PHYSICAL REVIEW D

VOLUME 20, NUMBER 1

1 JULY 1979

Neutrino-induced heavy-lepton pair production at high energies and multimuon events

D. J. Bechis,* C. Y. Chang, and K. H. Lau
University of Maryland, College Park, Maryland 20742
(Received 27 November 1978; revised manuscript received 19 March 1979)

Total cross sections for the process v, + *Fe—p~ + L* + L° + *Fe have been calculated in conventional
V — A weak-interaction theory. For multi-GeV/c? mass assignments for L*, the cross section is ~ 10~% of the
observed rate of charged-current events production by neutrinos at Fermilab. However, for m;+ = m,+, and
mp~1 to 2 GeV/c? the cross section is ~10~! of the reported trimuon rates. Allowing L° to decay into
muons + anything, we find that the leptons in the final states may be very energetic.

Since the observation of ue final states in e*e”
annihilation,’’ #’ 3 evidence for the existence of hea-
vy leptons has been considered compelling.* The
recent observation of trimuon and four-muon final
states in high-energy neutrino interactions has
triggered speculation that heavy leptons are being
produced there as well.>*® The observed trimuon
rate ~ 107%-10"° [~ (a/7)?] of the single-muon rate
suggests that one possible source of such events
might be the coherent production of heavy-lepton
pairs by neutrinos in the Coulomb field of heavy
nuclei via the Bethe-Heitler process, such as in

v, +%°Fe~p~ +L" +L°+*Fe, 1)

followed by the subsequent decays
L*=L°+X* (L-~L°+X") (22)
and

LO~1"+Y* (L°~1*+Y7), (2b)

where X*, Y*=1* p*, K*, (u*,v,), or (e*,v,)
pairs, and I*=u* or e*, etc., and where (L™, L°)
and (L*,L° are heavy leptons and their associated
antiparticles, respectively. Following convention-
al assumptions, the heavy leptons may carry
their own lepton numbers and obey the usual addi-
tive lepton-number conservation law. However,
we still allow for the possibility that the heavy
leptons may decay into p’s (or e’s). This may
occur either because the lepton-number conserva-
tion is only an approximate symmetry which may
be violated (Sec. I), or because the heavy leptons
have the same quantum numbers as the muon (or
electron) as in certain renormalizable gauge the-
ories (Sec. II).”

Neutrino-induced leptonic trident production via
v+Z=1,+T,+v,+Z, wherel, ,=u" or e, has
been studied extensively by Czyz, Sheppey, and
Walecka (CSW)? as well as by many others.” More
recently, heavy-lepton pair production has also
been considered by Ng'° and by Barshay.'! We
extend the calculations of CSW to include the case
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where the neutral lepton L° may be massive.

In terms of conventional V — A point-vertex four-
fermion weak interactions, the heavy leptonic cur-
rent J =, () Y (1 =95 )¢ 0(x) is coupled to the
muonic current J) =3, ()Y (1-v,)¢ Y, (x) through

£={~§~ (J3d% +He.) . 3)

Here G is taken to be Gx=1.025X10"°m, "%, and
J} are charged currents.

Following CSW, the evaluation of the cross sec-
tion of reaction (1) o(1) was carried out analyti-
cally considering only the two lowest-order Feyn-
man diagrams, shown in Fig. 1, and then numer-
ically with a straightforward Monte Carlo method.
The validity and accuracy of our calculations were
checked out by reproducing the results of CSW
for the coherent process v, +%Fe—-pu~+ut + Vy
+9%Fe to within 10% for neutrino energies ranging
from 50 m, to 10000 m,. We summarize below
the major resuits of two kinds of mass assign-
ments to the (L*, L°) pair of reaction (1).

L my+=1.85GeV/c?, m;0=0.3GeV/c?

