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Light dark matter

The light dark matter hypothesis predicts that DM is made by sub-GeV
particles interacting with SM via a new force.1

Simplest possibility: “vector-portal”.
DM-SM interaction trough a new U(1)
gauge-boson (“dark-photon”) coupling to
electric charge

Model parameters:
• Dark-photon mass, MA′ and coupling to

electric charge ε

• Dark matter mass, Mχ and coupling to
dark photon, gD (αD ≡ g2

D/4π)

Annihilation cross section reads:
⟨σv⟩ ∝

ε2αDm2
χ

m4
A′

=
ε2αDm4

χ

m4
A′

1
m2

χ
≡ y

m2
χ

For a fixed mχ value, the thermal origin hypothesis (DM relic density) imposes a
unique value of y

1For a comprehensive review: 1707.04591, 2005.01515, 2011.02157
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Light dark matter searches at the intensity frontier

• Dark Matter direct detection experiments, typically optimized for Mχ ≥ 1 GeV,
have a limited sensitivity in the sub-GeV range

• ER ∝ v2M2
χ/MN , v ≃ 220 km/s ∼ 7 · 10−4c

• Many ongoing efforts to overcome this kinematic effect

• LDM-SM interaction cross section at low energy has a sizable dependence on the
impinging particle velocity, with a drastic reduction for specific models
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Light dark matter searches at the intensity frontier

• Dark Matter direct detection experiments, typically optimized for Mχ ≥ 1 GeV,
have a limited sensitivity in the sub-GeV range

• ER ∝ v2M2
χ/MN , v ≃ 220 km/s ∼ 7 · 10−4c

• Many ongoing efforts to overcome this kinematic effect

• LDM-SM interaction cross section at low energy has a sizable dependence on the
impinging particle velocity, with a drastic reduction for specific models

LDM at accelerators
Accelerator-based experiments at the
intensity frontier are uniquely suited to
explore the light dark matter
hypothesis
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Light dark matter signatures

a mA′ < mχ: secluded scenario. Provides no thermal target for accelerator-based
experiments: any ε value is allowed

b mχ < mA′ < 2mχ: visible decay scenario (although off-shell χ − χ production
is allowed!)

c mA′ > 2mχ: invisible decay scenario 6 / 25
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The NA64-e approach to Dark Sector search

NA64-e approach: missing energy measurement, high energy e−/e+

beam impinging on an active thick target.

Number of signal events scales as: NS ∝ ε2

Missing Energy Experiment
• Specific beam structure: impinging

particles impinging “one at time” on
the active target

• Deposited energy Edep measured
event-by-event

• Signal: events with large
Emiss = EB − Edep

• Backgrounds: events with ν /
long-lived (KL) / highly penetrating
(µ) escaping the detector / eventual
beam contaminants
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10−2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10−1X0 with
varying PT cuts on the recoiling electron in different kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3× 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the χ has a thermal-relic annihilation cross-section
for mA′ = 3mχ assuming the aggressive value αD = 1; for
smaller αD and/or larger mA′/mχ hierarchy the curve moves
upward. Below this line, χ is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g− 2)e [23, 24], and (g− 2)µ [25]. If m′A � mχ, there are
additional constraints from on-shell A′ production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ψ)
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A′, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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LDM production mechanisms with lepton beams

Three main LDM production mechanisms in fixed-target, lepton-beam experiments
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a) A′-strahlung
• Radiative A′ emission (nucleus

EM field) followed by A′ → χχ

• Scales as Z 2α3
EM

• Forward-boosted, high-energy A′

emission

here p = (E0,p) is the 4-momentum of incoming electron, Pi = (M, 0) denotes the Z Nucleus 4-
momentum in the initial state, final state Z Nucleus momentum is defined by Pf = (P 0

f ,Pf ), the
A′-boson momentum is k = (k0,k) and p′ = (E ′,p′) is the momentum of electron recoil. It is
convenient to perform calculation in the frame where vector V = p− k is parallel to z-axis and
vector k is in the xz-plane. We define a 4-momentum transfer to the nucleus as q = Pi−Pf . In this
frame the polar and axial angles of q are denoted by θq and φq respectively. In contrast to Ref. [13]
we use mostly minus metric, such that t = −q2 = |q|2 − q20 > 0. After some algebraic manipulations
one can obtain

cos θq = −|V|
2 + |q|2 +m2

e − (E0 + q0 − k0)2
2|V||q| , q0 = − t

2M
, |q| =

√
t2

4M2
+ t. (9)

