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The search for an invisible vector boson from π0 decays at the NA62 experiment at CERN Super
Proton Syncrotron (SPS) is discussed. Within the proposed models for physics beyond the SM,
hidden sectors consisting of new, light, weakly-coupled particles are a particularly compelling
possibility. Thanks to the high beam intensity, the extremely good performance of the photon
detection systems, particle identification system and the detectors timing, NA62 is suited to search
for these new particles. Here the search for a dark photon from π0 decays using the K+→ π+π0,
π0→ A′γ decay chain is illustrated. The result from the analysis of a sub-sample of 2016 data is
reported, corresponding to 1% of the full statistics collected in 2016-2018. A new upper limit on
the π0→ A′γ branching ratio has been set as a function of the dark photon mass, thus producing
a new upper limit on the dark photon coupling parameter [1].
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1. Introduction

Several models aimed at explaining the dominance of dark matter on ordinary matter in the
Universe have been proposed. One of the possible models answering to this question introduces
an extra U(1) gauge-symmetry with a corresponding new massive vector mediator field A′, called
dark photon. The simplest realization of this model assumes that the A′ field interacts with the SM
photon via a kinetic mixing term [2]:

Lmix = εA′µνFµν (1.1)

where Fµν represents the electromagnetic field and ε << 1 is the coupling parameter. Further
interactions with both SM fields and hidden sectors fields are also possible. If these are lighter than
the A′, then the dark photon would decay mostly in invisible. The dominant production mechanism
for the A′ depends on the mass of the hidden sector portal. If MA′ < Mπ0 the dominant production
mechanism is

π
0→ A′γ (1.2)

with a branching ratio which depends on the mass of the new hidden particle as shown in (1.3).

Br(π0→ A′γ) = 2ε
2

(
1−

M2
A′

M2
π0

)3

×Br(π0→ γγ) (1.3)

The search for an invisible A′ at NA62 is performed with a peak searching in the missing-mass
distribution technique by means of the full reconstruction of the decay chain

K+→ π
+

π
0, π

0→ A′γ (1.4)

2. The NA62 experiment

The NA62 experiment is a fixed target experiment located at CERN. The main goal of NA62
is to measure the branching ratio of the ultra rare decay K+→ π+νν̄ with a 10% precision using
a decay-in-flight technique [3]. To reach the desired performance the NA62 experiment aims to
collect a large number (O(1013 )) of kaon decays in a 50 m decay volume and assuming that
10% of the kaons produced decay, a rejection factor of O(1012 ) is required. The experiment was
designed in order to guarantee high intensity, full particle identification, hermetic coverage, low
material budget and high-rate tracking.

The schematic of the beam line and detector is shown in Figure 1. The NA62 beam is an
unseparated beam of positive particles, produced by the interaction of the 400 GeV/c protons from
the Super Proton Synchrotron (SPS) with a Beryllium target. The beam is composed of protons
(23%), pions (70%) and kaons (6%) with an average momentum of 75 GeV/c and a 1% RMS mo-
mentum bite. The secondary beam produced is then collimated and directed through the detector.
Before enter the decay region kaons are positively identified by a differential Cherenkov counter
with 70 ps time resolution while momentum and directions of all incoming particles are measured
with a hybrid Si-pixel detector, GigaTracker (GTK) composed of 3 stations displaced around an
achromat, with a time resolution of 100 ps, a longitudinal momentum resolution of 0.15 GeV/c
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Figure 1: Schematic top view of the NA62 beam line and detector.

