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The Dark Matter Puzzle

Dark Matter (DM) makes up 85% of the
mass of our Universe
Hypothesis: DM is made of particles
Thermal Light Dark Matter:

predicts a new force between DM and
SM. DM and SM are in equilibrium
when T�mχ

freeze-out of DM density when the
temperature of the Universe is T�mχ

solid prediction of DM-SM
annihilation cross-section 〈σ × v〉 vs
the DM relic abundance
mχ in sub-GeV mass range much
below the electroweak scale X-Ray: NASA/CXC/CFA/M.Markevitch et al.

Lensing Map: NASA/STSCI; ESO WFI Magellan/U.Arizona/D.Clowe et al.
Optical: NASA/STSCI; Magellan/U.Arizona/D.Clowe et al.
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Dark Photon: a well motivated and popular model with a V mediator
(massive photon)

Introduction of a new U(1) gauge-boson
(“dark-photon”, A′ ). This model includes 4
parameters:

mA′ and mχ

Coupling constant αD (A′ − χ)
Kinetic mixing of A′ with SM ε << 1

Introduction of the dimensionless parameter y :
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The “missing energy” technique

We count each incoming beam particle
The active target is a calorimeter
Beam particles hit the target one at a time
to avoid pile-up
LDM particles produced in the target by the
incoming particle or a secondary one in the
EM shower
Signal in the form of a missing energy, as:

Emiss = Ebeam − Edep ' tens of GeV

Emiss is carried away by LDM particles

Possible background sources:
Particles escaping the target
Beam hadronic contaminants
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LDM production with lepton beams
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(a) A′ - Strahlung
Forward-peak A′ emission
σ ∝ α3

EMZ2

(c) Resonant annihilation
Breit-Wigner like cross section with
mA′ =

√
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The NA64e− setup
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Sπ
SRD ∼ 10−5

NA64 experiment @CERN SPS:
Operates at H4 beamline with a 100 GeV/c electron beam
with σEbeam/Ebeam = 1% spread

Re− ∼ 5 MHz

Beam contamination h/e− = 0.5%
The NA64 detector:

SRD to enhance electron/positron ID (the SR is generated
in the deflecting magnet MBPL)
The core is a Pb-Sc Shashlik-type ECAL
The latter part is a large Fe-Sc HCAL to tag hadronic
secondaries
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NA64e− results
Analysis selection cuts: well-reconstructed
100 GeV/c impinging track in coincidence
with SRD signal, no VETO activity
NA64 looks the data in the form of an
hermeticity plot, showing the energy
deposited in the ECAL and in the HCAL
So far, NA64 has accumulated a statistics
of 9.37·1011 e−OT
No events were observed in the Signal
Window
NA64 sets the most stringent limits in a
wide mass range

Background source Background [nb ]
dimuon losses or decays in the target 0.04 ± 0.01

µ, π, K decays in the beam line 0.3 ± 0.05
Upstream e+/e− interactions 0.16 ± 0.12

Punchthrough < 0.01
Comprehensive background (conservative) 0.51 ± 0.13

0 20 40 60 80 100
, GeVECALE

0

20

40

60

80

100

120

, G
eV

H
C

A
L

E

1

10

210

310

410

510

B

A

C

Yu. M. Andreev et al. (NA64 Collaboration)
Search for Light Dark Matter with NA64 at CERN.

Phys. Rev. Lett. 131, 161801 – Published 16 October 2023.
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NA64e− results

Additional strategies for the background
suppression and sensitivity increase:

Improvement of the setup hermeticity:
installation of a massive Veto HCAL against
large-angle hadronic secondaries from
upstream interactions
Better beam particle ID: a new LYSO
matrix-based Synchrotron Radiation
Detector to reject µ, π, K decays
Increase of statistics by running at higher
intensity: replacement of the readout
electronic with a faster one

Beam tests are currently ongoing for all these
upgrades.
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Dark sector searches with e+ beams in NA64

