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Motivation to search for dark sectors
▪ Light, weakly coupled particles provide an alternative to heavy new  

physics and can address several open questions beyond the Standard Model.

Light new fields

Heavy new physics

For more details see excellent talks from Kai and Patrick
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10th anniversary of NA64 
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International collaboration: 50 researchers from 7 institutions

NA64 timeline
▪ Proposal submitted to arXiv 2013

▪ Proposal to CERN SPSC 2014

▪ First test beam 2015

▪ Approval CERN RB March 2016 as 

the 64th experiment in the North Area


https://arxiv.org/abs/1312.3309
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10 years searching for the vector portal & Light Dark Matter at NA64
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I n  th i s  f ramework  DM can  be  p roduced   
the r ma l l y  i n  the  ea r l y  Un ive rse 


OBSERVED AMOUNT OF 
DARK MATTER TODAY 

WHERE

J. Feng and J. Kumar Phys.Rev.Lett.101:231301,2008

9.4 x 1011 electrons on target

NA64 collaboration, Phys. Rev. Lett. 131,  
161801 (2023), editor suggestion
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FIG. 4. The top row shows the NA64 limits in the (y;m�) plane obtained for ↵D = 0.5 (left panel) and ↵D = 0.1 (right panel)
assuming mA0 = 3m�, from the full 2016-2022 data set. The bottom row shows the NA64 constraints in the (↵D;m�) plane
on the pseudo-Dirac (left panel) and Majorana (right panel) DM. The limits are shown in comparison with bounds obtained
in Refs.[22–24, 28, 29] from the results of the LSND [21, 43], E137 [44], MiniBooNE [46], BABAR [49], COHERENT [78],
and direct detection [79] experiments. The favored parameters to account for the observed relic DM density for the scalar,
pseudo-Dirac and Majorana type of light DM are shown as the lowest solid line in top plots; see, e.g. [38].

each ith entry in Eq.(3) are simulated and reconstructed
with the same selection criteria and e�ciency corrections
as for the data sample from run i. The combined 90%
C.L. exclusion limits on ✏ as a function of the A0 mass,
calculated by taking into account the estimated back-
grounds and systematic errors ⇠ 15% for the ✏iA0 domi-
nated by the ⇠ 10% uncertainty in the A0 yield [47] can
be seen in Fig. 3.

Using obtained limits, Eqs.(1) and (2), one can get
constraints on the LDM models, which are shown in the
(y;m�) and (↵D;m�) planes in Fig. 4 for m� . 1 GeV.
The favored y parameter curves for scalar, pseudo-Dirac
(with a small splitting) and Majorana scenario of LDM
obtained by taking into account the observed relic DM
density [38] are also shown on the same plot. One can
see that our results are already starting to probe the
y;m� parameter space predicted for the benchmark val-
ues ↵D = 0.1 and mA0 = 3m� [29, 30] providing the

best limits in comparison with bounds from other ex-
periments. Note, that choice of ↵D = 0.5 value is still
compatible with the constraints obtained from consider-
ation of the running ↵D [72, 80]. The limits on ↵D for
the case of pseudo-Dirac fermions shown in Fig. 4 (left
panel in the bottom row) were calculated by taking the
value f = 0.25, while for the Majorana case (right panel)
the value f = 3 in Eq.(2) was used, see Ref.[48].

In summary, with the combined statistics of the 2016-
2022 runs, NA64 started probing the very exciting region
of parameter space predicted by benchmark LDM sce-
narios. Using the missing energy technique, NA64 places
stringent bounds on ✏, y, ↵D which are one or more or-
ders more sensitive than the other searches in the mass
range 0.001 . mA0 . 0.35 GeV [10]. The scalar and
Majorana models for the coupling ↵D  0.1, the mass
range 0.001 . m� . 0.1 GeV and 3m�  mA0 are ex-
cluded. Further detector upgrade will enable improve-
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The NA64 method to search for A’ → 𝛘𝛘̅
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Wiggly lines don’t always close well. Sometimes you can adjust them by hand.

I don’t have a good solution for this. One option specifically for semi-circles is here: http:
//bit.ly/1vFCNzi. I think it can be adapted for arbitrary angles. For further discussion, see:
http://bit.ly/12wA4kQ.
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Requested ECAL ENERGY < 50 GeV 

“BREMSSTRAHLUNG” OF A’

Active Dump

TAGGED 100 GeV 
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The NA64 method to search for A’ → 𝛘𝛘̅
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STANDARD MODEL:

EECAL+EHCAL = 100 GeV

A’→ MISSING ENERGY: 
ECAL < 50 GeV

HCAL < 2 GeV  
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Where do we get 100 GeV particles? 
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https://home.cern/science/accelerators
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The high energy (50-150 GeV) SPS secondary beam lines in the 
CERN North Area 
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The NA64 experiment at the H4 beam line

9

Status of NA64e/e+ @H4  

9/9/2025L. Marsicano - 158th SPSC meeting 5

World leading NA64 constraints on the LDM parameter space 
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The NA64 detector
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Tagged 100 GeV electrons

30m

Active target

Hadronic Calorimeters  
(HCALs) 
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The Electromagnetic Calorimeter (ECAL) 
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Active target
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The Electromagnetic Calorimeter (ECAL) 
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✦ High hermeticity (∼40 X0)
✦ PbSc sandwich, 6x6 matrix, cells 38x38x490 mm3
✦ WLS fibers in spiral→ suppress energy leaks
✦ Energy resolution ~ 9%/√(E[GeV])
✦  Longitudinal (Pre-shower) and lateral segmentation  
→ shower profiles (hadron rejection)
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The Hadronic Calorimeter (HCAL)  
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High hermeticity 

✦ High hermeticity : 4 HCAL (∼7 λ/module)
✦ FeSc sandwich 3x3 matrix, cells 19.4x19.2x150 cm3

✦ WLS fibers in spiral→ suppress energy leaks

✦ Energy resolution ~ 60%/√(E[GeV])
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The magnetic spectrometer   
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Tracking system: XY 
multiplexed resistive 
micromegas

Two bending magnets in series → 7 T.m field

Reconstruction of e-  
incoming momentum

D. Banerjee et al., Advances in HEP, 105730 (2015) 
D. Banerjee, PhD Thesis, ETH Zurich (2017) 
D. Banerjee et al., NIMA881 72-81 (2018) 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The Synchrotron Radiation (SR) detector
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Particle identification 
SR emission  ~ 1/m4  

Micromegas trackers (MM1-4) -> 
Reconstruct beam momentum —> 
suppress low energy electron beam tail

26

Particle ID and Tracking

Charged particle in magnetic 
field moves in a circular 
motion :

p=qBr
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E. Depero et al., NIMA 866 (2017) 196-201 and
E. Depero, PhD thesis, ETH Zurich (2020).
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Our first result A’ → 𝛘𝛘̅ - results (July 2016, 2 weeks)
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2.75 x 109 electrons on target

After unblinding no event in the signal region  
→ exclusion of most of g-2 muon favored region
NA64 collaboration, Phys. Rev. Lett. 118, 011802 (2017)

g-2 closed completely by BABAR results 
BABAR collaboration, Phys. Rev. Lett. 119, 131804 (2017)
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This talk: a very simple possibility

consider not a photon…
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M. Pospelov, A. Ritz and M. B. Voloshin, PLB 662, 53  (2008) 

DMSM 
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NA64 LDM latest results (2016-2022)

17

9.4 x 1011 electrons on target

NA64 collaboration, Phys. Rev. Lett. 131, 161801 (2023), editor suggestion
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FIG. 4. The top row shows the NA64 limits in the (y;m�) plane obtained for ↵D = 0.5 (left panel) and ↵D = 0.1 (right panel)
assuming mA0 = 3m�, from the full 2016-2022 data set. The bottom row shows the NA64 constraints in the (↵D;m�) plane
on the pseudo-Dirac (left panel) and Majorana (right panel) DM. The limits are shown in comparison with bounds obtained
in Refs.[22–24, 28, 29] from the results of the LSND [21, 43], E137 [44], MiniBooNE [46], BABAR [49], COHERENT [78],
and direct detection [79] experiments. The favored parameters to account for the observed relic DM density for the scalar,
pseudo-Dirac and Majorana type of light DM are shown as the lowest solid line in top plots; see, e.g. [38].

each ith entry in Eq.(3) are simulated and reconstructed
with the same selection criteria and e�ciency corrections
as for the data sample from run i. The combined 90%
C.L. exclusion limits on ✏ as a function of the A0 mass,
calculated by taking into account the estimated back-
grounds and systematic errors ⇠ 15% for the ✏iA0 domi-
nated by the ⇠ 10% uncertainty in the A0 yield [47] can
be seen in Fig. 3.

Using obtained limits, Eqs.(1) and (2), one can get
constraints on the LDM models, which are shown in the
(y;m�) and (↵D;m�) planes in Fig. 4 for m� . 1 GeV.
The favored y parameter curves for scalar, pseudo-Dirac
(with a small splitting) and Majorana scenario of LDM
obtained by taking into account the observed relic DM
density [38] are also shown on the same plot. One can
see that our results are already starting to probe the
y;m� parameter space predicted for the benchmark val-
ues ↵D = 0.1 and mA0 = 3m� [29, 30] providing the

best limits in comparison with bounds from other ex-
periments. Note, that choice of ↵D = 0.5 value is still
compatible with the constraints obtained from consider-
ation of the running ↵D [72, 80]. The limits on ↵D for
the case of pseudo-Dirac fermions shown in Fig. 4 (left
panel in the bottom row) were calculated by taking the
value f = 0.25, while for the Majorana case (right panel)
the value f = 3 in Eq.(2) was used, see Ref.[48].

In summary, with the combined statistics of the 2016-
2022 runs, NA64 started probing the very exciting region
of parameter space predicted by benchmark LDM sce-
narios. Using the missing energy technique, NA64 places
stringent bounds on ✏, y, ↵D which are one or more or-
ders more sensitive than the other searches in the mass
range 0.001 . mA0 . 0.35 GeV [10]. The scalar and
Majorana models for the coupling ↵D  0.1, the mass
range 0.001 . m� . 0.1 GeV and 3m�  mA0 are ex-
cluded. Further detector upgrade will enable improve-
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NA64 resu l t s  on  LDM 
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FIG. 1. Schematic illustration of the setup to search for A0 ! invisible decays of the bremsstrahlung A0s produced in the
reaction eZ ! eZA0 of 100 GeV e� incident on the active ECAL target in 2021-2022 runs.

HCAL4 was used to reject beam electrons accompanied
by neural secondaries.

0 20 40 60 80 100
, GeVECALE

0

20

40

60

80

100

120

, G
eV

H
C

AL
E

1

10

210

310

410

510

B

A

C

FIG. 2. The measured distribution of events in the
(EECAL;EHCAL) plane after applying all selection criteria.
The shaded area is the signal box, with the size along the
EHCAL axis increased for illustration purposes. The side
bands A and C are the ones used for the background esti-
mate inside the signal region.

Our data were collected in several runs, during two
periods with the trigger requiring the ECAL energy
EECAL . 90 GeV. The first period had 2.83 ⇥ 1011

electrons on target (EOT) accumulated during 2016-2018
runs ( (hereafter called respectively runs I-III) [47, 48].
The second, with 2021 run (run IV) [67] and 2022 run
(run V), had 6.54 ⇥ 1011 EOT collected with the beam
intensity in the range ' (5� 7)⇥ 106 e� per spill. Data
with a total of 9.37 ⇥ 1011 EOT from these five runs
were processed with selection criteria and combined as

described below.
A Geant4 [68, 69] based Monte Carlo (MC) simulation

package DMG4 [70] is used to study the performance of
the detector, signal acceptance, and background level, as
well as the analysis procedure including selection of cuts
and sensitivity estimate. To maximize the signal accep-
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FIG. 3. The NA64 90% C.L. exclusion region in the (mA0 , ✏)
plane. Constraints from the E787 and E949 [41, 42], BABAR
[49] and NA62 [50] experiments, from the consideration of
the anomalous magnetic moment of electron ↵e [51–54], as
well as the favored area explaining the ↵µ anomaly with the
A0 contribution [10] are also shown. For more limits from
indirect searches and planned measurements; see, e.g., Refs.
[28–30].

tance and to minimize background, the following selec-
tion criteria were used: (i) The incoming track should
have the momentum 100± 10 GeV. (ii) The track angle
with respect to the deflected beam axis should be within
3 mrad to reject large angle events from the upstream
e� interactions. (iii) The detected SR energy should be
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NA64 from electrons to positrons, muons and hadrons

18

Multi-pronged approach possible due to the unique SPS versatility!

1 Introduction

NA64 pioneered the active dump/missing energy technique in the quest for dark sectors at

the CERN SPS. Using this approach (see Fig.1), the current NA64 research program ad-

dresses three key and complementary directions in dark-sector physics that can be explored

at the SPS:

(i) world-leading search for Light Dark Matter (LDM) and other BSM physics with

masses below the electroweak scale (⌧ 100 GeV) combining the results from electron

and positron beams at H4;

(ii) search for dark sectors predominantly coupled to the second lepton generation and

light dark matter with the M2 muon beam;

(iii) search for leptophobic dark sectors predominantly coupled to light SM quarks with

the SPS hadronic beams.

Recently, using data collected at the H4 beamline, NA64 set the most stringent upper

limits on the kinetic-mixing parameter ✏ for dark-photon (A0) masses below 350 MeV.

These results also constrain scalar and Majorana light dark matter models with ↵D  0.1

and mA0 > 3m� over the mass range 1  m�  100 MeV. The results based on the data

collected between 2016 and 2022 were published in Phys. Rev. Lett. [1] and selected as

an Editors’ Suggestion.

In this report, we present the latest results from the NA64 programme using electron,

positron, muon, and hadron beams. We also provide an update on the ongoing analyses of

the data collected at H4 and M2 and discuss the experiment’s future prospects after LS3.

Figure 1. Schematics of the missing energy/momentum technique used by NA64 combining initial
e�, e+, µ and ⇡ beams

– 2 –

▪NA64e, NA64e+ (H4 beamline) 
 Search for vector-mediated (A') Light Dark 
 Matter using electrons and positrons at H4


▪NA64mu: (M2 beamline)
Phase 1: test  motivated by the  
muon (g-2) anomaly and LDM

Phase 2: Complementary LDM, ALPs 
millicharged particles searches


▪NA64h (H4 beamline)
Search for leptophobic DS coupled to light 
SM quarks

Lμ − Lτ, Z′￼
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Some examples of NA64 sensitivity to additional BSM scenarios
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Fig. 6.1 Current exclusions and future NA64 projections for fermionic iDM in the parameter space compatible with the thermal target for different
combinations of D , aD and mA0/mc1 . The boundaries from E137 and LSND data are taken from Ref. [66] (to obtain the beam-dumps limits for the
two plots in the bottom row the lines were rescaled). The NA64 and BaBar constraints and the NA64 future sensitivities depicted for two different
statistics were instead derived in this work

for discovery. The D/mc1 = 0.4 scenarios are shown on the
right panels of Fig. 6.1, and prove that the thermal target is
already tightly constrained in this case. Given that the NA64
sensitivity scales as e2, when translating the bounds to the y
variable, there is an overall linear shift by a factor aD, as can
be seen by comparing the two panels on the right column. In
fact, the aD = 0.1, mA0/mc1 = 3, D/mc1 = 0.4 relic curve is
essentially excluded, as discussed in Section 5, whereas in
the aD = 0.5 case, an open window above mc1 > 110 MeV
emerges, also due to the reduced c2 lifetime (see Eq. (5.1))
that shifts the fluctuation feature in the NA64 boundary to
lower mA0 and e . NA64 has a partial coverage of the unprobed
parameter space below mc1 ⇠ 0.25 GeV with an optimized
analysis on the new 2022 data, and almost full coverage of
the relic target for the milestone 5⇥1012 EOT statistics. In
conclusion, NA64 alone can probe the full mass range of this
thermal light iDM parameter space within a reasonable time
frame.

In the case of a spectrum with reduced splitting, where
D/mc1 = 0.1, the overall y-reach of the bounds is severely
weakened. In the upper-left panel of Fig. 6.1, the beam-dump
constraints span only the mc1 & 12 MeV part of the ther-
mal relic line. NA64 can provide complementary coverage

at low masses, approaching the relic density curve in the
mc1 ⇠ 1�100 MeV region for thermal co-annihilating iDM
by the start of LS3.

Finally, the last degree of freedom that influences the ex-
isting limits is the ratio between the mediator and the DM can-
didate masses. The bottom left plot of Fig. 6.1 illustrates the
change in the existing constraints when this ratio is increased
w.r.t. the commonly used value R=mA0/mc1 = 3 (this param-
eter slice is usually chosen to yield a conservative evaluation
of the experimental sensitivities and avoid the resonance in
the DM annihilation at mA0 ⇠ 2mc1 [80, 81]). The experimen-
tal reach is much improved for lighter DM particles;however,
the reach of beam-dump experiments quickly decreases as
it approaches the kinematical threshold for c2 ! c1e+e�

decays. Since NA64 does not rely on the observation of the
decay products, its sensitivity is not affected by this fact. In
this context, the NA64 projections for 5⇥1012 EOT can un-
equivocally test the relic curve from mc1 = 1 MeV up to the
point where the BaBar constraint begins.

