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production, i.e., muon pairs produced by muons. Here the overburden and the calorimeters are the target
materials while the ALEPH time projection chamber provides the momentum measurements. A theo-
retical estimate of the muon trident cross section is obtained by developing a Monte Carlo simulation for
muon propagation in the overburden and the detector. Two muon trident candidates were found to match
the expected theoretical pattern. The observed production rate implies that the nuclear form factor cannot
be neglected for muon tridents.

Data from a dedicated cosmic ray run of the ALEPH detector were used in a study of muon trident
The trident interaction process occurs when a lepton l1
produces a pair of leptons �l�2 ; l

�
2 � in the field of nuclear

charge Ze, thus l1�Z; l�2 l
�
2 Z�l1. Good theoretical estimates

of the trident production rate date back to 1937 [1,2]. The
first papers on this subject considered: small scattering
angles, no exchange between diagrams [1], and only part
of the leading order Feynman diagrams. The channels
e�e� and ���� were at this level indistinguishable ex-
cept for the mass difference. About 30 years later the full
QED formula of the differential trident cross section was
computed [3–5]. However, there were two main difficul-
ties to be solved: inclusion of the atomic and nuclear form
factors and the simultaneous evaluation of the phase-space
integral. Because of the high complexity of the full integral
formula, the obtained QED result is impractical for most
cross-section estimations. In practical applications, the
result of a numerical integration of the QED matrix ele-
ment over a multidimensional phase space is approximated
by an analytical parametrization which is convenient for
Monte Carlo (MC) simulations of leptonic tridents.

The early studies were motivated: by the necessity to
compute radiative energy losses for charged particles (e.g.,
muon energy loss by emission of e�e� in the field of a
nucleus), by the unknown nature of the muon [fermion or
boson, see [6], concluded in [7] ], and by possible anoma-
lous muon-muon interactions for ��Z;����Z�� [8].

Interference between amplitudes of different Feynman
diagrams was estimated to be negligible for muons with
energies higher than 10 GeV [9]. Because the study pre-
sented in this Letter concerns high energy muons and due
to the decreasing probability of muon tridents at low
energy, interference terms were ignored.
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In 1967 Kelner [10] computed the QED differential
cross section for tridents neglecting the nuclear form fac-
tor. The expression accounts for both ��Z;����Z�� and
��Z; e�e�Z�� and its subsequent parametrization is the
Bugaev-Kotov-Rozental formula [11] [BKR in [12] ] that
reduces the multidimensional integral to an analytical re-
sult. The formula has become a standard reference for
professional muon transport Monte Carlo programs [e.g.,
[13] ] and for standard muon energy loss tables [14]. The
BKR formula was later corrected by Kokoulin, Kelner and
Petrukhin (KKP) [12] by the inclusion of a form factor for
the nucleus. The QED result, with nuclear form factor, was
parametrized in the KKP analytical formula. This final
form considers implicitly the nucleus as a quasi-Coulomb
scatterer with a Fermi function as form factor. The later
result came correlated with the measurements of LVD and
MACRO groups [15].

The BKR approximate cross-section formula gives good
estimates for energy losses of muons in the radiative
domain [14], where electron-positron production domi-
nates. However, the formula leads to an overestimate in
the observed event rate for the���� case [16]. This is due
to the fact that the production of muon pairs has on average
larger momentum transfers compared to e�e� production,
and thus the nuclear form factor is more important in
���� pair production. The corrected form, KKP, agrees
with the data of [16]. It is the object of this Letter to show
that the corrected formula has relevance for the results of
the CosmoALEPH dedicated cosmic ray runs.

For tridents, the experimental signature is a primary
track for the incoming muon and three quasicollinear
tracks for the outgoing muons. In the laboratory reference
nergy contract DE-AC02-76SF00515
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system, the highly relativistic incident muons account for
the forward production of the outgoing particles.

In the leading order Feynman diagrams of Fig. 1, the
interaction ‘‘dynamics’’ is displayed. Subfigures II and III
are radiative diagrams; I and IV are Bethe-Heitler dia-
grams. A phenomenological conclusion from the Feyn-
man diagram analysis is the small deflection of the scat-
tered muon coupled with low momentum transfer to the
nucleus [6]. The muon momentum components transverse
to the incident muon direction have values on the order of
the muon mass [e.g., 300 MeV=c on average for radiative
diagrams [17] ]; thus, the angular distributions of the out-
going particles are strongly peaked forward, in the direc-
tion of the incident muon [3].

