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Abstract

This Letter reports on a study of trimuon events induced by neutrino interactions in the CHORUS calorimeter exposed to the
CERN SPS wide-band,, beam. Among the multimuon evemisoduced in the calorimeter, 47~ 1~ ut events were selected
and their kinematical properties investigated. In the past, several groups collected a sample of about one hundred events of this
type but their source was largely unknown. Taking advantage of experimental data presently available on the production and
muonic branching ratios of light neutral mesons and resonances, we make absolute predictions for the expected rates in our
experiment. Detailed Monte Carlo simulations described in this article show that more than half of the trimuon events can be
attributed to this source. Muons from™ and K~ decays in charm dimuon events are responsible for an additie2&%
contribution to the totals—~ut rate. The remaining 25% of events are likely to come from the internal bremsstrahlung of
virtual photons into a muon pair. Associated-charm production with subsequent decays of both charmed particles into muons is
a negligible source of trimuon events.
0 2004 Elsevier B.VOpen access under CC BY license.

1. Introduction 2. Theexperimental set-up

We have studied trimuon (8 production in the

Trimuon production in neutrino interactions was CHORUS detectof6] exposed to the wide-band neu-
first observed at FNA[1] and at CERN2] more than trino beam produced by 450 GeV protons from the
25 years ago. Detailed studies were later performed by CERN SPS. The averagg beam energy is 27 GeV,
the CDHSI[3] and the HPWH4] groups, that in total ~ the contamination ofv, is 6%. The 112-ton lead-
collected about one hundred events with three muons, scintillator calorimeter{7] is used as an active tar-
mostly =~ u™ in the final state with an observed get for multimuon events. It provides the reconstruc-
rate of ~ 10~° of charged-current (CCy,, interac- tion of the event vertex, as well as the measurement
tions. It was established that trimuons were mostly of hadronic shower energy. The calorimeter consists
of a hadronic origin, with a contribution from inter-  of three sections with decreasing granularity along
nal bremsstrahlung, a process well understood the-the beam direction: electromagnetic (4 planes), the
oretically [5], in which a muon or a quark from a first hadronic (5 planes) and the second hadronic (5
CC interaction emits a~ ™ pair. This process has  planes). The depths of these sections are 16 cm, 40 cm
a characteristic kinematical property (see Sectpn and 50 cm, respectively, giving a total of 5.2 interac-
which separates it quite fettively from events of a  tion lengths.
non-electromagnetic nature. The muon spectrometer located further down-

The CHORUS experimerj6] aimed to search for  stream from the calorimeter identifies muons and de-
v, — v; oscillations and study charm physics in the termines their trajectgr momentum, and charge.
CERN SPS wide-band,, beam using an emulsion It consists of six magnetised iron toroids, instru-
target. In addition, a large sample of neutrino events mented with scintillators, and tracking detectors com-
originating from its massivealorimeter was recorded. posed of drift chambers and limited streamer tubes.
In this Letter properties of trimuon events found in Muon momenta are determined from their curvature in
this sample are investigated with the aim of identifying the toroidal magnetic field. The momentum resolution
their sources. Detailed Monte Carlo (MC) simulations, varies from~ 15%[8] in the 12-28 GeVc interval
including rare decays ofdht neutral mesons and res- to 19%[6] at about 70 GeYc, as measured with test-
onancesy, n’, p,  and¢) are used, since we believe beam muons.
that they constitute a substantial fraction of the ob-  The trigger systen{9] of the CHORUS experi-
served event rate. It is possible to make absolute pre-ment has different types of triggers for events originat-
dictions for the expected rates with the experimental ing from the emulsion, the calorimeter, and the muon
data now available on the production rates and muonic spectrometer. For our purpose we use the dimuon
branching ratios of these light neutral mesons. trigger, which requires a double-hit pattern in the
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calorimeter or a multiple-hit pattern in the muon spec-
trometer. In addition, a downscaled one-muon trigger
requiring only a muon in the spectrometer allowed us
to check the efficiency of the dimuon trigger and to
check the normalisation with respect to inclusive CC
events.