As discussed in Ref. [81], for thorough coverage of the
LDM parameter space, it is also necessary to consider the
interplay between experimental sensitivity and the DM relic
density as a function of the R=mA0/mc1 ratio. We show the R
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e−Z → e−ZX; X → invisible Lmu-Ltau Z’


exclusion limits on η; η0 → invisible decays,

Brðη → invisibleÞ < 1.1 × 10−4; ð3Þ

Brðη0 → invisibleÞ < 2.1 × 10−4; ð4Þ

obtained by taking into account the estimated background
and errors included in Eq. (2) are dominated by the
uncertainty of ∼34% in the η and η0 production cross
sections.
In summary, the proof-of-concept search with NA64h

places the first constraints on η; η0 → invisible decays using
charge exchange reaction as a source of η and η0 mesons and
missing energy as a powerful signal signature. Our limit of
Eq. (3) is comparable, while the limit of Eq. (4) is more
stringent by a factor of≃3 compared to the current best limits
set by BESIII [21]. These results demonstrate the effective-
ness of our approach. Improving the beam quality by
installing Cherenkov counters to suppress the kaon compo-
nent, using a high-granularity active target, extending
running times, and enhancing the background characteri-
zation are all concrete avenues to further improve the
sensitivity in future searches. A significant improvement
in the accuracy of the measurement of the cross section (1),
compared to our current knowledge [33] would also reduce
significantly the main systematic source of the measure-
ment. The strategy could be to try to combine the search for
ηð0Þ → invisible decays and measurements of the ηð0Þ → γγ
yield from the reaction (1) in the same setup. Finally, our
method could also be used to search for leptophobic dark
sectors in invisible decays of vector mesons [49,50].
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not exceed 4%. Because of the strong dependence of the
efficiency ϵtZ0 on the trigger configuration t, in particular, on
the distance from the zero line, additional uncertainties due
to S4 and Sμ misalignment are studied through the change in
efficiency as a response to small displacements of the Sc
counters. Because of themZ0 mass dependence of the trigger
rate [34], the resulting uncertainty reaches up to ≤ 5%. As
such the total systematic in the signal yield of Eq. (1) is
≤ 8%. The acceptance loss due to accidentals (pile-up
events, ∼13%) entering the trigger time window is taken
into account in the final efficiency computations. The signal
efficiency peaks at its maximum of ∼12% for the mass
range Oð100 MeV–1 GeVÞ.
After unblinding, no event compatible with Z0 produc-

tion is found in the signal region. This allows us to set the
90% C.L. exclusion limits on gZ0 which are plotted in
Fig. 4, left, in the ðmZ0 ; gZ0Þ parameter space, together
with the values of Δaμ compatible with the muon g − 2
anomaly, within #2σ. The band is computed using the
latest results of the Muon g − 2 Collaboration, aμðExpÞ ¼
116 592 059ð22Þ × 10−11 [53] and the SM prediction of
aμðSMÞ ¼ 116 591 810ð43Þ × 10−11 from the Muon g − 2
theory initiative (TI) [54]. It is worth noting that
the extraction of the hadronic vacuum polarization con-
tribution using the latest results from the CMD-3
Collaboration [55,56] disagree within the 2.5–5σ level
with the TI value. Note that the recent lattice QCD
computations from the BMW Collaboration [57] are also
in tension with the TI value by 2.1σ.
Our results, excluding a previously unexplored para-

meter space with masses mZ0 ≳ 40 MeV and coupling

gZ0 ≳ 5 × 10−4, are the first search for a light Z0 (vanilla
Lμ − Lτ model) with a muon beam using the missing
energy-momentum technique (see Fig. 4, left). Figure 4,
right, shows the obtained limits at 90% C.L. in the target
parameter space ðmχ ; yÞ with freeze-out parameter y ¼
ðgχgZ0Þ2ðmχ=mZ0Þ4 for accelerator-based experiments prob-
ing thermal DM for mZ0 ¼ 3mχ, away from the resonant
enhancement mZ0 ≃ 2mχ , and gχ ¼ 5 × 10−2. The thermal
targets for favored y values are plotted for scalar,
pseudo-Dirac, and Majorana DM candidate scenarios,
and obtained from the integration of the underlying
Boltzmann equation [63]. The results indicate that NA64μ
excludes a portion of the ðmχ ; yÞ parameter space, below
the current CCFR [22,62] limits, constraining for a choice
of masses mχ ≲ 40 MeV the dimensionless parameter
to y≲ 6 × 10−12.
In summary, for a dataset of ð1.98# 0.02Þ × 1010 MOT,

no event falling within the expected signal region is
observed. Therefore, 90% C.L. upper limits are set in the
ðmZ0 ; gZ0Þ parameter space of the Lμ − Lτ vanilla model,
constraining viable mass values for the explanation of the
ðg − 2Þμ anomaly to 6–7 MeV≲mZ0 ≲ 40 MeV, with
gZ0 ≲ 6 × 10−4. New constraints on light thermal DM for
values y≳ 6 × 10−12 for mχ ≳ 40 MeV are also obtained.
The use of a muon beam demonstrated in this work opens a
newwindow to explore other well-motivated scenarios such
as benchmark dark photon models in the mass region
(0.1–1) GeV [64], scalar portals [31], millicharged particles
[65] or μ → e or μ → τ processes involving lepton flavor
conversion [66–68], complementing the DS quest world

FIG. 4. Left: NA64μ 90% C.L. exclusion limits on the coupling gZ0 as a function of the Z0 mass, mZ0 , for the vanilla Lμ − Lτ model.
The #2σ band for the Z0 contribution to the ðg − 2Þμ discrepancy is also shown. Existing constraints from BABAR [58,59] and from
neutrino experiments such as BOREXINO [21,60,61] and CCFR [22,62] are plotted. Right: The 90% C.L. exclusion limits obtained by
the NA64μ experiment in the ðmχ ; yÞ parameters space for thermal dark matter charged under Uð1ÞLμ−Lτ

with mZ0 ¼ 3mχ and the
coupling gχ ¼ 5 × 10−2 for 2 × 1010 MOT. The branching ratio to invisible final states is assumed to be BrðZ0 → invisibleÞ ≃ 1 (see text
for details). Existing bounds obtained through the CCFR experiment [22,62] are shown for completeness. The thermal targets for the
different scenarios are taken from [63].
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FIG. 1: Schematic illustration of the setup to search for A0, X ! e+e� decays of the bremsstrahlung A0, X produced in the
reaction eZ ! eZA0(X) of 100 GeV e� incident on the active WCAL target.

various phenomenological aspects of light vector bosons
weakly coupled to quarks and lepton, see e.g. [6–11]

Another strong motivation to the search for a new light
boson decaying into e+e� pair is provided by the Dark
Matter puzzle. An intriguing possibility is that in ad-
dition to gravity a new force between the dark sector
and visible matter, transmitted by a new vector boson,
A0 (dark photon), might exist [12, 13]. Such A0 could
have a mass mA0 . 1 GeV, associated with a sponta-
neously broken gauged U(1)D symmetry, and would cou-
ple to the Standard Model (SM) through kinetic mixing
with the ordinary photon, � 1

2✏Fµ⌫A0µ⌫ , parametrized by
the mixing strength ✏ ⌧ 1 [14–16], for a review see, e.g.
[4, 17, 18]. A number of previous experiments, such as
beam dump [19–33], fixed target [34–36], collider [37–
39] and rare particle decay [40–51] experiments have al-
ready put stringent constraints on the mass mA0 and ✏ of
such dark photons excluding, in particular, the parame-
ter space region favored by the gµ�2 anomaly. However,
a large range of mixing strengths 10�4 . ✏ . 10�3 cor-
responding to a short-lived A0 still remains unexplored.
These values of ✏ could naturally be obtained from the
loop e↵ects of particles charged under both the dark
and SM U(1) interactions with a typical 1-loop value
✏ = egD/16⇡2 [16], where gD is the coupling constant
of the U(1)D gauge interactions. In this Letter we report
the first results from the NA64 experiment specifically
designed for a direct search of the e+e� decays of new
short-lived particles at the CERN SPS in the sub-GeV
mass range [52–55].

The experiment employs the optimized 100 GeV elec-
tron beam from the H4 beam line in the North Area
(NA) of the CERN SPS. The beam delivers ' 5⇥106 e�

per SPS spill of 4.8 s produced by the primary 400 GeV
proton beam with an intensity of a few 1012 protons on
target. The NA64 setup designed for the searches of X
bosons and A0 is schematically shown in Fig. 1. Two
scintillation counters, S1 and S2 were used for the beam
definition, while the other two, S3 and S4, were used to
detect the e+e� pairs. The detector is equipped with a
magnetic spectrometer consisting of two MPBL magnets

and a low material budget tracker. The tracker was a
set of four upstream Micromegas (MM) chambers (T1,
T2) for the incoming e� angle selection and two sets
of downstream MM, GEM stations and scintillator ho-
doscopes (T3, T4) allowing the measurement of the out-
going tracks [56, 57]. To enhance the electron identifica-
tion the synchrotron radiation (SR) emitted by electrons
was used for their e�cient tagging and for additional sup-
pression of the initial hadron contamination in the beam
⇡/e� ' 10�2 down to the level ' 10�6 [55, 58]. The use
of SR detectors (SRD) is a key point for the hadron back-
ground suppression and improvement of the sensitivity
compared to the previous electron beam dump searches
[23, 24]. The dump is a compact electromagnetic (e-m)
calorimeter WCALmade as short as possible to maximize
the sensitivity to short lifetimes while keeping the leakage
of particles at a small level. It is followed by another e-m
calorimeter (ECAL), which is a matrix of 6⇥ 6 shashlik-
type modules [55]. The WCAL(ECAL) was assembled
from the tungsten(lead) and plastic scintillator plates
with wave lengths shifting fiber read-out. The ECAL has
' 40 radiation lengths (X0) and is located at a distance
' 3.5 m from the WCAL. Downstream the ECAL the de-
tector was equipped with a high-e�ciency veto counter,
V3, and a massive, hermetic hadron calorimeter (HCAL)
[55] used as a hadron veto and muon identificator.
The method of the search for A0 ! e+e� decays is

described in [52, 53]. The application of all further con-
siderations to the case of theX ! e+e� decay is straight-
forward. If the A0 exists, it could be produced via the
coupling to electrons wherein high-energy electrons scat-
ter o↵ a nuclei of the active WCAL dump target, followed
by the decay into e+e� pairs:

e� + Z ! e� + Z +A0(X); A0(X) ! e+e� (1)

The reaction (1) typically occurs within the first few
radiation lengths (X0) of the WCAL. The downstream
part of the WCAL served as a dump to absorb completely
the e-m shower tail. The bremsstrahlung A0 would pene-
trate the rest of the dump and the veto counter V2 with-

Addition of  
W calorimeter

Zooming in (next slide)
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FIG. 1: Schematic illustration of the setup to search for A0, X ! e+e� decays of the bremsstrahlung A0, X produced in the
reaction eZ ! eZA0(X) of 100 GeV e� incident on the active WCAL target.

various phenomenological aspects of light vector bosons
weakly coupled to quarks and lepton, see e.g. [6–11]

Another strong motivation to the search for a new light
boson decaying into e+e� pair is provided by the Dark
Matter puzzle. An intriguing possibility is that in ad-
dition to gravity a new force between the dark sector
and visible matter, transmitted by a new vector boson,
A0 (dark photon), might exist [12, 13]. Such A0 could
have a mass mA0 . 1 GeV, associated with a sponta-
neously broken gauged U(1)D symmetry, and would cou-
ple to the Standard Model (SM) through kinetic mixing
with the ordinary photon, � 1

2✏Fµ⌫A0µ⌫ , parametrized by
the mixing strength ✏ ⌧ 1 [14–16], for a review see, e.g.
[4, 17, 18]. A number of previous experiments, such as
beam dump [19–33], fixed target [34–36], collider [37–
39] and rare particle decay [40–51] experiments have al-
ready put stringent constraints on the mass mA0 and ✏ of
such dark photons excluding, in particular, the parame-
ter space region favored by the gµ�2 anomaly. However,
a large range of mixing strengths 10�4 . ✏ . 10�3 cor-
responding to a short-lived A0 still remains unexplored.
These values of ✏ could naturally be obtained from the
loop e↵ects of particles charged under both the dark
and SM U(1) interactions with a typical 1-loop value
✏ = egD/16⇡2 [16], where gD is the coupling constant
of the U(1)D gauge interactions. In this Letter we report
the first results from the NA64 experiment specifically
designed for a direct search of the e+e� decays of new
short-lived particles at the CERN SPS in the sub-GeV
mass range [52–55].

The experiment employs the optimized 100 GeV elec-
tron beam from the H4 beam line in the North Area
(NA) of the CERN SPS. The beam delivers ' 5⇥106 e�

per SPS spill of 4.8 s produced by the primary 400 GeV
proton beam with an intensity of a few 1012 protons on
target. The NA64 setup designed for the searches of X
bosons and A0 is schematically shown in Fig. 1. Two
scintillation counters, S1 and S2 were used for the beam
definition, while the other two, S3 and S4, were used to
detect the e+e� pairs. The detector is equipped with a
magnetic spectrometer consisting of two MPBL magnets

and a low material budget tracker. The tracker was a
set of four upstream Micromegas (MM) chambers (T1,
T2) for the incoming e� angle selection and two sets
of downstream MM, GEM stations and scintillator ho-
doscopes (T3, T4) allowing the measurement of the out-
going tracks [56, 57]. To enhance the electron identifica-
tion the synchrotron radiation (SR) emitted by electrons
was used for their e�cient tagging and for additional sup-
pression of the initial hadron contamination in the beam
⇡/e� ' 10�2 down to the level ' 10�6 [55, 58]. The use
of SR detectors (SRD) is a key point for the hadron back-
ground suppression and improvement of the sensitivity
compared to the previous electron beam dump searches
[23, 24]. The dump is a compact electromagnetic (e-m)
calorimeter WCALmade as short as possible to maximize
the sensitivity to short lifetimes while keeping the leakage
of particles at a small level. It is followed by another e-m
calorimeter (ECAL), which is a matrix of 6⇥ 6 shashlik-
type modules [55]. The WCAL(ECAL) was assembled
from the tungsten(lead) and plastic scintillator plates
with wave lengths shifting fiber read-out. The ECAL has
' 40 radiation lengths (X0) and is located at a distance
' 3.5 m from the WCAL. Downstream the ECAL the de-
tector was equipped with a high-e�ciency veto counter,
V3, and a massive, hermetic hadron calorimeter (HCAL)
[55] used as a hadron veto and muon identificator.
The method of the search for A0 ! e+e� decays is

described in [52, 53]. The application of all further con-
siderations to the case of theX ! e+e� decay is straight-
forward. If the A0 exists, it could be produced via the
coupling to electrons wherein high-energy electrons scat-
ter o↵ a nuclei of the active WCAL dump target, followed
by the decay into e+e� pairs:

e� + Z ! e� + Z +A0(X); A0(X) ! e+e� (1)

The reaction (1) typically occurs within the first few
radiation lengths (X0) of the WCAL. The downstream
part of the WCAL served as a dump to absorb completely
the e-m shower tail. The bremsstrahlung A0 would pene-
trate the rest of the dump and the veto counter V2 with-
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X17 very short lived <10-13 s
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E. Depero, PhD thesis, ETH Zurich (2020). 

C
O

U
PL

IN
G

 𝜀



||Paolo Crivelli 30.09.2026

The search for axions and axion-like-particles (ALPs) in NA64

24

NA64 collaboration PRL 125, 081801 (2020)


2

FIG. 1: The left panel illustrates schematic view of the setup to search for the a ! �� decays of the a’s produced in the reaction
chain e�Z ! e�Z�; �Z ! aZ induced by 100 GeV e�’s in the active ECAL dump. The right panel shows an example of the
a ! �� decay in the HCAL2 module.

the energy-momentum tensor[20], and its two-photon in-57

teraction is given by Eq.(1) with the replacement F̃µ⌫ !58

F
µ⌫ . Usually it is assumed that gs�� = O(M�1

Pl ) and59

that the dilaton mass ms = O(MPl), where MPl is the60

Planck mass. However, in some models, see, e.g., [21]),61

the dilaton could be rather light. Since there are no firm62

predictions for the coupling gs�� the searches for such63

particles become interesting.64

Experimental bounds on ga�� for light a’s in the eV-65

MeV mass range, can be obtained from laser experi-66

ments [22, 23], from experiments studying J/ and ⌥67

particles [24], from the NOMAD experiment by using68

a photon-regeneration method at the CERN SPS neu-69

trino beam [25], and from orthopositronium decays [26].70

Limits on ALPs in the sub-GeV mass range have been71

typically placed by the beam-dump experiments or from72

searches at e
+
e
� colliders [6], leaving the large area73

10�2 . ga�� . 10�5 GeV�1 of the (ga�� ;ma) -parameter74

space still unprobed. Additionally, since the theory pre-75

dictions for the coupling, mass scale, and decay modes76

of ALPs are still quite uncertain it is crucial to perform77

independent laboratory tests on the existence of such par-78

ticles in the mass and coupling strength range discussed79

above. One possible way to answer these questions is to80

search for ALPs in a beam dump experiment. However,81

for the coupling lying in the range 10�2 . ga�� . 10�4
82

GeV�1 this method is not very promising, because for83

the masses in sub-GeV region the a is expected to be a84

relatively short-lived particle.85

In this Letter we propose and describe a direct86

search for ALPs with the coupling to two photons from87

the (ga�� ;ma) -parameter space uncovered by previous88

searches, which might be produced in the NA64 experi-89

ment at the CERN SPS . The application of the obtained90

results to the s ! �� decay case is straightforward.91

The NA64 detector located at the CERN SPS H4 elec-92

tron beam [27] is schematically shown in Fig. 1. It con-93

sists of a set of beam defining scintillator counters S1�494

and veto V1,2, a magnetic spectrometer consisting of two95

dipole magnets (MBPL1,2) and a low-material-budget96

tracker, composed of two upstream Micromegas cham-97

bers MM1,2, and four downstream MM3�6 stations, two98

straw-tube ST1,2 and GEM1,2 chambers [28]. A syn-99

chrotron radiation detector (SRD) is used for the iden-100

tification of incoming e
�’s [29, 30] and suppression of101

the hadron contamination in the beam down to the level102

⇡/e
� . 10�5. An active dump, consisting of a preshower103

detector (PRS) and an electromagnetic (e-m) calorimeter104

(ECAL), made of a matrix of 6 ⇥ 6 Shashlik-type mod-105

ules, is assembled from Pb and Sc plates of ' 40 radia-106

tion lengths (X0). A large high-e�ciency veto counter107

VETO, and a massive, hermetic hadronic calorimeter108

(HCAL) composed of three modules HCAL1-3 completes109

the setup. Each module is a 3⇥3 cell matrix with a thick-110

ness of' 7.5 nuclear interaction lengths. The events from111

e� interactions in the PRS and ECAL were collected with112

the trigger provided by the S1�4 requiring also an in-time113

cluster in the ECAL with the energy EECAL . 80 GeV.114

The detector is described in more detail in Ref. [31].

γ

Z

γ

e−e− e−

γ

Z

γ

γ a a

γ

FIG. 2: Diagramatic illustration the a production in the re-
action of Eq.(2).