The results for photoproduction of heavy leptons, given
by Tsai [18], can be applied in this analysis. The virtual
photon emitted by the incoming muon (Fig. 1, diagram I)
can be replaced by a real photon as in the lepton photo-
production. In this latter case, the muons have angular
distributions with widths smaller but close to m�=�phvi�,
where m� is the muon mass, p is the momentum of the
incident muon, and h�i is the mean energy fraction trans-
ferred to the secondaries. For a typical trident, if the
incident muon has an energy of 70 GeV, the mean energy
fraction transferred to the pair is close to 0.2 and the
angular distribution width has an average value of 0.4�.
All these facts lead to very small scattering angles with
respect to the incident muon direction. At production the
trident muons have quasicollinear trajectories and these
diverge as result of the 1.5 T strong magnetic field
(Fig. 2). Evidence of this pattern was probed using the
data of the CosmoALEPH experiment (observation of
atmospheric muons with ALEPH, one of the main detec-
tors at LEP).

From April 21 to 29, 1999, during a period without beam
activity, the ALEPH detector [19] at CERN was used in
FIG. 1. Muon trident leading order diagrams.
dedicated cosmic ray runs as a muon spectrometer at a
depth of 320 meters-water-equivalent (mwe) underground.
The ALEPH subdetectors relevant for these measurements
are the muon chambers, the hadron calorimeter (HCAL),
the electromagnetic calorimeter (ECAL), and the time
projection chamber (TPC). A single HCAL barrel module
has 23 active sublayers. The CosmoALEPH trigger re-
quired a signal in at least 8 sublayers in one HCAL barrel
module together with at least 8 confirmed hits in any of the
three neighbor modules opposite to the first [20]. The muon
detection efficiency per HCAL sublayer is 75% and the
TPC reconstructs muon tracks with a 160 �m spatial
resolution in the r� projection plane that is perpendicular
to magnetic field in the cylindrically symmetric ALEPH.
The calorimeters are sufficiently massive to stop any
charged or neutral-hadronic secondaries produced by
muons. They do let the high energy muons pass; thus a
hadron undergoing decay to muon generates a muon track
in the calorimeters.

In approximately 1� 106 events with at least one muon,
as tagged by ALEPH, only close to 5000 events contain
more than one observed muon. Among these, there are
events in which atmospheric muon bundles are detected.
These contain almost parallel tracks, because the vertex of
the parent hadron is high in the atmosphere, in the kilo-
meter range [21,22], and the muon and hadron directions
are almost the same at the energies involved. The cutoff for
320 mwe overburden is close to 75 GeV. Besides these
atmospheric muon bundle events, there are events where a
muon undergoes an interaction in the detector and second-
ary particles are produced. Electrons, positrons, and pho-
tons are produced in knock-on, bremsstrahlung, and pair
production processes in the calorimeters, and could be
observed (only the charged component) in the TPC as
remnants of electromagnetic showers, or as direct products
from reactions in the innermost part of ECAL. Since the
ECAL has a thickness of 21.5 radiation lengths, the only
FIG. 2. Trident candidate in ALEPH.
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FIG. 3. MC probability distribution for the total number of
tridents with vertex in the detector (crosses), Poisson distribution
with 2.6 average (histogram).
reactions that lead to clear tracks in HCAL besides the
incident muon tracks are the photonuclear and ���� pair
production. The electron-positron pair production has a
track pattern in the TPC similar to the ���� pair produc-
tion. However, the absence of HCAL tracks that would
extend the electron and positron TPC tracks gives a clear
distinction between electron tridents and muon-only
tridents.

The problem of separating a trident ��Z;����Z��
from photonuclear interactions is due to the fact that the
produced pions have a mass close to muon mass and they
can decay to muons. Photonuclear interactions are more
probable than tridents, and it is possible that in some
photonuclear interactions two pions of opposite charge
are produced, which subsequently decay into two muons,
leading to an event similar to a trident. However, if peculiar
aspects of each event are considered, such as large second-
ary muon energy, the photonuclear hypothesis becomes
much less probable than the trident hypothesis. To have a
clear track in the bottom calorimeter modules, a high
energy pion has to penetrate through part of HCAL with
1.2 m of iron thickness corresponding to 7.2 interaction
lengths and all ECAL with 11 cm of lead or one interaction
length thickness. At the given energies the pion-decay
probabilities over the distance traveled through the detec-
tor are small compared to the interaction probability.
Therefore, considering only the latter, the probability that
two final state pions from a 3-prong inelastic event are
mistaken with muons is around 10�7. With only three 3-
prong events found in the data sample, it follows that
hadronic background to tridents candidates is negligible.