and an angular resolution of 16 µrad. The beam enters a vacuum (10−6 mbar) cylindrical tank and
decays in a 50 m long region. The momentum and position of charged daughter particles are mea-
sured by a spectrometer consisting of two straw-tube chambers (STRAW) on either side of a dipole
magnet providing a transverse horizontal momentum kick of 270 MeV/c. The spectrometer mo-
mentum resolution σP/P is in the range of 0.3-0,4%. Secondary charged pions are identified by a
ring-imaging Cherenkov detector (RICH) with 70 ps time resolutions: it is build in such a way that
in the relevant track momentum range [15,35] GeV/c, the probability of π+/µ+ mis-identification
is smaller than 1%. Daughter photons are detected by a hermetic system involving several detec-
tors: two lead-scintillator calorimeters (IRC and SAC) for emission angles with respect to the Z
axis θ < 1 mrad, a liquid krypton electromagnetic calorimeter (LKr) for 1 < θ < 10 mrad, and a
system of 12 annular lead-glass detectors (LAV) for 10 < θ < 50 mrad. The detection inefficiency
for IRC and SAC is of 10−3 for photons with energy above 6 GeV, for LKr is of 10−5 for pho-
tons with energy above 10 GeV and for LAV is of 10−3 for photons with energy above 1 GeV.
The LKr provides measurements of the energy, transverse positions, and time with resolutions of
σE/E = 4.8%/

√
E[GeV ]⊕ 11%/E[GeV ]⊕ 0.9%, 1 mm, and 500 ps respectively. Two charged

hodoscope, CHOD and NA48-CHOD, are placed after the spectrometer, providing fast time re-
sponse for charged particles. Two hadronic iron/scintillator-strip sampling calorimeters (MUV1,2)
and an array of scintillator tiles located behind 80 cm of iron (MUV3) supplement the pion/muon
identification system. The overall probability for identifying a µ+ as a π+ in the momentum range
15-35 GeV/c is at the level of 10−7 [4, 5].

Information from the NA48-CHOD, CHOD, RICH, MUV3, LKr, and the most downstream
LAV station (LAV12) is hardware-processed to issue level-zero (L0) trigger signals with a fre-
quency up to 1 MHz. A software trigger (L1) reconstructs data from the KTAG, LAV and STRAW
to further enforce the signals selection with a frequency up to 10 KHz [6].

3. The analysis

The experimental signature to search for an invisible A′ as described in (1.4) is given by a kaon
decaying into a charged pion and a photon hitting the LKr calorimeter, with missing energy and
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momentum. The squared missing mass is defined as

M2
miss = (PK−Pπ −Pγ)

2 (3.1)

where PK and Pπ denotes the kaon and pion 4-momentum measured with GTK and STRAW, respec-
tively and Pγ is the the photon 4-momentum determined from the measure of the photon position of
impact and energy deposition in the LKr, assuming emission from the decay vertex. The M2

miss is
expected to peak at M2

A′ for the decay chain in (1.4) and at zero for the most abundant background,
π0→ γγ with one photon undetected.

The data sample used for this analysis has been collected by a L0 trigger condition which aims
to select final states with one emitted π+ and missing energy. The number of tagged π0 mesons
for normalization (nπ0) is computed selecting K+→ π+π0 from data taken with a minimum-bias
L0 trigger ("control trigger") downscaled by a factor of 400. The K+ → π+π0 events selection
is based on the reconstruction of K+ and π+ tracks and on the squared missing mass kinematic
variable, cutting around the π0 mass peak. These requests are applied also for the signal selection,
together with more strict conditions to enforce the presence of a single π+ and of a single photon
on the LKr. The number of tagged π0 mesons in the sample analyzed is nπ0 = 4.12×108.

An illustration of the expected distribution of the M2
miss for the signal using Monte Carlo sam-

ples and for the most abundant background using the control-trigger data sample with fully recon-
structed π0 → γγ in which one of the two photon LKr clusters, randomly chosen, is artificially
excluded is shown in Figure 2. The data distribution, in blue, is scaled to the number of tagged
π0, counted in the control-trigger while each MC distribution is scaled to the equivalent number of
tagged π0 corresponding to the generated statistics.

Figure 2: Distributions of M2
miss evaluated from K+ decays with one photon and one π+ reconstructed. The

blue line shows data from π0→ γγ with one photon, randomly chosen, assumed to be undetected. The filled
histograms represent the expected distribution for signal events from a MC simulation assuming three A’
mass hypothesis, 60, 90 and 120 MeV/c2 and a coupling strength ε2 = 2.5×10−4.

