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We calculate characteristics of vN —4uX and vN —u3eX events in neutrino scattering, arising from
conventional charm production accompanied by a dimuon pair from three sources: (i) radiation from the
primary lepton-quark interaction, (ii) direct pair production from the subsequent hadronic interactions,
deduced empirically from observed prompt muon-pair production in hadron-hadron collisions and (iii) charm-
pair production from the primary lepton-quark interaction. Sources (i) and (ii) predict spectrum-averaged 4u
rates of a few times 10~% and p3e rates of order 10~7; (iii) is much smaller. These rates are smaller than the
preliminary experimental estimates, but other characteristics of the two published tetralepton events are
compatible with a radiative plus hadronic interpretation. We consider an additional hadronic contribution
from F production with F—¢lv and ¢— IT decays, that may contribute appreciably.

I. INTRODUCTION

The multilepton events'™ observed in high-en-
ergy neutrino interactions may contain a signal
for new physics, but first one must determine
whether they may have a conventional explanation
in terms of known mechanisms. Indeed it appears
that most of the trimuon events have a simple con-
ventional explanation, as normal charged-current
events accompanied by a 4 4~ pair of radiative
or hadronic origin.>s In the present paper we
examine whether the tetralepton events may have
a similar explanation, as normal charged-current
charm production accompanied by a p* 4~ pair of
radiative or hadronic origin.

Following the lines of our previous paper,®
where the trimuon case was discussed, we con-
sider three distinct components of tetralepton
production illustrated in Fig. 1. All three com-
ponents have normal charm production vd(s) - u"c
with fragmentation to a D meson and semileptonic
decay D- u*vX. This part of the calculation is
based on a parton model, using a slow-rescaling
variable® and a flat D-fragmentation function’
that gives (2) =0.5; inclusive D decay is repre-
sented by the D—~K*uv mode. In our model pj is
collinear with the momentum transfer & The
three components also have additional u* u~ pairs,
produced in three distinct ways as follows.

(i) 4" u~ pair radiated electromagnetically in the
initial lepton-quark interaction. This contribution
is calculated assuming free quarks in the final
state, by standard methods.? The three radiative
diagrams in Fig. 1 cannot be separated gauge in-
variantly.

(ii) pu* u~ pair emitted from the hadronic inter-
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actions in the final state. This contribution is
calculated empirically by reference to observed

w* u” production in 7N scattering in the corre-
sponding kinematical conditions. This approach
has previously been used in trimuon calcula-
lations®®; in the present case it is necessary to
take account of the leading D-meson production that
takes away some of the available hadronic energy
and momentum. Our model for this calculation is
described in Sec. II.

(iii) Associated charm-anticharm production by
single-gluon radiation in the initial lepton-quark
scattering, with semileptonic decays. This con-
tribution is distinct from associated charm pro-
duction in the final hadronic interaction that is
presumably included in the empirical component
(ii). We calculate the gluon-c¢ production by stan-
dard methods® assuming free quarks in the final
state and taking the effective quantum-chromody-
namics coupling constant to be a,=g%/47=0.4. We
treat the charm fragmentation and semileptonic
decays as described above.

These three components have distinct dynamical
origins and are arguably incoherent to a fair ap-
proximation, We simply add the corresponding
cross sections. Components (i) and (iii) have been
calculated previously® but not (ii); we put all three
together here, because they represent the sum of
known conventional mechanisms. In the following
sections we describe our hadronic teti"alepton
production model for component (ii), present a
range of predictions for all three components,
discuss the comparison with the meager present
data, and suggest some conclusions. We draw
attention to an addition hadronic contribution from
F production with F—¢lv and ¢ —17 decays that
may also contribute appreciably.
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FIG. 1. Three components of tetralepton production.