To enhance the annihilation signature, the
POKER project proposed the use positron
beams, operating at low energies (70-40
GeV)
First pilot runs with 100 and 70 GeV/c with
the current NA64 detector have already
been finalized: Phys. Rev. D 109, L031103
and arXiv:2502.04053
To exploit lower energies, it is necessary to
use a novel electromagnetic calorimeter
(PKR-Cal) with improved energy resolution.
The PKR-Cal consists of a 9×9 22 cm long
PWO crystals.
The required energy resolution is:
σE/E ∼ 2.5%/

√
E ⊕ 0.5%

See Dr. Marsicano and Dr. Bisio talks!
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Other Beyond Standard Model searches
The collected data have been re-analyzed to explore other Beyond Standard Model scenarios:

J. High Energ. Phys. 07 (2024) 212.

Phys. Rev. Lett. 126, 211802 (2021)

Phys. Rev. Lett. 129, 161801

Phys. Rev. Lett. 125, 081801
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The NA64µ program

Complementary program to NA64e
Search for higher mass Dark Photons
The goal is to search for muon-philic
dark sector particles, which could also
explain the muon (g-2)µ anomaly, such
as a new light vector Lµ−Lτ Z′ boson
160 GeV/c muon beam at CERN SPS
M2
In this context, the missing-momentum
technique is exploited
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The NA64µ setup

and 30 × 30 cm2 counters (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) wwith different Sμ distances to
the zero line along the deflection axis x̂, namely,Sμx̂ ¼ −152
and Sμx̂ ¼ −117 mm and with S4x̂ ¼ −65 mm. The corre-
sponding measured rate is 0.04% and 0.07% of the calibra-
tion trigger (S0;1 × V1) coincidences at a beam intensity of
2.8 × 106 μ=spill. In each configuration, we recorded,
respectively, ð11.7�0.1Þ×109 and ð8.1�0.1Þ×109muons
on target (MOT) yielding a total accumulated dataset of
ð1.98� 0.02Þ × 1010 MOT.
A detailed GEANT4 [37,38] Monte Carlo (MC) simula-

tion 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 developed by the CERN
BE-EA beam department is encompassed in the simulation
framework using separately both the TRANSPORT, HALO,
and TURTLE programs [39–41], as well the GEANT4 com-
patible beam delivery simulation (BDSIM) program [42–44]
to simulate secondaries interactions in the beamline
material. The signal acceptance is carefully studied using
the GEANT4 interface DMG4 package [45,46], including
light mediators production cross-section computations
through muon bremsstrahlung [31]. The placements of
S4 and Sμ are optimized to compensate for the low signal
yield at high masses, σZ0 ∼ g2Z0αZ2=m2

Z0 , with α the fine
structure constant and Z the atomic number of the target,
through the angular acceptance being maximized for a
scattered muon angle ψ 0

μ ∼ 10−2 rad after the 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 hδxi ≃ −12.0 mm
from a detailed GenFit-based [47,48] Runge-Kutta
extrapolation scheme.
The signal region,pcut

out ≤ 80GeV=c andEcut
CAL < 12 GeV,

is optimized with simulations and data-driven background
estimations to maximize the sensitivity. The cut on the total
energy deposit in the calorimeters,Ecut

CAL, is defined by fitting

the minimum ionizing particle (MIP) spectra obtained from
the sum of the energy deposit in the ECAL, VHCAL, and
HCAL modules.
To minimize the background, the following set of

selection criteria is used. (i) The incoming momentum
should be in the momentum range 160� 20 GeV=c. (ii) A
single track is reconstructed in each magnetic spectrometer
(MS1 and MS2) to ensure that a single muon traverses the
full setup. (iii) At most one hit is reconstructed in MM5–7

and ST1 (no multiple hits) and the corresponding extrapo-
lated 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 of
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 selection of events with no muon
nuclear interactions in the calorimeters. The aforemen-
tioned cut flow is applied to events distributed in the
outgoing muon momentum and total energy deposit plane,
ðpout; ECALÞ, as shown in Fig. 3.
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 unscattered
beam muons do not pass through the S4 and Sμ counters,
however, the trigger condition can be fulfilled by suffi-
ciently energetic residual ionization μN → μN þ δe origi-
nating 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 scat-
tered muon in the HCAL, while region B corresponds to a
hard scattering or bremsstrahlung in the ECAL, with a soft
outgoing muon and full energy deposition in either the
active target or HCAL. The small number of events
between pout ≥ 50 GeV=c and pout ≤ 100 GeV=c are
associated with hard muon bremsstrahlung events,
μN → μN þ γ, with ψ 0

