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5CSIC—Universitat de València, Instituto de Física Corpuscular (IFIC), E-46980 Paterna, Spain

(Received 4 November 2021; accepted 31 January 2022; published 22 March 2022)

A light Z0 vector boson coupled to the second and third lepton generations through the Lμ − Lτ current
with mass below 200 MeV provides a very viable explanation in terms of new physics to the recently
confirmed ðg − 2Þμ anomaly. This boson can be produced in the bremsstrahlung reaction μN → μNZ0 after
a high energy muon beam collides with a target. NA64μ is a fixed-target experiment using a 160 GeV muon
beam from the CERN Super Proton Synchrotron accelerator looking for Z0 production and its subsequent
decays, Z0 → invisible. In this paper, we present the study of the NA64μ sensitivity to search for such a
boson. This includes a realistic beam simulation, a detailed description of the detectors and a discussion
about the main potential background sources. A pilot run is scheduled in order to validate the simulation
results. If those are confirmed, NA64μ will be able to explore all the remaining parameter space which
could provide an explanation for the g − 2 muon anomaly in the Lμ − Lτ model.

DOI: 10.1103/PhysRevD.105.052006

I. INTRODUCTION

The recently confirmed 4.2σ deviation of the muon
magnetic moment [1] with respect to its Standard Model
(SM) prediction [2–22] might be an indication of physics
beyond the SM:

Δaμ ≡ aμðexpÞ − aμðthÞ ¼ ð251� 59Þ × 10−11: ð1Þ

Interactions between muons and new physics sectors have
been suggested in many models [23–26]. In particular,
models with Uð1Þ gauge extension to the SM are well
motivated since they are anomaly free and provide an
explanation to the ðg − 2Þμ anomaly through a loop con-
tribution to themuonvertex function [27–32]. In theLμ − Lτ

model, with SM gauge extension SUð3Þc ⊗ SUð2ÞL ⊗
Uð1ÞY ⊗ Uð1ÞLμ−Lτ

[30,33–35], the massive gauge vector
boson Z0 acquires its mass through symmetry breaking,

mZ0 ≤ Oð1 GeVÞ, and interacts to the second and third
generations of leptons through

L ¼ g0ðμ̄γαμþ ν̄μγανμ − τ̄γατ þ ν̄τγαντÞZ0α; ð2Þ

where Z0α is the leptophilic boson field and g0 is its coupling
to SM leptons. Within this model, the Z0 contribution to the
muon vertex function, and thus the muon ðg − 2Þμ, is
calculated at one loop [36]:

ΔaZ0
μ ¼ g02

4π2

Z
1

0

dx
x2ð1 − xÞ

x2 þ ð1 − xÞm2
Z0=m2

μ
: ð3Þ

The Z0 vector boson decays invisibly to SM neutrinos in the
case mZ0 < 2mμ, with decay width

ΓðZ0 → ν̄fνfÞ ¼
αμmZ0

3
; ð4Þ

where f ¼ μ, τ, and αμ ¼ g02=4π. For larger Z0 masses,
namely mZ0 ≥ 2mμ, the gauge boson also decays visibly to
one of the charged components of the SUð2ÞL lepton
doublets, Lμ, Lτ, with partial decay width:
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ΓðZ0 → f̄fÞ ¼ αμmZ0
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It is worth noting that adding to the minimal Uð1ÞLμ−Lτ

gauge extension of the SM a dark current interaction of the
type L ⊃ Z0αJDMα makes it possible to also probe light
thermal dark matter and the dark matter (DM) relic abun-
dance (see e.g., Ref. [37,38]).
The Z0 vector boson can be produced through muon

bremsstrahlung μN → μNZ0 after a high energy muon
beam impinges on a target. Within this context, the
NA64μ experiment [37] has been designed to search for
Z0 production and its subsequent invisible decay using the
160 GeV M2 beam line at the CERN Super Proton
Synchrotron (SPS) accelerator [39]. Detailed computations
of the differential and total cross sections for this process
have been recently performed in Ref. [40]. Another experi-
ment, M3, with a similar working principle, has been
proposed at Fermilab [38]. A pilot run of the NA64μ
experiment is planned in the fall of 2021 to study the
feasibility of the technique. In this paper, we discuss the
experiment prospects in terms of the main background
sources and the expected trigger rate. We also study the
projected sensitivities for future physics runs to allow to
probe the region of parameter space suggested by the
ðg − 2Þμ anomaly in the context of current and future
searches.