115

If ALPs exist, one would expect a flux of such high
energy particles from the dump because both scalars and
pseudoscalars could be produced in the forward direc-
tion through the Primako↵ e↵ect in interactions of high
energy bremsstrahlung photons, generated by 100 GeV
electrons in the target, with virtual photons from the
electrostatic field of the target nuclei:

e
�
Z ! e

�
Z�; �Z ! aZ; a ! �� (2)

as illustrated in Fig.2. If the ALP is a relatively long-116

lived particle, it would penetrate the first downstream117

HCAL1 module serving as shielding and would be ob-118

served in the NA64 detector with two distinctive signa-119

tures, either 1) via its decay into 2� inside the HCAL2120

or HCAL3 modules (denoted further as HCAL2,3), or121

Production via Primakoff effect Closing the gap between beam  
dump and colliders
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Fig. 6.1 Current exclusions and future NA64 projections for fermionic iDM in the parameter space compatible with the thermal target for different
combinations of D , aD and mA0/mc1 . The boundaries from E137 and LSND data are taken from Ref. [66] (to obtain the beam-dumps limits for the
two plots in the bottom row the lines were rescaled). The NA64 and BaBar constraints and the NA64 future sensitivities depicted for two different
statistics were instead derived in this work

for discovery. The D/mc1 = 0.4 scenarios are shown on the
right panels of Fig. 6.1, and prove that the thermal target is
already tightly constrained in this case. Given that the NA64
sensitivity scales as e2, when translating the bounds to the y
variable, there is an overall linear shift by a factor aD, as can
be seen by comparing the two panels on the right column. In
fact, the aD = 0.1, mA0/mc1 = 3, D/mc1 = 0.4 relic curve is
essentially excluded, as discussed in Section 5, whereas in
the aD = 0.5 case, an open window above mc1 > 110 MeV
emerges, also due to the reduced c2 lifetime (see Eq. (5.1))
that shifts the fluctuation feature in the NA64 boundary to
lower mA0 and e . NA64 has a partial coverage of the unprobed
parameter space below mc1 ⇠ 0.25 GeV with an optimized
analysis on the new 2022 data, and almost full coverage of
the relic target for the milestone 5⇥1012 EOT statistics. In
conclusion, NA64 alone can probe the full mass range of this
thermal light iDM parameter space within a reasonable time
frame.

In the case of a spectrum with reduced splitting, where
D/mc1 = 0.1, the overall y-reach of the bounds is severely
weakened. In the upper-left panel of Fig. 6.1, the beam-dump
constraints span only the mc1 & 12 MeV part of the ther-
mal relic line. NA64 can provide complementary coverage

at low masses, approaching the relic density curve in the
mc1 ⇠ 1�100 MeV region for thermal co-annihilating iDM
by the start of LS3.

Finally, the last degree of freedom that influences the ex-
isting limits is the ratio between the mediator and the DM can-
didate masses. The bottom left plot of Fig. 6.1 illustrates the
change in the existing constraints when this ratio is increased
w.r.t. the commonly used value R=mA0/mc1 = 3 (this param-
eter slice is usually chosen to yield a conservative evaluation
of the experimental sensitivities and avoid the resonance in
the DM annihilation at mA0 ⇠ 2mc1 [80, 81]). The experimen-
tal reach is much improved for lighter DM particles;however,
the reach of beam-dump experiments quickly decreases as
it approaches the kinematical threshold for c2 ! c1e+e�

decays. Since NA64 does not rely on the observation of the
decay products, its sensitivity is not affected by this fact. In
this context, the NA64 projections for 5⇥1012 EOT can un-
equivocally test the relic curve from mc1 = 1 MeV up to the
point where the BaBar constraint begins.

As discussed in Ref. [81], for thorough coverage of the
LDM parameter space, it is also necessary to consider the
interplay between experimental sensitivity and the DM relic
density as a function of the R=mA0/mc1 ratio. We show the R

M. Mongillo et al., Eur. Phys. J. C (2023) 83: 391,  
Eur. Phys. J. C (2021) 81: 959
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FIG. 1: Production of A0
and subsequent semi-visible decay

chain of a Dark Photon, e�Z ! e�ZA0
;A0 ! �1�2(�2 !

�1e
+e�).

visible channels, is found in the Yukawa dark sector. In
the unbroken theory, we start from a pseudo-Dirac field
 . The chiral projections of  can then be coupled with
hD to produce Dirac and Majorana mass terms, after
spontaneous symmetry breaking [? ].
In this pseudo-Dirac scenario, the right and left Majo-
rana masses are the same and are strongly suppressed
relative to the Dirac mass MD. The diagonalisation of
the mass matrix results in two eigenstates: a lighter �1

and a heavier �2 DM particle, with mass di↵erence �.
The presence of a non-interacting stable �1 in the final
state of the A0 decay implies missing energy as charac-
teristic signature.
The e↵ective Lagrangian for the semi-visible model is:

L = LSM � 1

4
Fµ⌫ [A0]Fµ⌫ [A0] + 1

2
m2

A0A02 + ✏e ̄e /A
0
 e

+
P

i �̄i(/@ �m�i)�i + (gD�̄2
/A
0
�1 + h.c). (1)

In Eq.1, the coupling to muons is neglected since the di-
muon production threshold � = 2mµ is not relevant for
the sub-GeV mass range of A0 probed in this study. The
absence of elastic diagonal interaction terms

P
i �̄i /A

0
�i

derives from the choice of a pseudo-Dirac field, where
only o↵-diagonal terms are permitted. This allows us to
neglect the invisible and visible A0 decay modes, where
conversely only diagonal terms are present. A sketch of
the dominating decay chain is shown in Fig. 1. The Dark
Photon A0 decays promptly in a lighter �1 and a heavier
�2 via the mentioned inelastic interaction, followed by
the subsequent decay �2 ! �1e+e�.
The width of the process was calculated at leading or-
der. A numerical approach was used to compute the
3-body decay phase-space, implemented in the module
MadWidth of MadGraph5aMC@NLO [16]. Thus, a cor-
rection is obtained to the previous analytical approxi-
mations (valid for mA0 � m�1 � me) of the �(�2 !
�1e+e�) formula from Refs. [14, 17]. The newly attained
formula reads

�(�2 ! �1e
+e�) ' K

4✏2↵EM↵D�5

15⇡m4

A0
, (2)

where K ' 0.640 ± 0.001 is the correction factor esti-
mated using both Madgraph and CalcHep [18], which
were found to be in good agreement. Contrary to the in-
visible/visible mode scenario discussed in previous anal-
yses, the signal yield depends on two more parameters
outside mA0 and ✏: the DM coupling ↵D and the mass
splitting � ⌘ m�2 �m�1 .
An upper bound for the dark sector coupling constant

↵D can be found by requiring the absence of a Landau
pole for the e↵ective coupling constant ↵̄D(µ) up to an
energy scale ⇤ ⇠ 1TeV: ↵D . 0.2 [19, 20]. In this study,
a benchmark value of ↵D = 0.1 is used, compatible with
other literature [13, 14]. Nevertheless, a discussion on the
implications of di↵erent ↵D choices in our results is pro-
vided in Sec.V. Furthermore, the resonance of the ther-
mal averaged non-relativistic co-annihilation DM cross
section h�anvreli(�1�2 ! e+e�) given in Ref. [17] can
be avoided by setting mA0 = 3 · m�1 . Finally, the pa-
rameter � has kinematic limits � < mA0 � 2 ·m�1 and
� > 2me. A relatively large mass splitting �/m�1 = 0.4
is chosen in this study, as strong bounds for lower � al-
ready exist as explanation of (gµ � 2)/2 by BABAR and
E137[10, 13, 14]. A complete discussion of the achiev-
able � range, up to the limit �/m�1 ' 1, is provided in
Sec.V.

III. THE SEARCH METHOD

In this work, we present a direct search for the A0 semi-
visible signature using the NA64 experiment located at
CERN SPS. The Dark Photons are produced in the pro-
cess e�Z ! e�ZA0 as 100 GeV electrons coming from
the H4 beamline scatter inside the NA64 electromag-
netic calorimeter (ECAL). The production mechanism
is identical to the one described in Ref. [8]. The setup is
schematically shown in Fig. 2. The experiment uses a set
of scintillator and veto counters, a magnet spectrometer
consisting of two dipole magnets, and a set of tracking
detectors (six micromegas chambers [21], three straw de-
tectors [22] and two GEMs [23]) to define the incoming e�

beam. A synchrotron radiation detector (SRD) is used
to suppress hadron contamination in the beam. The elec-
trons collide with a lead-scintillator sandwich Shashlick-
type ECAL target of 40 radiation lengths. Downstream
from the ECAL, a large high-e�ciency VETO counter
and three 7.5 interactions length iron hadronic calorime-
ters (HCALs) complete the setup. An additional HCAL
module is placed along the unbent beam path to fur-
ther suppress background from upstream e� interac-
tions. Further details about the setup can be found in
Refs. [8, 24].

The A0 is produced in the target via Dark-
Bremsstrahlung [25] and decays promptly into �1�2. The
long-lived �2 travels then for some distance before de-
caying through �2 ! �1e+e�. The result of this decay
chain is a fraction of undetected energy, carried away by
the two �1, and a fraction of visible energy deposited in
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Photoproduction of axion-like particles in the NA64 experiment

R. R. Dusaev⇤,1 D. V. Kirpichnikov†,2 and M. M. Kirsanov‡2

1Tomsk State University, 634050 Tomsk, Russia
2Institute for Nuclear Research of the Russian Academy of Sciences, 117312 Moscow, Russia

(Dated: September 14, 2020)

Axion-like particles a (ALPs) that couple to the Standard Model (SM) gauge fields could be
observed in the high-energy photon scattering �N ! Na o↵ nuclei followed by the a ! �� decay. In
the present paper we describe the calculation of the ALP production cross-section and the properties
of this production. The cross section formulas are implemented in the program for the simulation
of events in the NA64 experiment, the active electron beam dump facility at the CERN SPS. We
study the prospects of the NA64 experiment to search for ALP in the 10MeV . ma . 100 MeV
mass range for the statistics corresponding to up to 5⇥ 1012 electrons on target (EOT).

I. INTRODUCTION

Axion-like particles interacting with gauge bosons of
the Standard Model (SM) arise naturally in various well
motivated SM extensions such as string theory [1–3] and
supersymmetry [4, 5]. Being a pseudo Nambu-Goldstone
boson of spontaneously broken global Peccei-Quinn sym-
metry [6], ALP originally addressed the strong-CP prob-
lem [6–8]. More recently the interest to a new light and
weakly coupled pseudo-scalar particle has been stimu-
lated due to its relevance to the well motivated Dark
Matter (DM) models [9–11].

The aim of the present work is to study the ALP pro-
duction in the electron fixed target experiment NA64 at
the CERN SPS through the Primako↵ reaction �N !
Na. The NA64 (Fig. 1) is an active beam dump fa-
cility with a significant potential to probe various sce-
narios beyond the Standard Model (BSM). The well-
motivated dark sector of particle physics has been al-
ready constrained by NA64 using the missing energy sig-
natures [12–16].

Probing pseudo-scalar particles in the MeV-GeV mass
range by the beam-dump facilities is becoming a hot
topic for the experimental study. For instance, such
planned experiments as FASER [17], MATHUSLA [18],
SHIP [19], CodexB [20], SeaQuest [21] and LDMX [22]
will be able to probe long-lived ALP [23, 24] due to large
distances between the ALP production vertex and de-
tector. In these experiments ALP propagates typically
along a distance of 10 � 100 m before its decay. This
implies that the above-mentioned experimental facilities
are sensitive to relatively small couplings in the range
10�7 GeV�1 . ga�� . 10�4 GeV�1. On the other hand,
the typical decay length in the NA64 experiment is sev-
eral meters depending on the NA64 geometry configu-
ration. Therefore, due to this shorter length in this ex-
periment it is possible to search for decays of ALP with

⇤e-mail: renat.dusaev@cern.ch
†e-mail: kirpich@ms2.inr.ac.ru
‡e-mail: mikhail.kirsanov@cern.ch

ga�� & 10�4 GeV for sub-GeV ma. In addition, it is pos-
sible to search for long-lived ALP in the missing energy
signatures.
The paper is organised as follows. In Sec. II we discuss

the properties of ALP. In Sec. III we review the ALP
production cross-section in the Primako↵ reaction. In
Sec. IV we discuss the Monte-Carlo (MC) simulation of
the ALP production in the NA64 experiment. In Sec. V
we describe the ALP search strategy. In Sec. VI we es-
timate the expected sensitivity of NA64 facility to the
ALP for the statistics up to 5⇥ 1012 electrons on target.
We conclude in Sec. VII.

II. THE ALP PROPERTIES

We consider the simplified setup [25] of ALP coupling
predominantly to photons:

Lint � �1

4
ga��aFµ⌫ F̃

µ⌫ +
1

2
(@µa)

2 � 1

2
m2

aa
2, (1)

where Fµ⌫ denotes the strength of the photon field, and
the dual tensor is defined by F̃µ⌫ = 1

2✏µ⌫�⇢F
�⇢. We as-

sume throughout the paper that the e↵ective coupling,
ga�� , and the ALP mass, ma, are independent. The pseu-
doscalar boson coupled to photons (1) has the following
decay width

�a!�� =
g2a��m

3
a

64⇡
. (2)

The decay length of ALP is given by

la ' 4m
Ea

102 GeV

✓
ga��

10�4 GeV�1

◆�2⇣ ma

102 MeV

⌘�4
,

(3)
where Ea is the ALP energy. The minimal decay length
to which the NA64 facility is sensitive is of the order of
the target thickness (0.5m). Therefore, from Eq. (3) one
can conclude that NA64 with a most used beam energy
of 100 GeV is sensitive to the values of ALP coupling to
photons of the order of ga�� & 10�4 GeV�1.
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FIG. 4: The NA64 design for the search for ALP decays, a ! ��. Left panel corresponds to the Visible Signature in
NA64, where ALPs decay in the central cells of HCAL2 and HCAL3 with HCAL1 being a veto. Right panel is the Invisible
Signature in NA64, in which we search for decays a ! �� outside all NA64 subdetectors

where �a ⇡ m2
a/(2E

2
�) is a parameter that characterizes

a typical angle between the beam line and the ALP mo-
mentum. This result coincides with [25–27]. We note
that d�/d✓a has a peak at

✓⇤a ⇡ 1

aE�

p
3(1 + a2tmin), (17)

This is a typical angle of ALP, see the right panel of
Fig. 2. For a2tmin � 1 it is proportional to �a, and for
a2tmin ⌧ 1 it is scaled as / 1/(aE�).

IV. CALCULATION OF THE ALP YIELD IN
NA64

In this section we discuss the implementation of the
code for the MC simulation of the ALP production that
uses the formulas derived above in the full simulation pro-
gram based on GEANT4 [35] for the NA64 experiment [14].

The photons that can produce ALP originate from
the bremsstrahlung radiation of electrons and positrons
of the electromagnetic shower from the primary 100
GeV electron beam absorbed in the target - calorime-
ter ECAL. The Primako↵ process of ALP production
�N ! aN in this program can occur along with other,
SM processes, for all photons of the electromagnetic
shower if the photon energy E� is above some threshold
that corresponds to the minimal detectable ALP energy.

Now we describe the calculation of the ALP signal in
NA64 at each step of the photon propagation in the tar-
get. The number of ALP produced at the i-th photon’s
step in the electromagnetic shower is

N (i)
a =

⇢NA

A
�tot(E

i
�)⇥ li (18)

where ⇢ is a density of the lead ECAL active target, A is
the atomic mass of the target, NA is Avogadro’s number,

FIG. 5: Signal Boxes for ALP searches at NA64. For the
Visible Signature it is constructed according to the energy
conservation E0 ' EECAL + EHCAL law. In the Invisible
Signature a small energy in HCAL and a significant missing
energy are required Emiss = E0 � (EECAL + EHCAL). Here
EHCAL = EHCAL1 + EHCAL2 + EHCAL3 is the total energy
deposition in all HCAL modules. For the illustrative purpose
we increase the signal box of Invisible Signature by factor
of 5 along the EHCAL axis.

�tot(Ei
�) is the total cross-section of ALP elastic interac-

tion with a nucleus (see, e. g. Eq. (15) for details), li is
the step length of the photon in target.
In the simulation of signal samples, at each step of

tracing of a photon with the energy above threshold the
following actions (accept/reject scheme) are made:
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IV. CALCULATION OF THE ALP YIELD IN
NA64

In this section we discuss the implementation of the
code for the MC simulation of the ALP production that
uses the formulas derived above in the full simulation pro-
gram based on GEANT4 [35] for the NA64 experiment [14].

The photons that can produce ALP originate from
the bremsstrahlung radiation of electrons and positrons
of the electromagnetic shower from the primary 100
GeV electron beam absorbed in the target - calorime-
ter ECAL. The Primako↵ process of ALP production
�N ! aN in this program can occur along with other,
SM processes, for all photons of the electromagnetic
shower if the photon energy E� is above some threshold
that corresponds to the minimal detectable ALP energy.

Now we describe the calculation of the ALP signal in
NA64 at each step of the photon propagation in the tar-
get. The number of ALP produced at the i-th photon’s
step in the electromagnetic shower is
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a =

⇢NA
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where ⇢ is a density of the lead ECAL active target, A is
the atomic mass of the target, NA is Avogadro’s number,
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Visible Signature it is constructed according to the energy
conservation E0 ' EECAL + EHCAL law. In the Invisible
Signature a small energy in HCAL and a significant missing
energy are required Emiss = E0 � (EECAL + EHCAL). Here
EHCAL = EHCAL1 + EHCAL2 + EHCAL3 is the total energy
deposition in all HCAL modules. For the illustrative purpose
we increase the signal box of Invisible Signature by factor
of 5 along the EHCAL axis.

