
Introduction The NA64-e experiment at CERN The POKER project NA64 future initiatives Conclusions

Dark Sector searches at NA64

Andrea Celentano

INFN-Genova



Introduction The NA64-e experiment at CERN The POKER project NA64 future initiatives Conclusions

Outline

1 Introduction

2 The NA64-e experiment at CERN

3 The POKER project

4 NA64 future initiatives

5 Conclusions

2 / 23



Introduction The NA64-e experiment at CERN The POKER project NA64 future initiatives Conclusions

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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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) 9 / 23
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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) 10 / 23
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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: 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.

• Accumulate further statistics -
up to 1013 EOT - to probe the
Pseudo-Dirac Fermion Relic
case for mA′ ≲ 100 MeV.

• New ideas are being explored to
cover the large-mass region.

• Complementarity with Direct
Detection experiments - e.g.
PandaX-4T (scalar LDM).

PRL131, 161801

(in Fig. 3, right) clearly satisfy this condition. Figure 4
illustrates the resulting upper limit on the parameter y.
Therefore, our results provide a direct test of dark-photon-
mediated DM as the thermal relic, and rule out the
aforementioned scalar DM model in the mass range
between 30 MeV=c2 and 1 GeV=c2. Similarly, recent
constraints on DM-electron cross sections (FDM ¼ 1) from
PandaX-4T [40] can be as well translated into limits on y by
the relation y ¼ σeðm4

χ=16παEMμ2eÞ [58], where μe is the
DM-electron reduced mass, also overlaid on Fig. 4. We
display this limit separately, as it bears no theoretical
uncertainty associated with the Migdal effect. The limit
is even stronger than that from DM-nucleon interaction for
DM masses ranging from 38 to 100 MeV=c2. On the other
hand, dedicated fixed target experiments for dark photon
search (e.g., NA64 [14], LSND [16], E137 [17]) can set
upper limits on y, but usually assuming a particular value of
αχ and a fixed ratio between mϕ and mχ . Future experi-
ments such as LDMX [57] and DarkSHINE [20] are
expected to probe low-mass region that has not yet been
accessible by PandaX.

Summary.—In summary, we present a search for the
interactions between DM particles and nucleons via a dark
mediator in the PandaX-4T experiment. The analysis used
both low-energy S1-S2 and S2-only data from the com-
missioning run. The results from S2-only data with Migdal
effect are further used to constrain the interaction strength
between dark photon and ordinary photon. The result
provides the most stringent constraint for the thermal scalar
DM model, in which the s-channel dark photon decays into
DM pairs in the early Universe, for the DM masses ranging
from 30 MeV=c2 to 1 GeV=c2.

We would like to thank Kun Liu and Tran Van Que for
their useful discussions. This project is supported in part by
grants from the National Natural Science Foundation of
China (No. 12090060, No. 12090061, No. 11875190,
No. 12005131, No. 12105052, No. 11905128,
No. 11925502, No. 11835005), a grant from Office of
Science and Technology, Shanghai Municipal Government
(Grant No. 22JC1410100), and Chinese postdoctoral
Science Foundation (Grant No. 2021M700859). We
thank Double First Class Plan of the Shanghai Jiao Tong
University and the Tsung-Dao Lee Institute Experimental
Platform Development Fund for support. We also thank the
sponsorship from the Hongwen Foundation in Hong Kong,
Tencent Foundation in China, and Yangyang Development
Fund. Finally, we thank the China Jinping Underground
Laboratory administration and the Yalong River
Hydropower Development Company Ltd. for indispensable
logistical support and other help.

*Spokesperson: jianglai.liu@sjtu.edu.cn
†Corresponding author: yong.yang@sjtu.edu.cn
‡Corresponding author: huor@iat.cn
§Corresponding author: haiboyu@ucr.edu

[1] Y. Meng et al. (PandaX-4T Collaboration), Phys. Rev. Lett.
127, 261802 (2021).

[2] J. Aalbers et al. (LZ Collaboration), Phys. Rev. Lett. 131,
041002 (2023).

[3] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
131, 041003 (2023).

[4] X. Ren et al. (PandaX-II Collaboration), Phys. Rev. Lett.
121, 021304 (2018).

[5] J. Yang et al. (PandaX-II Collaboration), Sci. China Phys.
Mech. Astron. 64, 111062 (2021).

[6] X. Ning et al. (PandaX Collaboration), Nature (London)
618, 47 (2023).

