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The most promising explanations of vN —pu~u~X and vN —p~e ~X like-sign dilepton events are two
classes of models that have recently been proposed to explain neutrino trimuon production: (i) cascade decay
of a charged heavy lepton M ~, (ii) decay of a neutral heavy lepton M ° together with semileptonic decay of
a new quark b. These two classes predict quite different lepton energies for vN —pu~e X events. They also
predict completely different charge topologies for antineutrino-produced trileptons and like-sign dileptons.

Two radically different classes of heavy-lepton
mechanisms have been proposed to explain the
neutrino production of trimuons®?: (i) cascade
decays M"—~M°u~7 (or vu."M®)—~ u"u"u*vv of a
heavy lepton M~ produced along with old or new
hadrons®®; (ii) lepton-hadron mechanisms?®:8:10
where a heavy lepton M° is produced via ‘a ‘neutral
current along with a new quark b of charge -%,
followed by the decays M°~ p"u*v and b—uu~v
(see Fig.l). It seems difficult to discriminate be-
tween these two classes on the basis of rather few
trimuon events, now or in the near futdre._ How-
ever, both classes of mechanisms predict other
interesting phenomena. Of particular interest
are like-sign dilepton events' and also antineu-
trino production of trileptons and dileptons. In
this paper we show that the lepton energies in
v,N— p"e’X events distinguish clearly between
these two classes of mechanisms. We also show
that the predicted charge topologies for antineu-
trino-produced trileptons and dileptons are com-
pletely different for the two classes. '

The trimuon mechanisms generally predict vN
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FIG. 1. Dominant diagrams for vN —p " u*X trimuon

production in lepton-cascade and lepton-hadron models.
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-~ L"u"X events at a few times the trimuon rate,
from diagrams where M° decays hadronically,
M°— p~H*, and from M°— p"I*v when the lepton I*
is not identified experimentally. (Exceptions to
this are models®!° where the hadron system H*
has to contain a heavy quark; here the u-u~ rate
is much reduced and may well be too low to fit
experiment.'?) Cascade decays via #° do not give
pure p-u" events since p* is present too, but
models with #7° modes also have cascades via
M°, Likewise, vN— u"e"X events are predicted
at a rate similar to p-u- (see Fig. 2).

Our crucial observation about u"e” events is that
the e~ comes from quite different places in the
lepton-cascade and lepton-hadron pictures, so
that its properties can be used to discriminate
sensitively between these alternatives. This is
true of u~u~ events also, but to a lesser extent
since information about the matrix element is lost
here through the indistinguishability of the muons.
Both p-u~ and p~e” events have been reported'?!3;
confirmation of such like-sign dilepton events is
an essential test of trimuon mechanisms.
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FIG. 2. Dominant diagrams for 1N —u~e X like-sign
dilepton production in lepton-cascade and lepton-hadron
models.
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The following simple qualitative argument illu-

strates the difference between the two classes of
- u"e” production mechanism. For V —A coupling

at the quark vertex, the incident neutrino energy

E is equally shared on average between the pri-
- mary heavy lepton and the produced quark. In .
MP° decay, the M° energy is distributed roughly.
equally on average among the three decay parti-
cles (leptons or light quarks). In M~—~ M%7V de-
cay, however, M° takes a larger fraction of the
M energy—approximately one half in fact’>—be-
cause of its larger mass, while e and v take about
one quarter each. In heavy-quark fragmentation
with fragmentation function D (z) < e™®#, the new
meson carries mean energy fraction

(E (meson))/(E (quark))=8"* - (e® - 1) 1),

asymptotically. The value 8 =3 is indicated'* by
charm fragmentation data from Fermilab.'?:*% As-
suming a similar dependence for heavier quarks,
the new meson carries ‘about one third of the b6~
quark energy on average, of which it distributes
approximately one third to each decay lepton.
Hence we obtain the qualitative predictions for
p"e” events
(E,)~3(E,)~%E, lepton-cascade models,
. ' V —A quarks (2)
(E,)~3(E,)~LE, lepton-hadron models,
V-A quarks. (3)

For V+A coupling at the quark vertex, the final
quark takes one quarter of the neutrino energy on
average, and the model differences become more
pronounced:

(E,)~%(E,)~3E, lepton-cascade models,
V+A quarks (4)
(E,)~9¢E,) =~ i+ E, lepton-hadron models,
. V+A quarks. (5)

These estimates are only dualitative, and in-
corporate asymptotic approximations, but they

show some of the trends. If the fragmentation
function is concentrated at higher z than assumed
above, as seems to be indicated by an analysis'®
of recent CERN charm fragmentation data,'® or as
may be the ¢ase for the b quark, the distinctions
between lepton-cascade and lepton-hadrdn model
predictions are not as dramatic but similar qual-
itative differences persist, as documented later.