�tot(Ei
�) is the total cross-section of ALP elastic interac-

tion with a nucleus (see, e. g. Eq. (15) for details), li is
the step length of the photon in target.
In the simulation of signal samples, at each step of

tracing of a photon with the energy above threshold the
following actions (accept/reject scheme) are made:
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FIG. 1: The left panel illustrates schematic view of the setup to search for the a ! �� decays of the a’s produced in the reaction
chain e�Z ! e�Z�; �Z ! aZ induced by 100 GeV e�’s in the active ECAL dump. The right panel shows an example of the
a ! �� decay in the HCAL2 module.

the energy-momentum tensor[20], and its two-photon in-57

teraction is given by Eq.(1) with the replacement F̃µ⌫ !58

F
µ⌫ . Usually it is assumed that gs�� = O(M�1

Pl ) and59

that the dilaton mass ms = O(MPl), where MPl is the60

Planck mass. However, in some models, see, e.g., [21]),61

the dilaton could be rather light. Since there are no firm62

predictions for the coupling gs�� the searches for such63

particles become interesting.64

Experimental bounds on ga�� for light a’s in the eV-65

MeV mass range, can be obtained from laser experi-66

ments [22, 23], from experiments studying J/ and ⌥67

particles [24], from the NOMAD experiment by using68

a photon-regeneration method at the CERN SPS neu-69

trino beam [25], and from orthopositronium decays [26].70

Limits on ALPs in the sub-GeV mass range have been71

typically placed by the beam-dump experiments or from72

searches at e
+
e
� colliders [6], leaving the large area73

10�2 . ga�� . 10�5 GeV�1 of the (ga�� ;ma) -parameter74

space still unprobed. Additionally, since the theory pre-75

dictions for the coupling, mass scale, and decay modes76

of ALPs are still quite uncertain it is crucial to perform77

independent laboratory tests on the existence of such par-78

ticles in the mass and coupling strength range discussed79

above. One possible way to answer these questions is to80

search for ALPs in a beam dump experiment. However,81

for the coupling lying in the range 10�2 . ga�� . 10�4
82

GeV�1 this method is not very promising, because for83

the masses in sub-GeV region the a is expected to be a84

relatively short-lived particle.85

In this Letter we propose and describe a direct86

search for ALPs with the coupling to two photons from87

the (ga�� ;ma) -parameter space uncovered by previous88

searches, which might be produced in the NA64 experi-89

ment at the CERN SPS . The application of the obtained90

results to the s ! �� decay case is straightforward.91

The NA64 detector located at the CERN SPS H4 elec-92

tron beam [27] is schematically shown in Fig. 1. It con-93

sists of a set of beam defining scintillator counters S1�494

and veto V1,2, a magnetic spectrometer consisting of two95

dipole magnets (MBPL1,2) and a low-material-budget96

tracker, composed of two upstream Micromegas cham-97

bers MM1,2, and four downstream MM3�6 stations, two98

straw-tube ST1,2 and GEM1,2 chambers [28]. A syn-99

chrotron radiation detector (SRD) is used for the iden-100

tification of incoming e
�’s [29, 30] and suppression of101

the hadron contamination in the beam down to the level102

⇡/e
� . 10�5. An active dump, consisting of a preshower103

detector (PRS) and an electromagnetic (e-m) calorimeter104

(ECAL), made of a matrix of 6 ⇥ 6 Shashlik-type mod-105

ules, is assembled from Pb and Sc plates of ' 40 radia-106

tion lengths (X0). A large high-e�ciency veto counter107

VETO, and a massive, hermetic hadronic calorimeter108

(HCAL) composed of three modules HCAL1-3 completes109

the setup. Each module is a 3⇥3 cell matrix with a thick-110

ness of' 7.5 nuclear interaction lengths. The events from111

e� interactions in the PRS and ECAL were collected with112

the trigger provided by the S1�4 requiring also an in-time113

cluster in the ECAL with the energy EECAL . 80 GeV.114

The detector is described in more detail in Ref. [31].
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FIG. 2: Diagramatic illustration the a production in the re-
action of Eq.(2).
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If ALPs exist, one would expect a flux of such high
energy particles from the dump because both scalars and
pseudoscalars could be produced in the forward direc-
tion through the Primako↵ e↵ect in interactions of high
energy bremsstrahlung photons, generated by 100 GeV
electrons in the target, with virtual photons from the
electrostatic field of the target nuclei:

e
�
Z ! e

�
Z�; �Z ! aZ; a ! �� (2)

as illustrated in Fig.2. If the ALP is a relatively long-116

lived particle, it would penetrate the first downstream117

HCAL1 module serving as shielding and would be ob-118

served in the NA64 detector with two distinctive signa-119

tures, either 1) via its decay into 2� inside the HCAL2120

or HCAL3 modules (denoted further as HCAL2,3), or121
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background estimate [37]. The further requirement of no
activity in the VETO identified a sample of ≃7 × 103

events shown in Fig. 4(b). This sample corresponds to the
neutral hadronic secondaries from electroproduction in the
dump with full hadronic energy deposition in the HCAL1
module. The events located mostly along the diagonal
satisfy the condition of energy conservation EECAL þ
EHCAL ≃ 100 GeV.
The signal events with the signature 1 are expected to

exhibit themselves as an excess of e-m-like events in the
ðEECAL;EHCALÞ plane in the signal box 1 [Fig. 4(c)] around
the diagonal EECAL þ EHCAL ¼ 100% 10 GeV satisfying
the energy conservation within the energy resolution of
the detectors and the cut R < 0.06, as shown in Fig. 4(c).
By inverting this cut we obtain the control region, where
the signal events are almost absent. The signal box 2,
0≲ EECAL ≲ 55 GeV, EHCAL ≲ 1 GeV for signal events
having a large missing energy is also shown [40,41].
The following processes that may fake the a → γγ decay

in the HCAL2,3 were considered: (1) the production of a
leading neutron (n), or (2) a leadingK0 meson in the ECAL
by e−s in the reaction e−A → nðK0Þ þmπ0 þ X, that pun-
chthrough the HCAL1 and deposited their energy EnðK0Þ ≃
E0 − EECAL in the HCAL2,3 either in hadronic interactions
with a significant e-m component in the shower, or via
K0

S → π0π0 or K0
L → 3π0 decays. The reaction can be

accompanied by the production of any number m of π0s
that decay immediately in the ECAL and a small activity X
in the Veto and HCAL1 below the corresponding thresh-
olds EVeto ≲ 0.5MIP and EHCAL1 ≲ 1 GeV. (iii) Similar
reactions induced by beam π− and K− that are not rejected
by the SRD. As well as the π−, K− → e−ν, or K− → π0e−ν
decays of poorly detected punchthrough beam π−, K−

downstream of the HCAL1, or production of a hard
bremsstrahlung γ in the downstream part of the HCAL1.
(iv) The decays and reactions induced by muons from
dimuon pairs produced in the ECAL.

The main background source is expected from the
reactions (ii), mostly due to K0

S;L decays in flight. The
background was then evaluated by using the simulation
combined with the data themselves by two methods. In the
first one, we use the sample of nn ¼ 7 × 103 observed
neutral events shown in Fig. 4(b). A conservative number
of background events originated from leading neutrons and

K0 was defined as nnðK
0Þ

b ¼ nn × fnðK0Þ × PnðK0Þ
pth × PnðK0Þ

em ,

where fnðK0Þ; P
nðK0Þ
pth , and PnðK0Þ

em are, respectively, the frac-
tion of leading neutrons and kaons in the sample, the
probability for nðK0Þ to punchthrough the HCAL1, and the
probability for the nðK0Þ induced shower to be accepted as
an e-m one. Using GEANT4 simulations we found fnðK0Þ ¼
0.2% 0.07ð0.18% 0.06Þ. The values PnðK0Þ

pth ≃ 10−3ð4.7 ×
10−3Þ were calculated by using measured absorption cross

sections from Refs. [43,44]. The values PnðK0Þ
em ≃ 5 ×

10−3ð1.1 × 10−2Þwere evaluated from the MC distributions
of Fig. 3. The systematic errors of 10% and 30% have been

assigned to PnðK0Þ
pth and PnðK0Þ

em values, respectively, by taking
into account the data-MC difference in punchthrough and
transverse shapes of showers (see Fig. 3) generated by πs.
In the second method we used the number of nc ¼ 12
neutral events observed in the control region, shown in
Fig. 4(c). This number was found to be in a good agreement
with 9% 4 events expected from the sample of neutral
events shown in Fig. 4(b). The background then was
estimated by taking into account the relative composition
of these events which was found to be ≃25% of neutrons
and 75% of K0s.
All background estimates were then summed up, taking

into account the corresponding normalisation factors.
These factors were calculated from beam composition,
cross sections for the processes listed above, and punch-
through probabilities evaluated directly from the data and
MC simulations. The total number of expected candidate
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FIG. 4. Panel (a) shows the measured distribution of all events in the (EECAL; EHCAL) plane selected at the initial phase of the analysis
with the loose cuts. The distribution of pure neutral hadronic secondaries is illustrated in panel (b). The shaded area shown in panel
(c) represents the signal boxes 1 and 2 in the ðEECAL;EHCALÞ plane for the signatures 1 and 2, respectively, where no candidates for the
signal events were found after applying all selection criteria. The blue dots represent 12 events in the control region R > 0.06 from
leading neutral hadrons. The size of the signal box 2 is increased by a factor of 5 along the EHCAL axis for the illustration purposes.
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background estimate [37]. The further requirement of no
activity in the VETO identified a sample of ≃7 × 103

events shown in Fig. 4(b). This sample corresponds to the
neutral hadronic secondaries from electroproduction in the
dump with full hadronic energy deposition in the HCAL1
module. The events located mostly along the diagonal
satisfy the condition of energy conservation EECAL þ
EHCAL ≃ 100 GeV.
The signal events with the signature 1 are expected to

exhibit themselves as an excess of e-m-like events in the
ðEECAL;EHCALÞ plane in the signal box 1 [Fig. 4(c)] around
the diagonal EECAL þ EHCAL ¼ 100% 10 GeV satisfying
the energy conservation within the energy resolution of
the detectors and the cut R < 0.06, as shown in Fig. 4(c).
By inverting this cut we obtain the control region, where
the signal events are almost absent. The signal box 2,
0≲ EECAL ≲ 55 GeV, EHCAL ≲ 1 GeV for signal events
having a large missing energy is also shown [40,41].
The following processes that may fake the a → γγ decay

in the HCAL2,3 were considered: (1) the production of a
leading neutron (n), or (2) a leadingK0 meson in the ECAL
by e−s in the reaction e−A → nðK0Þ þmπ0 þ X, that pun-
chthrough the HCAL1 and deposited their energy EnðK0Þ ≃
E0 − EECAL in the HCAL2,3 either in hadronic interactions
with a significant e-m component in the shower, or via
K0

S → π0π0 or K0
L → 3π0 decays. The reaction can be

accompanied by the production of any number m of π0s
that decay immediately in the ECAL and a small activity X
in the Veto and HCAL1 below the corresponding thresh-
olds EVeto ≲ 0.5MIP and EHCAL1 ≲ 1 GeV. (iii) Similar
reactions induced by beam π− and K− that are not rejected
by the SRD. As well as the π−, K− → e−ν, or K− → π0e−ν
decays of poorly detected punchthrough beam π−, K−

downstream of the HCAL1, or production of a hard
bremsstrahlung γ in the downstream part of the HCAL1.
(iv) The decays and reactions induced by muons from
dimuon pairs produced in the ECAL.

The main background source is expected from the
reactions (ii), mostly due to K0

S;L decays in flight. The
background was then evaluated by using the simulation
combined with the data themselves by two methods. In the
first one, we use the sample of nn ¼ 7 × 103 observed
neutral events shown in Fig. 4(b). A conservative number
of background events originated from leading neutrons and

K0 was defined as nnðK
0Þ

b ¼ nn × fnðK0Þ × PnðK0Þ
pth × PnðK0Þ

em ,

where fnðK0Þ; P
nðK0Þ
pth , and PnðK0Þ

em are, respectively, the frac-
tion of leading neutrons and kaons in the sample, the
probability for nðK0Þ to punchthrough the HCAL1, and the
probability for the nðK0Þ induced shower to be accepted as
an e-m one. Using GEANT4 simulations we found fnðK0Þ ¼
0.2% 0.07ð0.18% 0.06Þ. The values PnðK0Þ

pth ≃ 10−3ð4.7 ×
10−3Þ were calculated by using measured absorption cross

sections from Refs. [43,44]. The values PnðK0Þ
em ≃ 5 ×

10−3ð1.1 × 10−2Þwere evaluated from the MC distributions
of Fig. 3. The systematic errors of 10% and 30% have been

assigned to PnðK0Þ
pth and PnðK0Þ

em values, respectively, by taking
into account the data-MC difference in punchthrough and
transverse shapes of showers (see Fig. 3) generated by πs.
In the second method we used the number of nc ¼ 12
neutral events observed in the control region, shown in
Fig. 4(c). This number was found to be in a good agreement
with 9% 4 events expected from the sample of neutral
events shown in Fig. 4(b). The background then was
estimated by taking into account the relative composition
of these events which was found to be ≃25% of neutrons
and 75% of K0s.
All background estimates were then summed up, taking

into account the corresponding normalisation factors.
These factors were calculated from beam composition,
cross sections for the processes listed above, and punch-
through probabilities evaluated directly from the data and
MC simulations. The total number of expected candidate
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FIG. 4. Panel (a) shows the measured distribution of all events in the (EECAL; EHCAL) plane selected at the initial phase of the analysis
with the loose cuts. The distribution of pure neutral hadronic secondaries is illustrated in panel (b). The shaded area shown in panel
(c) represents the signal boxes 1 and 2 in the ðEECAL;EHCALÞ plane for the signatures 1 and 2, respectively, where no candidates for the
signal events were found after applying all selection criteria. The blue dots represent 12 events in the control region R > 0.06 from
leading neutral hadrons. The size of the signal box 2 is increased by a factor of 5 along the EHCAL axis for the illustration purposes.
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contamination in the beam down to the level π=e− ≲ 10−5.
An active dump, consisting of a preshower detector (PRS)
and an electromagnetic (e–m) calorimeter (ECAL), made
of a matrix of 6 × 6 Shashlik-type modules, is assembled
from Pb and Sc plates of ≃40 radiation lengths (X0). A
large high-efficiency veto counter (VETO) and a massive,
hermetic hadronic calorimeter (HCAL) composed of three
modules HCAL1-3 complete the setup. Each module is a
3 × 3 cell matrix with a thickness of ≃7.5 nuclear inter-
action lengths. The events from e− interactions in the PRS
and ECAL were collected with the trigger provided by the
S1−4 requiring also an in-time cluster in the ECAL with the
energy EECAL ≲ 85 GeV. The detector is described in more
detail in Ref. [37].
If ALPs exist, one would expect a flux of such high

energy particles from the dump. Both scalars and pseudo-
scalars could be produced in the forward direction through
the Primakoff effect in interactions of high energy brems-
strahlung photons, generated by 100 GeV electrons in the
target, with virtual photons from the electrostatic field of
the target nuclei:

e−Z → e−Zγ; γZ → aZ; a → γγ; ð3Þ

as illustrated in Fig. 2. If the ALP is a relatively long-lived
particle, it would penetrate the first downstream HCAL1
module serving as shielding and would be observed in the
NA64 detector with two distinctive signatures, either (1) via
its decay into 2γ inside the HCAL2 or HCAL3 modules
(denoted further as HCAL2,3), or (2) as an event with large
missing energy if it decays downstream of the HCAL2,3.
The selection criteria for signal and background samples

have been obtained using a GEANT4 [38,39] based
Monte Carlo (MC) simulation of the NA64 detector. The
code for the simulation of signal events is implemented in
the same program according to the general scheme
described in [40,41], with the a → γγ decay width given
by Γa ¼ g2aγγm3

a=64π.
The event from the incoming electron interacting in the

dump was required to have the incoming track momentum
in the range of 100$ 3 GeV, the SRD signal within the
range of synchrotron radiation emitted by e−s, a single PRS
cluster matched to an isolated ECAL cluster with an energy
greater than 0.5 GeV and an ECAL cluster with the shape
expected from a single e-m shower [37,40]. As the 2γ
opening angle for the a → γγ decay is very small, it was not

possible to distinguish this decay from a single e-m shower
in the HCAL. Therefore, the candidate events with the
signature 1 were selected as a single shower in the neu-
tral final state, i.e., no activity in the VETO and the
HCAL1, with e-m-like lateral shape, the shower maximum
in the HCAL2,3 central cell and the energy deposition
EHCAL ≳ 15 GeV. This allowed us to reduce background to
a small level, while maximizing the a yield by using the cut
on the ECAL energy EECAL ≲ 85 GeV. For events with the
signature 2, we required the ECAL energy to be EECAL ≲
50 GeV and no activity in the VETO and the HCAL. The
above event selection criteria, as well as the efficiency
corrections, backgrounds and their systematic errors were
similar to those used in our searches for the invisible decays
of dark photons [37,42].
An additional background suppression for the case 1 was

achieved by using the lateral shower shape in the HCAL
module. It was characterized by a variable R, defined as
R ¼ ðEHCAL − Ec

HCALÞ=ðEHCALÞ, where EHCAL, Ec
HCAL are

the total HCAL energy and the energy deposited in the
central cell, respectively. An example of R distributions
obtained from data and MC simulations is shown in Fig. 3.
As expected, the distribution for e−s is narrower than for
hadrons, and can be employed for effective particle
identification. Using the cut R < 0.06 rejects ≳98% of
hadrons, while keeping the signal efficiency ≳95%.
The search described in this Letter uses data samples of

nEOT ¼ 2.84 × 1011 electrons on target (EOT) collected
during the 2016–2018 run period with the beam intensity in
the range ≃ð2 − 9Þ × 106 e−/spill. In Fig. 4(a), the dis-
tribution of ≃3 × 104 events from the reaction e−Z →
anything in the ðEECAL;EHCALÞ plane collected with the
trigger and by requiring the presence of a beam e−

identified with the SRD tag is shown. Events from the
horizontal band with EHCAL ≃ 10 GeV originate from the
QED dimuon pair production in the ECAL and were used
to cross-check the reliability of the MC simulation and
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FIG. 2. Illustration of the a production and decay in the reaction
of Eq. (3).
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L, and n events obtained from data during the ECAL and HCAL
calibration runs and simulations.
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contamination in the beam down to the level π=e− ≲ 10−5.
An active dump, consisting of a preshower detector (PRS)
and an electromagnetic (e–m) calorimeter (ECAL), made
of a matrix of 6 × 6 Shashlik-type modules, is assembled
from Pb and Sc plates of ≃40 radiation lengths (X0). A
large high-efficiency veto counter (VETO) and a massive,
hermetic hadronic calorimeter (HCAL) composed of three
modules HCAL1-3 complete the setup. Each module is a
3 × 3 cell matrix with a thickness of ≃7.5 nuclear inter-
action lengths. The events from e− interactions in the PRS
and ECAL were collected with the trigger provided by the
S1−4 requiring also an in-time cluster in the ECAL with the
energy EECAL ≲ 85 GeV. The detector is described in more
detail in Ref. [37].
If ALPs exist, one would expect a flux of such high

energy particles from the dump. Both scalars and pseudo-
scalars could be produced in the forward direction through
the Primakoff effect in interactions of high energy brems-
strahlung photons, generated by 100 GeV electrons in the
target, with virtual photons from the electrostatic field of
the target nuclei:

e−Z → e−Zγ; γZ → aZ; a → γγ; ð3Þ

as illustrated in Fig. 2. If the ALP is a relatively long-lived
particle, it would penetrate the first downstream HCAL1
module serving as shielding and would be observed in the
NA64 detector with two distinctive signatures, either (1) via
its decay into 2γ inside the HCAL2 or HCAL3 modules
(denoted further as HCAL2,3), or (2) as an event with large
missing energy if it decays downstream of the HCAL2,3.
The selection criteria for signal and background samples

have been obtained using a GEANT4 [38,39] based
Monte Carlo (MC) simulation of the NA64 detector. The
code for the simulation of signal events is implemented in
the same program according to the general scheme
described in [40,41], with the a → γγ decay width given
by Γa ¼ g2aγγm3

a=64π.
The event from the incoming electron interacting in the

dump was required to have the incoming track momentum
in the range of 100$ 3 GeV, the SRD signal within the
range of synchrotron radiation emitted by e−s, a single PRS
cluster matched to an isolated ECAL cluster with an energy
greater than 0.5 GeV and an ECAL cluster with the shape
expected from a single e-m shower [37,40]. As the 2γ
opening angle for the a → γγ decay is very small, it was not

possible to distinguish this decay from a single e-m shower
in the HCAL. Therefore, the candidate events with the
signature 1 were selected as a single shower in the neu-
tral final state, i.e., no activity in the VETO and the
HCAL1, with e-m-like lateral shape, the shower maximum
in the HCAL2,3 central cell and the energy deposition
EHCAL ≳ 15 GeV. This allowed us to reduce background to
a small level, while maximizing the a yield by using the cut
on the ECAL energy EECAL ≲ 85 GeV. For events with the
signature 2, we required the ECAL energy to be EECAL ≲
50 GeV and no activity in the VETO and the HCAL. The
above event selection criteria, as well as the efficiency
corrections, backgrounds and their systematic errors were
similar to those used in our searches for the invisible decays
of dark photons [37,42].
An additional background suppression for the case 1 was

achieved by using the lateral shower shape in the HCAL
module. It was characterized by a variable R, defined as
R ¼ ðEHCAL − Ec

