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Abstract

The high-intensity setup, trigger system flexibility and detector performance make the NA62 experiment
at CERN particularly suitable to perform direct searches for long-lived hidden-sector particles, such as
dark photons, dark scalars, axion-like particles, and heavy neutral leptons, using kaon and pion decays
as well as operating the experiment in dump mode. Results from NA62 will be presented on a search for
π0 decays to one photon and an invisible massive dark photon. From about 400 M π0 decays, no signal
is observed beyond the expected fluctuation of the background and limits are set in the plane of the dark
photon coupling to ordinary photon versus the dark photon mass. The analysis has been also interpreted
in terms of the branching ratio for the electroweak decay π0 → γνν̄.

∗The NA62 Collaboration: R. Aliberti, F. Ambrosino, R. Ammendola, B. Angelucci, A. Antonelli, G. Anzivino, R. Ar-
cidiacono, T. Bache, M. Barbanera, J. Bernhard, A. Biagioni, L. Bician, C. Biino, A. Bizzeti, T. Blazek, B. Bloch-Devaux,
V. Bonaiuto, M. Boretto, M. Bragadireanu, D. Britton, F. Brizioli, M.B. Brunetti, D. Bryman, F. Bucci, T. Capus-
sela, J. Carmignani, A. Ceccucci, P. Cenci, V. Cerny, C. Cerri, B. Checcucci, A. Conovaloff, P. Cooper, E. Cortina Gil,
M. Corvino, F. Costantini, A. Cotta Ramusino, D. Coward, G. D’Agostini, J. Dainton, P. Dalpiaz, H. Danielsson, N. De
Simone, D. Di Filippo, L. Di Lella, N. Doble, B. Dobrich, F. Duval, V. Duk, J. Engelfried, T. Enik, N. Estrada-Tristan,
V. Falaleev, R. Fantechi, V. Fascianelli, L. Federici, S. Fedotov, A. Filippi, M. Fiorini, J. Fry, J. Fu, A. Fucci, L. Fulton,
E. Gamberini, L. Gatignon, G. Georgiev, S. Ghinescu, A. Gianoli, M. Giorgi, S. Giudici, F. Gonnella, E. Goudzovski,
C. Graham, R. Guida, E. Gushchin, F. Hahn, H. Heath, E.B. Holzer, T. Husek, O. Hutanu, D. Hutchcroft, L. Iacobuzio,
E. Iacopini, E. Imbergamo, B. Jenninger, J. Jerhot, R.W. Jones, K. Kampf, V. Kekelidze, S. Kholodenko, G. Khoriauli,
A. Khotyantsev, A. Kleimenova, A. Korotkova, M. Koval, V. Kozhuharov, Z. Kucerova, Y. Kudenko, J. Kunze, V. Kurochka,
V. Kurshetsov, G. Lanfranchi, G. Lamanna, E. Lari, G. Latino, P. Laycock, C. Lazzeroni, M. Lenti, G. Lehmann Miotto,
E. Leonardi, P. Lichard, L. Litov, R. Lollini, D. Lomidze, A. Lonardo, P. Lubrano, M. Lupi, N. Lurkin, D. Madigozhin,
I. Mannelli, G. Mannocchi, A. Mapelli, F. Marchetto, R. Marchevski, S. Martellotti, P. Massarotti, K. Massri, E. Maurice,
M. Medvedeva, A. Mefodev, E. Menichetti, E. Migliore, E. Minucci, M. Mirra, M. Misheva, N. Molokanova, M. Moulson,
S. Movchan, M. Napolitano, I. Neri, F. Newson, A. Norton, M. Noy, T. Numao, V. Obraztsov, A. Ostankov, S. Padolski,
R. Page, V. Palladino, A. Parenti, C. Parkinson, E. Pedreschi, M. Pepe, M. Perrin-Terrin, L. Peruzzo, P. Petrov, Y. Petrov,
F. Petrucci, R. Piandani, M. Piccini, J. Pinzino, I. Polenkevich, L. Pontisso, Yu. Potrebenikov, D. Protopopescu, M. Raggi,
A. Romano, P. Rubin, G. Ruggiero, V. Ryjov, A. Salamon, C. Santoni, G. Saracino, F. Sargeni, S. Schuchmann, V. Se-
menov, A. Sergi, A. Shaikhiev, S. Shkarovskiy, D. Soldi, V. Sugonyaev, M. Sozzi, T. Spadaro, F. Spinella, A. Sturgess,
J. Swallow, S. Trilov, P. Valente, B. Velghe, S. Venditti, P. Vicini, R. Volpe, M. Vormstein, H. Wahl, R. Wanke, B. Wrona,
O. Yushchenko, M. Zamkovsky, A. Zinchenko.

