times the trimuon rate, which is con-
sistent with the present level of the data.

(vi) We predict u~u* events from cascade decays,
coming dominantly through the M°—- p~u*v sub-
channel. The rate for u-u* of heavy-lepton cas-
cade decay origin is comparable to the u~u~ rate.

(vii) Heavy-lepton M~ production by v, requires
uz-M7 mixing. The observed cross section may
require a mixing angle comparable to the Cabibbo
angle, which would somewhat strain the limits of
conventional u-e universality. However, our w-
mixing scheme allows one to circumvent the con-
ventional universality constraint and achieve a
large v, -M" coupling, if required by future data.
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