HCALÞ=ðEHCALÞ, where EHCAL, Ec
HCAL are

the total HCAL energy and the energy deposited in the
central cell, respectively. An example of R distributions
obtained from data and MC simulations is shown in Fig. 3.
As expected, the distribution for e−s is narrower than for
hadrons, and can be employed for effective particle
identification. Using the cut R < 0.06 rejects ≳98% of
hadrons, while keeping the signal efficiency ≳95%.
The search described in this Letter uses data samples of

nEOT ¼ 2.84 × 1011 electrons on target (EOT) collected
during the 2016–2018 run period with the beam intensity in
the range ≃ð2 − 9Þ × 106 e−/spill. In Fig. 4(a), the dis-
tribution of ≃3 × 104 events from the reaction e−Z →
anything in the ðEECAL;EHCALÞ plane collected with the
trigger and by requiring the presence of a beam e−

identified with the SRD tag is shown. Events from the
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background estimate [37]. The further requirement of no
activity in the VETO identified a sample of ≃7 × 103

events shown in Fig. 4(b). This sample corresponds to the
neutral hadronic secondaries from electroproduction in the
dump with full hadronic energy deposition in the HCAL1
module. The events located mostly along the diagonal
satisfy the condition of energy conservation EECAL þ
EHCAL ≃ 100 GeV.
The signal events with the signature 1 are expected to

exhibit themselves as an excess of e-m-like events in the
ðEECAL;EHCALÞ plane in the signal box 1 [Fig. 4(c)] around
the diagonal EECAL þ EHCAL ¼ 100% 10 GeV satisfying
the energy conservation within the energy resolution of
the detectors and the cut R < 0.06, as shown in Fig. 4(c).
By inverting this cut we obtain the control region, where
the signal events are almost absent. The signal box 2,
0≲ EECAL ≲ 55 GeV, EHCAL ≲ 1 GeV for signal events
having a large missing energy is also shown [40,41].
The following processes that may fake the a → γγ decay

in the HCAL2,3 were considered: (1) the production of a
leading neutron (n), or (2) a leadingK0 meson in the ECAL
by e−s in the reaction e−A → nðK0Þ þmπ0 þ X, that pun-
chthrough the HCAL1 and deposited their energy EnðK0Þ ≃
E0 − EECAL in the HCAL2,3 either in hadronic interactions
with a significant e-m component in the shower, or via
K0

S → π0π0 or K0
L → 3π0 decays. The reaction can be

accompanied by the production of any number m of π0s
that decay immediately in the ECAL and a small activity X
in the Veto and HCAL1 below the corresponding thresh-
olds EVeto ≲ 0.5MIP and EHCAL1 ≲ 1 GeV. (iii) Similar
reactions induced by beam π− and K− that are not rejected
by the SRD. As well as the π−, K− → e−ν, or K− → π0e−ν
decays of poorly detected punchthrough beam π−, K−

downstream of the HCAL1, or production of a hard
bremsstrahlung γ in the downstream part of the HCAL1.
(iv) The decays and reactions induced by muons from
dimuon pairs produced in the ECAL.

The main background source is expected from the
reactions (ii), mostly due to K0

S;L decays in flight. The
background was then evaluated by using the simulation
combined with the data themselves by two methods. In the
first one, we use the sample of nn ¼ 7 × 103 observed
neutral events shown in Fig. 4(b). A conservative number
of background events originated from leading neutrons and

K0 was defined as nnðK
0Þ

b ¼ nn × fnðK0Þ × PnðK0Þ
pth × PnðK0Þ

em ,

where fnðK0Þ; P
nðK0Þ
pth , and PnðK0Þ

em are, respectively, the frac-
tion of leading neutrons and kaons in the sample, the
probability for nðK0Þ to punchthrough the HCAL1, and the
probability for the nðK0Þ induced shower to be accepted as
an e-m one. Using GEANT4 simulations we found fnðK0Þ ¼
0.2% 0.07ð0.18% 0.06Þ. The values PnðK0Þ

pth ≃ 10−3ð4.7 ×
10−3Þ were calculated by using measured absorption cross

sections from Refs. [43,44]. The values PnðK0Þ
em ≃ 5 ×

10−3ð1.1 × 10−2Þwere evaluated from the MC distributions
of Fig. 3. The systematic errors of 10% and 30% have been

assigned to PnðK0Þ
pth and PnðK0Þ

em values, respectively, by taking
into account the data-MC difference in punchthrough and
transverse shapes of showers (see Fig. 3) generated by πs.
In the second method we used the number of nc ¼ 12
neutral events observed in the control region, shown in
Fig. 4(c). This number was found to be in a good agreement
with 9% 4 events expected from the sample of neutral
events shown in Fig. 4(b). The background then was
estimated by taking into account the relative composition
of these events which was found to be ≃25% of neutrons
and 75% of K0s.
All background estimates were then summed up, taking

into account the corresponding normalisation factors.
These factors were calculated from beam composition,
cross sections for the processes listed above, and punch-
through probabilities evaluated directly from the data and
MC simulations. The total number of expected candidate
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FIG. 4. Panel (a) shows the measured distribution of all events in the (EECAL; EHCAL) plane selected at the initial phase of the analysis
with the loose cuts. The distribution of pure neutral hadronic secondaries is illustrated in panel (b). The shaded area shown in panel
(c) represents the signal boxes 1 and 2 in the ðEECAL;EHCALÞ plane for the signatures 1 and 2, respectively, where no candidates for the
signal events were found after applying all selection criteria. The blue dots represent 12 events in the control region R > 0.06 from
leading neutral hadrons. The size of the signal box 2 is increased by a factor of 5 along the EHCAL axis for the illustration purposes.
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FIG. 1: The left panel illustrates schematic view of the setup to search for the a ! �� decays of the a’s produced in the reaction
chain e�Z ! e�Z�; �Z ! aZ induced by 100 GeV e�’s in the active ECAL dump. The right panel shows an example of the
a ! �� decay in the HCAL2 module.

the energy-momentum tensor[20], and its two-photon in-57

teraction is given by Eq.(1) with the replacement F̃µ⌫ !58

F
µ⌫ . Usually it is assumed that gs�� = O(M�1

Pl ) and59

that the dilaton mass ms = O(MPl), where MPl is the60

Planck mass. However, in some models, see, e.g., [21]),61

the dilaton could be rather light. Since there are no firm62

predictions for the coupling gs�� the searches for such63

particles become interesting.64

Experimental bounds on ga�� for light a’s in the eV-65

MeV mass range, can be obtained from laser experi-66

ments [22, 23], from experiments studying J/ and ⌥67

particles [24], from the NOMAD experiment by using68

a photon-regeneration method at the CERN SPS neu-69

trino beam [25], and from orthopositronium decays [26].70

Limits on ALPs in the sub-GeV mass range have been71

typically placed by the beam-dump experiments or from72

searches at e
+
e
� colliders [6], leaving the large area73

10�2 . ga�� . 10�5 GeV�1 of the (ga�� ;ma) -parameter74

space still unprobed. Additionally, since the theory pre-75

dictions for the coupling, mass scale, and decay modes76

of ALPs are still quite uncertain it is crucial to perform77

independent laboratory tests on the existence of such par-78

ticles in the mass and coupling strength range discussed79

above. One possible way to answer these questions is to80

search for ALPs in a beam dump experiment. However,81

for the coupling lying in the range 10�2 . ga�� . 10�4
82

GeV�1 this method is not very promising, because for83

the masses in sub-GeV region the a is expected to be a84

relatively short-lived particle.85

In this Letter we propose and describe a direct86

search for ALPs with the coupling to two photons from87

the (ga�� ;ma) -parameter space uncovered by previous88

searches, which might be produced in the NA64 experi-89

ment at the CERN SPS . The application of the obtained90

results to the s ! �� decay case is straightforward.91

The NA64 detector located at the CERN SPS H4 elec-92

tron beam [27] is schematically shown in Fig. 1. It con-93

sists of a set of beam defining scintillator counters S1�494

and veto V1,2, a magnetic spectrometer consisting of two95

dipole magnets (MBPL1,2) and a low-material-budget96

tracker, composed of two upstream Micromegas cham-97

bers MM1,2, and four downstream MM3�6 stations, two98

straw-tube ST1,2 and GEM1,2 chambers [28]. A syn-99

chrotron radiation detector (SRD) is used for the iden-100

tification of incoming e
�’s [29, 30] and suppression of101

the hadron contamination in the beam down to the level102

⇡/e
� . 10�5. An active dump, consisting of a preshower103

detector (PRS) and an electromagnetic (e-m) calorimeter104

(ECAL), made of a matrix of 6 ⇥ 6 Shashlik-type mod-105

ules, is assembled from Pb and Sc plates of ' 40 radia-106

tion lengths (X0). A large high-e�ciency veto counter107

VETO, and a massive, hermetic hadronic calorimeter108

(HCAL) composed of three modules HCAL1-3 completes109

the setup. Each module is a 3⇥3 cell matrix with a thick-110

ness of' 7.5 nuclear interaction lengths. The events from111

e� interactions in the PRS and ECAL were collected with112

the trigger provided by the S1�4 requiring also an in-time113

cluster in the ECAL with the energy EECAL . 80 GeV.114

The detector is described in more detail in Ref. [31].
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FIG. 2: Diagramatic illustration the a production in the re-
action of Eq.(2).

115

If ALPs exist, one would expect a flux of such high
energy particles from the dump because both scalars and
pseudoscalars could be produced in the forward direc-
tion through the Primako↵ e↵ect in interactions of high
energy bremsstrahlung photons, generated by 100 GeV
electrons in the target, with virtual photons from the
electrostatic field of the target nuclei:

e
�
Z ! e

�
Z�; �Z ! aZ; a ! �� (2)

as illustrated in Fig.2. If the ALP is a relatively long-116

lived particle, it would penetrate the first downstream117

HCAL1 module serving as shielding and would be ob-118

served in the NA64 detector with two distinctive signa-119

tures, either 1) via its decay into 2� inside the HCAL2120

or HCAL3 modules (denoted further as HCAL2,3), or121
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background estimate [37]. The further requirement of no
activity in the VETO identified a sample of ≃7 × 103

events shown in Fig. 4(b). This sample corresponds to the
neutral hadronic secondaries from electroproduction in the
dump with full hadronic energy deposition in the HCAL1
module. The events located mostly along the diagonal
satisfy the condition of energy conservation EECAL þ
EHCAL ≃ 100 GeV.
The signal events with the signature 1 are expected to

exhibit themselves as an excess of e-m-like events in the
ðEECAL;EHCALÞ plane in the signal box 1 [Fig. 4(c)] around
the diagonal EECAL þ EHCAL ¼ 100% 10 GeV satisfying
the energy conservation within the energy resolution of
the detectors and the cut R < 0.06, as shown in Fig. 4(c).
By inverting this cut we obtain the control region, where
the signal events are almost absent. The signal box 2,
0≲ EECAL ≲ 55 GeV, EHCAL ≲ 1 GeV for signal events
having a large missing energy is also shown [40,41].
The following processes that may fake the a → γγ decay

in the HCAL2,3 were considered: (1) the production of a
leading neutron (n), or (2) a leadingK0 meson in the ECAL
by e−s in the reaction e−A → nðK0Þ þmπ0 þ X, that pun-
chthrough the HCAL1 and deposited their energy EnðK0Þ ≃
E0 − EECAL in the HCAL2,3 either in hadronic interactions
with a significant e-m component in the shower, or via
K0

S → π0π0 or K0
L → 3π0 decays. The reaction can be

accompanied by the production of any number m of π0s
that decay immediately in the ECAL and a small activity X
in the Veto and HCAL1 below the corresponding thresh-
olds EVeto ≲ 0.5MIP and EHCAL1 ≲ 1 GeV. (iii) Similar
reactions induced by beam π− and K− that are not rejected
by the SRD. As well as the π−, K− → e−ν, or K− → π0e−ν
decays of poorly detected punchthrough beam π−, K−

downstream of the HCAL1, or production of a hard
bremsstrahlung γ in the downstream part of the HCAL1.
(iv) The decays and reactions induced by muons from
dimuon pairs produced in the ECAL.

The main background source is expected from the
reactions (ii), mostly due to K0

S;L decays in flight. The
background was then evaluated by using the simulation
combined with the data themselves by two methods. In the
first one, we use the sample of nn ¼ 7 × 103 observed
neutral events shown in Fig. 4(b). A conservative number
of background events originated from leading neutrons and

K0 was defined as nnðK
0Þ

b ¼ nn × fnðK0Þ × PnðK0Þ
pth × PnðK0Þ

em ,

where fnðK0Þ; P
nðK0Þ
pth , and PnðK0Þ

em are, respectively, the frac-
tion of leading neutrons and kaons in the sample, the
probability for nðK0Þ to punchthrough the HCAL1, and the
probability for the nðK0Þ induced shower to be accepted as
an e-m one. Using GEANT4 simulations we found fnðK0Þ ¼
0.2% 0.07ð0.18% 0.06Þ. The values PnðK0Þ

pth ≃ 10−3ð4.7 ×
10−3Þ were calculated by using measured absorption cross

sections from Refs. [43,44]. The values PnðK0Þ
em ≃ 5 ×

10−3ð1.1 × 10−2Þwere evaluated from the MC distributions
of Fig. 3. The systematic errors of 10% and 30% have been

assigned to PnðK0Þ
pth and PnðK0Þ

em values, respectively, by taking
into account the data-MC difference in punchthrough and
transverse shapes of showers (see Fig. 3) generated by πs.
In the second method we used the number of nc ¼ 12
neutral events observed in the control region, shown in
Fig. 4(c). This number was found to be in a good agreement
with 9% 4 events expected from the sample of neutral
events shown in Fig. 4(b). The background then was
estimated by taking into account the relative composition
of these events which was found to be ≃25% of neutrons
and 75% of K0s.
All background estimates were then summed up, taking

into account the corresponding normalisation factors.
These factors were calculated from beam composition,
cross sections for the processes listed above, and punch-
through probabilities evaluated directly from the data and
MC simulations. The total number of expected candidate
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FIG. 4. Panel (a) shows the measured distribution of all events in the (EECAL; EHCAL) plane selected at the initial phase of the analysis
with the loose cuts. The distribution of pure neutral hadronic secondaries is illustrated in panel (b). The shaded area shown in panel
(c) represents the signal boxes 1 and 2 in the ðEECAL;EHCALÞ plane for the signatures 1 and 2, respectively, where no candidates for the
signal events were found after applying all selection criteria. The blue dots represent 12 events in the control region R > 0.06 from
leading neutral hadrons. The size of the signal box 2 is increased by a factor of 5 along the EHCAL axis for the illustration purposes.
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background estimate [37]. The further requirement of no
activity in the VETO identified a sample of ≃7 × 103

events shown in Fig. 4(b). This sample corresponds to the
neutral hadronic secondaries from electroproduction in the
dump with full hadronic energy deposition in the HCAL1
module. The events located mostly along the diagonal
satisfy the condition of energy conservation EECAL þ
EHCAL ≃ 100 GeV.
The signal events with the signature 1 are expected to

exhibit themselves as an excess of e-m-like events in the
ðEECAL;EHCALÞ plane in the signal box 1 [Fig. 4(c)] around
the diagonal EECAL þ EHCAL ¼ 100% 10 GeV satisfying
the energy conservation within the energy resolution of
the detectors and the cut R < 0.06, as shown in Fig. 4(c).
By inverting this cut we obtain the control region, where
the signal events are almost absent. The signal box 2,
0≲ EECAL ≲ 55 GeV, EHCAL ≲ 1 GeV for signal events
having a large missing energy is also shown [40,41].
The following processes that may fake the a → γγ decay

in the HCAL2,3 were considered: (1) the production of a
leading neutron (n), or (2) a leadingK0 meson in the ECAL
by e−s in the reaction e−A → nðK0Þ þmπ0 þ X, that pun-
chthrough the HCAL1 and deposited their energy EnðK0Þ ≃
E0 − EECAL in the HCAL2,3 either in hadronic interactions
with a significant e-m component in the shower, or via
K0

S → π0π0 or K0
L → 3π0 decays. The reaction can be

accompanied by the production of any number m of π0s
that decay immediately in the ECAL and a small activity X
in the Veto and HCAL1 below the corresponding thresh-
olds EVeto ≲ 0.5MIP and EHCAL1 ≲ 1 GeV. (iii) Similar
reactions induced by beam π− and K− that are not rejected
by the SRD. As well as the π−, K− → e−ν, or K− → π0e−ν
decays of poorly detected punchthrough beam π−, K−

downstream of the HCAL1, or production of a hard
bremsstrahlung γ in the downstream part of the HCAL1.
(iv) The decays and reactions induced by muons from
dimuon pairs produced in the ECAL.