194



1 Introduction

The discovery of the Higgs boson at LHC completed the Standard Model of particle physics (SM) with the

last missing piece. However, there are evidence that yet unknown particles or interactions are still needed

in order to explain some observed phenomena, like the matter-antimatter asymmetry of the universe, the

existence of the dark matter, neutrino masses and oscillations. So far, direct searches for new-physics

at the energy frontier have not yet turned up any convincing evidence. In these searches, models with

TeV energy scale have received most of the attention. However if physics beyond the SM is only very

weakly coupled to the SM particles, some or all of the gaps might be filled in by the existence of light

dark matter particles with the mediators of their interactions very weakly coupled to SM particles. One

possible extension of the SM aimed to explain the dark matter abundance introduces a new U(1) gauge-

symmetry mediated by a vector field A′, the dark photon. In a simple realization of this scenario 1, 2),

the interaction between the A′ field and the SM photon occurs through a kinetic-mixing Lagrangian with

a coupling parameter ε << 1,

εA′µνF
µν (1)

A consequence of this interaction 3) is the transition π0 → γA′ with a branching ratio

BR(π0 → γA′) = 2ε2
(

1− M2
A′

M2
π0

)3

× BR(π0 → γγ) (2)

Additional interactions might accompany the above Lagrangian, with the dark photon coupled both

with SM matter fields and with a hidden sector of possible dark matter candidate fields. If these are

lighter than the A′, the dark photon would decay mostly invisibly and a missing-energy signature might

reveal its presence. Exploiting the extreme photon-veto capability and high resolution tracking of the

NA62 experiment, the search for an invisible A′ is performed with a missing-mass technique by fully

reconstructing the decay chain

K+ → π+π0, π0 → γA′ (3)

The results from a subsample of 2016 data are reported, corresponding to 1% of the statistics collected

by NA62 in 2016–2018.

2 NA62 experiment

The NA62 experiment is the latest in a series of fixed-target experiments located at the CERN SPS using

the decay-in-flight technique to explore kaon decays. The main goal of the experiment is to precisely

measure the very rare decay K+ → π+νν̄ (BRSM = (8.4 ± 1.0) × 10−11 4)) with 10% accuracy. 5)

The experiment uses the SPS proton beam (400 GeV/c), which hitting on a beryllium target produces a

secondary hadron beam, with kaons contributing to only 6% of all particles. The beam has a momentum

of (75 ± 1) GeV/c and a nominal intensity of 750 MHz. The beryllium target is followed by two 1.6 m

long, water-cooled copper collimators (TAX) consisting on a series of graduated holes in which the beam

passes trough, while the non interacting primary proton and unwanted secondary particles are absorbed.

The detector apparatus (fig. 1) extends over 270 m from the target to the beam dump located at the

end of the experiment. The kaon tagging and a precise timing measurement of the beam particles are

provided by a Cherenkov detector (KTAG), followed by three silicon pixel stations which form the beam
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spectrometer (Gigatracker or GTK). A magnetic spectrometer of four STRAW chambers placed in vac-

uum provides the momenta and directions of the charged particles produced in the kaon decays. The

particle identification is performed by a Ring Imaging Cherenkov (RICH) detector, an electromagnetic

(LKr) calorimeter and a muon veto system (MUV). Large Angle (LAV) and Small Angle (IRC and SAC)

Veto form together with the LKr calorimeter the high-efficiency photon veto system, covering angles from

0 to 50 mrad. A pair of charged hodoscopes (CHODs) complete the experimental apparatus. Detailed

information on the detector layout and performances can be found in 6).

exposed to a particle flux about 16 times larger than the kaon flux. Note that 75% of the kaons do
not decay before hitting the beam dump at the end of the beam line . The kaon beam line properties
are described in Section 3.

