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1 Introduction

In this note the muon identification efficiency using the electronic detectors (ED), namely target
tracker (TT) [1] and RPC planes [2], is studied, as well as the efficiencies of the matching between
the tracks reconstructed in the ED with those reconstructed in the emulsions for different event
topologies.

A good muon identification is important, not only to improve the detection efficiency of the
muonic tau decays but also to reduce the charm background for all τ decay channels. Since charm
production occurs essentially in charged current (CC) neutrino interactions1, the detection of
the primary muon (attached to the primary vertex) in charm events allows to strongly reduce
this background. Of course a good muon identification must be followed by a good matching
with the tracks reconstructed in the emulsions in order to correctly attach the muon track to
the primary or the secondary vertex.

Moreover, a good muon identification is important for the correct selection of the brick to
extract since the brick finding algorithms are different whether the event is classified as charged
current or neutral current (NC) [4].

Note that a high muon identification and matching efficiency are not enough since the purity
of the events selected by the different algorithms has also to be taken into account. A false
muon identification results in a loss of events in the τ → h channel. Indeed, the signal events in
which the τ does not decay in the muonic mode will look like NC. If these events have a false
muon candidate connected to the primary vertex, they will be rejected from the analysis chain
for the τ search. Moreover, NC events with a muon candidate may constitute a background to
the τ → µ signal if the muon candidate is matched with a hadron having a kink close to the
primary vertex because of a nuclear interaction.

2 Muon identification

Muons of momenta above 3 GeV/c can cross the entire target and the spectrometer and they
will be very efficiently identified. Consequently, the muon identification is essentially a problem
of identifying the low energy muons which range out in the target or in the spectrometer. From
the point of view of the range, the lead of the walls in the target and the iron slabs in the
spectrometer can be treated in a similar way, because the ratio between the energy loss by
ionization and the interaction length are about the same. Indeed for a target wall the energy
deposited by a mip is about 71.4 MeV and a wall is equivalent to 0.328 interaction lengths,
which gives a ratio of 217.7 in these units. For an iron slab 57.1 MeV of ionization energy and
0.298 interaction lengths are expected, which results in a ratio of 191.6, a difference of only 13%.

The first OPERA muon identification algorithms are fully described in Ref. [5]. The goal was
to reach an efficiency of 95% on the muon identification before the matching with the emulsion,
minimizing at the same time the NC contamination in the sample: the best results obtained by
Monte-Carlo (MC) at the time of the proposal [6] (when a less realistic MC was available) gave
a 15% contamination before the matching.
Applying the same selection cuts on the latest simulation, a slightly worse result is found since

1There is also the charm-anticharm pair production in NC events [3], however the production rate is an order
of magnitude smaller than the single charm production in CC interaction.
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Figure 1: Number of hit walls for νµCC events (red) and νµNC events (blue) and integral spectra
normalized to 1 (probability distribution).

the efficiency for the νµCC events is reduced to 91.7%.

Three variables were used in the selection cuts: the number of walls (TT or RPC) traversed
by the track, the 3-dimensional distance between the track and the shower barycenter and the
number of walls with only hits belonging to the track (isolated walls). These cuts have now
been optimized in order to reach an efficiency of 95% for νµCC events, but the smallest NC
contamination obtained was 20%. One of the problems of this selection is that for events with
short tracks (i.e. low momentum), most of the times the 3D reconstructed track does not
correspond to the real muon track and the cut is therefore meaningless.

Different selection criteria were studied, in particular the possibility to look at the global
event topology, in order to be independent of the reconstruction algorithm2. A very simple
selection on the total number of hit walls was applied and the best result was obtained requiring
at least 14 walls inducing 16% NC contamination for 95% muon efficiency (figure 1).

The effects of this selection on other relevant event topologies are summarized in table 1. Note
that, for the τ events, the neutrino spectrum has been weighted by the oscillation probability.

Event type muon identification efficiency/contamination (%)
requiring at least 14 walls

νµCC 95

νµNC 16

Charm 94.8

τ → µ DIS 82

τ → e DIS 7

τ → h DIS 14

Table 1: Results on muon identification for relevant event topologies requiring at least 14 walls.

