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Dark matter in a nutshell

2

Ø Main hypothesis: dark matter (DM) is made of particles, 𝜒.
Ø Thermal Light Dark Matter:
§ predicts a new force between DM and standard model (SM), DM and SM are in 

equilibrium when the temperature of the Universe 𝑇 ≫ 𝑚!

§ DM particles can’t find each other to annihilate when 𝑇 < 𝑚!, thermal equilibrium 
breaks → freeze-out of DM density 

§ solid prediction of DM-SM annihilation cross-section vs. the DM relic abundance
§ 𝑚! in sub-GeV mass range, much below the electroweak scale
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A well motivated model introduces a new U(1) gauge-boson, ”dark photon” A’ with 
4 parameters:
§ Dark photon 𝑚"! and DM 𝑚! masses
§ Coupling 𝐴# − 𝜒, 𝑒$ with coupling constant, 𝛼$
§ 𝐴# − 𝛾 coupling via kinetic mixing 𝜀

The physics case NA64e NA64µ Conclusions

Dark Photon: a well motivated and popular model with a V mediator
(massive photon)

Introduction of a new U(1) gauge-boson
(“dark-photon”, A0 ). This model includes 4
parameters:

mA0 and m�

Coupling constant ↵D (A0 � �)
Kinetic mixing of A0 with SM " << 1

Introduction of the dimensionless parameter y :
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The dark sector - particle physics prior revisited

Light Dark Matter models (sub-GeV) can reproduce the observed Dark Matter
density, if a new SM-DM interaction is introduced.
Representative case: new massive U ↑(1) gauge-boson coupled to the electric
charge.

Model parameters:
• Dark Photon mA→ and Dark Matter mω masses (sub-GeV)
• A↑ → ω coupling eD ↑ 1
• A↑ → ε coupling via kinetic mixing ϑ

Annihilation cross section (ωω̄ ↓ SM) reads:

↔ϖv↗ ↘
ϑ2ϱDm2

ω

m4
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ϑ2ϱDm4

ω
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1
m2

ω
≃ y
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For a fixed mω value, the thermal origin hypothesis imposes a unique value of y .
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Annihilation cross section 𝜒�̅� → 𝑆𝑀:

Dark matter in a nutshell - 2



Dark matter search at NA64
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Caso di fisica di POKER/NA64 L’esperimento NA64 al CERN Il progetto POKER Conclusioni

Programma di fisica di POKER/NA64

Nuova fisica nel Settore Oscuro:
• Modello LDM con mediatore A→

• ALPs, scalari leggeri
• Modelli Lµ → Lω con mediatore Z→ leggero
• Modelli B → L con mediatore Z→ leggero

(connessione alla fenomenologia dei neutrini)
• Modelli con A→ visibile (A→ ↑ e+e↑), anomalia

X17
• Modelli con A→ semi-visibile

NA64 ha già riportato limiti di esclusione
competetitivi per tutti questi scenari

In summary, using the pioneering approach with the
combined statistics of the 2016–2022 runs, NA64 has
started probing the well-motivated region of the LDM
parameter space. The world-leading bounds on ϵ; y; αD in
the mass range 0.001≲mA0 ≲ 0.35 GeV are placed [10],
allowing to exclude scalar and Majorana dark matter with
the χ − A0 coupling αD ≤ 0.1 for masses 0.001≲mχ ≲
0.1 GeV and 3mχ ≤ mA0 .

We gratefully acknowledge the support of the CERN
management and staff, as well as contributions from
HISKP, University of Bonn (Germany), ETH Zurich,
and SNSF Grants No. 169133, No. 186181,
No. 186158, No. 197346 (Switzerland), ANID—
Millennium Science Initiative Program—ICN2019 044
(Chile), RyC-030551-I and PID2021-123955NA-100
funded by MCIN/AEI/FEDER, UE (Spain). This result
is part of a project that has received funding from the

European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme,
Grant Agreement No. 947715 (POKER).
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FIG. 4. The top row shows the NA64 limits in the (y;mχ) plane obtained for αD ¼ 0.1 (left panel) and αD ¼ 0.5 (right panel) assuming
mA0 ¼ 3mχ , from the full 2016–2022 dataset. The bottom row shows the NA64 constraints in the (αD;mχ) plane on the pseudo-Dirac
(left panel) and Majorana (right panel) DM. The limits are shown in comparison with bounds obtained in Refs. [22–24,28,29] from the
results of the LSND [21,43], E137 [44], MiniBooNE [46], BABAR [49], COHERENT [81], and direct detection [82] experiments. The
favored parameters to account for the observed relic DM density for the scalar, pseudo-Dirac, and Majorana type of light DM are shown
as the lowest solid line in top plots; see, e.g., [38].
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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 → ω2

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 ω /
long-lived (KL) / highly penetrating
(µ) escaping the detector / eventual
beam contaminants