As said before, the most abundant background is represented by the K+→ π+π0, π0→ γγ

decay chain, where one photon is lost due to photo-nuclear interaction or conversions downstream
of the NA48-CHOD. The expected background has been evaluated using a data-driven approach.
In order to have a sample populated of π0 → γγ with one photon lost, the same selection for the
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signal but the cut on the NA48-CHOD extra activity1 is applied. This selection ensure the presence
of a second photon with no overlap with the signal sample. This control sample is scaled to the
signal sample in a side-band region adjacent to but not overlapping with the A′ search region. The
distributions of M2

miss for the signal search and the scaled background are shown in Figure 3.

Figure 3: M2
miss distribution in the search region [0.00075,0.01765] MeV2/c4 for signal (black) and back-

ground (red). In the bottom panel, the difference ∆N between the two M2
miss spectra in units of its standard

deviation is shown.

For the A′ search, background considerations suggest considering a minimum mass of 30
MeV/c2, while acceptance and yield consideration suggest considering a maximum mass of 130
MeV/c2.

The expected branching ratio for the decay under study can be express in terms of the number
of signal events nsig in the given M2

miss window normalized to the number of tagged π0

Br(π0→ A′γ) = Br(π0→ γγ)
nsig

nπ0

1
εselεtrgεmass

(3.2)

where εsel and εtrg, represent the signal selection efficiency and the signal-trigger efficiency, re-
spectively depending on the A′ mass, while εmass account for the acceptance of the sliding M2

miss

window used. The total efficiency as a function of MA′ , evaluated using MC simulations, is shown
in Figure 4.

A peak search in the positive tail of the M2
miss background distribution is performed by com-

paring the number of events in a sliding M2
miss window to the background expectation. Given

the expected background, for each A′ mass value the signal region optimizing the upper limit in
a background-only hypothesis is defined as a ±1σM2

miss
window around the expected M2

miss peak
value, where σM2

miss
is the squared missing mass resolution.

4. Results

Using the CLs algorithm, 90% CL upper limits on the coupling parameter ε2 as a function
of MA′ have been set. The upper limits are compatible within two standard deviations with the

1No in-time NA48-CHOD candidates must be found except for those geometrically associated with the π+
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Figure 4: Total signal efficiency as a function of the A’ mass hypothesis in the 30-130 MeV/c2 region. A
polynomial is used to interpolate the global efficiency

fluctuation expected in a background-only scenario as shown in Figure 5. The statistical treatment
takes into account the systematic uncertainty evaluated varying the parameters used in the statistical
procedure (the scale factors mass window and the signal mass window). The uncertainties on
the signal efficiency, including statistical and systematic errors, have been also considered in the
evaluation of the upper limit.

With few changes in the analysis a search for π0→ γνν̄ has been performed. A new limit on
the branching ratio at 90% CL has been set

Br(π0→ γνν̄)< 1.9×10−7 (4.1)

improving by more than three order of magnitude with respect to the present limit [7].

Figure 5: The 90% CL upper limits on the coupling parameter ε2 as a function of MA′ . The limit obtained
from data (solid line) and the limit expected in the absence of signal (dashed line) are shown.
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5. Conclusions

A search for an invisible dark photon A′ at NA62 has been presented. No statistically signif-
icant excess is detected and upper limits on the coupling parameter ε2 in the mass range 30-130
MeV/c2 have been set, improving on previous results in the mass range 60-110 MeV/c2 (Figure 6).
The analysis has been preformed on a sub-sample corresponding to only 1% of the full statistics
available. From the analysis of the full statistics further improvements are expected.

The experimental technique illustrated here differs from that of previous experiments. Pro-
cesses involving suppressed dark-photon lepton coupling might produce a signal in NA62, while
experiments as BaBar [8] or NA64 [9] cannot be sensitive to such processes as they use elec-
tron/positron beams.

Finally a stringent limit on the π0→ γνν̄ has been set improving on previous results by more
than three order of magnitude.

Figure 6: Upper limit at 90% CL from NA62 (red region) in the ε2 vs MA′ plane with A′ decaying into
invisible final states. The limits from the BaBar[8] (blue) and NA64 [9] (light grey) experiments are shown.
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