To put these estimates on a firmer basis, we
have made realistic calculations of some typical
cases, with properties as listed in Table I.

We calculate the heavy-lepton-cascade mechan- -
ism by the methods described in Ref. 3. For
model LC3 with new-quark production, we add
slow rescaling as described in Ref. 17. In the
decay M°—~ i "H*, the hadron system is represented
by light quarks with V —A coupling.

We calculate the M° production and decay in LH
models from standard formulas'® modified to in-
clude heavy-quark production with slow rescaling.
The heavy-quark-to-heavy-meson transition is
described by a fragmentation function D(z)~ e™3*
following the results for charm fragmentation
found in Ref. 14. The heavy-meson decay is de-
scribed by a spin-0 three-body-decay matrix ele-
ment, with a heavy-meson mass equal to the b-
quark mass and a massless decay hadron; this
prescription is conservative, in that it maximizes,
the energy fed into the decay e~ and minimizes the
difference between LH and L.C models.

The characteristic dynamical differences between
LC and LH models show up most clearly in a scat-
ter plot of E(u") versus E(e”). A big advantage of
energy scatter plots is that any experimental en-
ergy acceptance cuts can be superimposed. The
results for all LC models are qualitatively very
similar: The results for all LH models resemble
each other closely, too, but L.C and LH classes
differ markedly from each other. Figure 3 illus-
trates one typical case from each class, models
LC1 and LH1, averaged over the neutrino spec-
trum of the BNL-Columbia experiment.’®* The
dashed lines in Fig. 3 outline a 99% boundary of

- LH-class scatter plots. Note that LC models pop-

TABLE I. Properties of models used in calculations. The labels LC and LH refer to lepton-
cascade and lepton-hadron models, respectively. Particle masses are in GeV.

M-~ MO New-quark M~— MO MO—p Quark
Model mass mass ’ mass coupling coupling transitions

LC1 7.0 2.5 L R d—u(L)
LC2 7.0 2.5 R R d—u(R)
LC3 7.0 2.5 4.0 R R d—t(R)
LH1 : 5.0 5.0 R d—b(L)
LH2 5.0 5.0 L d—b(L)
LH3 5.0 5.0 R d—b(R)
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FIG. 3. Scatter plots of Eu™) vs E(e™) for v1N—pu~e’X,

averaged over the neutrino spectrum of Ref. 13 for mo-
dels LC1 and LH1 that are typical of the two classes.

A fragmentation function D (z) ~e~3# is used for the LH1
model. The dashed lines outline a 99% boundary of the
LH—class scatter plots.

ulate the region inaccessible to LH models, and
also give different density distributions in the
allowed region.

Quantitative differences between LC and LH
'clqsses also appear in the average pu~ and e~ en-
ergies. Calculated values for the spectrum of
Ref. 13 are in Table II. To enable comparison

TABLE II. Average energies of u~, e”, and incident
neutrino ({E)) in various models for the spectrum of
Ref. 13.

(E(p)y (E(e)) (E)
Model (GeV) (GeV) (GeV) (E(p))y/(E(e)
LC1 19 35 174 . ' 0.55
“LC2 24 46 174 0.52
LC3 23 44 203 0.52
LH1 31 14 194 2.3
‘LH2 36 14 194 2.6

LH3 35 11 194 3.1

TABLE III. Average energies of u~, e¢”, and incident
neutrino ({E)) in various models with the BNL-Colum-
bia experimental acceptance cuts, E(17)>10 GeV, E(e”)
>1 GeV.

(E(w)) (E(e) (E)
Model (GeV)  (GeV) (gey) (EWN/(EED)
LC1 29 36 185 0.80
LC2 33 46 185 0.73
LC3 31 44 208 0.70
LH1 39 15 198 2.7
LH2 45 15 198 3.1
LH3 44 12 198 3.6

with our qualitative predictions, Egs. (2)-(5), we
also give the calculated mean energy (E) of the
incident neutrino for each model. These numbers
are reasonably consistent with our simplified
estimates of Egs. (2)-(5), and any discrepancies
can be'understood as threshold effects., When we
incorporate the BNL-Columbia experimental ac-
ceptance cuts E(u")>10 GeV, E(e”)>1 GeV, the
corresponding average values are given in Table
II. These results indicate that the u/e energy
ratio in YN — u"e"X events distinguishes sharply
between the L.C and LH classes of mechanisms.
We next analyze the consequences of a harder b-
quark fragmentation function by comparing D(z)
o« ¢=## calculations for the casés 8=3,0,-3. For
the LH1 model the average energies including ac-
ceptance corrections are given in Table IV. Even
for the B=- 3 case,. the ratio (E(u-))/(E(e)) is al-
most a factor of two higher in LH models than in
LC models. Figure 4 illustrates LH results in the
E(u~) versus E(e") scatter plot for the =0 and 3