We assume that nucleus has zero spin [13, 14, 15, 16], as a consequence the photon-nucleus vertex is
given by

ie
√
Gel

2 (t)(Pi + Pf )µ ≡ ie
√
Gel

2 (t)Pµ.
We also use a convenient designation for the partial energy of A′-boson x = k0/E0 and for the angle
θ between k and p.
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Figure 1: Left panel: Comparison of the values of the differential cross section (dσ/dx)ETL as a
function of x = EA′/E0 for various A′ masses and mixing strength ε = 1 calculated in this work
(curves labeled with GKKK) and in Ref. [13] (LM curves). The spectra are normalized to the same
number of electron on target. Right panel: ratio of ETL cross-sections shown on the left panel for
various masses of dark photon, 10 keV < mA′ < 100 MeV.

One can express the relevant differential cross-section in the following form [13]

dσ

dx d cos θ
=
ε2α3|k|E0

|p||k− p| ·
tmax∫

tmin

dt

t2
Gel

2 (t) ·
2π∫

0

dφq
2π

|A2→3
X |2

8M2
, (10)

4

Exact tree-level calculation: 1712.05706
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LDM production mechanisms with lepton beams

Three main LDM production mechanisms in fixed-target, lepton-beam experiments
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c) Resonant e+e− annihilation
• e+e− → A′ → χχ

• Scales as ZαEM

• Closed kinematics:
Pχ + Pχ = Pe+ + Pe−

• Resonant, Breit-Wigner like cross
section with MA′ =

√
2meE e+
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The NA64-e experiment at CERN North Area

NA64-e: missing energy experiment at CERN North Area, 100 GeV e− beam2

H4 line: ≃ 107 e−/spill (γ conversion). σE < 1%, hadron contamination ∼ 0.5%

Experiment Setup
• EM-Calorimeter: 40X0, Pb/Sc

Shashlik
• Hadron calorimeter: 4 m, 30 λI
• Beam identification system: SRD +

MM trackers
• Plastic scintillator based scintillator

counters for VETO

σE /E ∼ 0.1/
√

E ⊕ 2%

2Phys. Rev. Lett. 131, 161801 (2023) 10 / 25
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The NA64-e experiment at CERN North Area

NA64-e: missing energy experiment at CERN North Area, 100 GeV e− beam2

H4 line: ≃ 107 e−/spill (γ conversion). σE < 1%, hadron contamination ∼ 0.5%

Experiment Setup
• EM-Calorimeter: 40X0, Pb/Sc

Shashlik
• Hadron calorimeter: 4 m, 30 λI
• Beam identification system: SRD +

MM trackers
• Plastic scintillator based scintillator

counters for VETO

100 GeV π−

punchthrough ∼ 10−3

2Phys. Rev. Lett. 131, 161801 (2023) 11 / 25
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The NA64-e experiment at CERN North Area

NA64-e: missing energy experiment at CERN North Area, 100 GeV e− beam2

H4 line: ≃ 107 e−/spill (γ conversion). σE < 1%, hadron contamination ∼ 0.5%

Experiment Setup
• EM-Calorimeter: 40X0, Pb/Sc

Shashlik
• Hadron calorimeter: 4 m, 30 λI
• Beam identification system: SRD +

MM trackers
• Plastic scintillator based scintillator

counters for VETO

Sπ
SRD ∼ 10−5

2Phys. Rev. Lett. 131, 161801 (2023)
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NA64-e: backgrounds
Possible background sources: production of long-lived and highly penetrating
neutral SM particles upstream / within ECAL (neutrons, kaons)

(i) Di-muon events: eZ → eZµ+µ−, with
one or both muons decaying or
escaping without being detected by
VETO/HCAL.