II. THE METHOD OF SEARCH

The NA64μ experiment [37] is a complementary experi-
ment to NA64e [41,42] aiming to look for dark sectors
weakly coupled to muons. The experiment is foreseen in
two phases. Its first phase physics goal is to search for
invisible decays of the Z0 boson, produced in the muon
scattering process μ−N → μ−NZ0. Additionally, similarly
to the electron mode, the experiment also explores the
production of dark photons, A0, through the bremsstrahlung
μ−N → μ−NA0, allowing to enlarge the parameter space
of interest towards large masses [43]. NA64μ can also
probe scalar, axionlike particles (ALPs), millicharged

particles [44] and could also be used to test lepton flavor
violation in μN → τX conversion in flight [45]. A second
phase of the experiment will be devoted to exploring these
processes [37].
The experimental setup for the feasibility studies to

look for a light Z0 boson is sketched in Fig. 1. The
experiment will use the high-energy M2 muon beam at
the CERN SPS [39,46] with momentum ≃160 GeV=c
produced by a 450 GeV=c primary proton beam (intensity
1012–1013 protons=spill). Within this context, muons are
dumped against an active target, which is a 40 radiation
lengths (40X0) lead-scintillator sandwich electromagnetic
calorimeter (ECAL), with a 6 × 5 cell matrix structure.
While the scattered muon carries away a fraction E0

μ ¼ fEμ

of the primary muon energy Eμ, the other fraction of the
energy, ð1 − fÞEμ, is carried away by the bremsstrahlung
dark boson Z0 and its decay products resulting in missing
energy Emiss ¼ Eμ − E0

μ. The subdetectors downstream of
the target include, in particular, a five interaction lengths
(5λI) copper-scintillator veto calorimeter (VHCAL) seg-
mented with a 4 × 4 matrix of cells and a hole in the
middle, to veto charged secondaries produced by upstream
muon nuclear interactions. Then, a series of two large
120 × 60 cm2 (6 × 3matrix) hadronic calorimeter (HCAL)
modules, with a 7.5λI steel-scintillator longitudinal seg-
mentation, ensure maximal hermeticity. The experiment
will use two magnet spectrometers in order to reconstruct
the incoming and outgoing muon momentum. The initial
muon beam momentum will be measured by the existing
beam momentum stations (BMS) from the COMPASS
experiment [47]. A set of micromesh gaseous structure
(Micromegas or MM) tracking detectors will be located
next to the stations to have a second measurement of the
incoming momentum. The scattered muon momentum is
reconstructed through a second MBPL magnetic spectrom-
eter (a single dipole magnet with 1.4 T · m, MS2) with a set
of six Micromegas tracking detectors.
A signal event, i.e., the production of a Z0 boson, is

defined as a scattered muon after the target with momentum
about half of the beam nominal energy, i.e., E0

μ ≲ 0.5E0 ≃
80 GeV (see Fig. 1). The muon missing momentum will be

FIG. 1. Schematic top view of the 2021 muon pilot run experimental setup to search for Z0 → invisible production from 160 GeV=c
muon bremsstrahlung. The dash-dotted line corresponds to the path of a deflected muon after the Z0 bremsstrahlung.
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used to keep the trigger rate at the required level. Using the
deflection of the scattered muon in the transverse plane,
a simplified trigger system has been considered for the
initial phase to run the experiment at the low beam intensity
of 107 μ=spill. This trigger option is based on the selection
of the well-defined primary muon beam within a small
beam lateral size and divergency, and momentum spread
by using scintillator counters, the BMS stations and the
trackers next to it. The initial muon is tagged with a set of
three counters, two of them before the target (S0 and S1),
and one ensuring the presence of the muon at the end
of the setup (Sμ). An additional counter in front of the
HCAL, S4, shifted from the beam axis guarantees that only
muons with enough deflection hit this counter. The signal
efficiency for different Z0 masses at this trigger level is
illustrated in Fig. 2. A set of veto counters, before the
HCAL modules (V1), and within MS2 (Vm1;2

), are used to
further veto undeflected beam muons and veto charged
secondaries produced in upstream interactions. The trigger
rate after this selection is 0.1% of the primary beam
intensity.