~=-3 cases. The 99% LH boundary of Fig. 3 is a

98% boundary for 8=0 and a 96% boundary for 8
=-8. For comparison 90% of LC events would lie
within this boundary.

Some qualifying remarks should now be added:

(i) We have excluded M~ - M u-M° decays, wh1ch
can cascade to multilepton states,*® because they
are phase-space suppressed.

(ii) We have ignored M~ decays via a doubly
charged’ heavy lepton M ™", because there is no evi-
dence for such a particle lighter than M ~.

TABLE IV. Average energies (including acceptance
corrections) in LH1 model for various b-quark fragmen-
tation functions D(z) e,

KEW)) (Bl
B (GeV) (GeV) (E()) /{E))
3 39 15 2.7
0 39 22 1.8
-3 39 28 1.4
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FIG. 4. Scatter plots for model LH1 with fragmenta-
tion functions D (z) « constant and D (z) «e3. The bound-
ary curve shown is that of Fig. 3.

(iii) Our arguments tacitly assume that muon and
elctron weak-current sectors are approximately
decoupled.

(iv) We have excluded M° cascade decays via
heavy leptons E° of the electron family, which can
give the classes of u"e” events shown in Fig. 5, for
the following reasons. M°-u~E°* decays lead to
K"e” with an accompanying e*, which would be de-
tected with good efficiency in the pe experiments;
events with undetected e* are suppressed. The
other diagram in Fig. 5, giving u"e” events through
E°—e¢ H* and b —up."7, predicts an equal number of
UN - e”e"X events; no such events have been re-
ported’® so we infer that this is not an important
source of p"e”. Figure 5 shows LH models: sim-
ilar arguments exclude E° cascades in L.C models.

(v) In LC models with vd ~M -t new quark pro-
duction, the semileptonic decay ¢ —du *v gives an
extra p* which does not help in explaining pu-pu-u*
evernts,

Antineutrino production of trileptons and dileptons
can also be used to discriminate between LC and

FIG. 5. Diagrams with M’ —E° decays in LH models
that we argue are unimportant for vN —~u~e"X. Analog-
ous diagrams exist in LC models, and are similarly
unimportant.

LH models. Straightforward analogs of the dia-
grams in Figs. 1 and 2 predict substantial rates

for V-3u, v-2u, V—-pe, etc. In any of the mo-
dels with incident antineutrinos, all particles com-
ing from the lepton vertex are charge conjugated
with respect to the neutrino case. At the hadron
vertex the transitions d~u, d -¢, and d -b for neu-
trino scattering are replaced by v —d, u-b, and
d-b, respectively, for antineutrino scattering

(the V,A nature of the quark coupling may also
change, depending on the model). In some models*®
the quark coupling for antineutrinos may not exist,
although the corresponding coupling for a neutrino
does. For allowed antineutrino trimuon production,
the muon charges are quite different in LC and LH
models, namely

UN - p*uu=X, for LC models - (6)
VN - p*u-pu=X, for LH models,

This is simply because LH models involve neutral
currents, and hence the leptons from the hadron
vertex have the same charge in both v and 7 cases,
whereas all leptons from the lepton vertex are
charge conjugated. Thus the charge topology of an-
tineutrino trimuons can distinguish very simply
between LC and LH diagrams, both of which yield.
the same topology v - p=u=u* for neutrino. trimuons.

Similarly, the antineutrino analogs of the dia-
grams in Fig. 2 lead to quite different dilepton pro-
cesses, namely:

VN ~pu*e*Xor p*u*X, for LC models 1

UN ~p*e"X or u*"X, for LH models.

Other LC diagrams with M *—M°H*, M°~p "7
give V- *l" events; also such events occur through
charm production and decay. But LH diagrams
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cannot give V- *e* nor V- u*u* events; such
events cannot occur through simple charm produc-
tion and decay (assuming charm conserving neutral
currents), so the presence or absence of such

events can distinguish between LC and LH mech-
anisms.
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