Although this criterion gives the best results, it leads to a problem in the brick finding
algorithm for CC events in which no 3D track has been reconstructed. For this reason a selection

2Note that in this case events can be classified as CC even if no muon 3D track has been reconstructed.
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Figure 2: Muon identification efficiency, as a function of the track length multiplied by the
density of the material crossed, for different event topologies.

directly based on a 3D track is desirable, although it has a slightly worse performance with
respect to the one based on the whole event. The selection variable is defined as the 3D track
length multiplied by the density of the material crossed. To reach once again the goal of an
efficiency of 95% for νµCC events, the cut has been set to 660 g×cm−2 giving a contamination
of about 18% for νµNC events as illustrated on figure 2 and table 2.

Event muon identification (%) asking for
type track length×density > 660 g×cm−2

νµCC 95

νµNC 18

τ → µ DIS 87

τ → µ QE 90

Table 2: Results on muon identification for relevant event topologies asking for a track
length×density > 660 g×cm−2.

3 Muon matching efficiency

In order to optimize the matching algorithm, several tests using MC simulation were carried
out. Here, only the most performing one is reported which is based on the following sequential
selection cuts:

1. Check if a 3 dimensional track tagged as negatively charged muon is reconstructed in the
electronic detectors.

2. Check the angular matching between the selected track and all tracks in emulsions with
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Figure 3: Matching efficiency (after muon identification efficiency), as a function of the angular
cut, for different event topologies.

angle smaller than 500 mrad with respect to the beam axis. The angular tolerance for
matching could depend on the muon momentum (see section 3.1).

3. In case the muon momentum is smaller than 5 GeV/c, the emulsion tracks considered for
matching are those for which the momentum measured by the multiple Coulomb scattering
(MCS) method is compatible with the muon range in the ED (see section 3.2).

4. If several tracks remain, the matching is done with the one with the smallest angular
discrepancy.

3.1 Angular cut

The applied cut on the angular matching is optimized in order to have the best performance and
the smallest mismatching. In figure 3, the global efficiency (i.e. muon identification efficiency
multiplied by the matching efficiency) is shown as a function of the angular cut for different
event topologies.

Since the mismatching increases almost linearly and the matching efficiency for νµCC and
τ → µ DIS events is rather flat after 150 mrad, this value has been chosen as selection cut for
our matching algorithm.

Since the precision on the slope improves when the muon energy increases, a stronger cut can
in principle be applied to high energy muons. The minimum value of the momentum for which
a stronger cut could be applied was set to 5 GeV/c. Different values between 1 and 10 GeV/c
were studied and the selected one represents an optimal compromise between large matching
efficiency and small mismatching contamination.
In table 3 the overall efficiencies and mismatching are given for several values of the angular
cut for the τ → µ DIS channel. Although a stronger cut for high energy muons reduces the
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mismatching, it decreases also the overall efficiency (the “tails” of the distribution are lost).
Therefore this option was finally rejected and a cut on the angle of 150 mrad was set regardless
of the value of the muon momentum.

This conclusion is motivated by the fact that the value stated in the proposal for the τ → µ

DIS overall efficiency is 73.9% and, with a cut at 150 mrad, an already lower efficiency (66.3%)
is obtained, therefore a further reduction of the efficiency cannot be afforded.

Angular cut
for muons with Overall efficiency Mismatching

momentum > 5 GeV/c (mrad)

20 50.2% 2.8%

50 62.9% 3.4%

100 65.4% 3.9%

150 66.3% 4.4%

Table 3: Matching efficiency (after muon identification efficiency), as a function of the angular
cut for high energy muons, for τ → µ DIS events.

3.2 Momentum versus range cut

An additional selection criterion for an efficient matching is to check if the momentum of the track
measured in the emulsion by multiple scattering corresponds to the range of the track measured
by the ED. Note that the measurement by multiple scattering, as explained in Ref. [7], depends
on the measured length of the track inside the brick and on the true momentum of the particle
with a mean resolution of the order of 40%.
To tune this cut, events for which the matching should be particularly simple, i.e. τ → µ QE
events, were studied, since the muon is clearly reconstructed in the electronic detectors and few
tracks are present at the primary vertex.