II. HADRONIC MODEL FOR NEUTRINO TETRALEPTON
PRODUCTION

In the usual theoretical picture, multiparticle
hadronic production is controlled by short-range
correlations in rapidity,>'° so that the distribu-
tions and multiplicities of secondaries are largely
independent of the initial excitation mechanism
(except for leading particle effects). One there-
fore expects that particles produced in the had-
ronic recombination phase of neutrino scattering
should have distributions similar to those in
purely hadronic interactions with the same had-
ronic c.m. energy and overall momentum, with

do(vN— uD(uu)X')  do(vN—~ uDX) A

w ¢ D
-
ds C— ‘
(: Residual System

FIG. 2. ‘Schematic of leading D-meson and residual
hadronic system produced by a weak current.

the momentum transfer axis in neutrino scattering
corresponding to the usual longitudinal axis for
hadrons. This expectation has been extensively
confirmed experimentally,’* and we can include
here the approximate correspondence between
neutrino trimuons and hadronic dimuons.?®

The present problem is neutrino D production,
where we wish to estimate the production of ad-

ditional u* u~ pairs in the hadronic final-state

interaction from comparable hadron-hadron data.
We first note that the produced D is a leading par-
ticle that will carry off a substantial fraction of
the available energy, and that the dominant semi-
leptonic decays D —K (K*),, will not contribute
toward additional prompt u* u~ pairs. These
pairs must come from the residual system X
(sketched in Fig. 2), which has four-momentum

bx=py+9-pp,
and invariant mass squared
my 2= sz ’ (1)

where py, ¢, and p, are the four-momenta of the
target nucleon, the weak current, and the produced
D meson, respectively. In the laboratory frame
Pp and Py are collinear with §. According to the
general considerations discussed above, the prob-
ability of soft secondary production depends only
on py and the longitudinal axis. The probability
for soft-dimuon emission X- uu X’ in the c.m.
frame of X is deduced from the c¢.m. distributions
of aN—~ uu X', evaluated at s, =m,2, We use
nN data'? rather than NN because the 7N system
has the same baryon number and leading particle
behavior as the residual hadronic system of in-
terest.

Based on the preceding arguments, we describe
the cross section by the factorized form

do(nN—~ puX’)

dxdydzd?®pdm - dxdydz o,(TN)

where p and m are the momentum and invariant

mass of the pu pair. Charm production vN— uDX

dSPdm ’ (2)

f

is calculated with the usual parton-fragmentation
model.”® At a given x, y, 2z, the momentum and
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mass of the residual system X is specified by Eq.
(1). The final factor in Eq. (2) comes from the
identification of X with the final-state products of
the reaction #N— " u"X’. Accordingly the uuXx’
system has four-momentum py and c.m, energy
V's =my. The factor A in Eq. (2) is a phenomeno-
logical scale parameter.

Equation (2) applies to soft recombinations of
quark-antiquark pairs but not the hard Drell-Yan
" annihilation process; however, for the low-di-
muon-mass region of interest, m < 1.4 GeV,
where 90% of pairs are found, the soft-parton an-
nihilations are known to dominate over the Drell-
Yan contribution by an order of magnitude.

We use the parametrization of the measured
#N—~ p* u~X’ invariant cross section'? that we
previously constructed for the trimuon calcula-
tion,® namely,

d —
pe d3pzm (TN~ (pm) X' ) =a(m)(1 = |xp) "™ e,

(3

with (p°, p, m) the energy, momentum, and mass
of the dimuon pair, Xy =p;/B., in the 7N c.m.
system, and 7 =(p;% +m?)!/2, p, and p, are the
longitudinal and transverse components of p, with
the longitudinal axis given by { (i.e., Py and q are
collinear in our model). The parameter values,
fitted to x> 0.1 data at 16, 150, and 225 GeV, are

b=5.7 GeV™!, c=1+(0.5GeV/m)?

a=a,+0a,,+ay,

m

a,=2.3x 10”‘(
¢ 2m,
a = 2.0m
pw (mz _mpz)z +(mp rp)z ’

2
_1) e-32(m/amy) (4)

a.= 0.15m
@~ (m2 - ”'I¢2)2 +(M¢Ar)2 ’

with a in units ub/GeV®; AI'=0.05 GeV is the ex-
perimental resolution in 7, Hadronic § production
has been omitted, We take the total cross section
to be 0,(7N) =25 mb and adopt the scale parameter
A =2.5 found from fitting trimuons.® We assume
the muon pairs decay isotropically, for which
there is some experimental support.*?