(ii) Decay of mis-identified contaminating
hadrons to eνe final state.

(iii) Electro- / photo-nuclear interactions
with upstream beamline materials.
Critical contribution, yield estimated
directly from data by side-band
extrapolation.

(iv) Hadron productions in the ECAL
undetected by VETO/HCAL.

Background yield for 2021-2022 runs
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NA64-e: results

Latest results:
• Accumulated statistics ≃ 1012

EOT (2016-2022)

• After applying all selection cuts,
no events are observed in the
signal region EECAL < 50 GeV,
EHCAL < 1 GeV

• Expected number of background
events ∼ 0.5 compatible with
null observation

• Today, the most competitive
exclusion limits in large portion
of the LDM parameters space.
New ideas are being explored to
cover the large-mass region,
mA′ ≳ 100 MeV.
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POKER: POsitron resonant annihilation into darK mattER
An optimized light dark matter search with positrons in the NA64 framework

Why positrons?

Signal production reaction: e+e− → A′ → χχ

• Large event yield:
Nannihil

s ∝ ZαEM vs Nbrem
s ∝ Z2α3

EM

• Missing energy distribution shows a peak

around ER =
M2

A′
2me

Project goal
• Perform a preliminary missing energy

measurement with a positron beam,
using a new high resolution / high
segmentation detector replacing the
current NA64 ECAL.

• Demonstrate the technique and set the
basis of the first optimized light dark
matter search at a positron-beam facility
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POKER (NA64-e+): current status

A first proof-of-concept measurement was
completed in 2022 (1010 E+OT at 100 GeV)
Goals: backgrounds study (higher beam hadronic
contamination), resonant production
characterization via the e+e− → µ+µ− reaction,
extraction of the first upper limit with an analysis
optimized for resonant LDM production.

Experimental setup: as in NA64-e−.

Analysis strategy: blind-analysis (signal-like region
EECAL < 50 GeV, EHCAL < 3 GeV).

Main backgrounds:
• π+ → e+νe + fake-SRD tag
• Upstream hadrons electro-production, soft e+

in ECAL
• Overall expected background yield: < 0.1

events.
Results: no events observed in the signal region
after unblinding, new upper limits set to the LDM
parameters space.
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POKER (NA64-e+): future plans

The successful 100 GeV e+ beam run promoted a multi-measurement program at
NA64 at lower energies.

• Two measurements at 60 Gev and 40 GeV will allow to probe the LDM
parameters space down to the thermal targets.

• 1011 E+OT requested, 2x 1-week data-taking runs.
• Modest detector upgrades: new SRD detector, new active target
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POKER (NA64-e+): new LYSO-based SRD detector

At low beam energy, the SR emission drops significantly ESR ∝ E 4
beam: an

optimized SRD detector is necessary.
Possible option: LYSO-based homogeneus detector.

LYSO key properties:
• Large density: ≃7 g/cm3

• High light yield: ≃ 3 · 104γ/MeV
• Very fast response: τ ≃ 40 ns

Possible critical items for false-positives:
• Lu intrinsic radioactivity
• Afterglow effects

Detector design currently being optimized
through MC simulations.
Preliminary results demonstrate that e+

detection efficiencies up to 99% (60 GeV) /
89% (40 GeV) can be reached, with
minimal rate of false-positives.
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POKER (NA64-e+): new active target
To properly measure the A′ signal resonant line shape, a new active target with
optimized energy resolution is required: new PKR-CAL detector.

Baseline design: 33.5 X0 PbWO4 calorimeter with SiPM
readout

• 9x9 matrix of 20x20x220 mm3 crystals + 4 layers
in front (pre-shower): 31.5 X0

• Fully absorb EM shower with minimal
longitudinal/transverse energy leakage

• Required σE /E ∼ 2.5%/
√

E ⊕ 0.5%

• LY ∼ 2.5 phe/MeV
• Use four 6x6 mm2 SiPMs, 10 µm cell

coupled to each crystal

Radiation levels are critical
• EM dose up to 200 rad/h (CMS ECAL max: 500

rad/h)

• Light-induced annealing
• Beam-spot rastering: factor ≃5 reduction

• ϕn ≤ 103 neq cm−2s−1: no significant effects
expected
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POKER (NA64-e+): POKERINO prototype

POKERINO: 3x3 PbWO4 matrix with
SiPM readout.
Goal: characterize the prototype response
to cosmic rays / beam to validate the
technical choices and measure the detector
performances
Measurements:

• Cosmic-ray measurements with EEE
setup in Genova: commissioning / LY
measurement and uniformity studies.