Identifying L*=17* of Perl ef al.,* and choosing
mgo=0.3 GeV/c? which is the largest mass that
does not violate the experimental observations in
e*e” - 7' 77 (Ref. 12) and yet allows (2b) to hap-
pen, we find that (1) is too small to account for
any of the currently observed phenomena at Ferm-
ilab and/or at the CERN SPS. Curve a of Fig. 2
shows the energy dependence of o(1) for E, rang-
ing from 50 to 400 GeV. The smallness of o(1)
and the data which strongly suggest that the 7
family may well possess its own quantum number
which forbids (2b) make this scheme very unat-
tractive

M. my+=m,+, mo<2.0GeV/c?

Most renormalizable gauge theories contain
heavy leptons.” In the context of these theories,
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the heavy leptons are M* and M° (E* and E°),
J =3 fermions with the same lepton-number as-
signment as the u~(e”). The identification of
L* =u* and L°=M° for reaction (1) is perfectly
legitimate. In other words, u~ couples to L°

=\ ()

Rate (multimuon final states)
Rate (single-muon final states)

R=

_ Bo(1)
" 0, (charged current) X 56

4

with full strength Gz.'* Choosing m0=2.0 GeV/c?

(Ref. 14) and 1.0 GeV/c?, we find the energy de-
pendence of ¢(1) shown in curves ¢ and d, re-
spectively, of Fig. 2. It is remarkable that o(1)
for the latter mass assignment lies less than a
factor of 2 lower than the cross section for the
coherent process v, + *°Fe~u~ +p* + v, +°°Fe at
E > 150 GeV.

The contribution of ¢(1) to multimuon final
states can be expressed in terms of R, where
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FIG. 2. Total cross sections o(1) for the coherent
process vy +5Fe—p ~+ L* + LY+%Fe for the following
mass assignments: Curve (a) my+=1.85, m;0=0.3, (b)
my+=1.85, m0=0.0, (c)mp+=my+, mpo=2.0, (d) mg+
=my+, mpo=1.0 GeV/Cz.

Here B is the branching ratio for L° to decay into
states containing at least one muon and

o, (charged current)

=0.8[E, (in GeV)] X 107%® cm?/nucleon.'®

Let us assume that L° is created with little polari-
zation and that its branching ratios appropriate for
1< mgo< 2 GeV/c? are given by™ 1°

B=0.6 for L°—pu~ +hadron(s)* ,
B=0.2 for L°~p~+vy, +e*,

and

B=0.2 for L°~p~+v, +u" .

When R is weighted by the energy spectrum of the

Fermilab quadrupole-triplet (QT) neutrino beam

above 100 GeV (Ref. 17), then trimuon final states

of the type " u~u” will occur at a rate ’

(R);~1x107° for E,> 100 GeV . (5)

A more realistic calculation, assuming'® B=0.3
for L°~p~ + 7" and B=0.3 for L°—~ " +p* and in-

~ cluding the contribution of the incoherent process
involving individual protons and neutrons in 5°Fe
as well as the Fermilab-Harvard-Pennsylvania-
Rutgers-Wisconsin (FHPRW) experimental cut on
acceptance at E, > 4 GeV, shows that the latter two
corrections cancel one another and yield the same
value for (R )y .'* A similar computation using the
spectrum of wide-band (WB) neutrinos of the SPS
at CERN and including the incoherent cross sec-
tion and acceptance cut E,, > 4.5 GeV (Ref. 17)
gives
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(R)}yp~0.7X107%, E, > 100 GeV
~0.2X10°%, E,> 4.5 GeV. (6)

These predicted ratios are lower than the pub-
lished experimental results: (R).;=(1.2x0.5)
X107 for E ,> 100 GeV and a smaller value
(~2 X 107) for all E, based on 49 trimuons [including
threebare-target sign-selected (BTSS) v events|ob-
served by FHPRW, and (R)yp = (3.0+0.4) X107 for
E, > 30 GeVirom the observationof 76 p"pu"u*final
states inthe 2.3 X 10° charged-currenty, interactions
of the CERN-Dortmurd-Heidelberg-Saclay (CDHS)
collaboration.’® Since the model proposed here may
explain as much as 10% of the observed trimuon
events, it is worthwhile to examine its predictions
in more detail.