The tetralepton calculation is completed by rep-
resenting the inclusive semileptonic D decay by
D—-K*uy, For the semileptonic branching frac-
tion we take B(D— nvX)=0.15, as determined
from fitting our charm model to the CERN-Dort-
mund-Heidelberg-Saclay (CDHS) dimuon produc-
tion data.’ This branching ratio effectively sub-
sumes both D and F semileptonic decay contri-
butions.

Many D mesons probably come from fragmen-

" tation first to D*, with subsequent D* - D, yD

decays. However, since the D, D* masses are
fairly close and the D*— D decays do not produce
prompt leptons, the net result is not much differ-
ent for present purposes.

F or F* production is another matter. If the de-
cay mode F- ¢ uv turns out to be important, F

~and F* production could give a substantial tetra-

lepton contribution via ¢ = u* 4~ (branching frac-
tion 2.5x 10™%), This contribution would be a lead-
ing particle effect that is not included in the had-
ronic 7N analogy; it would have to be calculated
separately. Note that the analogous D - V°up
(V°=p, w) decays are suppressed by the Cabibbo
angle and also have smaller V°- u* 4~ branching
fractions of order 7x 1075, Similarly D~A, uv
and D—f uv are suppressed by the Cabibbo angle,
while A, -~ wu* u~ and f = pu*u” are estimated to
have’® branching fractions of the order of 2 x 1074,

Similar méthods would allow us to calculate
other neutrino tetralepton modes, namely,

VN=~ u e u'u~X, (5a)
~upte'e X, (5b)
- ue'ete™X, (5¢)

where either the D decay or the hadronic pair or
both appear in the electron mode. There is some
ambiguity about the channels (5a) and (5b), how-
ever, because in principle the hadronic interaction
could yield e*u™ and u'e” pairs as well as e'e”,
u*u” (from associated charm production); no
definite data are yet available. Note that the chan-
nels

VN- u ue‘e" X, (5d)
- peTptutx, (5e)
can arise only from triple-charm production
(direct or hadronic) in our approach. In calculat-
ing (5b) and (5c¢), we expect the model parameters
for hadronic e‘e” production to differ from the
w'n™ case [e.g., the m(e*e™) distribution for
w=7'e” is considerably softer than m(u*u”)
from w-7u"u’.
Antineutrino tetralepton modes can be calculated
similarly:

I

UN= U uw X
- pwle utux
- ututete X
- u*eete X
- urutee™X
- pletuTuX. (6)
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III. RESULTS AND DISCUSSION

Our calculations are based throughout on the
6%-sea scaling parton-model distributions of Ref.
16. Small alterations to the relative strength of
the sea components, and nonscaling corrections,
are not expected to affect our results dramatically.
We ignore D production from the ¢, T sea distri-
bution in the target because this distribution is
suppressed; also the resulting D is rather slow
so that decay muons tend to fail the acceptance
cuts. We consider all three components described
in Sec. L

We concentrate on the (4 1) and (u3e) tetralepton
channels, corresponding to the currently observed
events. Predictions for other tetralepton channels
are similar. We include in our calculations the
lepton-energy cuts E, > 4.5 GeV and E,> 0.8 GeV,
corresponding to typical experimental acceptances.
For v— u3e, we impose an additional cut m(e‘e”)
> 600 MeV, typical of experimental cuts to elimin-
ate 7° decay backgrounds. In the restricted e‘e”
mass range, the hadronic e*e” signal comes
largely from vector-meson decays; we can there-
fore use the parameterization of Eq. (4), deduced
from p-pair data, as a reasonable representation
of hadronic electron pair production.