• August 2023: characterization with
high-energy e+ (10. . .120 GeV) at
CERN, H8 beamline.

Data analysis currently in progress, first
results are promising.
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NA64 program

Electron Beam:
• NA64-e: 10 × 1012 EOT already measured
• Additional ∼ 6 × 1011 EOT collected in 2023 (data

analysis ongoing), after detector upgrade (electronics,
straw detectors and veto hadron calorimeter)

• Already probed significant part of the A′ invisible
parameter space up to the thermal relic targets

Positron Beam:
• Primary e+ beam allows to exploit the enhanced

resonant annihilation cross section → high sensitivity
to large A′ masses

• Dedicated short e+ run in 2022: 1010 e+OT
accumulated

• Multi-measurement program at lower energies, first
POKER run foreseen in 2024-2025.

Muon Beam:
• NA64-µ: missing momentum and energy experiment

with a muon beam
• Ongoing parallel effort of the NA64 collaboration,

data-taking at M2 beamline

Hadron Beam
• Explore light mesons fully invisible decay modes
• First ideas are currently being developed
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NA64 short-term future: NA64−µ: experimental technique

LDM search with a muon beam impinging on a fixed target,
complementary to e± searches in the high-mass region.

• Signal production: A′ radiative emission
by beam muons impinging on an active
target (ECAL).

• Signal signature: missing momentum.
Well-identified impinging beam track and
final-state low-energy deflected track. No
additional activity in downstream
detectors (VETO / hadronic
calorimeters).

Combined sensitivity of NA64-e (1013 EOT) and NA64-µ

(2×1013 MOT).
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NA64 short-term future: NA64−µ. Experimental setup

NA64-µ experiment: muon beam missing energy + momentum search
Beam: M2 beamline at CERN SPS, 160
GeV µ−, 105 − 107 µ/s.
Detector:

• Two magnetic spectrometers, MS1
(impinging µ) / MS2 (scattered µ)

• Three calorimeters: ECAL (active
target), VHCAL, HCAL

• Beam-defining plastic scintillator
counters

Signal signature: P1 ≃ 160 GeV,
P2 < 80 GeV, ECAL ≃MIP.

L. Molina BuenoICHEP2022 8

The ΝΑ64μ experiment
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Z’ signal-like events for mZ’ = 100 MeV

MC

160 GeV muons generated at the high energy (up to 250 GeV) and high 
intensity (105-107 μ/s) M2 beam-line at the CERN SPS accelerator.
Hadron admixture (typically charged and neutral hadrons such 
as pions and kaons):π/μ∼10−6, with K/π ∼0.03

N. Doble, L. Gatignon, G. von Holtey, and F. Novoskoltsev,
Nucl. Instrum. Methods Phys. Res., Sect. A 343, 351 (1994).
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The ΝΑ64μ experiment
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Electromagnetic 
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Magnetic 
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V0

Veto hadron 
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MS2

160 GeV muons generated at the high energy (up to 250 GeV) and high 
intensity (105-107 μ/s) M2 beam-line at the CERN SPS accelerator.Hadron admixture (typically charged and neutral hadrons such 

as pions and kaons):π/μ∼10−6, with K/π ∼0.03

N. Doble, L. Gatignon, G. von Holtey, and F. Novoskoltsev,
Nucl. Instrum. Methods Phys. Res., Sect. A 343, 351 (1994).
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NA64−µ: status

Three test runs have already been
performed in 2021 (5x109 MOT),
2022 (5x1010 MOT), and 2023 (1011

MOT)
• Very successful runs, efficient

use of the M2 beam thanks to
the positive coordination with
the Compass / AMBER
experiment.