This model does not require the existence of a
charged heavy lepton M* of mass between 5 and 8
GeV/c? accompanied by a neutral heavy lepton M°
of mass between 2 and 4 GeV/c?, which a number
of heavy-lepton cascade (HLC) models propose.®
Whereas the HLC models do not predict significant
production of trimuon final states until E, > 100
GeV, this model allows such production by neu-
trinos as low as 50 GeV. For instance, for the
mass assignment m;o0=1 GeV/c? and the isotropic
decay mode L°—~pu~ + 7", Fig. 3 shows the products
of the neutrino beam spectra of FHPRW and CDHS
with the cross section ¢(1)."” The two curves

o X Flux (arbitrary units)

» (GeV)

FIG. 3. Flux-~times-cross-section curves for the
Fermilab quadrupole-triplet neutrino spectrum (FHPRW)
and the CERN SPS wide-band spectrum (CDHS) with o(1)
for the trimuon model with L% —p +7 and mgo= 1 GeV/c?.
The cross section due to the incoherent process and the
experimental acceptance cuts are included. The curves
are not normalized with respect to each other.

shown here are not normalized with respect to
each other. In this calculation and those that
follow, the incoherent cross section and the ex-
perimental acceptance cuts are taken into account.
Whereas the HLC models all contain neutrinos in
the final states, 60% of the final states of the mod-
el presented above contain no neutrinos. Averaged
over all decay modes, the visible energy in the
event is ~ 90% of the initial neutrino energy. The
above two predictions can be tested in narrow-
band neutrino beams.

Because of the experimental acceptance cut im-
posed on the muon momenta, approximately 40%
of the observable trimuon events due to the above
process for mzo =1 GeV/c? will arise from the
L°—~p~ + 7" decay. The remaining 60% of the
events arises from the decays L°~pu~ +p*, u~
+V,+e", and u”+ v, +u’. We shall therefore
concentrate our discussion on the L°— .~ + 7*
decay mode. Labeling the negative muon arising
at the four-fermion vertex p7 and the negative
muon coming from the L° decay p;, we find for
mo=1 GeV/c? that the average energy (E,5) is
less than or equal to (E,;) and that these average
energies as well as (E.+) are each ~ 0.3 E,,.
Table I provides more information on such aver-
age characteristics for several incident neutrino
energies. ‘

In the plane perpendicular to the incident neu-
trino beam, the negative muon uT arising at the
four-fermion vertex and the negative muon pj
coming from the decay L°— pu;+ 7" tend to go off
in opposite directions. In order to compare the
predicted results with the experimental observa-
tions, we now redefine |, as the faster of u7 and
uy, i.e., w, =fast (u7,u;). Similarly, p,=slow
(4T, w3) and py,=p*. The azimuthal correlations
Ad)'_] 4’;1 - ¢u and A4’1-(2-&3) ¢u1 ‘Pu atHg
shown in Flg 4, wherez j=1,2, 3f0rz¢1, and

TABLE I. Average characteristics of the final states
for the process v, +%Fe — j+L*+L"+%Fe and L — 13
+7* where L*=p* and L? has a mass of 1.0 GeV/c? and
decays isotropically.

E, (GeV) 100 200 300
(Euz) (GeV) 29 63 96
(EM) (GeV) 11 22 32
w3 (GeV) 30 57 83
7) (GeV) 30 58 89
<9u1u+) (mrad) 140 110 90
@uzu+ (mrad) 120 90 70
<9u1u*> (mrad) 80 60 50
(M = o Gev/ed 1.2 1.5 1.8
(M s ) (GeV/c?) 1.1 1.4 1.6
(Mu1 ug (GeV/c? 1.5 1.9 2.2
(M= i) (GeV/c?) 2.3 3.1 3.5




102 D. J. BECHIS, C. Y. CHANG, AND K. H. LAU 20

1.0 : 1 I r |
0.9}
0.8} _‘
g M A""l-<2+3) | 4
g 0.6 - A¢,_2 Z
2 )
g Nl A¢l—3 ,/.,.-_
s y
oo, Hess Ly
3 30_3 //1
0.2 T
.......... - |
.................. g
o —— —
1 | . l l
o] 30 60 90 20 150 180 .
A¢ (degrees)

FIG. 4. The azimuthal angle between the muon systems
in the plane perpendicular to the neutrino beam for the
trimuon model with L% —u~+7*, m0=1 GeV/c? and
E, =150 GeV. We define p, =fast (u7, p5), p,=slow
(1, k3), and pg=p*. ¢,,5 is the azimuthal angle of the
(15,,_;+'15,, +) vector.

