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The NA64 experiment 

2

The NA64 Experiment
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Fixed target experiment at the intensity frontier, searching for Dark Sector physics below the electroweak 

scale with the missing energy/momentum technique

• NA64e, NA64e+
• Search for vector-mediated (A’) Light Dark 

Matter using electrons and positrons at H4

• NA64μ:
• Phase 1: Lµ-Lτ Z’ as a solution to the (g-2) μ 

anomaly and LDM

• Phase 2: Complementary LDM searches

• NA64h:
• Search for leptophobic DS coupled to light 

SM quarks
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NA64 research program - input to EPPSU 2026
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NA64 Program overview

9/9/2025L. Marsicano - 158th SPSC meeting 4NA64 post LS3 program submitted as an input to ESPPU (arXiv:2505.14291) 
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Status of NA64e/e+ @H4  
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World leading NA64 constraints on the LDM parameter space 

NA64 LDM latest results (2016-2022)

4

NA64, Phys. Rev. Lett. 131, 161801 (2023)

9.37 x 1011 EOT
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Status of NA64e
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Status of NA64e @H4 

• ~1.6 1012 eOT collected in the same setup between 
2023 and 2024 

• Blinded data analysis ongoing

• Goal: LDM exploration and prove feasibility of post-
LS3 program

• Plan: publish together 2023-2026 data
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• Trigger: Π𝑆𝑖 ⋅ 𝑉1 ⋅ (𝐸𝑃𝑆> 0.2 𝐺𝑒𝑉) ⋅ (𝐸𝐸𝐶𝐴𝐿 < 90 𝐺𝑒𝑉)

• Momentum reconstruction and PID: 

• Magnetic spectrometer (MS1) + Synchrotron Radiation Detector 

(SRD)

• Hermeticity
• Hadronic calorimeter (HCAL), veto hadron calorimeter (VHCAL)

+ Veto

• Signature of the signal event: well-reconstructed 100-GeV electron 

track, Emiss> 50 GeV, NO activity in the Veto, HCALs and VHCALs



||Paolo Crivelli 17.09.2025

Studying the main background: upstream hadron electro-production
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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 
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First look at the 2025 data
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Quick look at 2025 electron data
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• ~5.9 × 1011 eOT collected 
during 2025 with improved 
setup (additional VHCAL 
module)

• Encouraging results from a  
“quick look” at data (the 
run ended in July): 

➡Asking for no energy 
deposition in two-VHCALs 
reduces background as 
expected!
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Preliminary test on limited 2025 data sample - No information from trackers used
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Event distributions in the side-band control region

• Possible further steps to mitigate the background level after 
LS3:

• Remove as much material as possible upstream of VHCAL0; optimize 
the positions of all detectors 

• Improve detection efficiency of VHCAL (new PMT readout)
• Upgrade the setup with larger-acceptance HCAL modules from the 

M2 line (need of a new support structure)

• Preliminary plan: collect further statistic during 2026 run to 
finalize background studies before LS3 (>1012 eOT combined 
with 2025)
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First look at the 2025 data
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Quick look at 2025 electron data
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Event distributions in the side-band control region
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R&D towards higher intensities: fast readout
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R&D towards higher intensities: fast readout

• Factor 3 faster 
sampling rate (250 
MHz) w.r.t. previous 
MSADC 

• Dynamic range 2 V  
(14b)

• NA64 DAQ 
integration: fully 
synchronous system, 
fixed-latency, fixed-
phase clock recovery 
from optical link (UCF 
protocol)
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In view of post-LS3 high intensity running, new fast readout electronics, based on INFN «waveboard» digitizer was 

installed for 2025 run (PMT-based detectors)

Software upgrades – waveform fitting routine
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New readout electronics improve waveform reconstruction quality, allowing for better pile-up disentanglement in view of the  
high-intensity running 
• New waveform-fitting routine implemented in reconstruction software, first step towards event clustering
• Average intensity during 2025 run: 8 × 106 e-/spill (20% higher than in previous year)
• Five days at 107 e-/spill  (highest possible intensities in the line with high quality beam).
• Data analysis ongoing; preliminary results are encouraging  