The scale and reference system for the experimental layout are displayed in Figure 2. The beam
line defines the Z axis with its origin at the kaon production target and beam particles travelling in
the positive direction, the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system.
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Figure 2. Schematic vertical section through the NA62 experimental setup. The main elements for the
detection of the K+ decay products are located along a 150 m long region starting 121 m downstream of
the kaon production target. Useful K+ decays are detected in a 65 m long decay region. Most detectors
have an approximately cylindrical shape around the beam axis. An evacuated passage surrounding the beam
trajectory allows the intense (750 MHz) flux of un-decayed beam particles to pass through without interacting
with detector material before reaching the dump.

Following breaks in the vacuum to accommodate some of the beam line elements, the beam
spectrometer GTK and all detectors surrounding the decay region as well as the spectrometer
detecting the final-state particles are placed in vacuum to avoid interactions and scattering of the
beam and to obtain improved resolution for measured kinematic quantities. The time matching
between the incoming kaon and the outgoing charged particle is essential to keep the correct
association probability greater than 99% and must be kept under control at the level of 100–150 ps.
Kaon identification is provided by a CEDAR di�erential Cherenkov counter equipped with a photon
detection system KTAG. Section 4 gives detailed information on the design and performance of the
KTAG .

The beam spectrometer GTK consists of three silicon pixel stations providing momentum
and direction measurements of the incoming kaons. A low-mass tracking system is essential to
minimize inelastic scattering of beam particles in the detector material that could mimic an isolated
outgoing charged particle from a decay. Information on the design and performance of the beam
tracker is found in Section 5. The guard ring detector CHANTI (for CHarged Anti-coincidence
detector), installed downstream of the GTK to detect inelastic scattering interactions in the last
station, is described in Section 6.

Downstream of the decay region, the STRAW tracker measures the trajectories and momenta
of the charged products of K+ decays. To minimize multiple scattering, the straw chambers, which

– 8 –

Figure 1: NA62 experimental apparatus. 6)

3 Dark photon analysis principle

The experimental signature for the events described in eq. 3, assuming a dominant invisible decay of the A′

or a long-lived A′ escaping the experimental apparatus, is given by a kaon decaying into a charged pion and

a photon hitting the electromagnetic calorimeter (LKr) accompanied by missing energy and momentum.

Given the kaon (PK+) and pion (Pπ+) 4-momenta measured by the GTK and STRAW respectively, the

photon 4-momentum is obtained, assuming emission from the decay vertex, by measuring the photon

position and energy in the LKr, the squared missing mass

M2
miss = (PK+ − Pπ+ − Pγ)2 (4)

is expected to peak around the squared A′ mass (M2
A′) for the signal and around zero for the most

relevant background π0 → γγ with one photon undetected (fig. 2).

A pure sample of K+ → π+π0 decays is selected by reconstructing only the K+ and π+ particles

and requiring their missing mass (PK+ −Pπ+)2 to be compatible with the squared π0 mass. The number

of K+ → π+π0 decays selected in control-sample data defines the statistics of tagged π0 meson, which is

about 4× 108. For the π0 → γA′ signal events, additional conditions are required in order to enforce the

sole presence of a π+ and one photon reconstructed in the final state:

• No additional signal from photons, except for the one reconstructed in the LKr, must be detected

in the photon-veto system.

• No in-time activity must be detected in the hodoscope (NA48-CHOD) placed upstream the LKr,

except for that associated to the π+. This condition is particularly useful to reject events with one

photon lost because of pair production upstream of the hodoscope.

196



0.005− 0 0.005 0.01 0.015 0.02

]4c/2 [GeVmiss
2M

7−10

6−10

5−10

4−10

3−10

)4
c/2

 G
eV

-4
 1

0
×

/ (
4 

0 π
E

ve
n

ts
 p

er
 t

ag
g

ed
 

γγ→0πData, 
2c = 60MeV/A'M, A'γ→0πMC, 
2c = 90MeV/A'M, A'γ→0πMC, 

2c = 120MeV/A'M, A'γ→0πMC, 

Figure 2: Distribution of the squared missing mass evaluated from K+ decays with on photon and one
π+ reconstructed. The blue line represents data from π0 → γγ decays with one photon (randomly chosen)
assumed to be undetected. The expected spectra from Monte Carlo (MC) simulation of π0 → γA′ are also
shown. In the MC the coupling strength is set to ε2 = 2.5 × 10−4 and different A′ mass are simulated:
MA′ =60 (red), 90 (green) and 120 MeV/c2 (grey).

• The missing momentum given in eq. 4 must point to the LKr calorimeter.