To further suppress background coming from SM events,
a set of selection criteria (cuts) is applied as follows: (i) an
initial beam momentum reconstructed in the energy win-
dow [140, 180] GeV; (ii) a single track in the tracking
detectors with reconstructed momentum smaller than half
of the beam energy; (iii) no energy deposit in the VHCAL;
and (iv) no energy deposit in the HCAL modules [i.e.,
compatible with the one of a minimum ionizing particle
(MIP)].

III. SIMULATIONS FRAMEWORK

Detailed Monte Carlo (MC) simulations are performed
using the GEANT4 toolkit [48] and the GEANT4-compatible
DM package DMG4 [49] aiming at realistically reproducing
the beam line, detectors and physics, as well as estimating
the background and signal topology within the setup.

A. The beam profile at M2 location

Because of the importance of an accurate knowledge
of the initial muon momentum and beam spatial distribu-
tion for the trigger criteria, the M2 beam line optics is
fully simulated using the TRANSPORT [50], TURTLE [51]
and HALO [52] software [46] and made compatible with
GEANT4 through the HEPMC software [53]. This yields
realistic beam profiles as shown in Fig. 3. Simulations
reproduce the large contribution of low-energy halo
muons around the beam spot (about 20% of the full beam
intensity [37]) that are populating the low-energy tail of the
beam energy distribution. Such muons can be efficiently
removed using the beam-defining counters S0 and S1,
leaving 78% of the full beam intensity, with muons energy
≥100 GeV, with beam spot divergency σx ∼ 0.9 cm and
σy ∼ 1.9 cm.

B. Signal

To estimate both the signal yield and signal topology,
and thus the choice of adequate selection criteria,
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FIG. 2. Trigger efficiency as a function of the Z0 vector boson
mass. The beam nominal energy is both (blue) 160 GeV and
(green) 100 GeV, for which the scattered muon deflection is
larger.
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FIG. 3. Beam profiles at the entrance of the NA64μ setup as obtained through the TRANSPORT [50], TURTLE [51] and HALO [52]
software [46] for (left) beam spatial distribution and (right) beam energy spectrum with no trigger (blue) and (green) trigger
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the Z0 vector boson is simulated using the fully GEANT4-
compatible DMG4 package [49]. Dark matter observables,
such as the total cross-section production and the differ-
ential cross sections are correspondingly implemented
according to the Weiszäcker-Williams (WW) phase-space
approximation as discussed in Ref. [40]. The program
selects an event where the Z0 production should occur
according to the total cross section, and then both its
fractional energy, x, and emission angle, θ, are accurately
sampled using a Von-Neumann accept-reject sampling
algorithm. The typical energy spectra of a Z0-strahlung
vector boson is shown in Fig. 4 for the mass range 10 MeV
to 1 GeV.

C. Background

Missing energy/momentum experiments such as NA64μ
rely not only on a robust detector hermeticity in order to
avoid events with large missing energy appearing because
some particles escaped detection due to acceptance, but
also on a precise momentum reconstruction. Many proc-
esses, such as hard muon nuclear interactions in the ECAL,
hadron admixture in the M2 beam line, or mismatch in
momentum reconstruction, can affect the likelihood to truly
observe a Z0-strahlung process. In the following para-
graphs, the full study of those main background contribu-
tions is covered, being carried out through detailed MC
simulations.
Muons usually behave as MIPs, thus most of them

traverse the whole setup with nominal momentum
∼160 GeV=c, with small energy deposit in the calorimeters
(EECAL ∼ 0.5 GeV, EHCAL ∼ 2.3 GeV). On the opposite,
scattered muons accompanied by Z0 emission are identified
with energy E0