3. Event selection

In total, 5.6 million &ents from 1995-1998 ex-
posures recorded with the dimuon trigd®i, were
processed with the CHORUS reconstruction program.
The sample corresponds t04.9 x 10 protons on

the neutrino target. Most of these events contain one of number of ==t and singlepu™

CHORUS Callaboration / Physics Letters B 596 (2004) 44-53

The total number of dimuon events observed with
the selections equivalent to those used for trimuons is
15111 forp—u't, 2107 forp~—p~ and 66 foru™ ™
sign combinations. It was checked that the dimuon
trigger efficiency is the same foru2and 3. events
(0.86+£0.05 and 085+ 0.11, respectively). This sam-
ple corresponds to 1¥ 10° deep-inelastic CC events
with 10< E,, < 200 GeV in the fiducial volum§glL2].
Correcting for the energy cuts, the total number of
CC interactions is then 18 x 10°, in good agree-
ment with the estimate qfl8.4+ 1.7) x 10° obtained
from the number of observed dimuon events and as-
suming an average ratio of dimuons to total CC cross-
section of 000504+ 0.0003[13]. The observed ratio
events as a

muon track and an energetic hadronic shower. Some function of visible neutrino energy is shownhig. 1

4.6 x 10° events have two or more reconstructed tracks
crossing at least two spectrometer magnetsl(m
of iron). Events were accepted with their interaction
vertex inside a fiducial volume with a lateral size of
240x 240 cnt and within the caldmeter planes from
5 to 11 to ensure a high dimuon trigger efficiency. The
fiducial target mass thus defined is 32 tons.

A detailed description of the event selection is
given in Ref.[10] and therefore we mention here only
the essential information. Events with exactly three re-

A direct comparison with the available experimen-
tal results is difficult since different selection criteria
have been adopted. However the results obtained in
this paper are in agreement with those quoted in Ref.
[3a], provided similar selection criteria are applied.
In particular, requiring that the muon momentum be
larger than 46 GeV/c and removing the selection on
the quality of the fit, forE, > 30 GeV, we obtain
3u/1pn = (2.6 +£0.2) x 107° to be compared with the
CDHS result of (33+ 0.4) x 107, before any back-

constructed tracks traversing at least four spectrometerground subtraction.

magnets were accepted ag 8andidates. The trans-

It is expected that the decays of light neutral

verse distance between the tracks of any muon pair atmesons and resonances, muonic decays of charmed
the vertex plane was required to be less than 15 cm. All particles with an additional pion or kaon decay, and
muons were required to have momenta above 56eV internal bremsstrahlung contribute to trimuon pro-
at the vertex, after the correction for energy losses duction. Therefore we studied whether these sources

(=~ 1 GeV) in the calorimeter. A cut on the quality
of muon momentum reconstruction in the spectrome-
ter (X,f/ndfg 5) was also applied. These criteria were
identical to those used in an earlier CHORUS publi-
cation[11]. In addition, the number of reconstructed

muon tracks starting from the second magnet should

could account for the observed events.

4, Simulation

be equal to three. Such a requirement protects against

events with fake muons due to shower leakage from
the calorimeter into the ggtrometer. Furthermore, at
least fourteen spectrometer scintillation counters out
of a total twenty-four are required to have a hit along
each muon trajectory. This criterion being effective in
the rejection of overlay muons. Forty-two~ = pu™

and threeu= T events survived all these cuts. No
w-pn~p” andututut events passed the selection
criteria.

A detailed MC simulation was performed to clarify
the origin of trimuon events. Physical event generation
was done with the CHORUS JETTA4] package de-
rived from LEPTO[15] and JETSET[16]. GEANT
3.21[17] was used for modelling the neutrino beam as
well as for simulation of the detector response in the
complete set-up. MC events were then processed with
the CHORUS reconstruction program. The following
sources ofx~ u~ ™t production were considered:
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Fig. 1. Ratio of number oft~ 1~ ut and singlex~ events survived the cuts as a function of visible neutrino energy. The visible energy is
defined as a scalar sum of muon momenta and shower energy.

Table 1

Yields and muonic branching ratios of neutral mesons and reseaaagether with the number of trimuon events from this soureg @C in-
teractions. The rates for processes where the referisrgiven as ‘MC’ are obtained from the model in H&#]

Meson N/Nce Ref. Decay BR x 10° (N3, /Nco) x 1P
(548 0196+ 0.056 21] vt 31+4 61+ 20

(770 0.196++ 0.020 [20] uut 4.60+0.28 90+ 1.0

(782 0130+ 0.031 [21] wut 90431 117449
(782 0130+ 0.031 21] 20—t 96423 125+ 43

o' (958 0.043+ 0.005 MC yu—ut 104426 45+12

¢ (1020 0.0057+ 0.0005 MC wut 287+20 164+0.18

1. v,CC events with rare decays of light neutral

mesons and resonances into a muon pair.