• New waveform fitting routine implemented for better pileup disentanglement

• Preliminary results are encouraging
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New readout electronics improve waveform reconstruction quality, allowing for better pile-up disentanglement in view of the  
high-intensity running 
• New waveform-fitting routine implemented in reconstruction software, first step towards event clustering
• Average intensity during 2025 run: 8 × 106 e-/spill (20% higher than in previous year)
• Five days at 107 e-/spill  (highest possible intensities in the line with high quality beam).
• Data analysis ongoing; preliminary results are encouraging  
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NA64 potential for additional new physics 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

Thermal iDM

PRL 125, 081801 (2020)

PRL 129, 161801 (2022)

PRL 126, 211802 (2021)PRL 120, 231802 (2018),  
PRD 107, 071101 (R) 2020

Results obtained with 
3x1011 EOT 

(2016-2018 statistics)

Analysis in progress  

10x more data on “tape”Eur. Phys. J. C (2021) 81: 959

Eur. Phys. J. C (2023) 83: 391

e−Z → e−ZX; X → invisible

Lµ–Lτ Z’ search at NA64e

• Completed re-analysis of the whole 2016-
2022 NA64e dataset (Y. M. Andreev et al. 
JHEP 07, 212 (2024)) 

• Z′ produced in the ECAL through loop-level 
coupling enabled by the mixing with the 
photon

• Same reconstruction algorithms and event 
selection criteria used for the A’ search 
(analogous phenomenology) 

• First exclusion of the g-2 compatible band, 
for mZ’< 1 MeV, from an experiment at 
accelerators

9/9/2025L. Marsicano - 158th SPSC meeting 12

Search for new, light Z′ vector boson, with dominant coupling to μ and τ leptons at NA64e
Lmu-Ltau Z’


Y. M. Andreev et al. JHEP 07, 212 (2024)
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NA64e+ - Latest result with 70 GeV positron beam
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NA64e+ - Results of 2023 data analysis
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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+ - 2025 run and future prospects
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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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Status and results of NA64mu at M2 beamline
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Status and latest results of NA64µ @M2 
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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].

PHYSICAL REVIEW LETTERS 132, 211803 (2024)

211803-5

NA64, PRL132 (2024) 21, 211803, PRD 110, 112015 (2024)
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NA64mu status
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NA64µ @M2 – Status
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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



||Paolo Crivelli 17.09.2025

NA64mu ongoing analysis

15

NA64µ - analysis in progress

9/9/2025L. Marsicano - 158th SPSC meeting 17

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

NA64µ - analysis in progress
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Post LS3 prospects for NA64µ
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GOAL for LHC-RUN4 > 2× 1013 EOT

During LS3:

setup upgrade to run up to 5x107 muons/spill 
(the maximum  the beam line can deliver are 
4x108 muons/spill)

Planned upgrades include:

ECAL (readout)  
HCAL (larger acceptance modules)

VHCAL (optimisation of prototype, 2 modules)

Second spectrometer with double magnet

Segmented trigger (hodoscope) 

DAQ & readout

17

invisible is observed within the signal box (see Fig. 18,
left), setting the most stringent limits on the Z 0 as an
explanation to the muon (g � 2)µ in the parameter space
mZ0 & 0.01 GeV and mZ0  2mµ with gZ0 � 5 ⇥ 10�4

[51]. As a comparison, constraints from previous experi-
ments such as neutrino trident searches ⌫N ! ⌫Nµ+µ�

with the CCFR experiment [44, 101] are shown. Addi-
tional limits with a Z 0 mediator behaving as an inter-
mediate virtual vector boson in neutrinos scattering o↵
electrons, ⌫µ � e or ⌫⌧ � e, are plotted for the BOREX-