It is instructive to average the predicted four-
lepton rates over typical experimental ‘E spectra.
We take two examples: v—-4pu with the CDHS
broad-band neutrino spectrum with incident 350
GeV protons; for v — u3e we take the broadband
spectrum of the Berkeley-Fermilab-Hawaii-
Seattle-Wisconsin (BFHSW) group. With E> 30
GeV, taking the energy and mass detection cuts
discussed above, the relative strengths of the
three components are

v (CDHS) 7 (BFHSW)

radiative = 1.0x1078 1.2x1078

0(42)/0(w)< hadronic=  2.1x107®  1.7x 107"
{ triple charm =1,0x 107° 1,8x 1070,

(M

The triple-charm rate is far too low to be signi-
ficant, and we omit this mechanism in subsequent
considerations. Note also that the predicted radia-
tive contribution to V- u3e is very small; this is
due to the m(e‘e”) > 600 MeV cut.

In Fig. 3 we show the energy dependence of tetra-
lepton production by neutrinos and antineutrinos
in the (4 1) and (u3e) channels with acceptance cut
as described above. The solid curve represents
the sum of radiative and hadronic contributions;
the dashed curve represents the radiative com-
ponent. The E(u)> 4.5 GeV acceptance cuts - se-
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FIG. 3. Energy dependence of (4p) and (u3e) relative
to single p production by neutrinos and antineutrinos,
for typical experimental acceptances E, >4.5 GeV, E,
>0.8 GeV, and m(e*e”)>600 MeV. The solid curves
represent the sum of hadronic and radiative compon-
ents; the dashed curves represent the radiative contri-
bution.

verely depress the v—4u rate for E< 100 GeV.
Experimental data are very sparse. The CDHS
group® have the highest multilepton statistics,
gained mostly with the 350 GeV broad-band beam,
and find one v—4u event among 76 v—3 1 events.
Since they quote a spectrum-averaged trimuon
rate of 3 X 107%, this suggests a tetralepton rate of
a few times 1077, However, isolated events can
be notoriously misleading; for what it is worth,
this crude estimate is an order of magnitude high-

YN—=p '’ X E=100 GeV
T T 4 T

4 -

L m(4u) m(wp) 9

dN/dm (arbitrary units)

6 3
m (GeV) ’ m (GeV)

FIG. 4. Invariant-mass distributions for v —4pu events
at E=100 GeV. Solid lines: total model prediction.
Dashed lines: radiative component alone. The arrows
denote values for the CDHS event with Eyg =91 GeV.
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FIG. 5. Azimuthal correlations about the beam axis, between the fast 4~ and vector sums of other lepton momenta,
in y— 4p events at E=100 GeV. Solid lines: total model prediction. Dashed lines: radiative component alone. The

arrows denote values for the CDHS events.

er than our model predictions.

The CDHS v—~4u event has E,;; =917 GeV. Ac-
cording to our interpretation, there should be
some missing energy carried off by at least one
decay neutrino—of order 5-10 GeV perhaps. Fig-
ures 4 and 5 show the predictéd invariant-mass
distributions and azimuthal correlations in v—4pu
production at E=100 GeV, with E, > 4.5 GeV cuts,
compared with the CDHS event. This event seems
to lie in a region favored by our model; more
precisely, it seems rather consistent with the
radiative component. Indeed one u*u” pair has
very low mass 0.4 GeV and is-closely correlated
in azimuth with the other u~, compatible with the
radiative mechanism. The corresponding para-
meters would be either x=0.6, y=0.8, W?=50
GeV? or x=0.4, y=0.9, W?=100 GeV? (depending
on which of the radiative diagrams in Fig. 1 is
used), not inconsistent with charm production
from a valence quark at the hadron vertex.

