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A search for a new Z0 gauge boson associated with (un)broken B − L symmetry in the keV–GeV mass
range is carried out for the first time using the missing-energy technique in the NA64 experiment at the
CERN SPS. From the analysis of the data with 3.22 × 1011 electrons on target collected during 2016–2021
runs, no signal events were found. This allows us to derive new constraints on the Z0 − e coupling strength,
which, for the mass range 0.3≲mZ0 ≲ 100 MeV, are more stringent compared to those obtained from the
neutrino-electron scattering data.
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Models with the gauged difference between baryon and
lepton number, B − L, are attractive and well-motivated
extensions of the standard model (SM) [1,2] that may
explain two of the most challenging problems in particle

physics today—the origin of neutrino masses [3–7] and the
nature of dark matter (DM) [8–17]. They could also serve
as an explanation for several existing experimental anoma-
lies, such as, e.g., an excess of low energy events recently
observed by XENON1T [18–20]. Among the possible
realizations of such models, the minimal one is based on
the gauge group SUð2ÞL × Uð1ÞY ×Uð1ÞB−L, which sim-
ply extends the SM with an extra Uð1Þ gauge group
associated to the difference of baryon number B and lepton
number L. In these models, the cancellation of gauge
anomalies is usually achieved by adding three right-handed
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neutrinos, which simultaneously allow us to explain neu-
trino masses via the type-I seesaw mechanism. Below, we
consider two cases of B − L extensions of the SM, with
unbroken and spontaneously broken B − L symmetry. The
B − L gauge coupling gB−L in these models can be small,
and the associated gauge boson Z0 could have a mass well
below the electroweak scale (≪ 100 GeV), see, e.g., [21–
23]. Searches for new physics at such a low energy scale
recently received significant attention from the community,
see, e.g., [24–26].
In addition to Dirac neutrinos, an unbroken Uð1ÞB−L

brings with it only one more particle: the gauge boson Z0,
coupled to the B − L current jB−L ¼ jB − jL via
gB−LZ0

μj
μ
B−L, and leading to the Lagrangian

L ⊃ gB−LZ0
μ

X
families

�
1

3
q̄γμq − l̄γμl − ν̄γμν

�
ð1Þ

where the gB−L is the Uð1ÞB−L coupling constant, and q, l,
and ν are quark, charged lepton, and neutrino fields,
respectively. The Z0 can kinetically mix with the hyper-
charge boson [27], effectively coupling it to the hyper-
charge current. We will neglect this kinetic mixing in the
following for simplicity.
For comparison with the unbroken B − L, we will also

consider the case of the spontaneously broken B − L
symmetry. The neutrino sector of such gauge B − L model
consists of three heavy (Ni) and three light Majorana
neutrinos. The Ni could be a viable DM candidate explain-
ing the relic density via the freeze-out mechanism with a
mass lying in the range including the keV to TeV scale, see,
e.g., [28].
If the light Z0 boson exists, crucial questions about its

mass scale, coupling constants, decay modes, etc. arise,
providing an important target for the (mZ0 ; gB−L) parameter
space, which can be probed at energies attainable at
accelerators. One possible way to answer these questions
is to search for Z0 in neutrino-electron scattering experi-
ments. The Z0 signature would be an observation of an
excess of recoil electrons in neutrino-electron scattering
due to nonstandard ν − e interaction transmitted by the Z0.
The signal event rate in the detector, in this case, scales as
∼ðg4B−LZmeEν=m4

Z0 Þ, where gB−L;me; Eν are the Z0 cou-
pling strength, the mass of electron, and the neutrino
energy, respectively, and Z is the charge of the target
nuclei. Recently, severe limits on the B − L Z0 excluding
the coupling strength range 10−6 ≲ gB−L ≲ 10−2 have been
obtained for the masses 1 keV≲mZ0 ≲ 1 GeV [19,29,30]
from the results of neutrino-electron scattering experi-
ments, such as TEXONO [31–33] and GEMMA [34] at
nuclear reactors, BOREXINO [35] using solar neutrinos,
LSND [36], and CHARM II [37] at neutrino beams from
accelerators, leaving, however, a significant area of the
parameter space still unexplored.