[7] X. Ning et al. (PandaX Collaboration), Phys. Rev. Lett. 131,
041001 (2023).

[8] G.W. Bennett et al. (Muon g-2 Collaboration), Phys. Rev. D
73, 072003 (2006).

[9] B. Abi et al. (Muon g-2 Collaboration), Phys. Rev. Lett.
126, 141801 (2021).

[10] A. J. Krasznahorkay et al., Phys. Rev. Lett. 116, 042501
(2016).

[11] S. Tulin and H.-B. Yu, Phys. Rep. 730, 1 (2018).

10 210 310

m� [MeV/c2]

13�10

12�10

11�10

10�10

9�10

8�10

7�10

4 ) �
/m �

(m �
�

2 �	
y
 =

 

LSND 2001 E137 2014

MiniBooNE 2019

NA64 2023

BaBar 2017

PandaX-4T DM-n Migdal (this work)
PandaX-4T DM-e

DarkSHIN
E, 9

E14 EOT

LDMX Phase1

�=3 m
�

=0.5, m��

Relic
 Density

FIG. 4. The 90% CL exclusion limit (red) on the dimensionless
interaction strength from PandaX-4T S2-only data for DM
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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

Multi-measurement program at NA64 at different e+ beam 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 (possibly: new active target)
• Very positive feedback from the SPSC
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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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NA64 program

Electron Beam:
• NA64-e: ≃ 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 at 100 GeV

• Multi-measurement program at lower energies:
dedicated R&D in 2024-2025, long data taking
post-LS3.

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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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 (2x1010 MOT), and
2023 (1011 MOT)

• Very successful runs, efficient use of the M2
beam thanks to the positive coordination
with the Compass / AMBER experiment.

• Results from 2022 data analysis: ≃ 3 × 10−12

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

• Well identified 160 GeV/c impinging
µ−

• Reconstructed scattered muon track
with p < 80 GeV/c

• MIP-like energy deposition in the all
calorimeters.

• 2023 data analysis in progress.
Possibility for a long physics run in 2024

• Detector optimization in progress.
• Final goal: 5 × 1012 MOT.

Before MIP-like cut

3

calorimeter (ECAL) composed of Shashlik-type modules
made of a lead-scintillator (Pb-Sc) resulting in 40 radi-
ation lengths (𝑋0). The ECAL is followed by a large
55 × 55 cm2 high-efficiency veto counter (VETO) and
a 5 nuclear interaction lengths (𝜆int) copper-Sc (Cu-Sc)
hadronic calorimeter (VHCAL) with a hole in its middle.
The outgoing muon momentum is reconstructed through
a second magnetic spectrometer consisting of a single 1.4
T·m bending magnet (MS2) together with four gaseous
electron multiplier trackers (GEM1−4), two additional
straw chambers (ST2,1) and three 20×8 cm2 Micromegas
(MM5−7) yielding a resolution of 𝜎𝑝out

/𝑝out ≃ 4.4%. To
identify and remove any residuals from interactions in the
detectors upstream MS2 and ensure maximal hermetic-
ity, two large 120×60 cm2, 𝜆int ≃ 30 iron-Sc (Fe-Sc)
HCAL modules (HCAL1,2) are placed at the end of the
set-up together with a 120×60 cm2 UV straw, ST11. The
trigger system is defined by a veto counter with a hole
(V1) and a set of Sc counters (S0−1) before the target,
together with two 20× 20 cm2 and 30× 30 cm2 Sc coun-
ters (S4 and S𝜇) sandwiching the HCAL modules, shifted
from the undeflected beam axis (referred to as zero-line)
to detect the scattered muons.
The data were collected in two trigger configurations

(S0×S1 ×V1×S4×S𝜇) with different S4 and S𝜇 distances
to the zero-line along the deflection axis �̂�, namely S𝜇�̂� =
−152 mm and S𝜇�̂� = −117 mm with a similar S4�̂� = −65
mm. The corresponding measured rate is 0.04% and
0.07% of the calibration trigger (S0,1 × V1) coincidences
at a beam intensity of 2.8 × 106 𝜇/spill. In each config-
uration, we recorded respectively (11.7 ± 0.1) × 109 and
(8.1±0.1)×109 muons on target (MOT) yielding a total
accumulated statistics of (1.98± 0.02)× 1010 MOT.
A detailed GEANT4-based [71, 72] Monte Carlo (MC)