The BFHSW group® have one 7~ u"e'e’e” event
with E,;, =32 GeV which seems rather low. How-
ever, this event can be interpreted as VN - u*D*¢
X with D*~Dn° D-K*e™ D, ¢ ~e’e”, in which
case the missing v is 8 GeV and E =40 GeV,
x=0.15 (x'=0.21), y=0.46, W2 =30 GeV?, not in-
consistent with the charm production hypothesis.
Figures 6 and 7 show the hadronic mechanism
predictions for invariant mass and azimuthal cor-
relation distributions at E'=40 GeV, with accept-
ance cuts appropriate to-the BFHSW experiment.
The V- u3e cross section comes dominantly from
the hadronic component. The predicted rate rela-
tive to single muons is of order 10™": see Fig. 3.
When we weight with the incident ¥ spectrum, this
energy is not particularly improbable.

Wrong-sign trimuons v - Lt and v ptptu”
can arise from our tetramuon mechanisms, from
events in which one of the muons lies below the

UN—-p'e’'ee X E=40GeV
4 " . . 4 - - .
m(p'e’ee’) m(y'e*)
2t 2
I S s % 5
4 - T x T - 4 +
mp’ee) m(ee)
~ 2 2
2
€
3 H
=
£ L . L l
ﬁ OU 2 4 o() 2 !
g4 T - 4
L St v
E | m(ue’e’) m(p’e)
N
2
°© 2} 2r
% ! 2 ] 4 ! s % - B ] 4
4 T T T T T 4 T T
m(e'ee)
2 2
% ] 2 7 s % a
m (GeV) m.(GeV)

FIG. 6. Invariant-mass distributions for hadronic
7— u3e events at 40 GeV. (The radiative contribution
at this energy is more than an order of magnitude
smaller.) The arrows denote values for the BFHSW
event,
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FIG. 7. Hadronic mechanism predictions for azimuthal correlations about the beam axis of the u* and vector sums of
various electron momenta in ¥ — u3e at 40 GeV. The arrows denote data values for the BFHSW event.

acceptance cuts. These cuts are especially severe scattering, which is typically 5. Assuming the
on the slow muons generated at small or negative inclusive semileptonic decay functions and dis-
Xp in the hadronic component. Hence the wrong- tributions for F and D are similar, we obtain

sign 3 4 rate from this source is comparable to
the 4 rate. For example we find

o(v=puu)/o(v=p7)=4x107° (8)

F—¢fv MODEL
from misidentified 4 © averaging over the CDHS s PREDICTED .- TETRALEPTON RATES
|

v spectrum with E> 30 GeV and E, > 4.5 GeV cuts. ' ToTni !

An alternative source of wrong-side trimuons is :
triple-charm production, where one of the charmed
particles has nonmuonic decay. We cannot give a
precise number for this, since the fraction of had-
ronic muons due to associated charm production
has not yet been measured. However, if 10% of
hadronic u pairs have charm origin, this contri-
bution would be comparable to that in Eq. (8) from
misidentified 4 u. 152

Experimentally the CDHS group report four - 0
v— " p '’ events, with a calculated background of
6 events from 7 or K decays, compared to 76 10 T T T T T
right-sign trimuons with a background of 6. This
indicates a 90% confidence upper limit on the
wrong-sign trimuon signal of

o(v—=puput)/o(v=-p")s1x107° 9)

o(v-40)/0 (v—-p)

averaged over the CDHS spectrum. This is quite

compatible with the predicted rate in Eq. (8); it

does not require the fraction of hadronic u pairs

of charm origin to be small. : g : " "
Our calculations above have not included F(F*) S0 . 100" . 200 300

production with F— ¢lv, ¢ —I1 decays, because S E (Gev).