• First results from 2021 data
analysis: less than 10−11

background events expected per
MOT. No events observed in the
signal region.

• 2022/2023 data analysis in
progress.

Possibility for a long physics run in
2024

• Detector optimization in
progress.

• Final goal: 1012 MOT.

 L. Molina BuenoICHEP2022 16

I) In-time events

II) Single-hit per tracker

III)Reconstructed momenta in MS1 

[135, 185 GeV].

IV)Quality cut on downstream momenta 

in MS2 based on χ2.

V) Energy compatible with MIP energy 

in calorimeters and veto 

Event Selection Criteria:

Data analysis: work in progress

No background observed at this level

The ΝΑ64μ experiment: preliminary results

(Preliminary)

Cut-flow analysis for the ~5 x 109 MOT collected in 
2021 (in 2022 statistics increased a factor 10)

Preliminary sensitivity for 2x1010MOT
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Conclusions

• Light dark matter scenario (MeV-to-GeV range) is largely
unexplored

• Can efficiently explain DM relic density.
• Theoretically founded as the WIMP DM paradigm, assuming a new

DM-SM interaction mechanics exists.
• Accelerator-based experiments are uniquely suited to explore it.

• The NA64 experiment at CERN aims to investigate the Dark Sector
through missing-energy/momentum measurements, exploiting
different probes:

• Electron beam: 1.6x1012 EOT already accumulated, most stringent
limits in the low-mass LDM region.

• Positron beam: exploit resonant LDM production (high signal yield,
clear kinematic signature) - POKER project

• Muon beam: focus on the high mass region. Three test runs
completed, results expected by early next year.

• Hadron beam: future ideas being developed.
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NA64-e at CERN - further recent results

Light Z ′ search in the Lµ − Lτ scenario
• Re-analysis of the 2016-2018 dataset

searching for a new gauge boson coupling
predominantly to muons and taus

• Ad-hoc calculation of the loop-induced
coupling to photons (kinetic mixing)

• Results are more stringent than Belle-II
limits, and compatible with exclusion
contours from the re-analysis of neutrino
experiments

Search for a new B-L Z ′ gauge boson
• First NA64 analysis using the 2021

dataset
• New constraints on the Z ′ parameters

space, more stringent compared to those
obtained from the neutrino-electron
scattering data for the 0.3-100 MeV mass
range

• Results can be re-casted to A′ space via
gB−L ↔ εe.

L
µ

- £7 "invisible" model, mz, = 3mx

Belle - II 

10
1

10
2

mz, [MeV] 

5

the fit functions as described in Ref. [47]. Another back-
ground from punch-through of leading neutral hadrons
(n,K0

L) with energy & 0.5 E0 produced by the beam e−s
in the target, was evaluated from the study of their prop-
agation through the HCAL modules [49] and was found
to be negligible. Other sources of background that could
mimic the signal, such as loss of dimuons and decays in
flight of beam π, K, were simulated and were also found
to be negligible.

The overall signal efficiency εZ′ , which includes effi-
ciencies for the geometrical acceptance, the track, SRD,
VETO and HCAL selections and the DAQ dead time,
was found to be slightly mZ′ dependent [48]. The ECAL
signal selection efficiency, εECAL, was estimated for dif-
ferent Z ′ masses. The εECAL value for a shower from a Z ′

event has to be corrected compared to the ordinary e-m
shower, due to difference in the e-m showers development
at the early stage in the ECAL PS [40]. This correction
was . (5±3)%, depending on the energy threshold in the
PS (EthPS) used in the trigger. The systematic uncertainty
is dominated by the EthPS variation during the run, mostly
due to the instabilities in the PMT gains. The VETO
and HCAL selection efficiences are defined by the noises,
pileup and the leakage of the signal shower energy from
the ECAL to these detectors. They were studied using
the electron calibration runs (runs without ECAL energy
threshold) and simulations. The uncertainty in the effi-
ciencies estimated to be . 4% is dominated mostly by the
pileup effect. The total signal selection efficiency with all
criteria used except ECAL energy cut varied from ∼ 0.62
to ∼ 0.48. From the differences between the predicted
and measured dimuon yields [47] we conservatively de-
rived the dominant uncertainty in the signal yield to be
' 10%.