simulation is performed to study the main background
sources and the response of the detectors and the muon
propagation. In the latter case, the full beam optics de-
veloped by the CERN BE-EA beam department is en-
compassed in the simulation framework using separately
both the TRANSPORT, HALO and TURTLE programs [73–75],
as well the GEANT4 compatible beam delivery simulation
(BDSIM) program [76–78] to simulate secondaries interac-
tions in the beamline material. The signal acceptance is
carefully studied using the GEANT4 interface DMG4 package
[79], including light mediators production cross-sections
computations through muon bremsstrahlung [67]. The
placements of S4 and S𝜇 are optimized to compensate for
the low signal yield at high masses, 𝜎𝑍′ ∼ 𝑔2𝑍′𝛼𝑍2/𝑚2

𝑍′ ,
with 𝛼 the fine structure constant and 𝑍 the atomic num-
ber of the target, through angular acceptance being max-
imized for a scattered muon angle 𝜓′

𝜇 ∼ 10−2 rad after
ECAL. In addition, the trigger counters downstream of
MS2 account for the expected 160 GeV/c mean deflected
position at the level of S4, estimated at ⟨𝛿𝑥⟩ ≃ −12.0
mm from a detailed GenFit-based [80, 81] Runge-Kutta
(RK) extrapolation scheme.

The signal box, 𝑝cutout ≤ 80 GeV/c and 𝐸cut
CAL < 12 GeV,

is optimized with signal simulations and data to maxi-
mize the sensitivity. The cut on the total energy deposit
in the calorimeters, 𝐸cut

CAL, is obtained from the sum of
the minimum ionizing particle (MIP) peaks of the related
energy spectra.
To minimize the background, the following set of selec-

tion criteria is used. (i) The incoming momentum should
be in the momentum range 160 ± 20 GeV/c. (ii) A sin-
gle track is reconstructed in each magnetic spectrometer
(MS1 and MS2) to ensure that a single muon traverses
the full set-up. (iii) At most one hit is reconstructed in
MM5−7 and ST1 (no multiple hits) and the correspond-
ing extrapolated track to the HCAL face is compatible
with a MIP energy deposit in the expected cell. This
cut verifies that no energetic enough secondaries from
interactions upstream MS2 arrive at the HCAL. (vi) The
energy deposit in the calorimeters and the veto should
be compatible with a MIP. This cut enforces the selec-
tion of events with no muon nuclear interactions in the
calorimeters. The aforementioned cut-flow is applied to
events distributed in the outgoing muon momentum and
total energy deposit plane, (𝑝out, 𝐸CAL), as shown in
Fig. 2.
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Figure 2. Event distribution in the (𝑝out, 𝐸CAL) plane before
the MIP-compatible requirement selection criterion. The sig-
nal box is defined as the shaded green rectangular area and
the controlled region labelled with 𝐴 through 𝐷 (see text).

Region 𝐴 is inherent to events with MIP-compatible
energy deposits in all of the calorimeters, resulting in
𝑝in ≃ 𝑝out ≃ 160 GeV/c. By design, most of unscattered
beam muons do not pass through the S4 and S𝜇 coun-
ters, however, the trigger condition can be fulfilled by
sufficiently energetic residual ionization 𝜇𝑁 → 𝜇𝑁 + 𝛿𝑒
originating from the downstream trackers MM5−7 or last
HCAL2 layers. The accumulation of events in region
𝐶 is associated with large energy deposition of the full-
momentum scattered muon in the HCAL, while region 𝐵
corresponds to a hard scattering/bremsstrahlung in the

5

the mass range 𝒪(100 MeV− 1 GeV).
After unblinding, no event compatible with 𝑍 ′ pro-