2

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 di↵erent 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 � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � 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 m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[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-

1

Missing energy setup
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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 A0, 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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The NA64-e experiment at CERN North Area

NA64-e: missing energy experiment at CERN North Area, 100 GeV e→ beam1

H4 line: → 107 e→/spill (ω conversion). εE < 1%, hadron contamination ↑ 0.5%

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

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

MM trackers
• Plastic scintillator based scintillator

counters for VETO

ωE /E ↑ 0.1/
↓

E ↔ 2%

1Phys. Rev. Lett. 131, 161801 (2023) 17 / 37

The NA64-e experiment

6

3

FIG. 1. Schematic illustration of the setup to search for A→ → invisible decays of the bremsstrahlung A→s produced in the
reaction eZ → eZA→ of 100 GeV e↑ incident on the active ECAL target in 2021-2022 runs.

HCAL4 was used to reject beam electrons accompanied
by neural secondaries.
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FIG. 2. The measured distribution of events in the
(EECAL;EHCAL) plane after applying all selection criteria.
The shaded area is the signal box, with the size along the
EHCAL axis increased for illustration purposes. The side
bands A and C are the ones used for the background esti-
mate inside the signal region.

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

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

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

package DMG4 [70] is used to study the performance of
the detector, signal acceptance, and background level, as
well as the analysis procedure including selection of cuts
and sensitivity estimate. To maximize the signal accep-
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Fermion, 𝛼𝐷 = 0.1
Fermion, 𝛼𝐷 = 0.5
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BaBar

E787, E949

NA62

𝑎𝜇 𝑎𝜇 favored

𝑎 𝑒
NA64

FIG. 3. The NA64 90% C.L. exclusion region in the (mA→ , ω)
plane. Constraints from the E787 and E949 [41, 42], BABAR
[49] and NA62 [50] experiments, from the consideration of
the anomalous magnetic moment of electron εe [51–54], as
well as the favored area explaining the εµ anomaly with the
A→ contribution [10] are also shown. For more limits from
indirect searches and planned measurements; see, e.g., Refs.
[28–30].

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

CERN North Area, 100 GeV 𝑒!beam
H4 line: ≃107 𝑒! /spill (γ conversion). 
σE <1%, hadron contamination∼0.5%

S1-3: scintillator counters to define beam
V1-2: veto counters ’’
Magnet1,2: dipole magnets, total magnetic
field ≃7 T·m
SRD: array of a PbSc sandwich calorimeter for 
synchrotron radiation detection
ECAL: active dump target,  EM calorimeter, 
40𝑋", Pb/Sc Shashlik. Measure recoil electron 
E and EM shower shape 
HCAL: hermetic hadronic calorimeter 𝜆#$%~30
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The NA64-e results

§ Statistics (2016-2022) ≃1012 EOT
§ 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

The dark sector The NA64-e experiment at CERN The NA64→µ program Conclusions

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 eωe 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

20 / 37
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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.

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

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

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
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also shown as the dark green curve. The black curve refers to the
constraint from the observed relic DM density for the scalar
elastic DM [13]. Also included are results of NA64 [14] (azure),
MiniBooNE [15] (brown), LSND [16] (orange), E137 [17]
(cyan), and BABAR [18] (green) experiments, where αχ ¼ 0.5
and mϕ ¼ 3mχ are assumed. The projected limits from the
LDMX experiment [57] (phase 1) and DarkSHINE experi-
ment [20] (9 × 1014 electron on target) are shown as the green
dashed line and blue dot-dashed line, respectively. Note that
exclusions and sensitivity curves from the dark photon experi-
ments scale with αχ × ðmχ=mϕÞ4.

PHYSICAL REVIEW LETTERS 131, 191002 (2023)

191002-5

PRL131, 191002

22 / 37



8

The NA64-e 2023-2024 

§ Introduced VHCAL, veto hadronic calorimeter (Cu-Sc layers) to increase 
acceptance for electro-nuclear events due to upstream interactions.

§ New front-end electronics for all calorimeters
§ Extended signal window EECAL <60 GeV
§ Statistics (2023-2024) ≃1012 EOT
§ Data analysis ongoing
§ 2025 data taking in progress

The dark sector The NA64-e experiment at CERN The NA64→µ program Conclusions

Run 2023-2024

Optimized experimental
setup:

• VHCAL hadronic
calorimeter installed in
front of ECAL, to
increase acceptance for
electro-nuclear events
due to upstream
interactions.

• New front-end
electronics for all
calorimeters.

Accumulated statistics:
→ 5 ↑ 1011 + 5 ↑ 1011 EOT
2025 run just started
Data analysis ongoing
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Figure 8. Comparison of the distribution of events in the (EECAL;EECAL) plane obtained

for periods of runs in 2022 (left) and 2023 (right) after all selection criteria are applied. The

periods selected for these plots correspond to a similar number of EOT: 1.66→ 1011 EOT

and 1.49→1011 EOT, for 2022 and 2023, respectively. The signal box displayed is extended

along the vertical axis to 5GeV for illustration purposes.