• The K+ → π+νν̄ trigger stream 5), which requires one-track and small forward energy in the final

state, is used for the signal sample.

About 9× 103 events pass the signal selection, and a peak scan is performed on the positive tail of M2
miss

distribution by comparing the number of events in a sliding M2
miss window to the background expectation.

The estimated number of signal events (nsig) in a given M2
miss window is normalized to the number of

tagged π0 meson (nπ0) to give the branching ratio for π0 → γA′ decays:

BR(π0 → γA′) = BR(π0 → γγ)× nsig
nπ0

1

εselεtrgεmass
(5)

where εsel accounts for the selection efficiency due to the additional requirements in the signal selection,

εtrg for the signal-trigger efficiency and εmass for the mass-window acceptance of the peak search in M2
miss.

The three correction factors depend on MA′ and are evaluated with a combination of Monte Carlo (MC)

simulations and data control-sample. The geometrical acceptance and the π0-tagging efficiency cancel in

the ratio between signal and normalization.

4 Background evaluation

As shown by MC simulations, the most relevant background comes from K+ → π+π0(γ) events with

one photon from π0 → γγ undetected due to photon conversion. The expected background is evaluated

with a data-driven approach: the same selection of the signal sample is applied with the exception of

the NA48-CHOD extra activity condition, which is partially inverted. Events with in-time activity in

the hodoscope not geometrically associated either with the π+ or with the detected photon are selected.

This requirement allows selecting a data control sample of π0 → γγ events with one photon detected

in the LKr and the second lost because of conversion upstream the NA48-CHOD, without making any

assumption on the shape of the M2
miss tail and with no analytical extrapolation of the background. Since

the presence of the second photon lost by conversion ensures no overlap with the signal sample and the

197



signal pollution is verified to be below 1% with MC simulations, the enriched background sample is used

to evaluate the expected M2
miss background distribution. The background sample is scaled to the signal

sample in a side-band region adjacent to but not overlapping with the A′ signal region as shown in fig. 3

left.

Figure 3: M2
miss distribution of the A′ signal search sample (black) and background sample (red). The left

panel shows the region used to evaluate the scaling factors, while the search region is shown in the right
panel. In the bottom panels, the difference ∆N between the two M2

miss spectra is plotted in units of its
standard deviation.

5 Results

A peak search is performed on the M2
miss distribution in the region 0.00075 < M2

miss < 0.01765 GeV/c4,

corresponding to test the A′ mass in the range 30–130 MeV/c2. The observed data and the expected

background events are evaluated for each of the MA′ hypothesis by integrating the corresponding M2
miss

spectrum as shown in fig. 3 right. The width of the sliding window is set to ±1σM2
miss

around the tested

mass hypothesis. In each mass hypothesis, the frequentist 90% confidence intervals are computed for

the number of signal events using the CLs algorithm. 7) Given eq. 5, 90% confidence level (CL) upper

limits are obtained on the coupling parameter ε2 as a function of the A′ mass as shown in fig. 4. The

observed upper limits are compatible with fluctuations expected in the absence of signal and no statisti-

cally significant excess is detected. The result obtained improves the previous limits over the mass range

60–110 MeV/c2 as shown in fig. 5. It must be underlined that the experimental technique used by NA62

is totally different than the one of the other recent results. Therefore, in general dark-photon models, the

channel searched for by NA62 can be sensitive to possible new-physics effects notwithstanding the null

result from other experiments (e.g. BaBar and NA64).

Slight modifications to the A′ analysis allow performing a search for the decay π0 → γνν̄. The

branching ratio of this process is expected to be of O(10−18) in the SM, while the present experimental

limit 11) is BR(π0 → γνν̄) < 6 × 10−4 at 90% CL. The strategy used for the A′ search, based on the

comparison of observed data and expected background events in a given M2
miss interval, has been adopted.

A peak search on the M2
miss distribution is performed in the region 0.0054 GeV/c4 < M2

miss < M2
π0 ,

allowing to set an upper limit on the branching ratio of BR(π0 → γνν̄) < 1.9× 10−7 at 90% CL.
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Figure 4: Upper limit at 90% CL on the A′ coupling strength as a function on the dark photon mass. The
limit obtained from data (solid line) is compared to that expected in the absence of signal. The expected
median of the upper limit is shown together with the bands at 68% and 95% coverage.
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