Another approach, considered in this Letter was pro-
posed in Refs. [38–41]. It is based on the searches for
invisible Z0 in missing energy events from the reaction
chain e−Z → e−ZZ0;Z0 → νν of the bremsstrahlung Z0
production in high-energy electron scattering off heavy
nuclei of an active beam-dump and its subsequent decay
into a neutrino pair. The advantage of this type of experi-
ment compared to the neutrino-scattering is that its sensi-
tivity is proportional to the square of the ratio of the Z0

coupling strength to its mass, ðgB−LZ=mZ0 Þ2, associated
with the Z0 production in the primary reaction. In the
former case, for mZ0 ≫ Eν and couplings gB−L ≪ 1, it
is significantly suppressed by the additional factor
ðgB−L=mZ0 Þ2, associated with the Z0 mediating the ν − e
interaction.
As the Z0 boson couples to any fermion fi including the

heavy neutrino Ni, the total decay width of Z0 is defined by
the sum ΓtotðZ0Þ ¼ P

i ΓiðZ0 → fif̄iÞ over the leptonic
invisible ΓðZ0 → νiνi; Ni; NiÞ and visible ΓðZ0 → eþe−;
μþμ−Þ, and hadronic ΓðZ0 → qiq̄iÞ final states. The decay
rate into a leptonic pair is given by

ΓlðZ0Þ ¼ 1

3
αB−LmZ0

�
1þ 2

m2
l

m2
Z0

��
1 − 4

m2
l

m2
Z0

�
1=2

: ð2Þ

Here, αB−L ¼ ðg2B−L=4πÞ. For the model with unbroken
Uð1ÞB−L, the invisible width of Z0 is then determined by its
decay into the three light Dirac neutrinos ν ¼ νL þ νR,
ΓinvðZ0Þ ¼ 3ΓðZ0 → ν̄νÞ ¼ αB−LmZ0 , which effectively
counts the number of light neutrinos. For the broken
Uð1ÞB−L case, in addition to the Z0 → νν decays to light
Majorana neutrinos, three invisible decays of Z0 to heavy
Majorana neutrinos contribute assuming the mZ0 > 2mNi

case with the rate

ΓinvðZ0 → NiNiÞ ¼
1

6
αB−LmZ0

�
1 − 4

m2
Ni

m2
Z0

�
3=2

: ð3Þ

In the mass range mZ0 < 0.7 GeV relevant for this work,
the Z0 decays mostly invisibly with the contributions from
the visible decay modes Z0 → eþe−; μþμ− the partial
widths of which are shown in Fig. 1. Here, for simplicity,
three degenerate heavy neutrino species with the mass ratio
mNi

=mZ0 ¼ 1=3 used for calculation of the phase space
factor in (3) have been assumed.
In this work, we report new results on the search for the

Z0 in the NA64 fixed-target experiment at the CERN SPS.
The experiment employed the optimized H4 100 GeV
electron beam with a maximal intensity ≃107 electrons per
SPS spill of 4.8 s produced by the primary 400 GeV proton
beam. The detector used the beam scintillator and veto
counters, a magnetic spectrometer consisting of two suc-
cessive dipole magnets MBPL and a low-material-budget
tracker. The tracker was a set of micromegas (MM), straw-
tube (ST), and GEM chambers allowing the measurements
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of e− momenta with the precision δp=p ≃ 1% [42,43].
Synchrotron radiation (SR) emitted in the MBPL magnetic
field was used for efficient tagging of beam electrons
with a SR detector (SRD) [38,44], providing powerful
suppression of the initial hadron contamination in the beam
π=e− ≲ 10−2 down to the level ≃10−5. The detector was
also equipped with an active target, which was an electro-
magnetic calorimeter (ECAL), a matrix of Shashlik-type
modules for measurement of the electron energy EECAL.
Each module has ≃40 radiation lengths (X0) with the first
4X0 used as a preshower detector. Downstream of the
ECAL, the detector was equipped with a large veto counter
VETO, and a hadronic calorimeter (HCAL) of ≃30 nuclear
interaction lengths. The HCAL served as an efficient veto
to detect muons and hadronic secondaries produced in the
e−A interactions in the target. The events were collected
with a beam defining trigger requiring, also, an in-time
cluster in the ECAL with the energy EECAL ≲ 80 GeV.
More detail of the NA64 detector can be found in [45–47].
The search described in this Letter uses the data

samples of nEOT ¼ 3.22 × 1011 electrons on target
(EOT), collected in the years 2016, 2017, 2018 [45–48],
and 2021 with the beam intensities mostly in the range
≃ð5–6Þ × 106 e− per spill. Data from these four runs (here-
after called runs I,II, III, and IV, respectively) were
processed with selection criteria similar to the one used
in Refs. [46,47] and, finally, combined as described below.
Compared to the 2016–2018 runs, in the 2021 run, the
ECAL target and the HCAL were moved upstream to
increase the detector coverage resulting in a significant
reduction of background from large-angle secondaries from
the e− hadronic interactions in the beam line.
A detailed GEANT4 [49,50] based Monte Carlo simu-

lation was used to study the signal acceptance and

backgrounds, and optimize selection criteria. For calcula-
tions of the signal yield, we used the fully GEANT4