Experimental data on production af(548),
p (770 and w(782) in neutrino interactions and
on their muonic branching rati¢$8] are currently
available, sedable 116

16 At the time when CDHS and HPWF reported their results on
trimuons this was not the case.

Several bubble chamber experimeifil®] and
NOMAD [20] studied inclusive production gf°.
BEBC WA59[21] also measureg andw yields,
albeit with a worse precision. There is still no
experimental evidence for neutrino production of
7' (958 and¢ (1020 states which also can decay
into ap ™t -pair.
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We forcedn — yu~ut andp — pn~ut decay
modes at the generation stade.

It should be noted that BEB@21] and NO-
MAD [20] observed a discrepancy between ex-
perimentalp rates and those estimated with JET-
SET[16]. NOMAD [20] proposed to retune some
of the parameters used within JETSET to obtain
better agreement. Therefore, for the purpose of
this analysis events were simulated both with the
default setting and with the setting proposed by
NOMAD of key JETSET parameters, taking an
average between them as a result and half a dif-

ference as a systematic error. We used experimen-

CHORUS Callaboration / Physics Letters B 596 (2004) 44-53

dimuon selection efficiency is.03+ 0.01. The
observed distributions of the muon momenta and
the angles with respect to the initial neutrino di-
rection for u~u* events, shown irFig. 2, are
well described by the MC. The predicted and
the observed relative rates pf 1=, ™™ and
w~uT events agree, seBable 2 Since the like
sign dimuon events are dominated by decays of
pions and kaons, this agreement validates our cal-
culations of the trimuon events from this source.

More exotic sources of trimuons could be asso-
ciated-charm productiorc§) with both charmed par-

tal rates of light neutral mesons and resonances ticles decaying muonically and/y — u*u~ pro-

where available {able 1) for normalization pur-
poses. The uncertainty introduced by the JET-
SET parameter settings (which amounts to 20%
at most) affects only the production of théand

¢ for which no experimental data are available.
This uncertainty is reflected in the error quoted in
the table. However, since the contribution frgm
andg is small, the overall effect is less important.
Charm dimuorv,CC andv,CC events, with a
leptonic decay of the charmed patrticle and an ex-
tra muon from a leptonia® or K* decay, as well

as ordinary charged-current events with two extra
muons fromr® or K* decays.

To estimate the contribution from this source to
the total 3. rate and to validate the MC, large
samples of 2 events were generated and passed
through the same selection chain gs 8vents

duction in CC interactions. Recently, one event with
a topology compatible withec production was de-
tected in the CHORUS emulsion tar§2p]. Based on
Ref. [23] we estimated the total rate of (including
muonic branching ratio) to be as small=asS x 10~/

of the totalv, CC cross-section. This process is there-
fore negligible. Recent estimates based on the non-
relativistic QCD approacf24], as well as older calcu-
lations[23], indicate that//y production in CC also
has a too small cross-section to be observed in CHO-
RUS.

5. Resultsand conclusions

The absolute normalization of the data and the
MC samples is based on the numbepofu™ events

(see above). The merged MC sample consists of which survived the cuts. We took the average ra-

(18.6 + 1.9)% CC events with one extra pion or
kaon decay and 81.4% CC events with charm pro-

tio of 2u and total CC cross-sections at our ener-
gies aso (2u)/o (CC) = 0.00504 0.0003 following

duction and its subsequent leptonic decay. These Ref. [13]. Note that this is physical ratio, i.e., before

numbers were estimated with the MC sample of
ordinary charged-current events, by counting the
number of muons from pion and kaon decays
accepted by the selection criteria used for this
analysis. Dimuon events from this sample were
compared with the CHORUS data. The average

17 JETSET does not contain muonic decaysaenfn’ and ¢.
Instead we forcedo — 77+, w —> 7 770, y > yp —
yu~ut andgp — K~K* decay modes and replaced by hand pions
or kaons with muons. Mass effects in the rates which are significant
in the case ofp — K—K* have been corrected for.

any experimental cuts applied. Normalization factors
obtained in this manner are in 5% agreement with
those found with an alternative method using CC in-
teraction ratefl 2] measured in CHORUS as a starting
point.

The MC predicts 8 + 2.8y~ u™ events from
charm dimuon events with an additionat /K~ de-
cay. The error is dominated by MC statistics. A sys-
tematic error due to uncertainties in parton distribu-
tions and fragmentation functions is 10%.