INO detector [43, 102, 103], setting constraints on masses
smaller than a few MeVs. In the higher mass range, the
BaBar experiment sets limits [104] on the visible searches
for Z 0

! µ+µ� produced in electron-positron annihila-
tion, e+e�

! Z 0µ+µ�. The constraints from the latest
Belle II results [105] are also shown for direct electron-
positron annihilation. For completeness, the recent lim-
its on the vanilla Z 0 scenario searches with the electron
program of the NA64 experiment, e�N ! e�NZ 0, are
shown [106].
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Figure 18. The NA64µ 90% C.L. exclusion limits in the parameter space compatible with a light boson as an explanation for
the muon (g � 2)µ. Left: The Z0 vector boson parameter space (mZ0 , gZ0) together with existing constraints from neutrino
experiments such as BOREXINO [43, 102, 103] and CCFR [44, 101], visible searches in electron-positron annihilation with
BaBar [104], Belle II constraints [105] and the NA64 electron program limits [107]. Projections for the pre-LS3, pre-LS4, and
post-LS4 phases of the muon program are shown together with the M3 missing momentum searches [108]. Right: The S scalar
boson parameter space (mS , gS) together with existing constraints from BaBar and projections for the pre-LS3, pre-LS4, and
post-LS4 phases of the muon program, as well as ATLAS HL-LHC [109] and M3.

In addition, the projected sensitivities of the NA64 muon
program are shown for both the LHC Run 3 (prior to the
CERN Long Shutdown 3 (LS3)) and LHC Run 4 (after
LS3). For completeness, the expected limits for the post-
LS4 phase, LHC Run 5, are also computed. Those com-
putations are based on the foreseen detectors’ upgrade to
cope with (i) higher beam intensity up to 108 µ/spill to
optimally exploit the M2 beam-line capabilities, as well
as (ii) reducing the background levels discussed in Sec.
VII. In the former case, this is achieved through an up-
grade of the trigger system. In the second case, the mo-
mentum mis-reconstruction is reduced by the addition of
a third magnet spectrometer upstream of the interaction
point within the ECAL, e↵ectively reducing the magnet
lever-arm to ' 6 m with respect to MS1 (BEND6) to
better reconstruct pin. The associated reduction of back-
ground can be extracted from the preliminary analysis of
the 2023 data [110] with a factor < 10�2. This additional

magnet spectrometer also reduces the background from
in-flight kaons decays given a shorter distance to the tar-
get by a factor ⇠ 10�1. It is worth noting that this back-
ground could be further reduced and controlled by proper
identification of kaons along the beam-line through the
use of Cherenkov counter with achromatic ring focus
(CEDAR) [111]. Finally, the computations of the pro-
jected limits assume a reduction of the background re-
lated to non-hermeticity of the detectors’. The associ-
ated factor is estimated through a detailed MC study of
the addition of a second prototype VHCAL to further
reduce large-angle scattered secondaries from upstream
interactions and is found to be  10�1. The sensitivi-
ties are thus computed and shown in Fig. 18 assuming
a total statistics of respectively 3 ⇥ 1011, 2 ⇥ 1013 and
1014 MOT for the periods corresponding to LHC Runs
3, 4 and 5 (referred to pre-LS3, pre-LS4 and post-LS4 in
this work), and a gain in e�ciency ' 4 as extracted from
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Figure 19. The NA64µ 90% C.L. exclusion limits in the LTDM parameter space y � m� compatible with an invisibly decaying
Z0 ! DM with (left) g� = 5 ⇥ 10�2 and (right) g� = 1 and mass ratio m�/mZ0 = 3. The existing constraints from the CCFR
experiment [44, 101] are compared, and the thermal targets for complex scalar, (pseudo-)Dirac and Majorana thermal relics
plotted [24]. Projections for the pre-LS3, pre-LS4, and post-LS4 periods of the muon program are shown together with the M3

missing momentum searches [108]. The NA64 electron program limits are plotted for completeness [107].