μ ≤ 0.5E0 ≃ 80 GeV. Accurate momentum
reconstruction thus allows to discriminate between possible
signal candidates and SM muon events. The muon momen-
tum is reconstructed both upstream of the target and
downstream of the ECAL through a series of magnetic
spectrometers. To account for multiple scattering (material)
effects as well as tracking detector resolution, the

precision on momentum reconstruction is estimated
using the Kalman-filter-based GENFIT toolkit [54] to be
Δp=p ∼ 3%. The mismeasurement, and thus misidentifi-
cation between Z0-strahlung and SM muons, is extracted
from the exponential tails of the momentum residuals
distribution. Through extrapolation, the probability of a
160 GeV SM muon to be reconstructed with momentum
≤80 GeV is ≲10−12 per muon on target (MOT). This result
is obtained assuming that in particular selection criterium
(ii) holds, i.e., a single hit per tracking detectors. In the case
of more than one hit per tracker, the Micromegas detector
inefficiency should be taken into account. An example of
such physics processes is highly energetic secondaries
produced by muons in the tracker material through ioniza-
tion, μe → μe, accompanied by a poorly detected parent
muon, and thus yielding a reconstructed momentum with
energy <100 GeV. The probability for such an event to
happen is estimated from the full sample of simulated
muons, taking into account the values for Micromegas
trackers inefficiency (∼0.02) extracted by previous
NA64e run data, and assuming that in the second tracker
downstream MS2 there is more than one hit. From the
simulations, a conservative value of ≤10−11 per MOT is
obtained, and can be further reduced by placing additional
n trackers downstream, with a factor ∼0.02n.
In the case of NA64μ, the level of hermeticity of the

detectors is inferred in the plane defined by the muon
energy after ECAL and the total energy deposited in the
calorimeter (ECAL, VHCAL and HCAL), ðE0

μ;ECALÞ, as
shown in Fig. 5. Whereas region A corresponds to events
with large energy deposit in the HCAL and the diagonal B
to events with energy deposited in the ECAL, the bulk C is
associated to events with energy deposition in the calo-
rimeters compatible with a MIP. Thus a high level of
hermeticity is reached for all events lying within those
three regions. On the other side, poor detector hermeticity
due to geometrical acceptance or dead material can lead to
events with large missing energy, and thus leakage
towards the signal box defined in the region D (red box)
of Fig. 5 ðECAL ≤ 20 GeV;E0

μ ≤ 80 GeVÞ. From the
distribution extrapolation in the plane ðE0

μ;ECALÞ, the
probability of leakage in region D due to non-hermeticity
(i.e., detector acceptance) is estimated to be ≲10−12

per MOT.
Apart from geometrical properties of the detectors, and

thus acceptance, two main sources of physical background
contribute to events with large missing energy. The first one
arises from hadron admixture in the M2 beam line,
typically charged and neutral hadrons, such as π−, K−

and K0
LðsÞ, and their subsequent (semi)leptonic decays

along the setup. The level of contamination is measured
with a set of beryllium absorbers in the beam line, and
found to be Ph ¼ π=μ ∼ 10−6, with K=π ∼ 0.03 [39]. To
estimate the hadron decay probability, Ph→X, and the
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related level of background, hadrons are simulated at
the end of the COMPASS BMS to account for particle
misidentification through momentum reconstruction. From
MC simulations, along the typical distance to the active
target of ∼36 m, it is found that PK−→X ∼Oð10−3Þ,
whereas Pπ−;K0