duction is found in the signal box. This allows us
to set the 90% CL exclusion limits on 𝑔𝑍′ which are
plotted in Fig. 3 in the (𝑚𝑍′ , 𝑔𝑍′) parameter space,
together with the values of ∆𝑎𝜇 compatible with the
muon 𝑔 − 2 anomaly, within ±2𝜎. The band is com-
puted using the latest results of the Muon 𝑔 − 2 col-
laboration for the combined Runs 2 and 3 (2019-2020),
𝑎𝜇(Exp) = 116 592 059(22)×10−11 [28] and the SM pre-
diction of 𝑎𝜇(SM) = 116 591 810(43) × 10−11 from the
Muon 𝑔−2 Theory Initiative (TI) [29–47, 87]. It is worth
noticing that the latest results from the CMD-3 collab-
oration [88, 89] on the 𝜋+𝜋− disagree within the 2.5-5𝜎
level with the TI value and recent lattice QCD computa-
tions from the BMW collaboration [90] are in tension by
2.1𝜎. Our results, excluding masses 𝑚𝑍′ ≳ 40 MeV and
coupling 𝑔𝑍′ ≳ 6 × 10−4, are the first search for a light
𝑍 ′ (vanilla 𝐿𝜇 −𝐿𝜏 model) with a muon beam using the
missing energy-momentum technique (see Fig. 3).
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Figure 3. NA64𝜇 90% CL exclusion limits on the coupling
𝑔𝑍′ as a function of the 𝑍′ mass, 𝑚𝑍′ , for the vanilla 𝐿𝜇−𝐿𝜏

model. The ±2𝜎 band for the 𝑍′ contribution to the (𝑔− 2)𝜇
discrepancy is also shown. Existing constraints from BaBar
[91, 92] and from neutrino experiments such as BOREXINO
[57, 93, 94] and CCFR [58, 95] are plotted.

Figure 4 shows the obtained limits at 90% CL in the
target parameter space (𝑚𝜒, 𝑦) with freeze-out param-
eter 𝑦 = (𝑔𝜒𝑔𝑍′)2(𝑚𝜒/𝑚𝑍′)4 for accelerator-based ex-
periments probing thermal DM for 𝑚𝑍′ = 3𝑚𝜒, away
from the resonant enhancement 𝑚𝑍′ ≃ 2𝑚𝜒, and 𝑔𝜒 =
5 × 10−2. The thermal targets for favored 𝑦 values are
plotted for scalar, pseudo-Dirac, and Majorana DM can-
didate scenarios, and obtained from the integration of
the underlying Boltzmann equation [96]. The results in-
dicate that NA64𝜇 excludes a portion of the (𝑚𝜒, 𝑦)
parameter space, below the current CCFR [58, 95] lim-

its, constraining for a choice of masses 𝑚𝜒 ≲ 40 MeV the
dimensionless parameter to 𝑦 ≲ 6× 10−12.
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Figure 4. The 90% CL exclusion limits obtained by the
NA64𝜇 experiment in the (𝑚𝜒, 𝑦) parameters space for ther-
mal Dark Matter charged under 𝑈(1)𝐿𝜇−𝐿𝜏 with 𝑚𝑍′ = 3𝑚𝜒

and the coupling 𝑔𝜒 = 5 × 10−2 for 2 × 1010 MOT. The
branching ratio to invisible final states is assumed to be
Br(𝑍′ → invisible) ≃ 1 (see text for details). Existing bounds
obtained through the CCFR experiment [58, 95] are shown for
completeness. The thermal targets for the different scenarios
are taken from [96].

In summary, for a total statistics of (1.98±0.02)×1010

MOT, no event falling within the expected signal region
is observed. Therefore, 90% CL upper limits are set in the
(𝑚𝑍′ , 𝑔𝑍′) parameter space of the 𝐿𝜇−𝐿𝜏 vanilla model,
constraining viable mass values for the explanation of the
(𝑔 − 2)𝜇 anomaly to 6 − 7 MeV ≲ 𝑚𝑍′ ≲ 40 MeV, with
𝑔𝑍′ ≲ 6×10−4. New constraints on light thermal DM for
values 𝑦 ≳ 6×10−12 for 𝑚𝜒 ≳ 40 MeV are also obtained.
With improvements in the experimental set-up, such as
an additional magnetic spectrometer to reduce by more
than an order of magnitude the background from mo-
mentum mis-recontruction, and an increase in statistics,
NA64𝜇 is expected to fully cover the (𝑔−2)𝜇 compatible
parameter space and to boost its coverage in the search
for thermal Dark Matter complementing the world wide
effort for DS searches [13–16]. The use of a muon beam
demonstrated in this work opens a new window to ex-
plore other well-motivated New Physics scenarios such
as benchmark dark photon models in the mass region
(0.1 − 1) GeV [97], scalar portals [67], millicharged par-
ticles [98] or 𝜇→ 𝑒 or 𝜇→ 𝜏 processes involving Lepton
Flavour Conversion [99–101].
We gratefully acknowledge the support of the CERN

management and staff, in particular the help of the
CERN BE-EA department. We are grateful to C.
Menezes Pires and R. Joosten for their support with
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NA64-h

Search for fully-invisible decay of neutral pseudo-scalar mesons as
a probe for new physics: dark sector with predominant coupling to
quarks. SM prediction: BR ≃ (Mν/MS)2 ≲ 10−16.