2. The dark photon A0 scenario

The physics program of the NA64 experiment running
in muon mode also aims at complementing [118] the other
beam dump modes with electrons [85] and positions [119].
Both modes study, among others, the bremsstrahlung-
like production of the dark photon, A0, for which the
mixing with photons, � �A0, leads to a non-zero interac-
tion with electrically charged SM particles, with charge
✏e, and interaction Lagrangian

L = ✏eA0
µJµ

EM, (24)

with e the electric charge, A0
µ the massive vector field

associated with the dark photon, and Jµ
EM the electro-

magnetic current. While A0 has been ruled out as an
explanation for the muon (g � 2)µ (see e.g. [120]), the
NA64µ limits are illustratively shown in Fig. 20, com-
pared to the latest NA64 results with a total accumulated
statistics of 9.37 ⇥ 1011 electrons on target (EOT) and
1.01⇥1010 positrons on target (e+OT), for fermionic DM
with ↵D = 0.1, as well as existing constraints from BaBar
[121]. Those are obtained at 90% C.L. using the WW ap-
proximation [122] for the computations of the A0 signal
yield, properly substituting gZ0 ! gZ0/e. For complete-
ness, the projections with 3 ⇥ 1010, 2 ⇥ 1013 and 1014

MOT are plotted to illustrate complementarity at high
mA0 .

NA64µ limits in probing LTDM relic abundance in
the scenario A0

! invisible are shown in Fig. 21,
left and right, in the parameter space y � m�, with
(g�gZ0)2 ! ✏2↵D in Eq. (5), for the common choice

of parameters mA0/m� = 3 and ↵D = 0.1, ↵D = 0.5
respectively [123, 124]. As shown from the projections,
the complementarity to the NA64 e� and e+ modes in
probing the thermal targets is achieved with more statis-
tics in the high m� masses region and fully probes the
relic abundance through both the pre-LS3, pre-LS4, and
post-LS4 phases for a choice of ↵D = 0.1.
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A�
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BaBar

Figure 20. The NA64µ 90% C.L. exclusion limits on the
dark photon scenario, A0 ! invisible. The (mA0 , ✏) pa-
rameter space is shown, together with the latest results from
NA64e� [85] and NA64e+ [119] and the existing limits from
BaBar [121]. The peak is related to fermionic DM assuming
↵D = 0.1. Projections for the pre-LS3, pre-LS4, and post-LS4
periods are shown.

NA64, PRL132 (2024) 21, 211803, PRD 110, 112015 (2024)

See next talk of Victor for additional BSM scenarios that can be tested with NA64mu  
or Eberhart et al., arXiv:2504.05873  (leptophilic ALPs), new ideas more than welcome!


Status and latest results of NA64µ @M2 
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Y. M. Andreev et al. Phys. Rev. D 110, 112015 (2024)

NA64 ESPPU input (arXiv:2505.14291)

https://arxiv.org/abs/2504.05873
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NA64h status
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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

NA64h - first results

17

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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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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Summary and Outlook 
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• Tot. collected statistics ~2 x 1012 EOT ->  probing LDM benchmark model and 
improve sensitivity ALPs, Lμ-Lτ, and B-L Z’, iDM,… 
Plan: 1.5x statistics before and total of ~1. x 1013 EOT after LS3

• 2022: 2x1010 MOT, 2023/4: 3.5x1011 MOT(upgraded setup)->(g-2)μ and Lμ-Lτ Z’ 
• Plan post LS3:  2. x 1013 EOT after LS3 

• Pilot run 2022 (2 days) ~1x1010 E+OT, 2023 run at 70 GeV (1 day)

• Plan: 40, 60 GeV ~2. x 1011 E+OT after LS3 NA64e+

NA64μ

NA64e-

NA64h • 2022 ~2x109 pions (1 day) -> proof of principle (DS coupled to quarks), 
addendum in preparation to run after LS3

The exploration of the NA64 physics potential has just begun. Proposed searches 
with leptonic and hadronic beams: unique sensitivities highly complementary to 
similar projects.
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