L→X ∼Oð10−4Þ. Thus, the total number
of decay hadrons before the entrance of the setup is
estimated through Nh→X ¼ NMOT × Ph × Ph→X, which is
∼Oð10−10–10−11Þ per MOT. From those in-flight decays,
background is associated to events with final state muons in
the decay products, namely h → μ−X, where X is mostly
associated to a neutrino in the case of π− and K−,
susceptible to carry away a large fraction of its parent
hadron energy, thus mimicking a Z0-strahlung event with
missing energy. For such a distance, the probability of
kaons decaying to muons through the purely leptonic
channel, K− → μ−ν̄μ, is about PK−→μ− ≃ 0.018. For final
state muons with energy Eμ < 100 GeV, this probability
reduces to PK−→μ−ðEμ < 100 GeVÞ ≃ 0.011. In the case of
pion decays, this probability is strongly reduced because of

the kinematics of the process. The overall probability for
such a process, given the kaon contamination of the beam,
is estimated at the level of 3.3 × 10−10 per MOT. For the
full set of selection criteria, this background reduces to
1.1 × 10−11 per MOT. Such background can be further
reduced by the mean of additional absorbers in the M2
beam line. For a 3.8λI ¼ 150 cm aluminum absorber,
this probability is reduced by a factor e−3.7 ≃ 0.023.
Additionally, using a dedicated magnetic spectrometer just
before the active target [28,37] reduces the effective hadron
decay length to 4 m, thus suppressing further this back-
ground by at least an order of magnitude according to
simulations.
The second important source of background contributing

to missing energy events originates from leading hadron
production in the target. Those arise from muon nuclear
interactions, μ−N → μ−hX, within the ECAL material,
with the outgoing hadron carrying away a significant
fraction of the primary muon energy (Eh ≥ 80 GeV).
Such events can then leak through [punch through (PT)]
the detector elements downstream of the target, with two
possible scenarios mimicking a signal event: (i) the low
energy outgoing muon is poorly detected and the leading
charged hadrons deposit an energy compatible with the one
of a MIP (EHCAL ∼ 2.5 GeV) in the HCAL module; (ii) the
outgoing muon is reconstructed with low energy and the
neutral hadron traverses the HCAL modules undetected
(EHCAL ∼ 0.1 GeV). The probability for leading hadron
production in the target is estimated through MC simu-
lations to be 10−6 per MOT. Similarly, the probability for
punching through a single or multiple HCAL module(s) is
estimated with simulations and compared to available
experimental data [55–57]. In the case of a single module,
the effect of punch-through charged/neutral high energy
hadrons—mostly π, K and neutrons n—appears as a peak
in the low-energy end of the HCAL energy deposited
spectrum. By extrapolating the low-end region of the
spectrum, the PT probability for a single module corre-
sponds to ≲10−2 per incoming hadron. A similar analysis
extended to two and four modules yields a probability of
≲10−6 and ≲10−11 respectively. The overall total proba-
bility of producing a leading hadron which subsequently
punches through two HCAL modules is thus estimated to
be ≲10−12 per MOT.
For completeness to this study, muon electromagnetic

interactions within the target also constitute a possible
source of background, especially if visible decays of Z0 are
inferred (typically Z0 → μþμ−). The main process is
dimuons production through the emission of a real photon
(Bethe-Heitler mechanism), μ−N → μ−Nγ; γ → μþμ−.
Other mechanisms responsible for such dilepton produc-
tion, although more suppressed, are the production of
dimuon through a virtual photon (Trident process) or
through highly energetic knock-on electrons (see e.g.,
Ref. [58–61]). The dimuon yield, suppressed by a factor
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of ðme=mμÞ5 compared to electron bremsstrahlung, is
estimated through MC simulations to be ∼10−7 per
MOT. Because of the phase space associated to this
process, final state muons can be efficiently rejected
through the double/triple MIP signature in the HCAL
modules, as well as within the tracking detectors. For
the typical set of cuts used within this framework, possible
background due to dimuons production is rejected at the
level of <10−12 per MOT.
Combining all of the above main sources of background,

the experiment is expected to be background free at the
level of ∼1011 MOTs (see Table I).