The contribution from CC interactions with two ex-
tra muons fromr* or K* decays is estimated to be
less than one evefit0].
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Fig. 2. Kinematical distributions of: T events (solid histograms are the data and edsfhistograms are the MC predictions): (&)
momentum; (b momentum; (c).~ angle; (d)ut angle. The merged MC sample was normalized to the data sample to have the same
number of events survive the cuts.

In principle, the vector meson production and muon Table 2
bremsstrahlung processes would be more naturally Relative rates of dimuon events

normalised to the number of inclusive CC events. Sample N~ /N—F NTH/N—F
However, since the two methods agree within 5% present data 0394+ 0.007 Q0044+ 0.0005
we have chosen to normalise to the inclusive dimuon Combined MC 0121+ 0.013 Q0034+ 0.0015

rate. This has the advantage that the dimuons and

trimuons share the same trigger conditions, and there-

fore this method can be considered as “internal nor- and the uncertainty of the normalization (10%). The

malisation”. MC systematics was evaluated by varying the JETSET

The expected numbers of trimuons from muonic key parameters as described in Secton

decays of light neutral mesons and resonances are The sources of trimuon events discussed so far ac-
summarized inTable 3 The total contribution from  count for all but 10.6 of the observed events. To in-

this source is 23 + 5.0 events. The selection effi-  vestigate the consistency of this result with the expec-
ciency is given in the table and varies from 1.0%for  tation from the internal bremsstrahlung process, we
to 2.7% for ¢. The errors include uncertainties in the use the fact that its kinematics has a characteristic
branching ratios and yields, the MC systematic errors, feature.Fig. 3(a) shows the distribution of the angle



180

52 CHORUS Collaboration / Physics Letters B 596 (2004) 44-53
§2)
C
[
>
[
“
o
-
QL
0
£
=]
z
0 20 40 60 80 100 120 140 160
¥1.23, degrees

w 16
i)
g 14
F
o 12
[o]
5 10
0
c 8
=]
Z 6

4

2 : :

0 SN AR P I

0 X 1.5 2.5 3 3.5 4

Invariant—mass for non—leading w w* —pair, GeV

Fig. 3. (a) Anglep1 3 between the leading ™ and the vector sum of momenta of the two other muons in the plane perpendicular to the initial
neutrino direction i~ ~ut events. The solid hatched histogram shows the datahenfilied histograms are the MC predictions (see text).
The bottom hatched histogram is only internal bremsstrahlung, ttiélenhatched histogram is internal bremsstrahlung plus charnr&td
muonic decays, and the top hatched histogram reprea#trsisurces. (b) Invariant-mass for the non-leadirig,. ™ -pair in u ~u~ut events
having ¢1 23 > 90° (solid unhatched histogram is the data and hatched histogréine MC). Here the internal bremsstrahlung contribution

was neglected.

Table 3
Number of expected trimuon eventyy,) and their selection effi-
ciency ¢3,,) from the MC

Decay N3, + AN3, €3, + Aegy

n—yu ut 112+ 45 0.010+ 0.002
p—pnut 28+0.7 0.017+0.004
w—pnpt 38+17 0.01840.003
w— 7O put 3.0+10 0.013+ 0.002
0 —yu ut 15405 0.0184 0.004
¢—puput 0.8+0.2 0.027+ 0.005

#1.23 between the leading—*8 and the vector sum of

momenta of the two other muons in the plane perpen-

18 Following Ref. [3a] “we take as the leading muon that nega-
tive muon for which the sum of the absolute values of transverse
momenta of the other negative muon and the positive muon with
respect to the direction of the virtual W-boson is minimal”.

dicular to the initial neutrino direction. As was shown
in Refs.[5, 3a)] about two thirds of the events from
internal bremsstrahlung hava 23 < 90°. Using this
feature, we normalized the theoretical curve quoted in
Ref. [3a] to 57+ 3.0 eventsin the interval; 23 < 90°,
which are left after subtraction of the expected contri-
bution from charm dimuon events with an additional
7~ /K~ decay and light neutral meson decays. The
estimated contribution of internal bremsstrahlung at
¢$1,23>90° is 29+ 1.5 events.

The invariant-mass distribution for the non-leading
w~ut-pair is shown inFig. 3(b). The cutpy 23 > 90°
was applied to suppress the contribution from the in-
ternal bremsstrahlung. The MC describes the data rea-
sonably well.

In conclusion, 42 neutrino-induceg= ™t
events were observed and their origin accounted for.
Detailed GEANT-based MC simulations showed that
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