compatible package DMG4 [51]. Using this package, the
production of Z0 in the process e−Z → e−ZZ0;Z0 → νν has
been simulated with the cross sections obtained from the
exact tree-level calculations, see, e.g., Refs. [40,41].
The number dnZ0 ðmZ0 ; EZ0 ; E0Þ of produced Z0 bosons

with a given mass mZ0 and energy EZ0 per single EOTwith
the energy E0 was obtained from

dnZ0

dEZ0
¼ ρNA

APb

Z
T

0

Z
E0

0

nðE0; Ee; sÞ
dσZ0 ðEeÞ
dEZ0

dEeds; ð4Þ

where ρ is density of the target, NA is the Avogadro’s
number, APb is the Pb atomic mass, nðE0; Ee; sÞ is the
number of e� in the e-m shower at the depth s (in radiation
lengths) with energy Ee within the target of total thickness
T, and dσZ0 ðEeÞ=dEZ0 is the differential cross section for
the Z0 production in the reaction e−Z → e−ZZ0 via the
interaction of Eq. (1) in the kinematically allowed region up
to Z0 energies EZ0 ≃ Ee by an electron with the energy Ee. It
depends, in particular, on the coupling and mass gB−L;mZ0 ,
and the beam energy E0. The efficiency of e−Z →
e−ZZ0;Z0 → νν event registration in our detector was also
cross-checked by reconstructing the rare QED processes of
dimuon production, e−Z → e−Zγ; γ → μþμ−. These
events, dominated by the ECAL shower photons conver-
sion into μþμ− pairs on a target nucleus, are similar to the
Z0 → νν decay events if the energy deposition in the HCAL
is requested to be above the two minimum ionizing particle
threshold. The dimuon production was used as a bench-
mark process allowing us to verify the reliability of
simulations, systematic uncertainties, and background esti-
mations [46,47].
A blind analysis similar to the one described in Ref. [47]

was performed by using the following selection criteria:
(i) The beam track momentum should be within
100� 3 GeV; (ii) The energy detected by the SRD should
be consistent with the SR energy emitted by e−’s in the
magnets; (iii) The shower shape in the ECAL should be as
expected from the signal-event shower [40]; (iv) A single
track should be reconstructed in the tracker chambers
upstream of the ECAL; and (v) There should be no activity
in the VETO.
In the 2021 run, the main background faking the signal

of e−Z → e−ZZ0 from the hadronic interactions of the e−

beam in the beam line materials accompanied by the
emission of hadronic secondaries at a large angle (high
pT) was more suppressed compared to the 2016–2018 runs
due to the improved detector coverage. By selecting events
with no additional tracks or hits in upstream or downstream
MM and ST chambers of the magnets, most of the events
with charged hadronic secondaries were rejected. The
remaining background of 0.03� 0.015 events from
large-angle secondary neutrals was evaluated directly from

FIG. 1. Z0 decay branching ratios to νiνi;NiNi (red), eþe−

(blue), and μþμ− (green) for the unbroken (solid line) and broken
(dashed line) Uð1ÞB−L models. See text for details.
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the data by the extrapolation of events from the sideband
(EECAL > 50GeV;EHCAL < 1GeV) (region C in Fig. 2)
into the signal region and estimating the systematic errors
by varying the fit functions as described in Ref. [46].
Another background from region A in Fig. 2, mostly from
punch through of leading neutral hadrons ðn;K0

LÞ with
energy ≳0.5E0 produced by the beam e−’s in the target,
was evaluated from the study of their propagation through
the HCAL modules [48] and was found to be negligible.
Other sources of background such as loss of dimuons and
decays in flight of beam π,K, were simulated and were also
found to be negligible.
The overall signal efficiency ϵZ0, which includes effi-

ciencies for the geometrical acceptance, the track, SRD,
VETO, and HCAL selections and the data acquisition dead
time, was found to be slightly mZ0 dependent [47]. The
ECAL signal selection efficiency, ϵECAL, was estimated for
different Z0 masses. The ϵECAL value for a shower from a Z0
event has to be corrected compared to the ordinary e-m
shower, due to differences in the development of the e-m
showers at the early stage in the ECAL preshower (PS)
[40]. This correction was ≲ð5� 3Þ%, depending on the
energy threshold in the PS (Eth