IV. FUTURE SENSITIVITY TO THE ðg− 2Þμ
The signal yield of invisible decay of Z0 to SM neutrinos,

Z0 → ν̄ν, can be estimated according to [37,40] such that

Nðν̄νÞ
Z0 ¼ NMOT ·

ρN A

A
·
X
i

σtotðEi
μÞΔLi · BrðZ0 → ν̄νÞ; ð6Þ

where N A is the Avogadro number, ρ is the target density
and A the target atomic weight, ΔLi is the ith step length of
the muon with energy Ei

μ within the target, and σtot the total
cross section for Z0 emission. The 90% confidence level
upper limit on g0 is calculated using Eq. (6), thus requiring

Nðν̄νÞ
Z0 > 2.3 events, in the ðmZ0 ; g0Þ parameter space. The

corresponding results are shown in Fig. 6 for NMOT ¼ 1011

assuming the selection criteria (i)–(iv) and a single scat-
tered muon with energy E0

μ ≤ 80 GeV. Also shown is the
values of g0 andmZ0 necessary to explain the muon ðg − 2Þμ
within the 2σ band. It can be seen that for NMOT ≥ 1011, the
parameter space necessary to explain the muon anomalous
magnetic moment is fully covered. Additionally, it is also
shown that with 1011 MOT, NA64μ is also sensitive to the
parameters space region explaining the XENON1T
excess [62].
For completeness, existing experimental bounds on Z0

from the gauge extension Lμ − Lτ theory are shown for
neutrino trident production, νN → νNμμ, with the CCFR
experiment [63,64], as well as from neutrino-electron
scattering with the BOREXINO experiment [65,66]. Also
shown are experimental constraints from electron-positron

colliders with the BABAR [67] and Belle-II [68] experi-
ments. As a comparison, projected sensitivities for Dune
[72,73], Belle-II [74] andM3 [38] are plotted alongside our
estimated limits.

V. CONCLUSION

In this work, we presented the expected sensitivity of the
NA64μ experiment to a light Z0 boson coupled to muons as
a remaining low mass explanation of the ðg − 2Þμ muon
anomaly. The minimal model based on the broken
Uð1ÞLμ−Lτ

symmetry is used as a benchmark in these
studies. We focused on the optimization and design of
the experimental setup for the first phase of the experiment
dedicated to demonstrating the feasibility of the technique.
The trigger efficiency and the detector hermeticity have
been studied using a dedicated GEANT4-based MC simu-
lation framework and a realistic M2 beam-optics simula-
tion. A trigger using the scattered muon deflection after
traversing the magnet spectrometer has been designed to
keep the primary beam below 0.1% and a mass-dependent
signal efficiency between 15%–35%. The low trigger
efficiency for smaller masses is compensated by the mass
dependence of the cross section. The main expected
background sources arise from momentum misreconstruc-
tion in the two magnet spectrometers, hadron contamina-
tion and detector hermeticity. The results obtained from the
simulation show that the background level is below 10−11

per MOT being dominated by the decay in flight of
the remaining hadron contamination in the M2 beam line.
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FIG. 6. Projected sensitivities for the invisible mode Z0 → ν̄ν in
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criteria (i)–(iv) and the requirement of the event lying in the signal
box. The necessary ðmZ0 ; g0Þ values to explain the ðg − 2Þμ
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with the cosmological constraints from the big bang nucleosyn-
thesis (BBN) [69–71]. Projected sensitivities from Dune [72,73],
Belle-II [74] and M3 [38] are also plotted.

TABLE I. Main sources of background and expected back-
ground level per muons on target (MOT).

Source of background Level per MOT

Hadron in-flight decay ≲10−11

Momentum mismatch ≲10−12

Detector non-hermeticity ≲10−12

Single-hadron punch through ≲10−12

Dimuon production < 10−12

Total (conservatively) ≲10−11
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We also showed two methods which can potentially reduce
this background by at least an order of magnitude. Finally,
we studied the experiment projected sensitivities compared
to present and future experiments aiming to perform similar
searches. These first estimates based on simulations reveal
that with 1011 MOTwe can probe the region relevant to the
ðg − 2Þμ anomaly, obtaining the most sensitive coverage for
masses below 200 MeV. The presented simulation results
and calculations are to be validated in the scheduled
pilot run.
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