μ ≪ 10−2 rad, as a result of the
trigger optimization for signal events emitted at larger
angles. The events in the region D are associated with
muon nuclear interactions in the ECAL, μN → μþ X, with
X containing any combination of π0s, K; p; n…, with low-
energy charged hadrons being deflected away in MS2,

FIG. 2. Schematic illustration of the NA64μ setup and of a signal event topology. Well-defined incoming muons with momentum
pin ≃ 160 GeV=c are reconstructed in the first magnet spectrometer and tagged by a set of scintillator counters before arriving at the
active target (ECAL). In the collision of muons with the target nuclei the bremsstrahlunglike reaction and subsequent invisible decay,
μN → μNðZ0 → invisibleÞ is produced. The resulting scattered muon with momentum pout ≤ 80 GeV=c is measured in the second
spectrometer (MS2).

PHYSICAL REVIEW LETTERS 132, 211803 (2024)

211803-3

The incoming muon momentum is reconstructed through a magnetic
spectrometer (MS1) consisting of:

three 5 T · m bending magnets,
four 8 × 8 cm2 micromesh gas detectors (micromegas, MM1–4),
two 20 × 20 cm2 straw tube chambers (ST5;4),
six variable-sized scintillator hodoscopes,
the beam momentum stations (BMS1–6).

The obtained momentum resolution is σpin/pin ' 3.8%.
A. Marini 15 / 20
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The NA64µ setup
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FIG. 2. Schematic illustration of the NA64μ setup and of a signal event topology. Well-defined incoming muons with momentum
pin ≃ 160 GeV=c are reconstructed in the first magnet spectrometer and tagged by a set of scintillator counters before arriving at the
active target (ECAL). In the collision of muons with the target nuclei the bremsstrahlunglike reaction and subsequent invisible decay,
μN → μNðZ0 → invisibleÞ is produced. The resulting scattered muon with momentum pout ≤ 80 GeV=c is measured in the second
spectrometer (MS2).

PHYSICAL REVIEW LETTERS 132, 211803 (2024)

211803-3

The target (ECAL) is followed by:
a large 55 × 55 cm2 high-efficiency veto counter (VETO),
a 5λint copper-scintillator hadronic calorimeter (VHCAL) with a hole in its middle.

The outgoing muon momentum is reconstructed through a second magnetic
spectrometer (MS2).
The achieved momentum resolution is σpout/pout ' 4.4%.
To identify and remove any residuals from interactions upstream of MS2 and
ensure maximal hermeticity, two large 120 × 60 cm2, λint ' 15 HCAL modules
(HCAL1;2) are placed at the end of the setup, together with a 120× 60 cm2 straw
tube chamber (ST11).
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NA64µ results

To minimize the background, the following set of
selection criteria is used:

We require a single incoming muon passing
the whole setup (MS1 and MS2) with initial
momentum in the range 160 ± 20 GeV/c.
At most one hit is reconstructed in MM5–7
and ST1 (no multiple hits)
The corresponding extrapolated track to the
HCAL face is compatible with a MIP energy
deposit in the expected cell (suppression of
upstream interactions).
The energy deposit in the calorimeters and
the veto should be compatible with a MIP.

We accumulated a statistics of
(1.98 ± 0.02)× 1010 MOT. After unblinding, no
events were found in the signal region

Background source Background [nb]
Momentum misreconstruction 0.05 ± 0.03

K → µ+ ν + · · · in-flight decays 0.010 ± 0.001
Calorimeter non-hermeticity <0.01

Comprehensive background (conservative) 0.07 ± 0.03
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NA64µ results