we lack necessary information. However, it is ; :

lsr;tt)(;ze:tlng to mak'e a rough estimate of the pos-‘ FIG. 8. Predictions of (four—lepton)/ (single muon)

ate from this source. We expect the leading rates in the F-production model with B(F — ¢lv)=0.1.
F/D production ratio to equal approximately the The curves are based on acceptance cuts of E,>4.5
K/w ratio in the fragmentation region of hadron GeV, E,>0.8 GeV, and m(e*e”)>600 MeV,

o (7-41)/0-(7~fi)
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FIG. 9. F-production model predictions for the
e*e” e~ invariant-mass distribution and the azimuthal
correlation A¢lp*, (e*e”e”)] at an incident ¥ energy of
40 GeV. The arrows denote values for the BFHSW
event,

from this source

T 2 o (N sy BE= 1Y)
O(VWN=pu 1l X)=50(vN ““X)B(D-—Xuv)

X B(¢ =11)D(T),

where D(I1) is the detection efficiency for the
lepton pair. Here the branching fraction B(F

- ¢ V) is unknown, but if it is as high as 10% this
mechanism could contribute a (4 1)/( ) rate of
order 1 X 1077 at high energy. Figure 8 shows the
energy dependence of the (41)/( ) and (u3e)/ 1
rates, based on B(F - ¢uv)=0.1,

The invariant mass and A¢ distributions from F
production do not differ dramatically from-those
of the hadronic model, apart from the m(e*e™)
=my constraint. The m(e*e”e”) distribution is
kinematically restricted to a narrower band,
my< m(e‘ee”) smy, as shown in Fig. 9. The A¢
distributions have smaller contributions near 0°,
as illustrated in Fig. 9 for A¢[u', (e'e’e™)). The
e'e” pair from ¢ decay is somewhat more ener-
getic than for the hadronic model of Sec. II and as
a result mass distributions of the muon with these
electrons are slightly broader in the F model.

It is interesting that the BFHSW event admits an
interpretation as VN — u* F*X, F*—Fr° F-¢ey,
¢—~e'e”, with E=35 GeV, W?=22 GeV?, y=0,38,
and x =0.18; these parameters are somewhat more
marginal than for the D* interpretation above, but
not impossible. The CDHS event cannot be inter-
preted as F decay without stretching the qqoted

uncertainties considerably or assuming it is ini-
tiated by 7.

IV. CONCLUSIONS

Our results suggest the following conclusions:

(i) The predicted rate of four-lepton production
by the “conventional” mechanisms considered,
when averaged over the CDHS v spectrum with
E> 30 GeV, is an order of magnitude smaller than
the preliminary value suggested by the single
CDHS 4 u event. However, since single events
can be notoriously deceptive, there is not neces-
sarily a disagreement here.

(ii) The other predicted characteristics of four-
lepton production are compatible with the observed
events. Although there are only two published
events, their details contain a surprising amount
of information and the agreement with the calcu-
lations is not trivial. In particular, the CDHS 4 u
event is consistent with a radiative interpretation,
and the BFHSW u3e event is consistent with a
hadronic origin.

(iii) The predicted wrong-sign trimuon rate from
these mechanisms is compatible with the experi-
mental upper limit.,

(iv) Our treatment of hadronic lepton pairs omits
leading F-meson production with F—¢ly, ¢ =11
decays. If the branching fraction for F— ¢ uv is
as high as 10%, these modes could contribute of
order 1x 1077 to the 41/ rate at high energy.

If this contribution is in fact significant, it will be
clearly signaled by an excess of lepton pairs at
the ¢ mass. (The BFHSW u3e event may belong
in this category).

(v) Associated charm production in hadronic
interactions is an important open question— re-
lating also tothe hadronic production of prompt
single leptons and neutrinos, and to the neutrino
production of same-sign dileptons. We note that
it will also lead to tetralepton events with char-
acteristic charge signatures, as in Eqgs. (5d) and
(5e).
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