S
ν ν̄

• NA64 approach: use a ≃ 50 GeV/c π−

beam. Exploit the charge-exchange process
π−N → SN′ as a source of secondary high
energy π0/η/η′ particles.

• Missing-energy measurement:
EWCAL ≃ EMIP , EHCAL ≃ 0, EVETO ≃ 0.

• First test in 2023 with ≃ 2.9 × 1010 π−OT
(50 GeV/c) - analysis still in progress. Main
systematic uncertainty from the total
charge-exchange cross section, ≃ 30%. We’re
currently defining a strategy to measure this.
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FIG. 1: Fit of the parameters for the ω, f2(1270), and η′ mesons using IHEP data for the differential cross section of their
production at P = 39.1 GeV beam [58].
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FIG. 2: Results for the integral cross section of the π0 production π− + (A,Z) → π0(→ 2γ) + (A,Z − 1): comparison of
parameterization (4) and (5) with data for the beam momentum P = 40 GeV [57] (left panel), predictions for P = 50 GeV
(right panel).
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FIG. 3: Results for the integral cross section of the η production π− + (A,Z) → η(→ 2γ) + (A,Z − 1): comparison of
parameterization (4) and (5) with data for the beam momentum P = 40 GeV [57] (left panel), predictions for P = 50 GeV
(right panel).
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FIG. 4: Results for the integral cross section of the η′ production π− + (A,Z) → η′(→ 2γ) + (A,Z − 1): comparison of
parameterization (4) and (5) with data for the beam momentum P = 39.1 GeV [58] (left panel), predictions for P = 50 GeV
(right panel).

Figure 11. Schematic illustration of the setup to search for the invisible decays of neutral
mesons from reactions (3.1),(3.2) in the proposed experiment at high energies.

contamination in the beam e−/π . 10−2 was further suppressed by a factor ' 103.
Downstream the setup was equipped with an active dump target, a first module
HCAL1 of a hadronic calorimeter HCAL for measurement of the energy EHCAL
deposited in the module and the transverse shape of the corresponding hadronic
shower. The whole HCAL consisting of three such consecutive modules HCAL0-2.
Each module is a matrix of 3 × 3 cells assembled from Fe and Sc plates of ' 7

nuclear interaction lengths (λ0). The HCAL0 target followed by a high-efficiency
veto counter VETO, and a massive, hermetic HCAL of modules HCAL1,2, ' 30

nuclear interaction lengths in total to veto muons or hadronic secondaries produced
in the π−Fe interactions in the target.

It is also assumed that the veto’s inefficiency for the MIP detection is, conserva-
tively, . 10−4. The hadronic calorimeter is a set of four modules. Each module is a
sandwich of alternating layers of iron and scintillator with thicknesses of 25 mm and
4 mm, respectively, and with a lateral size of 60× 60 cm2. Each module consists of
48 such layers and has a total thickness of ' 7λint. The number of photoelectrons
produced by a MIP crossing the module is in the range ' 150-200 ph.e.. In Fig.
25 the distribution of the energy deposited in the HCAL by traversing muons with
energy Eµ = 100 GeV is shown. The width of the lhs of the muon peak is defined
by the fluctuations of the total number of collected photoelectrons nph.e. & 600 ph.e.
with a rms ' 25 ph.e.. This should be compared with the effective threshold ' 100

MeV, or ' 8 ph.e., for the zero-energy signal which is represented by the distribution
of the pedestal sum over the HCAL and also shown for comparison. Thus, one can
see that the probability for an event with the MIP energy deposited in the HCAL
to mimic the signal due to fluctuations of nph.e. is negligible. The hadronic energy
resolution of the HCAL calorimeters as a function of the beam energy is taken to be

– 15 –
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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.
• 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. Complementarity with Direct Detection.
• 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, first

results are very promising.
• Hadron beam: first ideas being developed.

This work is part of a project that received funding from the European Research council under the European
Union’s Horizon 2020 research and innovation programme, Grant agreement No. 947715 (POKER). 23 / 23
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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+): 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+): 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+): 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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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.
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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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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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