Data from runs I-IV were analysed simultaneously us-
ing the multibin limit setting [47] technique, with the
code based on the RooStats package [53]. The signal box
(EECAL < 50 GeV ;EHCAL < 1 GeV ) was defined based
on the energy spectrum calculations for Z ′ bosons emit-
ted by e± from the e-m shower generated by the primary
e−s in the ECAL [40, 41] and the HCAL zero-energy
threshold determined mostly by the noise of the read-out
electronics. The size of the signal box was optimized by
comparing sensitivities defined as an average expected
limit calculated using the profile likelihood method. For
this optimization, the most important inputs came from
the background extrapolation into the signal region of
runs I-IV with their uncertainties. The optimal size of
the signal box, weakly dependent on the Z ′ mass and the
run, was finally set to EECAL . 50 GeV for all four runs
and the whole mass range. The calculations were done
taking into account the final signal yield and background
level, the uncertainties of which were treated as nuisance
parameters in the statistical model [54].

The total number of signal events in the signal box was

FIG. 5. The NA64 90% C.L. exclusion region in the
(mZ′ , gB−L) plane for the unbroken (solid blue line) and bro-
ken (dashed blue line) U(1)B−L. For the later case, three de-

generate heavy neutrino species with the mass ratio
mNi
mZ′

= 1
3

have been assumed. Constraints from the results of neutrino-
electron scattering experiments obtained with nuclear-reactor
neutrinos at TEXONO [31–33] and GEMMA [34], solar neu-
trinos at BOREXINO [35], and accelerator neutrino beams at
LSND [36], and CHARM II [37] derived in Refs. [19, 29] are
also shown. The dashed area above the curves is excluded.

the sum of events expected from each of the four runs:

NZ′ =

4∑

j=1

njEOT ε
j
Z′n

j
Z′(gB−L,mZ′ ,∆EZ′) (7)

where εjZ′ is the signal efficiency in run j, and

njZ′(gB−L,mZ′ ,∆EZ′) is the signal yield per EOT gener-
ated in the energy range ∆EZ′ . Each jth entry in Eq.(7)
was calculated with simulations of signal events and pro-
cessing them through the reconstruction program with
the same selection criteria and efficiency corrections as
for the data sample from run j. The corresponding yield
njZ′ of Z ′ → invisible events was defined by

njZ′(gB−L,mZ′ ,∆EZ′) =

∫
dnjZ′

dEZ′

[
Br(Z ′ → νν) + (8)

+
∑

l=e,µ

Br(Z ′ → l+l−)e
−LECAL+LHCAL

L
Z′

]
dEZ′

where
dnj
Z′

dEZ′
was calculated with Eq.(6), and the term in

square brackets gives the probability for the produced Z ′

with a given mass mZ′ and energy EZ′ , to make a tran-
sition into the invisible final state, i.e. to decay either
into νν pair, or outside the HCAL modules into a e+e−

or µ+µ− pair. Here, Br(Z ′ → νν) varies in the range

0.6 - 0.75, depending on mZ′ , see Fig. 2, LZ′ = cτZ′EZ′
mZ′
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A′ production and visible decay detection in a fixed thick-target setup

Reaction topology:
• A′ production: radiative A′ emission

e−N → e−NA′

• A′ propagation: for low ε values (≲ 10−5)
the A′ is long-lived, resulting to a detached
decay vertex.

• A′ detection: measurement of the e+ e−

decay pair in a downstream detector.