Figure 4 shows the selection studied in the 2-dimensional plane: track range Vs. track
momentum. The region within the black lines is the selected one. On the left, the true
muon momentum is used and the linear dependance can be clearly seen between the muon
true momentum and the track length for low momentum ones (actually, length times density of
material crossed is used). At high momentum, one sees that most muons do not range out in
the ED.
The selection criterion is highly efficient and 98% of the muons are correctly identified.

Once the real precision of the multiple scattering momentum measurement in the emulsion is
taken into account, (figure 4 (right)) the situation gets much worse and only 81% of the muons
are correctly identified. In particular, many events in the plot have a momentum set to zero
because the track in the emulsion was too short to be measured (either the interaction took
place towards the end of the brick or the track exited from the side). The smearing on the
measured muon momentum was taken according to the study of the resolution reached with the
multiple scattering measurement method [7], which is a bit worse than the expectation at the
time of the proposal. This is the reason why the momentum Vs. range cut reduces the overall
efficiencies with respect to the numbers published before (see section 4). Unfortunately, such a

5



momentum (GeV)
0 5 10 15 20 25 30

)
2

L
e

n
g

th
 x

 d
e

n
s

it
y

 (
g

/c
m

1000

2000

3000

4000

5000

6000
98% of muon selected

muon true momentum

momentum (GeV)
0 5 10 15 20

)
2

L
e

n
g

th
 x

 d
e

n
s

it
y

 (
g

/c
m

0

1000

2000

3000

4000

5000

6000 81% of muon selected

muon momentum after smearing

Figure 4: Selection according to the range Vs. the momentum before (left) and after (right) the
momentum smearing , for the τ → µ QE channel.

selection criterion is mandatory to avoid a high mismatching which would reduce the signal and
increase the background as explained in section 1.

4 Results

The results obtained with the selection cuts presented in this note are compared with the ones
stated in the proposal for different event topologies (table 4).

Note that the value given for the muon identification efficiency includes the requirement
of a negatively charged particle whereas this condition was not required in the proposal
calculation. However this additional condition is really important to reduce the charm muonic
decay background.
Note also that the overall efficiency (third column) is a bit higher than the multiplication of
muon identification and matching efficiency (first two columns) because the muons with an angle
larger than 500 mrad have been neglected in the normalization since this is the largest accepted
angle for tracks reconstruction in the emulsions.

The clear message is that the muon identification algorithm is performing as expected but
the overall efficiency is still about 8% worse than the proposal estimate. This difference is mainly
due to the momentum range cut as explained in section 3.2.

5 Conclusions

In this note some updates are presented on the studies on the muon identification and on
the matching between the track reconstructed by the ED and the ones reconstructed in the
emulsions.

The same studies should be performed including in the MC the reconstruction of the tracks
in the emulsions (OpEmuRec software), in particular for what concerns the angular matching
since so far the angle at the vertex has been used, which could be different when exiting the
brick due to multiple scattering within the brick.

Some discrepancies on the overall efficiencies with respect to the numbers published in the
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Channel muon identification Matching Overall Mismatching
with charge condition efficiency efficiency

τ → µ QE 88.0% 88.2% 77.8% 0.0%
(-) (-) (-) (-)

τ → µ DIS 84.6% 76.4% 66.3% 4.4%
(87.4%) (84.5%) (73.9%) (-)

νµNC 14.5% 33.9% 4.9%
(fake muons) (16.4%) (38.7%) (6.3%)

νµCC 93.5% 86.2% 83.3% 2.8%
(94.7%) (-) (-) (2.2%)

Charm 91.6% 83.3% 80.2% 3.7%
(no muonic decay) (94.8%) (90.0%) (-) (-)

Charm 84.0% 79.2% 70.8% 7.3%
(muonic decay) (96.4%) (-) (-) (-)

Table 4: Muon identification and matching efficiencies for different event topologies. In brackets
the numbers previously calculated (proposal) are stated when available.

proposal have been found and they are due to the fact that, at the time of the proposal, the
error on the momentum measurement by multiple scattering was slightly underestimated.

A final important point is that all the presented results are MC based, therefore in order to
be confident about the applied cuts they need to be validated on real data.
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