®y,+p, is the azimuthal angle of the (-§”2+-15“3)
vector. For mpo~1 GeV/c? u; originates pri-
marily in the L° decay and tends to go out in the
same direction as L° in the laboratory reference
frame. Hence, the balance of momenta transverse
to the incident neutrino beam requires the p, and
the (u,+ p,) systems to go off back-to-back, in
good agreement with the experimental observation.
Although one may attribute such events to contri-
butions made by the hadronic vertex, e.g., via
muon pair production by W-nucleon interactions,
etc.,' ?° one cannot rule out the possibility that
some fraction of trimuons arises from the produc-
tion mechanism described above.

It has been pointed out that trimuons can also be
generated from the radiative processes of the u~

6, »

creating a muon Dalitz pair via v, +N—~pu~ +*y
+X, where “y”—u* + u~ is a virtual photon.2°

Such an electromagnetic process has a comparable
rate and is similar to that of reaction (1). How-
ever, it yields a A¢,_(,.4 distribution peaking at .
0° in sharp contrast to our model which predicts
a peaking at 180° hence providing a way to dis-
tinguish between the two processes.

Because the target nucleus (nucleons) receives
in the interaction a four-momentum-transfer-
squared which is less than (1 GeV/c?)? on the aver-
age, the leptons are necessarily energetic and the
opening angles between pairs of muons in the final
state are small. In other words, the process we
have described here concentrates the initial neu-

trino energy into the muons and not into the had-
rons. This mechanism may therefore be respon-
sible for the super trimuon events reported by the
FHPRW collaboration. Since the events regarded
to be “super” can be distinguished from the re-
maining trimuon events when one plots E,+E,
versus E, - Eyq,* where once again E, (E,) is the
energy of the faster (slower) .=, we present in
Fig. 5 the prediction of this production mechanism
for E, =250 GeV. It is interesting to note that the
FHPRW superevent 119 (E, , ,=157, 32, and 47
GeV, E, ;=13 GeV, hence E, —E 4, =250 GeV)
lies in the most populous region of the scattered
plot. However, event 281 (E, , ,=96, 73, and

83 GeV, E,,4< 30 GeV, hence, E, —E e =2 280
GeV) lies in a region of much less likelihood. Al-
though, as shown in Fig. 3, for E,= 250 GeV the

o X flux does not exhibit the most favorable condi-
tion, its contribution to reaction (1) is not entirely
insignificant.

Another consequence of small momentum and
energy transfers involved in reaction (1) is the
prediction of small invariant masses for the mu-
ons. Figure 6 shows the invariant-mass distribu-
tions of the muons for E , =150 GeV when the
L°—u” + 7% decay mode is considered alone. The
neutrino energy is so chosen because it is near
the average found when E , is weighted with either
the FHPRW or the CDHS flux-times-cross-section
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FIG. 5. Scatter plot of £, —E\,; versus Ey,+Ey, for
trimuon model with L%~y +7 and my=1 GeV/c. The
crosses represent the superevents ET 119 and ET 281
of the FHPRW group. The neutrino beam energy is
chosen to be 250 GeV, and the scatter plot has been

i normalized to 1000 events.
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FIG. 6. Invariant-mass distributions for the trimuon
model with L® —pu +7, mz=1 GeV/c?, and E, =150 GeV.

curves of Fig. 3. Folding in the neutrino energy
spectrum will not change the differential distribu-
tion of Fig. 6 in any significant way. Thus, the
present production mechanism predicts a peaking
of the invariant-mass distributions at the lower
mass ends of the spectra, which is also consistent
with the experimental observations.

To conclude, assuming the existence of a mas-
sive L° with a moderate mass assignment, reac-
tion (1) may contribute as much as 10% of the ob-
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served trimuon final states in high-energy neutrino
reactions. Trimuon events of this kind can dis-
tinguish themselves from the electromagnetic
backgrounds and from those originating from the
HLC and the hadronic production mechanisms by
the following features: They are characterized
by (i) low E , threshold in production, (ii) little
missing energy, (iii) small opening angle and
small invariant masses for the muons, (iv)

A, (245 peaking at 180° and (v) concentration
of the energy among the lepto'ns.

Finally, we wish to point out that if L°—pu~+pu*
+v, occurs with B=0.2 (Refs. 7 and 16) the above
process will contribute a four-muon event for
every four trimuon events, not including the ac-
ceptance cuts. If the proposed pair production
model contributes 10% of the trimuon events, the
predicted rate for four-muon events is consistent
with the experimental data: one four-muon event
in 76 trimuons (CDHS) and two in 49 (FHPRW).®
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