Number of events:
Dependence on main parameters3:
N ∼ Neotnsh

∫
dE ′dEedtIe(Ee , t) dσ

dE ′ e−Lsh/λ(1 − e−Ld /λ)

• Upper bound:
Nevt ∝ ε2e−Lsh/lA′ , lA′ ∝ E0/ε2

• Lower bound:
Nevt ∝ ε2Ld /lA′ ∝ ε4

3For a review: S. Andreas, Phys.Rev. D86 (2012) 095019
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Visible A′ search at NA64

A′ production by radiative emission in compact WCAL active target and decay to e+e−

in vacuum pipe

• Clean impinging e− with P ≃ P0
• No activity in W2 and V2 veto counters
• MIP-like signature in S4, signals in trackers
• No activity in VETO and HCAL
• Energy deposition in WCAL and ECAL, with

EWCAL + EECAL = E0

Combined analysis of 2017 (5.4 · 1010 EOT, 100
GeV/c) and 2018 (3 · 1010 EOT, 150 GeV/c) data:
no signal-like events observed in the signal region
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Visible A′ search at NA64

Future prospects for post-2023 run: improved setup with e+e− invariant
mass reconstruction.

Detector upgrades:
• New compact tungsten calorimeter

(same X0) to measure short-lived A′

and improve sensitivity to large ε

• New SRD optimized for 150 GeV
beam energy

• New larger transverse size MM
• New ECAL with larger transverse

dimensions
With these modifications, 20 days of beam
time at 150 GeV/c will be required to fully
scrutinize the still-unexplored X17
parameters space.
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POKER (NA64-e+): PbWO4 R&D

Massive characterization of PbWO4 main properties (producer: CRYTUR)
Longitudinal light transmission vs λ:

• Spectrophotometer-based setup
• Measurements reproducibility better

than 1%.
• T > 70% at λ = 450 nm for all

samples.
Absolute light yield

• Setup:
• Cosmic-ray telescope with

plastic-scintillator counters
• Crystal temperature stabilized

at +18 ◦C
• Readout: 4x S14160-6010

SiPM (6x6 mm2, 10 µm pixel
size)

• Single-phe amplitude obtained from
a pulsed-laser measurement

• LY from energy distribution fit ≃ 5
phe/MeV for all samples
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POKER (NA64-e+): new FADC digitizer

Development of a new FADC, possibly based on the Waveboard platform
(INFN-Roma1), to replace the existing NA64 digitizers (MSADC from Compass).

Requirements:
• At least 250 MHz sampling frequency
• Support for digital trigger logic

The use of the Waveboard in NA64 has already been
validated with standalone measurements:

• Single-channel response
• Multiple-channels response

Ongoing R&D: Waveboard integration in NA64 (UCF
protocol)
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Figure 2: Left: comparison between two ECAL signals acquired with the Waveboard digitizer (red
points) and by a fast oscilloscope (black dots). Right: total energy spectrum for the ECAL central
3x3 matrix exposed to the 40 GeV e− beam, as measured with the Waveboard (blue) and with the
MSADC (red) digitizers.

the board to the NA64 DAQ with an optical link through the custom UCF (Unified Communication
Framework) protocol, already used in NA64 to read data from the TDCs reading signals from Straw
chambers. We plan to proceed in the development interfacing to the DHMux board version already
used to connect with NA64 TDCs, using the same data format. Specifically, our first goal will be to
use the clock signal provided by UCF to syncronize the ADCs, and to connect to the trigger signal.
Then, we will work on the firmware part associated with the data transfer from the board to the
DHMux. Finally, we will develop the slow-controls part, based on the IPBus system. We plan to
develop the first part (clock/trigger) and eventually the data part before the end of the 2022 summer
run, to be able to possibly test it on beam with the NA64 detector.

2 Hadron Contamination Assessment

3 Plans for Summer 2022

References

[1] F. Ameli, et al. Nucl. Instrum. Meth. A 936, 286 (2019). Frontier Detectors for Frontier Physics:
14th Pisa Meeting on Advanced Detectors.

3

Attivita’ prevista 2021-2022

Sviluppo di una nuova scheda digitalizzatrice per la lettura dei 
segnali del calorimetro, integrata nel sistema DAQ di NA64
• L’attuale calorimetro EM di NA64 è letto tramite MSADC lenti (80 

MHz), caratterizzati da un significativo tempo morto (max rate ~ 
10 kHz).

• Nell’ottica di un futuro run ad alta statistica, e’ necessario 
sviluppare una nuova scheda di acquisizione.
• Sinergia tra POKER e NA64: disegno della nuova scheda basata sul

dispositivo “Waveboard” sviluppato da INFN (Roma1, Genova): 250 
MHz, 12 ch, streaming-readout.
• Include FE e HV per SiPM, compatibile con PMT.