PS) used in the trigger. The
systematic uncertainty is dominated by the Eth

PS variation
during the run, mostly due to the instabilities in the
photomultiplier gains. The VETO and HCAL selection
efficiencies are defined by the noises, pile up, and the
leakage of the signal shower energy from the ECAL to
these detectors. They were studied using the electron
calibration runs and simulations. The uncertainty in the
efficiencies estimated to be ≲4% is dominated mostly by
the pile up effect. The total signal selection efficiency with
all criteria used except ECAL threshold on missing energy

varied from ∼0.62 to ∼0.48 with the uncertainty in the
signal yield to be ≃10% [46].
Data from runs I–IV were analyzed simultaneously using

the multibin limit setting [46] technique, with the code
based on the ROOSTATS package [52]. The signal box
(EECAL < 50 GeV;EHCAL < 1 GeV) was defined based
on the energy spectrum calculations for Z0 bosons emitted
by e� from the e-m shower generated by the primary e−’s in
the ECAL [40,41] and the HCAL zero-energy threshold
determined mostly by the noise of the readout electronics.
The size of the signal box was optimized by comparing
sensitivities defined as an average expected limit calculated
using the profile likelihood method. It was found weakly
dependent on the Z0 mass and was finally set to EECAL ≲
50 GeV for all four runs and the whole mass range. The
uncertainties in the signal yield and background level were
treated as nuisance parameters in the statistical model [53].
The total number of signal events in the signal box was

the sum of events expected from each of the four runs

NZ0 ¼
X4
j¼1

njEOTϵ
j
Z0n

j
Z0 ðgB−L;mZ0 ;ΔEZ0 Þ; ð5Þ

where ϵjZ0 is the signal efficiency in run j, and
njZ0 ðgB−L;mZ0 ;ΔEZ0 Þ is the signal yield per EOT generated
in the energy range ΔEZ0 . Each jth entry in Eq. (5) was
calculated with simulations of signal events processing
them through the reconstruction program with the same
selection criteria and efficiency corrections as for the data
sample from run j. The corresponding yield njZ0 of Z0 →
invisible events was defined by

njZ0 ðgB−L;mZ0 ;ΔEZ0 Þ¼
Z

dnjZ0

dEZ0

�
BrðZ0→ννÞ

þ
X
l¼e;μ

BrðZ0→ lþl−Þe−
LECALþLHCAL

LZ0

�
dEZ0 ;

ð6Þ
where dnjZ0=dEZ0 was calculated with Eq. (4), and the term
in square brackets gives the probability for the produced Z0
with a given mass mZ0 and energy EZ0, to make a transition
into the invisible final state, i.e., to decay either into νν pair,
or outside the HCAL modules, into a eþe− or μþμ− pair.
Here, BrðZ0 → ννÞ varies in the range 0.6–0.75, depending
on mZ0 , see Fig. 1, LZ0 ¼ cτZ0EZ0=mZ0 and LECAL þ LHCAL
are the Z0 decay length and the total length of the ECALþ
HCAL detectors, respectively, and τZ0 ¼ 1=ΓtotðZ0Þ is the
lifetime of the Z0. After determining all selection criteria,
background level, systematic uncertainties, we opened the
box and found 0 events, as shown in the left panel of Fig. 2,
consistent with 0.56� 0.17 events from the background
estimations for the full data sample from the 2016–2018
[47] and 2021 runs.
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FIG. 2. The energy distribution of events in the EECAL;EHCAL
plane selected from the data sample of the 2021 run collected
with intensity ≃5 × 106 e− per spill after applying all selection
criteria. The shaded area is the signal box, which contains no
events. The size of the signal box along the EHCAL axis is
increased by a factor of 5 for illustration.

PHYSICAL REVIEW LETTERS 129, 161801 (2022)

161801-4



The combined 90% CL exclusion limits on the coupling
gB−L as a function of the Z0 mass, calculated using the
modified frequentist approach [47,54–56] for the models
with unbroken and brokenUð1ÞB−L symmetry are shown in
Fig. 3. For the latter case, three degenerate heavy neutrino
species with the mass ratio mNi

=mZ0 ¼ 1=3 have been
assumed. As an example, we also show the most motivated
region of the parameter space for the thermal scalar DM
model, in which the Z0 also mediates new feeble interaction
between the SM and DM [57]. The treatment of the general
case with other assumptions for theNi masses is straightfor-
ward and does not qualitatively change our main conclu-
sions. For example, if themZ0 < 2mNi

case is assumed, i.e.,
noZ0 decays into heavy neutrinos, theZ0 invisible branching
ratio of BrðZ0 → νiνi;NiNiÞ ≃ 54% shown in Fig. 1 drops to
BrðZ0 → νiνiÞ ≃ 43%, and the corresponding limit for the
mass range mZ0 ≳ 100 MeV, see Fig. 3, will be ≃10%
worse. Finally, note that, for the mass range
0.3≲mZ0 ≲ 100 MeV, NA64 bounds are more stringent
than those derived from the results of neutrino-electron
scattering. Another advantage of the NA64 approach com-
pared to neutrino experiments in the case of the signal

observation is its potential capability to distinguish the
unbroken and broken B − L scenarios by measuring the
ratio BrðZ0 → invisibleÞ=BrðZ0 → eþe−Þ, see Fig. 1.
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