The main background source is expected from the
reactions (ii), mostly due to K0

S;L decays in flight. The
background was then evaluated by using the simulation
combined with the data themselves by two methods. In the
first one, we use the sample of nn ¼ 7 × 103 observed
neutral events shown in Fig. 4(b). A conservative number
of background events originated from leading neutrons and

K0 was defined as nnðK
0Þ

b ¼ nn × fnðK0Þ × PnðK0Þ
pth × PnðK0Þ

em ,

where fnðK0Þ; P
nðK0Þ
pth , and PnðK0Þ

em are, respectively, the frac-
tion of leading neutrons and kaons in the sample, the
probability for nðK0Þ to punchthrough the HCAL1, and the
probability for the nðK0Þ induced shower to be accepted as
an e-m one. Using GEANT4 simulations we found fnðK0Þ ¼
0.2% 0.07ð0.18% 0.06Þ. The values PnðK0Þ

pth ≃ 10−3ð4.7 ×
10−3Þ were calculated by using measured absorption cross

sections from Refs. [43,44]. The values PnðK0Þ
em ≃ 5 ×

10−3ð1.1 × 10−2Þwere evaluated from the MC distributions
of Fig. 3. The systematic errors of 10% and 30% have been

assigned to PnðK0Þ
pth and PnðK0Þ

em values, respectively, by taking
into account the data-MC difference in punchthrough and
transverse shapes of showers (see Fig. 3) generated by πs.
In the second method we used the number of nc ¼ 12
neutral events observed in the control region, shown in
Fig. 4(c). This number was found to be in a good agreement
with 9% 4 events expected from the sample of neutral
events shown in Fig. 4(b). The background then was
estimated by taking into account the relative composition
of these events which was found to be ≃25% of neutrons
and 75% of K0s.
All background estimates were then summed up, taking

into account the corresponding normalisation factors.
These factors were calculated from beam composition,
cross sections for the processes listed above, and punch-
through probabilities evaluated directly from the data and
MC simulations. The total number of expected candidate
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FIG. 4. Panel (a) shows the measured distribution of all events in the (EECAL; EHCAL) plane selected at the initial phase of the analysis
with the loose cuts. The distribution of pure neutral hadronic secondaries is illustrated in panel (b). The shaded area shown in panel
(c) represents the signal boxes 1 and 2 in the ðEECAL;EHCALÞ plane for the signatures 1 and 2, respectively, where no candidates for the
signal events were found after applying all selection criteria. The blue dots represent 12 events in the control region R > 0.06 from
leading neutral hadrons. The size of the signal box 2 is increased by a factor of 5 along the EHCAL axis for the illustration purposes.
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contamination in the beam down to the level π=e− ≲ 10−5.
An active dump, consisting of a preshower detector (PRS)
and an electromagnetic (e–m) calorimeter (ECAL), made
of a matrix of 6 × 6 Shashlik-type modules, is assembled
from Pb and Sc plates of ≃40 radiation lengths (X0). A
large high-efficiency veto counter (VETO) and a massive,
hermetic hadronic calorimeter (HCAL) composed of three
modules HCAL1-3 complete the setup. Each module is a
3 × 3 cell matrix with a thickness of ≃7.5 nuclear inter-
action lengths. The events from e− interactions in the PRS
and ECAL were collected with the trigger provided by the
S1−4 requiring also an in-time cluster in the ECAL with the
energy EECAL ≲ 85 GeV. The detector is described in more
detail in Ref. [37].
If ALPs exist, one would expect a flux of such high

energy particles from the dump. Both scalars and pseudo-
scalars could be produced in the forward direction through
the Primakoff effect in interactions of high energy brems-
strahlung photons, generated by 100 GeV electrons in the
target, with virtual photons from the electrostatic field of
the target nuclei:

e−Z → e−Zγ; γZ → aZ; a → γγ; ð3Þ

as illustrated in Fig. 2. If the ALP is a relatively long-lived
particle, it would penetrate the first downstream HCAL1
module serving as shielding and would be observed in the
NA64 detector with two distinctive signatures, either (1) via
its decay into 2γ inside the HCAL2 or HCAL3 modules
(denoted further as HCAL2,3), or (2) as an event with large
missing energy if it decays downstream of the HCAL2,3.
The selection criteria for signal and background samples

have been obtained using a GEANT4 [38,39] based
Monte Carlo (MC) simulation of the NA64 detector. The
code for the simulation of signal events is implemented in
the same program according to the general scheme
described in [40,41], with the a → γγ decay width given
by Γa ¼ g2aγγm3

a=64π.
The event from the incoming electron interacting in the

dump was required to have the incoming track momentum
in the range of 100$ 3 GeV, the SRD signal within the
range of synchrotron radiation emitted by e−s, a single PRS
cluster matched to an isolated ECAL cluster with an energy
greater than 0.5 GeV and an ECAL cluster with the shape
expected from a single e-m shower [37,40]. As the 2γ
opening angle for the a → γγ decay is very small, it was not

possible to distinguish this decay from a single e-m shower
in the HCAL. Therefore, the candidate events with the
signature 1 were selected as a single shower in the neu-
tral final state, i.e., no activity in the VETO and the
HCAL1, with e-m-like lateral shape, the shower maximum
in the HCAL2,3 central cell and the energy deposition
EHCAL ≳ 15 GeV. This allowed us to reduce background to
a small level, while maximizing the a yield by using the cut
on the ECAL energy EECAL ≲ 85 GeV. For events with the
signature 2, we required the ECAL energy to be EECAL ≲
50 GeV and no activity in the VETO and the HCAL. The
above event selection criteria, as well as the efficiency
corrections, backgrounds and their systematic errors were
similar to those used in our searches for the invisible decays
of dark photons [37,42].
An additional background suppression for the case 1 was

achieved by using the lateral shower shape in the HCAL
module. It was characterized by a variable R, defined as
R ¼ ðEHCAL − Ec

HCALÞ=ðEHCALÞ, where EHCAL, Ec
HCAL are

the total HCAL energy and the energy deposited in the
central cell, respectively. An example of R distributions
obtained from data and MC simulations is shown in Fig. 3.
As expected, the distribution for e−s is narrower than for
hadrons, and can be employed for effective particle
identification. Using the cut R < 0.06 rejects ≳98% of
hadrons, while keeping the signal efficiency ≳95%.
The search described in this Letter uses data samples of

nEOT ¼ 2.84 × 1011 electrons on target (EOT) collected
during the 2016–2018 run period with the beam intensity in
the range ≃ð2 − 9Þ × 106 e−/spill. In Fig. 4(a), the dis-
tribution of ≃3 × 104 events from the reaction e−Z →
anything in the ðEECAL;EHCALÞ plane collected with the
trigger and by requiring the presence of a beam e−

identified with the SRD tag is shown. Events from the
horizontal band with EHCAL ≃ 10 GeV originate from the
QED dimuon pair production in the ECAL and were used
to cross-check the reliability of the MC simulation and
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FIG. 2. Illustration of the a production and decay in the reaction
of Eq. (3).
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contamination in the beam down to the level π=e− ≲ 10−5.
An active dump, consisting of a preshower detector (PRS)
and an electromagnetic (e–m) calorimeter (ECAL), made
of a matrix of 6 × 6 Shashlik-type modules, is assembled
from Pb and Sc plates of ≃40 radiation lengths (X0). A
large high-efficiency veto counter (VETO) and a massive,
hermetic hadronic calorimeter (HCAL) composed of three
modules HCAL1-3 complete the setup. Each module is a
3 × 3 cell matrix with a thickness of ≃7.5 nuclear inter-
action lengths. The events from e− interactions in the PRS
and ECAL were collected with the trigger provided by the
S1−4 requiring also an in-time cluster in the ECAL with the
energy EECAL ≲ 85 GeV. The detector is described in more
detail in Ref. [37].
If ALPs exist, one would expect a flux of such high

energy particles from the dump. Both scalars and pseudo-
scalars could be produced in the forward direction through
the Primakoff effect in interactions of high energy brems-
strahlung photons, generated by 100 GeV electrons in the
target, with virtual photons from the electrostatic field of
the target nuclei:

e−Z → e−Zγ; γZ → aZ; a → γγ; ð3Þ

as illustrated in Fig. 2. If the ALP is a relatively long-lived
particle, it would penetrate the first downstream HCAL1
module serving as shielding and would be observed in the
NA64 detector with two distinctive signatures, either (1) via
its decay into 2γ inside the HCAL2 or HCAL3 modules
(denoted further as HCAL2,3), or (2) as an event with large
missing energy if it decays downstream of the HCAL2,3.
The selection criteria for signal and background samples

have been obtained using a GEANT4 [38,39] based
Monte Carlo (MC) simulation of the NA64 detector. The
code for the simulation of signal events is implemented in
the same program according to the general scheme
described in [40,41], with the a → γγ decay width given
by Γa ¼ g2aγγm3

a=64π.
The event from the incoming electron interacting in the

dump was required to have the incoming track momentum
in the range of 100$ 3 GeV, the SRD signal within the
range of synchrotron radiation emitted by e−s, a single PRS
cluster matched to an isolated ECAL cluster with an energy
greater than 0.5 GeV and an ECAL cluster with the shape
expected from a single e-m shower [37,40]. As the 2γ
opening angle for the a → γγ decay is very small, it was not

possible to distinguish this decay from a single e-m shower
in the HCAL. Therefore, the candidate events with the
signature 1 were selected as a single shower in the neu-
tral final state, i.e., no activity in the VETO and the
HCAL1, with e-m-like lateral shape, the shower maximum
in the HCAL2,3 central cell and the energy deposition
EHCAL ≳ 15 GeV. This allowed us to reduce background to
a small level, while maximizing the a yield by using the cut
on the ECAL energy EECAL ≲ 85 GeV. For events with the
signature 2, we required the ECAL energy to be EECAL ≲
50 GeV and no activity in the VETO and the HCAL. The
above event selection criteria, as well as the efficiency
corrections, backgrounds and their systematic errors were
similar to those used in our searches for the invisible decays
of dark photons [37,42].
An additional background suppression for the case 1 was

achieved by using the lateral shower shape in the HCAL
module. It was characterized by a variable R, defined as
R ¼ ðEHCAL − Ec

HCALÞ=ðEHCALÞ, where EHCAL, Ec
HCAL are

the total HCAL energy and the energy deposited in the
central cell, respectively. An example of R distributions
obtained from data and MC simulations is shown in Fig. 3.
As expected, the distribution for e−s is narrower than for
hadrons, and can be employed for effective particle
identification. Using the cut R < 0.06 rejects ≳98% of
hadrons, while keeping the signal efficiency ≳95%.
The search described in this Letter uses data samples of

nEOT ¼ 2.84 × 1011 electrons on target (EOT) collected
during the 2016–2018 run period with the beam intensity in
the range ≃ð2 − 9Þ × 106 e−/spill. In Fig. 4(a), the dis-
tribution of ≃3 × 104 events from the reaction e−Z →
anything in the ðEECAL;EHCALÞ plane collected with the
trigger and by requiring the presence of a beam e−

identified with the SRD tag is shown. Events from the
horizontal band with EHCAL ≃ 10 GeV originate from the
QED dimuon pair production in the ECAL and were used
to cross-check the reliability of the MC simulation and

γ
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γ

FIG. 2. Illustration of the a production and decay in the reaction
of Eq. (3).
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FIG. 3. Distributions of the variable R for the 80 GeV e−, π−,
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L, and n events obtained from data during the ECAL and HCAL
calibration runs and simulations.
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background estimate [37]. The further requirement of no
activity in the VETO identified a sample of ≃7 × 103

events shown in Fig. 4(b). This sample corresponds to the
neutral hadronic secondaries from electroproduction in the
dump with full hadronic energy deposition in the HCAL1
module. The events located mostly along the diagonal
satisfy the condition of energy conservation EECAL þ
EHCAL ≃ 100 GeV.
The signal events with the signature 1 are expected to

exhibit themselves as an excess of e-m-like events in the
ðEECAL;EHCALÞ plane in the signal box 1 [Fig. 4(c)] around
the diagonal EECAL þ EHCAL ¼ 100% 10 GeV satisfying
the energy conservation within the energy resolution of
the detectors and the cut R < 0.06, as shown in Fig. 4(c).
By inverting this cut we obtain the control region, where
the signal events are almost absent. The signal box 2,
0≲ EECAL ≲ 55 GeV, EHCAL ≲ 1 GeV for signal events
having a large missing energy is also shown [40,41].
The following processes that may fake the a → γγ decay

in the HCAL2,3 were considered: (1) the production of a
leading neutron (n), or (2) a leadingK0 meson in the ECAL
by e−s in the reaction e−A → nðK0Þ þmπ0 þ X, that pun-
chthrough the HCAL1 and deposited their energy EnðK0Þ ≃
E0 − EECAL in the HCAL2,3 either in hadronic interactions
with a significant e-m component in the shower, or via
K0

S → π0π0 or K0
L → 3π0 decays. The reaction can be

accompanied by the production of any number m of π0s
that decay immediately in the ECAL and a small activity X
in the Veto and HCAL1 below the corresponding thresh-
olds EVeto ≲ 0.5MIP and EHCAL1 ≲ 1 GeV. (iii) Similar
reactions induced by beam π− and K− that are not rejected
by the SRD. As well as the π−, K− → e−ν, or K− → π0e−ν
decays of poorly detected punchthrough beam π−, K−

downstream of the HCAL1, or production of a hard
bremsstrahlung γ in the downstream part of the HCAL1.
(iv) The decays and reactions induced by muons from
dimuon pairs produced in the ECAL.

The main background source is expected from the
reactions (ii), mostly due to K0

S;L decays in flight. The
background was then evaluated by using the simulation
combined with the data themselves by two methods. In the
first one, we use the sample of nn ¼ 7 × 103 observed
neutral events shown in Fig. 4(b). A conservative number
of background events originated from leading neutrons and

K0 was defined as nnðK
0Þ

b ¼ nn × fnðK0Þ × PnðK0Þ
pth × PnðK0Þ

em ,

where fnðK0Þ; P
nðK0Þ
pth , and PnðK0Þ

em are, respectively, the frac-
tion of leading neutrons and kaons in the sample, the
probability for nðK0Þ to punchthrough the HCAL1, and the
probability for the nðK0Þ induced shower to be accepted as
an e-m one. Using GEANT4 simulations we found fnðK0Þ ¼
0.2% 0.07ð0.18% 0.06Þ. The values PnðK0Þ

pth ≃ 10−3ð4.7 ×
10−3Þ were calculated by using measured absorption cross

sections from Refs. [43,44]. The values PnðK0Þ
em ≃ 5 ×

10−3ð1.1 × 10−2Þwere evaluated from the MC distributions
of Fig. 3. The systematic errors of 10% and 30% have been

assigned to PnðK0Þ
pth and PnðK0Þ

em values, respectively, by taking
into account the data-MC difference in punchthrough and
transverse shapes of showers (see Fig. 3) generated by πs.
In the second method we used the number of nc ¼ 12
neutral events observed in the control region, shown in
Fig. 4(c). This number was found to be in a good agreement
with 9% 4 events expected from the sample of neutral
events shown in Fig. 4(b). The background then was
estimated by taking into account the relative composition
of these events which was found to be ≃25% of neutrons
and 75% of K0s.
All background estimates were then summed up, taking

into account the corresponding normalisation factors.
These factors were calculated from beam composition,
cross sections for the processes listed above, and punch-
through probabilities evaluated directly from the data and
MC simulations. The total number of expected candidate
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FIG. 4. Panel (a) shows the measured distribution of all events in the (EECAL; EHCAL) plane selected at the initial phase of the analysis
with the loose cuts. The distribution of pure neutral hadronic secondaries is illustrated in panel (b). The shaded area shown in panel
(c) represents the signal boxes 1 and 2 in the ðEECAL;EHCALÞ plane for the signatures 1 and 2, respectively, where no candidates for the
signal events were found after applying all selection criteria. The blue dots represent 12 events in the control region R > 0.06 from
leading neutral hadrons. The size of the signal box 2 is increased by a factor of 5 along the EHCAL axis for the illustration purposes.
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n(K0) = nn × fn(K0) × Pn(K 0)

pth

∼ 9 ± 4
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Figure 3. 90% C.L. exclusion limits in the (ma, ga��) plane obtained by NA64 for visible ALP
signatures using the combined 2016–2023 dataset and recasting 2016–2022 invisible A0 constraints.

reconstruction algorithm was also implemented. Exploiting time and topological matching

between multiple peaks from di↵erent cells, the algorithm reconstructs the time and the

total deposited energy from di↵erent particles impinging on the calorimeter at close times.

To assess the detector stability throughout the whole data-taking and check the dataset

normalization and consistency, a detailed analysis of so-called “di-muon” events was per-

formed, in which the impinging electron radiatively produces in the ECAL a µ+µ� pair

through the electromagnetic interaction with the thick-target nuclei (N), according to the

reaction e�N ! e�Nµ+µ�. The upstream signature of these events closely resembles that

expected for the LDM signal, consisting of a properly reconstructed 100 GeV/c electron

track identified by the synchrotron radiation detector (SRD), in coincidence with a low-

energy electromagnetic shower in the ECAL. For this reason, the analysis of these events

provides a direct assessment of the detection e�ciency and can be used to cross-check the

overall normalization. Owing to the specific MIP signature in the VETO and HCAL, di-

muon events can be e�ciently selected by applying a cut on the deposited energy within

each HCAL module - we skimmed the whole dataset selecting events with energy depo-

sition in each HCAL module central cell to be between 1 GeV and 12 GeV, and further

cleaned the event sample through the requirement of at least 800 keV deposited in each

SRD cell, in order to reject beam-contaminating muons, and with a reconstructed track

with momentum between 90 GeV/c and 110 GeV/c. A cut on the total energy deposition

in the ECAL, required to be less than 70 GeV, was also introduced to avoid any bias in the

dataset due to possible variations of the missing energy trigger threshold during the run.

For each production run, the absolute di-muon rate per electron on target Yµµ was

– 5 –

Dataset collected between 2016 and 2023:   electrons on target. 1.31 × 1012

Expected background: 0.15±0.04

NA64 latest results - Search for ALPs (2016-2023)

Primakoff  
production
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Upgrades already started in preparation for Run 4 (2029-2033)
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Figure 9. ECAL energy spectra for the 2024 and 2025 runs with corresponding exponential fits,
shown at an intermediate selection stage. Events are plotted after applying all selection cuts except
the ECAL shower �2. Distributions are normalized by the total number of EOT collected in each
run.

in the line. As in 2025, similar optics with a narrower beam, improved by G. Dal Masso and

N. Charitonidis from CERN BE-EA department, was used. Overall, we had good beam

quality, with most of the time 100 units on average on the T2 target and periods with 3

spills per cycle. A summary of the spills accumulated along our run is shown in Fig. 10.

Figure 10. Spills recorded per day during the 2026 run at H4.

During the last five days of the run, a dedicated test was performed to assess the

feasibility of a visible A0 measurement based on an oriented crystalline target. In 2016

and 2017, NA64 already conducted two dedicated runs to search for a visibly decaying

A0 exploiting a dedicated setup, with a first compact calorimeter (WCAL) followed down-

stream by an evacuated decay volume, a set of tracking stations and plastic scintillator
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▪ Higher-rate DAQ: Waveboard digitizers already deployed, 
with fit-based waveform reconstruction and improved pile-
up handling

▪ Tracking for high intensity: new Micromegas built and 
operated in 2026, improving hit reconstruction and high-
occupancy performance

▪  Improved e−/e+ identification: prototype LYSO-based 
SRD successfully operated in 2025–2026

▪  Improved detector hermeticity: second VHCAL installed 
and tested in 2025–2026, yielding about an order-of-
magnitude suppression of upstream-interaction background

▪  High-intensity running tests: dedicated periods at up to 
107 electrons/spill used to validate operation under Run-4-
like conditions

Accumulated number of spills (2026)
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NA64e setup
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Figure 8. Schematic illustration of the NA64 setup used in 2023/2024 runs (top plot) and in 2025
(bottom plot) to search for the A0 ! invisible decay at H4.