• HW ok, necessario adattare il firmware della FPGA (ZYNQ) al 
sistema trigger-based di NA64

F. Ameli et al., NIMA 936
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POKER (NA64-e+): SiPM and readout R&D

Current readout scheme:
• 4x 6x6 mm2 SiPMS coupled to each

crystal to maximize light collection.
Pixel size: 10 µm to minimize
saturation effect (Hamamatsu
S14160-6010)

• Hybrid-connection to minimize
capacitance toward readout amplifier
while keeping low bias voltage.

• Ad-hoc biasing scheme (LC network)
to minimize bias current-induced
gain variations.

• Ad-hoc connection circuit with
embedded thermal-dissipation
planes.

310 410 510 610
Laser Frequency [Hz]

640

660

680

700

720

740

760

780

800

820

S
ip

m
 s

ig
na

l a
m

pl
itu

de
 [ 

m
V

]

 / ndf2χ  5.645 / 7

0A  3.287± 799.9 

cutf  4.42e+05± 8.274e+06 

 / ndf2χ  5.645 / 7

0A  3.287± 799.9 

cutf  4.42e+05± 8.274e+06 

Laser light intensity equivalent to 
80 GeV energy deposition.

A = A0 / (1+f/fcut)

Z=50 Ω + 100 µH

33 / 25



NA64 long-term future: NA64-h. Invisible K 0 decay.

• The Standard Model prediction for
S → invisible is extremely small, ≲ 10−16

• S → νν̄ is rigorously forbidden by
helicity conservation if neutrino is
massless.

• BR ≃ (Mν/MS)2 due to finite
neutrino mass.

• S → 4ν suppressed by (GF M2
S)4.

• Any observation of these processes would
be an unambiguous signal for the
presence of new BSM physics.

• No upper limit exist today for
K 0

S,L → invisible
• This challenging search is complementary

to existing and planned efforts for
K 0

S,L → π0 + invisible (KOTO, Klever)
and K± → π± + invisible (NA62)

S
ν ν̄

S BR(invisible)
π0 < 4.4 · 10−9 NA624

η < 1.0 · 10−4 BESIII5
η′ < 6 · 10−4 BESIII

K0
S,L NO

4 JHEP 02 (2021) 201
5 PRL 97 (2006) 202002
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NA64 long-term future: NA64-h. Experimental setup

NA64-h approach: exploit the charge-exchange reaction K−p → K 0n as a
source of a secondary neutral kaons, and search for the K 0

S,L invisible decay.
Unique experimental signature: complete disappearance of the beam energy.

Experiment setup
• Low-Z active target surrounded

by an hermetic EM calorimeter
• High-efficiency veto counters
• Massive HCAL around and

downstream a decay vessel
• Upstream beam

tracking/tagging

Signal signature
• Well-defined impinging track
• MIP-like energy deposition in

the active target
• No activity in ECAL or VETO
• No activity in the HCAL
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NA64 long-term future: NA64-h. Sensitivity

The number of signal events is
proportional to:

• The number of K−OT NK−

• The p numerical density in the
active target n

• The charge-exchange cross section
dσCE

dt
• The decay probability in the decay

vessel length L
• The signal efficiency ε

• The invisible channel branching
fraction BFI

Charge-exchange cross section:
• Data for 30 GeV/c K− beam

available from IHEP-70 measurement
• Regge-based model, ρ + a2

t−channel exchange: energy
dependence ∼ sα(0)−1.
Z−dependence ∼ Z2/3÷1.

NS = NK− n·
∫

dt
dσCE

dt
·ε(t)

[
1 − exp

(
−

L
γ(t)cτ

)]
BFI
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K → p -K
F. Binon et al, Nuovo Cimento A 64 (1081) 89-100

NA64-h sensitivity for 1012 K−OT
Assuming zero background events, from
NS = NKL + NKS < N90%CL

up :

• Br(KS → invisible) ≲ 10−8

• Br(KL → invisible) ≲ 10−6
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