Following the above criteria, the 5000 multimuon events
were reduced to only two trident candidates. Both events
contain very high energy muon tracks. The probability that
the events are results of photonuclear interactions is neg-
ligible. There is no evidence of hadronic interaction and
the energies are high enough to reject the pion-decay
hypothesis. The muon chambers are triggered by the exit-
ing particles. The analysis was done to select trident can-
didates with a vertex in the detector or in the overburden
layers.

To simulate the muon propagation in detector and over-
burden, a Monte Carlo calculation was developed. The
input is provided by the muon direction, energy, and posi-
tion as measured by the TPC. All reconstructed muon
tracks are used.

The MC calculation extrapolates the energy of each
recorded muon from the detector level back to the surface.
The tridents are generated along the way and the resulting
muons propagate, if sufficiently energetic, down to
ALEPH’s TPC, where their energy is measured. The sys-
tematic uncertainties of the simulation were estimated by
varying the granularity of the material description and the
numerical treatment of the underlying dynamics and found
to be significantly smaller than the final errors. Given the
selection criteria of candidates, the MC overall sample is
divided into two subsamples. The first subsample contains
tridents where one muon is stopped in the detector. The
second subsample contains tridents for which all muons
exit the detector, thus crossing ALEPH from one side to the
other if the trident vertex is in the overburden, and from the
vertex to the opposite side if the tridents are produced in
the detector. One candidate was found in each of the two
categories. Other MC tridents with less clear signatures are
neglected by this analysis.

In order to get a statistical description of the character-
istics of muon trident production in CosmoALEPH, the
simulation of the entire muon sample through overburden
and detector was repeated 2000 times. The results are
shown in Figs. 3 and 4 for tridents with vertex in the
detector. In the overburden, the expected number of tri-
dents is close to 2, but as these MC tridents have a low
energy secondary, the trident pattern is expected to be
obliterated by the presence of the strong magnetic field
(1.5 T). This makes the distinction between these muon
tridents and other events (e.g., muon bundles from the
same shower) virtually impossible. For the tridents with
vertex in the detector layers the pattern is clear. In Fig. 3,
the expected number for the latter case is determined
by a Poisson-like distribution with 2.6 mean value. This
value is consistent with the two candidates found by
CosmoALEPH. The BKR estimate should be at least 5
times higher [12], and appears to be overruled by the data.

The first trident candidate shown in Fig. 2 has one muon
that stops in a HCAL sublayer. The vertex is located in an
upper module of HCAL, and the muon tracks in the TPC
are good quality distinct tracks. The energy of the incident
particle (neglecting the recoil of the iron nucleus) is ap-
proximately 57 GeV. As shown in Fig. 4, the energies of the
outgoing muons are consistent with the Monte Carlo ex-
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FIG. 4. MC distribution for the trident muon energies in the
TPC: the arrows mark the position of the corresponding candi-
date energies (first candidate); the error bars correspond to bin
width and statistic errors.
pectations for typical trident events in CosmoALEPH. All
three final state muons have energies close to the most
probable values. The measured energies of 45:8� 4:4,
10:2� 0:33, and 1:26� 0:02 GeV are within 29%, 58%,
and 8.3% confidence level regions around the peaks of the
Monte Carlo distributions.

The second event has all muons crossing the detector
from the vertex to the opposite side of ALEPH. The energy
of the assumed primary muon is not reconstructed due to
the high energy and the partial overlap between the track of
one secondary and the primary track. The same holds true
for the higher energy secondary muon. Because of overlap
of the two highest energy tracks, the only reliable value for
the reconstructed energy is the energy of the low energy
secondary, and this is determined to be 13� 1 GeV.

Within the low statistics of two events, the
CosmoALEPH data appear to be consistent, both in event
number and particle energies, with the theoretical expec-
tation from KKP [12,16]. The BKR estimate [11,16],
neglecting nuclear from factors, is strongly disfavored.
An extended description of the CosmoALEPH events is
given in the graduation thesis of one of the authors [23].
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