250 MeV. In Fig. 6, right panel, we show the current result in terms of distribution of

surviving events in the (EECAL; EHCAL) plane - the corresponding e�ciency, evaluated

as in 2024, is approximately 0.38, with a ' 20% reduction with respect to 2024 due to

an increased extend of beam-instability periods observed throughout the run, in which the

performances of the tracking system are reduced.

Background projections comparison between 2024 and 2025 Following the in-

troduction of the second VHCAL module in 2025, a substantial reduction in the resulting

background from high-pt hadrons originating from upstream interactions with the beam

material was achieved. Fig. 9 shows an order-of-magnitude improvement in the suppres-

sion of the tails, resulting from the increased hermeticity of the two-VHCAL setup and

refined arrangement of the material along the beamline consistent with the prediction of

our detailed MC study [4].

2.1.4 Summary of the 2026 run

In 2026, the SPSC granted us 54 days of data-taking from March 11th until May 4th. For

the first time, NA64 was the first user of the beamline, allowing us to reduce the time

dedicated to installation, commissioning, and calibration by one week. In addition, for

the first time we requested two weeks prior our run at PS to prepare the DAQ system

and test the new unmultiplexed Micromegas detector produced for this run (further details

about the detector performance are given in the later sections). The setup was the same

as the one used in 2025, as the main goal of the run was to increase the statistics with

the two-VHCAL configuration to achieve ⇠ 1012 EOT (see a sketch in Fig. 8). We started

data-taking on 20th of March and continued until the 29th of April, collecting 5.58 ⇥ 1011

electrons on target. We kept an average intensity of 7⇥106 e�/spill, running three days at

107 e�/spill to study the feasibility of running after LS3 at the highest possible intensities

– 10 –

2023/2024

2025/2026

 EOT collected4.4 × 1011/4.8 × 1011

2023–2026 combined analysis in progress

 
2 VHCALs +

new faster  
electronics; 
SRD, new MM

1 VHCAL  
was added  
to the setup

 EOT collected3.8 × 1011/5.6 × 1011
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Main background: upstream hadron electro-production
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▪ Comparison of data and MC demonstrated our understanding of electro-nuclear and photo-nuclear 
(NIM A 1081 (2026), 170830). 


▪ Results driving the design of the final VHCAL to be implemented during LS3  

Understanding background from the hadron electroproduction in the beam line

• 2023 preliminary analysis and  Monte Carlo developments 
demonstrated our understanding of electro-nuclear and photo-
nuclear (NIM A 1081 (2026), 170830).

• Prototype VHCAL introduced in 2023 effectively suppresses this 
background by more than an order of magnitude.

• Further setup optimization in 2025 with 2nd VHCAL introduction

• Results driving the design of finalized VHCAL to be implemented 
during LS3 

9/9/2025L. Marsicano - 158th SPSC meeting 7
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Comparison 2024 vs 2025 (still preliminary)

34

0 20 40 60 80 100 120
 ECAL0+ECAL1 [GeV]

0

20

40

60

80

100

120

 H
CA

L0
+H

CA
L1

+H
CA

L2
 [G

eV
]

1

10

210

310

410

510

Blinded Region

NA64 2024e (4.8e+11 EOT)

0 20 40 60 80 100 120
 ECAL0+ECAL1 [GeV]

0

20

40

60

80

100

120

 H
CA

L0
+H

CA
L1

+H
CA

L2
 [G

eV
]

1

10

210

310

Blinded Region

NA64 2025e (3.8e+11 EOT)

Figure 6. Distribution of events in the (EECAL; EHCAL) plane for 2024 (4.8⇥1011 EOT) and
2025 (3.8⇥1011 EOT) datasets. The two pink boxes show the blinding region.
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struction chain, including the implementation of an optimized tracking algorithm and a

fit-based waveform reconstruction procedure. The latter development fully exploits the

improved signal quality provided by the new “Waveboard” digitizers, which were used to

read out all calorimeter channels during the 2025 run.

The whole dataset has already been processed with an almost final version of calibra-

tion constants, including run-by-run and spill-by-spill corrections to each channel response.

The data analysis is currently in progress. The event selection criteria closely follow the

strategy established for the 2024 dataset, with two key modifications reflecting detector

upgrades. First, a threshold of 1.5GeV is applied to each of the two VHCAL modules.

Second, the SRD cut was revised to exploit the upgraded LYSO crystal array, replacing

the former copper-scintillator shashlik calorimeter. The new selection requires multiple

hit crystals with a total integrated energy deposition constrained between 7.5 MeV and

– 9 –

30 40 50 60 70 80
 ECAL0+ECAL1 [GeV]

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

Ev
en

ts
 / 

EO
T 

/  
2 

[G
eV

]

 1.2e-10±Int (2024) = 9.9e-10 

 5e-11±Int (2025) = 1.7e-10 

Figure 9. ECAL energy spectra for the 2024 and 2025 runs with corresponding exponential fits,
shown at an intermediate selection stage. Events are plotted after applying all selection cuts except
the ECAL shower �2. Distributions are normalized by the total number of EOT collected in each
run.

in the line. As in 2025, similar optics with a narrower beam, improved by G. Dal Masso and

N. Charitonidis from CERN BE-EA department, was used. Overall, we had good beam

quality, with most of the time 100 units on average on the T2 target and periods with 3

spills per cycle. A summary of the spills accumulated along our run is shown in Fig. 10.

Figure 10. Spills recorded per day during the 2026 run at H4.

During the last five days of the run, a dedicated test was performed to assess the

feasibility of a visible A0 measurement based on an oriented crystalline target. In 2016

and 2017, NA64 already conducted two dedicated runs to search for a visibly decaying

A0 exploiting a dedicated setup, with a first compact calorimeter (WCAL) followed down-

stream by an evacuated decay volume, a set of tracking stations and plastic scintillator

– 11 –

The second VHCAL reduces the number of events in the tails by 

approximately one order of magnitude as predicted by the MC. 
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NA64e+ - result with 70 GeV positron beam
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▪ Resonant e+e- annihilation enhances LDM production for A’ masses above  MeV. 
First search using 100 GeV e+ published in Phys. Rev. D 109 (2024) 031103. 


▪ Analysis of 1.6x1010 e+OT with 70 GeV beam energy collected in 2023 has been recently  
published in JHEP 06 (2025), 256: 

∼ 100

NA64e+ - Results of 2023 data analysis

9/9/2025L. Marsicano - 158th SPSC meeting 13

NA64 positron program: exploit resonant e+e- annihilation for enhanced LDM production yield for > 100 MeV A’ 
masses (CERN-SPSC-2024-003 ; SPSC-P-348-ADD-4)
• First search using 100 GeV e+ published in Phys. Rev. D 109 (2024) no.3, L031103.
• Analysis of 1.6x1010 e+OT with 70 GeV beam energy collected in 2023 has been recently published in JHEP 06 (2025), 256:

• Due to the low expected backgrounds, we could adopt an expanded signal window in ECAL, reaching up to 60% of 
the full beam energy
➢ Improve NA64e limits in a narrow region, with a 2-orders of magnitude lower statistics w.r.t. electron data
➢ Strengthening the case for the low-energy positron program at NA64 after LS3
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NA64e+ with 40 GeV and 45 GeV
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▪ 2025: collected data at 40 GeV and 45 GeV to demonstrate the feasibility of running at different initial 
energies to “scan” the A’ mass region  (~1010 e+OT collected) 


▪ New high-resolution PbWO4 “POKER” calorimeter used as an active target 


▪ New LYSO-based synchrotron radiation detector for better incoming e- /e+ ID at low energy  

NA64e+ - 2025 data taking and prospects

9/9/2025L. Marsicano - 158th SPSC meeting 14

• 2025: collected data at 40 GeV and 45 GeV to demonstrate the 
feasibility of running at different initial energies to “scan” the A’ space 
(~1010 e+OT collected)

• New high resolution PbWO4 “POKER” calorimeter used as an active 
target

• New LYSO-based synchrotron radiation detector for better incoming e-

/e+ identification at low energy (first tested in 2024)  

POKER calorimeter
• High-resolution detector 

optimized to exploit the 
resonant annihilation missing 
energy signature

• 9×9 PbWO4 crystal matrix + 2-
layers pre-shower, SiPM
readout

• Expected resolution:               
𝜎𝐸
𝐸
≅ 2.5%

𝐸
⊕ 0.5 − 1 %

• Encouraging results from 
quick analisis!
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• 2025: collected data at 40 GeV and 45 GeV to demonstrate the 
feasibility of running at different initial energies to “scan” the A’ space 
(~1010 e+OT collected)

• New high resolution PbWO4 “POKER” calorimeter used as an active 
target

• New LYSO-based synchrotron radiation detector for better incoming e-

/e+ identification at low energy (first tested in 2024)  

POKER calorimeter
• High-resolution detector 

optimized to exploit the 
resonant annihilation missing 
energy signature

• 9×9 PbWO4 crystal matrix + 2-
layers pre-shower, SiPM
readout

• Expected resolution:               
𝜎𝐸
𝐸
≅ 2.5%

𝐸
⊕ 0.5 − 1 %

• Encouraging results from 
quick analisis!
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Y. M. Andreev et al. Phys. Rev. D 110, 112015 (2024)

NA64 ESPPU input (arXiv:2505.14291)

not exceed 4%. Because of the strong dependence of the
efficiency ϵtZ0 on the trigger configuration t, in particular, on
the distance from the zero line, additional uncertainties due
to S4 and Sμ misalignment are studied through the change in
efficiency as a response to small displacements of the Sc
counters. Because of themZ0 mass dependence of the trigger
rate [34], the resulting uncertainty reaches up to ≤ 5%. As
such the total systematic in the signal yield of Eq. (1) is
≤ 8%. The acceptance loss due to accidentals (pile-up
events, ∼13%) entering the trigger time window is taken
into account in the final efficiency computations. The signal
efficiency peaks at its maximum of ∼12% for the mass
range Oð100 MeV–1 GeVÞ.
After unblinding, no event compatible with Z0 produc-

tion is found in the signal region. This allows us to set the
90% C.L. exclusion limits on gZ0 which are plotted in
Fig. 4, left, in the ðmZ0 ; gZ0Þ parameter space, together
with the values of Δaμ compatible with the muon g − 2
anomaly, within #2σ. The band is computed using the
latest results of the Muon g − 2 Collaboration, aμðExpÞ ¼
116 592 059ð22Þ × 10−11 [53] and the SM prediction of
aμðSMÞ ¼ 116 591 810ð43Þ × 10−11 from the Muon g − 2
theory initiative (TI) [54]. It is worth noting that
the extraction of the hadronic vacuum polarization con-
tribution using the latest results from the CMD-3
Collaboration [55,56] disagree within the 2.5–5σ level
with the TI value. Note that the recent lattice QCD
computations from the BMW Collaboration [57] are also
in tension with the TI value by 2.1σ.
Our results, excluding a previously unexplored para-

meter space with masses mZ0 ≳ 40 MeV and coupling

gZ0 ≳ 5 × 10−4, are the first search for a light Z0 (vanilla
Lμ − Lτ model) with a muon beam using the missing
energy-momentum technique (see Fig. 4, left). Figure 4,
right, shows the obtained limits at 90% C.L. in the target
parameter space ðmχ ; yÞ with freeze-out parameter y ¼
ðgχgZ0Þ2ðmχ=mZ0Þ4 for accelerator-based experiments prob-
ing thermal DM for mZ0 ¼ 3mχ, away from the resonant
enhancement mZ0 ≃ 2mχ , and gχ ¼ 5 × 10−2. The thermal
targets for favored y values are plotted for scalar,
pseudo-Dirac, and Majorana DM candidate scenarios,
and obtained from the integration of the underlying
Boltzmann equation [63]. The results indicate that NA64μ
excludes a portion of the ðmχ ; yÞ parameter space, below
the current CCFR [22,62] limits, constraining for a choice
of masses mχ ≲ 40 MeV the dimensionless parameter
to y≲ 6 × 10−12.
In summary, for a dataset of ð1.98# 0.02Þ × 1010 MOT,

no event falling within the expected signal region is
observed. Therefore, 90% C.L. upper limits are set in the
ðmZ0 ; gZ0Þ parameter space of the Lμ − Lτ vanilla model,
constraining viable mass values for the explanation of the
ðg − 2Þμ anomaly to 6–7 MeV≲mZ0 ≲ 40 MeV, with
gZ0 ≲ 6 × 10−4. New constraints on light thermal DM for
values y≳ 6 × 10−12 for mχ ≳ 40 MeV are also obtained.
The use of a muon beam demonstrated in this work opens a
newwindow to explore other well-motivated scenarios such
as benchmark dark photon models in the mass region
(0.1–1) GeV [64], scalar portals [31], millicharged particles
[65] or μ → e or μ → τ processes involving lepton flavor
conversion [66–68], complementing the DS quest world

FIG. 4. Left: NA64μ 90% C.L. exclusion limits on the coupling gZ0 as a function of the Z0 mass, mZ0 , for the vanilla Lμ − Lτ model.
The #2σ band for the Z0 contribution to the ðg − 2Þμ discrepancy is also shown. Existing constraints from BABAR [58,59] and from
neutrino experiments such as BOREXINO [21,60,61] and CCFR [22,62] are plotted. Right: The 90% C.L. exclusion limits obtained by
the NA64μ experiment in the ðmχ ; yÞ parameters space for thermal dark matter charged under Uð1ÞLμ−Lτ

with mZ0 ¼ 3mχ and the
coupling gχ ¼ 5 × 10−2 for 2 × 1010 MOT. The branching ratio to invisible final states is assumed to be BrðZ0 → invisibleÞ ≃ 1 (see text
for details). Existing bounds obtained through the CCFR experiment [22,62] are shown for completeness. The thermal targets for the
different scenarios are taken from [63].
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NA64, PRL132 (2024) 21, 211803,  
PRD 110, 112015 (2024) 
H Sieber, PhD thesis, ETH Zurich (2024)
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• Data collected up to 2022 published: Yu. M. Andreev et al. 
(NA64 Collaboration), Phys. Rev. Lett. 132, 211803 (2024), Y. M. 
Andreev et al. Phys. Rev. D 110, 112015 (2024).

• Setup optimized in 2023-2024 to reduce background and 
increase intensity

• Improved MS1 in 2024 (more efficient tackers)
• No data taking in 2025 → longer run in 2024 to accommodate 

AMBER and MUoNE requirements
• Two independent blinded analysis ongoing (2023 and 2024 data 

samples)

Signal signature:
• Well-defined incoming muon track with 160 GeV 
• No activity in the veto and VHCAL
• MIP in ECAL and HCAL
• Scattered muon E < 80 GeV
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• Data collected up to 2022 published: Yu. M. Andreev et al. 
(NA64 Collaboration), Phys. Rev. Lett. 132, 211803 (2024), Y. M. 
Andreev et al. Phys. Rev. D 110, 112015 (2024).

• Setup optimized in 2023-2024 to reduce background and 
increase intensity

• Improved MS1 in 2024 (more efficient tackers)
• No data taking in 2025 → longer run in 2024 to accommodate 

AMBER and MUoNE requirements
• Two independent blinded analysis ongoing (2023 and 2024 data 

samples)

Signal signature:
• Well-defined incoming muon track with 160 GeV 
• No activity in the veto and VHCAL
• MIP in ECAL and HCAL
• Scattered muon E < 80 GeV

IMPROVED SETUP FOR 2023-2024 (NEW MS1,VHCALs, VETO, trackers)

2022 
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Background from the scattered muon track misreconstruction reduced by 2 orders of magnitude,NA64µ - analysis in progress
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Selection Criteria
• Time selection 
• Well-reconstructed single 

muon track traversing the 
setup

• Single track in MS1 with pMS1
within 160 GeV/c ± 3 σMS1

• Single hit in the detectors 
and clean track after MS2

• No energy in VHCALs and 
VETO outer cells

• MIP-compatible energy in 
calorimeter, particle 
impinging on ECAL central 
cells
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Figure 15. Sum of the energy in the calorimeters versus the momentum of the muon after the
interaction in the target for: (Top: ) The full blinded 2023 period 4 sample in physics trigger
corresponding to 7.6 ⇥ 1010 MOT. (Bottom: ) The full blinded 2024 period 3 sample in physics
trigger corresponding to 1.92 ⇥ 1011 MOT.
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Figure 16. Comparison of extrapolated background from the momentum in MS2 sideband (x axis
of 15) using blinded ECAL IN with physics trigger data in 2023 (period 4, 8⇥1010 MOT) and 2024
(period 3, 1.92 ⇥ 1011 MOT).

demonstrate the potential of the technique but the search can also be reinterpreted in

other models suggesting the existence of a vector-like particle produced in the interaction

with the target, as a dark photon. These results allow us to obtain the preliminary 90%

– 20 –

Overall tracking efficiency improved by a factor of   
in 2023 relative to 2022

∼ 2
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C.L. upper bounds on the coupling of Z’ as a function of its mass following the frequentist

approach (see Fig. 17). The limits are shown for the minimal scenario considering only

decay to neutrinos, the so called vanilla model (left plot) and for extended ones where the

Z’ can also be a portal to Dark Matter (see the right plot). The green band in the plots

shows region compatible to the muon g-2 anomaly. The preliminary results probe all the

region below the GeV. In addition, we can cover a significant fraction of the parameter

space compatible to the Dark Matter relic prediction in the case of g� = 5 ⇥ 10�2.

Figure 17. (Left:) Preliminary NA64µ 90% C.L. exclusion limits on the coupling gZ0 as a function
of its mass, mZ0 , for the vanilla Lµ � L⌧ model. The two-sigma band for the Z 0 contribution to
muon g-2 discrepancy is also shown. (Right:) The preliminary 90% CL exclusion limits obtained by
the experiment in the (m�, y) parameter space for thermal Dark Matter charged under U(1)Lµ�L⌧

considering mZ0 = 3m� and the coupling g� = 5 ⇥ 10�2 for the analysed 1.2 ⇥ 1011 MOT. Existing
bounds obtained through the CCFR experiment and from other experiments are shown in gray
from [30]. See text for details.