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 ; gZ0 Þ 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
ðgχgZ0 Þ2ðmχ=mZ0 Þ4 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 ; gZ0 Þ parameter space of the Lμ − Lτ vanilla model,
constraining viable mass values for the explanation of the
ðg − 2Þμ anomaly to 6–7 MeV≲mZ0 ≲ 40 MeV, with
gZ0 ≲ 6 × 10−4. New constraints on light thermal DM for
values y≳ 6 × 10−12 for mχ ≳ 40 MeV are also obtained.
The use of a muon beam demonstrated in this work opens a
newwindow to explore other well-motivated scenarios such
as benchmark dark photon models in the mass region
(0.1–1) GeV [64], scalar portals [31], millicharged particles
[65] or μ → e or μ → τ processes involving lepton flavor
conversion [66–68], complementing the DS quest world

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

with mZ0 ¼ 3mχ and the

coupling gχ ¼ 5 × 10−2 for 2 × 1010 MOT. The branching ratio to invisible final states is assumed to be BrðZ0 → invisibleÞ ≃ 1 (see text
for details). Existing bounds obtained through the CCFR experiment [22,62] are shown for completeness. The thermal targets for the
different scenarios are taken from [63].
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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 ; gZ0 Þ 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
ðgχgZ0 Þ2ðmχ=mZ0 Þ4 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 ; gZ0 Þ parameter space of the Lμ − Lτ vanilla model,
constraining viable mass values for the explanation of the
ðg − 2Þμ anomaly to 6–7 MeV≲mZ0 ≲ 40 MeV, with
gZ0 ≲ 6 × 10−4. New constraints on light thermal DM for
values y≳ 6 × 10−12 for mχ ≳ 40 MeV are also obtained.
The use of a muon beam demonstrated in this work opens a
newwindow to explore other well-motivated scenarios such
as benchmark dark photon models in the mass region
(0.1–1) GeV [64], scalar portals [31], millicharged particles
[65] or μ → e or μ → τ processes involving lepton flavor
conversion [66–68], complementing the DS quest world

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

with mZ0 ¼ 3mχ and the

coupling gχ ¼ 5 × 10−2 for 2 × 1010 MOT. The branching ratio to invisible final states is assumed to be BrðZ0 → invisibleÞ ≃ 1 (see text
for details). Existing bounds obtained through the CCFR experiment [22,62] are shown for completeness. The thermal targets for the
different scenarios are taken from [63].
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Future prospects

NA64e plans to reach a statistics of
∼ 1013 EOT by the end of CERN Run4,
to further improve its limits on Dark
Photon searches, Z′ and ALPs
In addition, we plan to accumulate a
∼ 1.3 × 1012 statistics with (40-70)
GeV/c positron beams
NA64µ aims to reach a statistics of
∼ 2 × 1013 MOT bu the end of CERN
Run4, to further explore the parameter
space for heavier Dark Photons, ALPs,
Z′...
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Wrapping up and conclusions

NA64 is a world-leading Dark-Sector search experiment operating at CERN SPS with
the primary goal of either discovering LDM, or disproving its most motivated models.

NA64e exploits the missing energy
technique, using 100 GeV e− beams
NA64e sets the most stringent limits on the
A′ search with mχ = 10−3 − 10−1 GeV
parameters space with a total statistics of
0.937 × 1012 EOT.
This accumulated statistics have been
re-analyzed to explore other BSM scenarios,
such as Lµ− Lτ ,B-L and ALPs

NA64µ exploits the missing momentum
technique, using 160 GeV µ− beams
NA64µ observed no event falling within the
signal region with (1.98 ± 0.02)× 1010

MOT, allowing to set 90% C.L. upper limits
in the (mZ′ ,Z ′) parameter space of the
Lµ− Lτ vanilla model.
New constraints on light thermal DM for
values y & 6 × 1012 for mχ & 40 MeV are
also obtained.

A. Marini 20 / 20



Hermeticity plot - NA64µ
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Region A: MIP-compatible events: muons
traversing the full setup with little to no
deflection in MS2.
Region B: Hard scattering or
bremsstrahlung events (final state has
low-momentum muons)
Region A to C: Quasi-total muon energy
deposition in HCAL due to muon nuclear
interactions in the HCAL modules.
Region D: Muon nuclear interactions in
ECAL. These events deviate from the
expected energy-momentum conservation
diagonal and leak into the signal region.
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