3 NA64 plans during LS3 and Run 4

3.1 Planned physics analysis during LS3 period

In this section we describe our plans to exploit the physics potential of NA64 with the

data sample collected between 2022 and 2026 runs in the di↵erent modes. The increase in

intensity and quality of the data recorded during last years will allow us to study Light

Dark Matter and other rare processes with unprecedented precision and sensitivity. In

the following lines, we provide selected examples of the ongoing activities and the main

research directions. This overview is not a complete list.

• NA64e�: The main goal of NA64e is either to discover or disprove the Light Dark

Matter model. The sample collected between 2022 and 2026 correspond to ⇠ 3⇥1012

EOT. As reported in Sec. 2.1.3 the analysis of the A0 ! invisible 2024-2025 data

sets is expected to be finished by the end of the year. Next year will be focus on

the analysis of 2026 data which did not start as our run finished in May. Besides

– 21 –
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Figure 15. Sum of the energy in the calorimeters versus the momentum of the muon after the
interaction in the target for: (Top: ) The full blinded 2023 period 4 sample in physics trigger
corresponding to 7.6 ⇥ 1010 MOT. (Bottom: ) The full blinded 2024 period 3 sample in physics
trigger corresponding to 1.92 ⇥ 1011 MOT.
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Figure 16. Comparison of extrapolated background from the momentum in MS2 sideband (x axis
of 15) using blinded ECAL IN with physics trigger data in 2023 (period 4, 8⇥1010 MOT) and 2024
(period 3, 1.92 ⇥ 1011 MOT).

demonstrate the potential of the technique but the search can also be reinterpreted in

other models suggesting the existence of a vector-like particle produced in the interaction

with the target, as a dark photon. These results allow us to obtain the preliminary 90%
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Figure 15. Sum of the energy in the calorimeters versus the momentum of the muon after the
interaction in the target for: (Top: ) The full blinded 2023 period 4 sample in physics trigger
corresponding to 7.6 ⇥ 1010 MOT. (Bottom: ) The full blinded 2024 period 3 sample in physics
trigger corresponding to 1.92 ⇥ 1011 MOT.
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Figure 16. Comparison of extrapolated background from the momentum in MS2 sideband (x axis
of 15) using blinded ECAL IN with physics trigger data in 2023 (period 4, 8⇥1010 MOT) and 2024
(period 3, 1.92 ⇥ 1011 MOT).

demonstrate the potential of the technique but the search can also be reinterpreted in

other models suggesting the existence of a vector-like particle produced in the interaction

with the target, as a dark photon. These results allow us to obtain the preliminary 90%
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▪ Preliminary results exclude the Lμ −Lτ Z’ explanation of the muon g-2 anomaly.


▪  Background extrapolation from  MOT indicates background-free 
sensitivity up to  MOT, to be validated with more data.


∼ 3.5 × 1011

1013

After all selection 
criteria applied 
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▪ Sensitive to several models via missing-energy technique (invisible decays of η, η′, ω, ρ  
mesons, oscillations of neutral kaon into its “dark” partner, production of leptophobic LDM states) 


▪ First proof-of-concept results from the analysis of 2.9 x 109 πOT (1 day in 2022) 

▪ Set stringent constraints on η, η′ invisible decay exclusion limits on η; η0 → invisible decays,

Brðη → invisibleÞ < 1.1 × 10−4; ð3Þ

Brðη0 → invisibleÞ < 2.1 × 10−4; ð4Þ

obtained by taking into account the estimated background
and errors included in Eq. (2) are dominated by the
uncertainty of ∼34% in the η and η0 production cross
sections.
In summary, the proof-of-concept search with NA64h

places the first constraints on η; η0 → invisible decays using
charge exchange reaction as a source of η and η0 mesons and
missing energy as a powerful signal signature. Our limit of
Eq. (3) is comparable, while the limit of Eq. (4) is more
stringent by a factor of≃3 compared to the current best limits
set by BESIII [21]. These results demonstrate the effective-
ness of our approach. Improving the beam quality by
installing Cherenkov counters to suppress the kaon compo-
nent, using a high-granularity active target, extending
running times, and enhancing the background characteri-
zation are all concrete avenues to further improve the
sensitivity in future searches. A significant improvement
in the accuracy of the measurement of the cross section (1),
compared to our current knowledge [33] would also reduce
significantly the main systematic source of the measure-
ment. The strategy could be to try to combine the search for
ηð0Þ → invisible decays and measurements of the ηð0Þ → γγ
yield from the reaction (1) in the same setup. Finally, our
method could also be used to search for leptophobic dark
sectors in invisible decays of vector mesons [49,50].
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exclusion limits on η; η0 → invisible decays,

Brðη → invisibleÞ < 1.1 × 10−4; ð3Þ

Brðη0 → invisibleÞ < 2.1 × 10−4; ð4Þ

obtained by taking into account the estimated background
and errors included in Eq. (2) are dominated by the
uncertainty of ∼34% in the η and η0 production cross
sections.
In summary, the proof-of-concept search with NA64h

places the first constraints on η; η0 → invisible decays using
charge exchange reaction as a source of η and η0 mesons and
missing energy as a powerful signal signature. Our limit of
Eq. (3) is comparable, while the limit of Eq. (4) is more
stringent by a factor of≃3 compared to the current best limits
set by BESIII [21]. These results demonstrate the effective-
ness of our approach. Improving the beam quality by
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nent, using a high-granularity active target, extending
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zation are all concrete avenues to further improve the
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yield from the reaction (1) in the same setup. Finally, our
method could also be used to search for leptophobic dark
sectors in invisible decays of vector mesons [49,50].
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NA64h: Search for Dark Sector predominantly coupled to quarks with pion, kaon, and proton beams at the CERN 

SPS

• Sensitive to several  models via missing-energy technique (invisible decays of η, η′, ω, ρ mesons, oscillations of 

neutral kaon into its “dark” partner, production of leptophobic LDM states)

• First proof-of-concept results from the the analysis of 2.9 x 109 πOT (1 day in 2022) with a simple setup:

• Results published in Y. M. Andreev et al. Phys. Rev. Lett. 133, 121803 (2024)
• Set most stringent constraints on η, η′ invisible decay

• Additional data collected in 2025  with modified setup 

• Possibility to run the experiment at the PS is under study
• First tests at PS T9 are foreseen from the 24th of  September until October 8th to understand the beam quality 

An addendum to the SPSC with our future plans after LS3 is in preparation

Decays of the pseudoscalar neutral mesons (M0), such as
π0; η; η0; K0

S; K
0
L, provide a unique opportunity to probe

new physics beyond the standard model (SM) [1].
Searching for their decay into invisible final states is
particularly advantageous because in the SM the branching
fraction of the M0 decay into a neutrino-antineutrino pair,
BrðM0 → νν̄Þ, is predicted to be extremely small [2].
Indeed, for massless neutrinos, this transition is forbidden
kinematically by angular momentum conservation. For the
case of massive neutrinos, one of them is forced to be in a
helicity-suppressed state resulting in BrðM0 → νν̄Þ to be
proportional to the neutrino-meson mass ratio squared,
∼m2

ν=m2
M0 ≲ 10−16, for mν ≲ 10 eV and mM0 ≃mη ≃

0.5 GeV [1]. In the SM the helicity suppression can be
overcome for the four-neutrino final state, however, in this
case, BrðM0 → νν̄νν̄Þ≲ 10−18 [3]. Thus, if the decay
M0 → invisible is observed it would unambiguously signal
the presence of new physics.
Various extensions of the SM could significantly

enhance the invisible decay rate of η; η0, and K0
S; K

0
L up

to a measurable level, for a recent review see, e.g., Ref. [4],
and Refs. [5–11], respectively. Some of the scenarios
consider dark sector physics, including light dark matter
(DM), with masses of the DM particles (χ) much below the
electroweak scale, mχ ≪ ΛEW ≃ 100 GeV, which has a
new interaction between the SM and DM transmitted by a
scalar mediator [12]. Such mediator naturally couples more
strongly to DM than SM particles, hence it would domi-
nantly decay invisibly if kinematically allowed. The ηð0Þ →
invisible process could occur via the decay into pairs of
mediators subsequently decaying to DM particles [12], or
from direct decay ηð0Þ → χχ [13,14]. An interesting case is
when the (pseudo)scalar mediator is leptophobic, i.e.,
transmits interaction between the χ and light SM quarks,
and can accommodate the relic DM density, see, e.g.,
[15,16]. Another attractive model considers the ηð0Þ →
invisible decay into a pair of heavy neutrinos [17].
Searching for the M0 → invisible decay is challenging,

as it requires a combination of an intense source ofM0s and
a well-defined high-purity signature to tag their production.
The most sensitive limit, BrðM0 → invisibleÞ ≲ 10−9, is
obtained for π0’s produced via the K− → π−π0 decay [18].
Several previous searches for η; η0 → invisible decays have
been performed at eþe− colliders by the BES [19], CLEO
[20], and BESIII [21] experiments. However, the best upper
limits Brðη → invisibleÞ < 1.0 × 10−4 and Brðη0 →
invisibleÞ < 6.0 × 10−4 at 90% confidence level (CL)
obtained by BESIII, are still much less stringent compared
to the π0 one. These bounds were obtained from a sample of
∼2.3 × 108 J=ψ events collected during ∼50 days of run-
ning at the BEPCII [22] by using J=ψ → ϕη;ϕη0; ϕ →
KþK− decay chain as a source of tagged η; η0 [21].
In this Letter, we report the first results of the search for

invisible η; η0 decays in the NA64h fixed-target active

beam-dump experiment at the CERN Super Proton
Synchrotron accelerator (SPS) [23,24] obtained from one
day of data taking from a run with a hadron(h) beam. The
method we chose for the search was proposed in Ref. [6].
The source of the η and η0 mesons is the quasi-elastic charge
exchange reaction of 50 GeV π−’s on nuclei AðZÞ of an
active target

π−þAðZÞ→ ηð0Þ þnþAðZ− 1Þ; ηð0Þ → invisible ð1Þ

as illustrated in Fig. 1. Here, the neutral meson is emitted
mainly in the forward direction with the beam momentum
and the recoil nucleon or nuclei carrying away a small
fraction of the beam energy. The term “quasielastic
reaction” as applied to the process (1) means that, unlike
elastic reactions of charge exchange with the proton, the
transition can occur for the target nucleus as a whole into an
excited state followed by its fragmentation. Since the
binding energy in the nucleus is a few MeV/nucleon, the
velocity v ∼ q=mass of the daughter particles, where q ≲
0.03 GeV=c is the momentum transfer, is on average small.
At high initial energies, the nucleus does not have time to
collapse during the interaction (the characteristic transverse
distances is l ≃ 1=q). After the collision, the nucleus
disintegrates into fragments, which are absorbed into the
target. Hence the experimental signature of the reaction (1),
is an event with full disappearance of the beam energy. The
decay ηð0Þ → invisible is expected to be a very rare event
that occurs with a much smaller frequency than the ηð0Þ

production rate. Hence, its observation presents a challenge
for the design and performance of the detector. However,
despite a relatively small ηð0Þ production rate the signature
of the signal event (1) is very powerful allowing a strong
background rejection.
The schematic of the NA64h detector modified for a

sensitive search for the reaction (1) is shown in Fig. 2. The
experiment employs the H4 50 GeV pion beam at the
CERN SPS with intensity ≃106 π− per SPS spill of 4.8 s
[25]. The K− contamination in the beam at the production
target (K−=π− ≃ 5 × 10−2) is reduced to ≃2.5 × 10−2 at the
detector location due to K− decay in flight [26]. The beam
is defined by the scintillator (Sc) counters S1−4. A magnetic
spectrometer (MBPL) is used to reconstruct the momentum
of the incoming π−’s with a precision δp=p ≃ 1% [27]. The
spectrometer consists of two consecutive dipole magnets

FIG. 1. Diagrams illustrating the η production in the quasie-
lastic charge exchange reaction of Eq. (1).
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Figure 11. Schematic illustration of the NA64 setup to search for the K0 ! K0
m transitions in

flight (see text). Here, MP0,1 are denote MP0 and MP1, respectively, throughout the paper.

GeV/c with high-quality fit of existing data (the errors less than 10%) was developed. It

is based on the Regge formalism [26–28] and the idea that the corresponding cross section

scales as
⇣ s

s0

⌘2↵�2
, where ↵ is the intercept of the Regge trajectory, s is the total energy

squared and s0 = 10 GeV2 is its initial value. Further details can be found in Ref. [18, 25].

In particular, a generic expression for the integral cross section of the CEX reaction is

parametrized by two parameters �0 and ↵ as

�(s) = �0

⇣ s

s0

⌘2↵�2
. (2.2)

The parameters �0 = �(s0) and ↵ are fitted from data.

Our predictions for the the integral cross section of the CEX reactions [25] ⇡� + p !
⇡0 + n, ⇡� + p ! ⌘[! 2�] + n, ⇡� + p ! ⌘0[! 2�] + n, and K� + p ! K̄0 + n read

�⇡
�

H (s) = (109 ± 13)
⇣ s

s0

⌘2↵⇡�2
µb ,

�⌘

H
(s) = (29 ± 2)

⇣ s

s0

⌘2↵⌘�2
µb ,

�⌘
0

H
(s) = (1.05 ± 0.10)

⇣ s

s0

⌘2↵⌘0�2
µb ,

�K̄
0

H (s) = (145 ± 25)
⇣ s

s0

⌘2↵K�2
µb , (2.3)

where

↵⇡ = 0.405, ↵⌘ = 0.260, ↵⌘0 = 0.200, ↵K0 = 0.248 . (2.4)

As an example, in Fig. 12 we show our predictions for the integral cross sections of the

CEX reactions at di↵erent nuclei and for PLab = 40 GeV.

It should be emphasized, that the CEX cross sections shown in Fig. 12 have also been

compared with the cross sections obtained using the empirical parameterization given by

the expression �CEX(A, Z) ⇠ k · Z2/3 and showed a good agreement within a few %.

In the analysis of 2025 data performed in 2025-26 we searched for dark sectors via invis-

ible decays of pseudoscalar ⌘ and ⌘0 mesons and also K0 �K 00 oscillations of neutral kaons

into the dark sector. In Fig. 13 the measured distribution of the total energy deposited

– 15 –

NA64h analysis ongoing: expected to improve the  sensitivity and to 
provide the first direct bounds on neutral-kaon oscillations into the dark/mirror sector, 
approaching the region constrained by cosmology.

η, η′￼→ invisible

An addendum to the SPSC with our future plans after LS3 is in preparation 
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▪Complete analysis of the full pre-LS3 data set 
2023–2026 NA64e−, combined 2023/24 NA64μ, NA64e+ with 40-45 GeV, new generic boson,  
ALPs, B−L, LFV and hadron/kaon searches 

▪ Improve hermeticity and particle identification 

Maintain essentially background-free operation at higher SPS intensities

▪H4 upgrades: upgraded VHCAL, ECAL refurbishment, LYSO SRD,  

HCAL segmentation/new PMTs, laser monitoring, new Micromegas, digital trigger/DAQ

▪M2 upgrades: additional tracking/veto detectors,  extra HCAL modules and  

new trackers (Micromegas and large straw), independent high-rate trigger/DAQ

▪  PS programme during LS3  

Detector and DAQ tests, hadron charge-exchange measurements

▪  Prepare for Run 4  

Higher beam intensities and extended e−, e+, μ and hadron dark-sector programme
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models, with the potential to discover or conclusively test thermal LDM scenarios. In Fig.

20, the NA64 projected sensitivities for Light Dark Matter mediated by a Dark Photon

are shown for the two benchmark parameters ↵D = 0.1 (left plots) and ↵D = 0.5 (right

plots). In the bottom plots, we highlight the combined positron run reach at 40 and 60

GeV as well as the possibility to include a measurement at 150 GeV. Using complementary

beams and the Run 4 statistics will allow NA64 to continue leading LDM searches. As

described in the report this data would also allow to set competitive limits in many other

well-motivated scenarios below the electroweak scale.
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Figure 20. (Top:) Combined NA64 projected limits for Light Dark Matter mediated by a Dark
Photon using the statistics collected during Run 4 with the di↵erent programs for ↵D = 0.1 (left)
and ↵D = 0.5 (right). (Bottom:) NA64 projections for the positron-beam program. The cyan and
green curves are the results expected from the 60 GeV and 40 GeV measurement, respectively, while
the red curve correspond to their combination. The other curves and shaded areas report existing
limits in the same parameters space from NA64 in electron-beam [1] and positron-beam mode [13],
COHERENT [43], and BaBar [44]. The black lines show the favored parameter combinations for
the observed dark matter relic density for di↵erent variations of the model.

3.3.1 Plan of measurements at PS during LS3

Based on our experience during 2025 and 2026 runs we will exploit the possibility of

requesting beamtime at CERN PS T9 beamline to prepare such upgrades and optimise the
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models, with the potential to discover or conclusively test thermal LDM scenarios. In Fig.

20, the NA64 projected sensitivities for Light Dark Matter mediated by a Dark Photon

are shown for the two benchmark parameters ↵D = 0.1 (left plots) and ↵D = 0.5 (right

plots). In the bottom plots, we highlight the combined positron run reach at 40 and 60

GeV as well as the possibility to include a measurement at 150 GeV. Using complementary

beams and the Run 4 statistics will allow NA64 to continue leading LDM searches. As

described in the report this data would also allow to set competitive limits in many other

well-motivated scenarios below the electroweak scale.
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Figure 20. (Top:) Combined NA64 projected limits for Light Dark Matter mediated by a Dark
Photon using the statistics collected during Run 4 with the di↵erent programs for ↵D = 0.1 (left)
and ↵D = 0.5 (right). (Bottom:) NA64 projections for the positron-beam program. The cyan and
green curves are the results expected from the 60 GeV and 40 GeV measurement, respectively, while
the red curve correspond to their combination. The other curves and shaded areas report existing
limits in the same parameters space from NA64 in electron-beam [1] and positron-beam mode [13],
COHERENT [43], and BaBar [44]. The black lines show the favored parameter combinations for
the observed dark matter relic density for di↵erent variations of the model.

3.3.1 Plan of measurements at PS during LS3

Based on our experience during 2025 and 2026 runs we will exploit the possibility of

requesting beamtime at CERN PS T9 beamline to prepare such upgrades and optimise the
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▪  pre-LS3  EOT        → Run 4:  EOT 

▪  pre-LS3 OT            → Run 4:  at several beam energies 

▪  pre-LS3  MOT     → Run 4:   MOT


▪  pre-LS3  OT             → Run 4:  programme to be defined in LS3

e− : ∼ 2 × 1012 ∼ 1013

e+ : 𝒪(1010) e+ > 1011

μ : ∼ 3.5 × 1011 > 1013

h : 9.5 × 109 π

Run 4 statistics will allow NA64 to probe most of the remaining benchmark  
thermal-LDM parameter space.
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