Figure 9. Preliminary NA64 90% C.L. exclusion limits (dashed lines) obtained for the

A
→
↑ invisible search in the (mA→ , ω) plane for the combined 2016-2023 statistics. We

compare the limits for two choices of the missing energy threshold in the ECAL: EECAL <

50GeV in orange and EECAL < 60GeV in red. This is only applied to the 2023 dataset

and showcases the improved sensitivity enabled by the recent upgrades.

days. These days were also dedicated to testing the future upgrades of the calorimeter

electronics and the new SRD detector foreseen after LS3. A detailed description of

– 13 –

Extended signal window: EECAL < 60 GeV ↓ larger signal
acceptance
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NA64-e 2023 setup
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The NA64-e+

§ Primary 𝑒% beam allows to exploit the enhanced resonant annihilation cross section → 
high sensitivity to large A′ masses 

§ Signal production: 𝑒%𝑒& → 𝐴# → 𝜒�̅�, with missing energy distribution with a peak 

around 𝐸' =
("!
#

)*$
§ Dedicated pilot 𝑒%run in 2022 and 2023: ≈1010 𝑒% OT accumulated at 100 GeV/70 GeV
§ Same detector configuration of NA64-e- with the new PbWO4 calorimeter PKR-CAL 

used as fixed target in the 2025 data taking.
§ PKR-CAL baseline design:
• PbWO4 calorimeter with SiPM readout
• Required ⁄𝜎+ 𝐸 ~ ⁄2.5% 𝐸 ⊕ 1%
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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).
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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 �pin/pin ' 3.8%.
A. Marini 15 / 20
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The NA64-𝜇 experiment
Beam: M2 beamline at CERN SPS, 160 GeV muon 10, − 10- muons/s 

Incoming muon momentum determined 
with a spectrometer:
- Magnet 5Tm, MS1
- Tracking detector: MM1-4 

(micromega) ST, straw tube chambers
- Scintillator hodoscopes, Sx

Resolution L.%&' /&' ≅ 3.8%

After the target (ECAL): 
- Veto counter
- VHCAL, hadronic calorimeter
- Magnet MS2
- Two HCAL module, 𝜆012~15
- Straw tube chambers
- The last two to identify and remove any 

residuals from interactions upstream
Resolution ⁄𝜎/()* 𝑝342 ≅ 4.4%
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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
significant momentum loss in final-state
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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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−L⌧ Z0 boson
160 GeV/c muon beam at CERN SPS
M2
In this context, the missing-momentum
technique is exploited

 

A. Marini 14 / 20
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Around 70 people
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Impegno Italiano

Nuova sigla INFN: NA64 Responsabile: Andrea Celentano (Genova)

INFN-GE nel 2026: 8 persone 4.15 FTE
Nel 2026 si aggiungerà gruppo di Bologna
Altre sezioni INFN che hanno espresso interesse: CT, Fe, TS, Fi

Impegno Italiano inizia con POKER, ERC starting grant che finisce a gennaio 2026 

+ collaborazioni informali
INFN-CT and INFN-Roma1

13

Caso di fisica di POKER/NA64 L’esperimento NA64 al CERN Il progetto POKER Conclusioni

NA64/POKER in CSN1

• POKER: progetto ERC starting grant
2020, Dicembre 2020 - Gennaio 2026.

• Attività seguita da CSN1 (no sigla),
referee/punti di contatto: E. Robutti,
G. Finocchiaro.

• Budget: 1484 ke, di cui 296.8 ke
overhead, incamerati da INFN.

• Contributi INFN: 10 ke / anno (dal
2022) per CF NA64, da metabolismi
CNS1.

• SOCIO: progetto MUR sinergico a
POKER (FARE-2020), 2022-2027.

• Attività di R&D per futuro esperimento
missing-energy con e+ su grande scala.

• Budget: 295 ke. Overhead: 60%
assegni/TD, → 67 ke, incamerati da
INFN.

FTE - Febbraio 2025: 3.85

Who? Posizione %
A. Antonov PostDoc 100%
P. Bisio PostDoc 100%
A. Celentano Sta! 75%
A. Marini PostDoc 10%
L. Marsicano PostDoc 100%

Collaborazione “informale” con M.
Bondì (tecnologa, INFN-CT), F.
Ameli (tecnologo, INFN-Roma)
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NA64/POKER in CSN1: futuro

Obiettivi di POKER pienamente raggiunti:
• Dimostrazione della potenzialità di una

misura di missing-energy con fascio di e+ per
ricerca di LDM.

• Costruzione di un rivelatore dedicato per
questa misura (PKR-CAL), run previsto nel
2025.

POKER è pienamente integrato in NA64
• Siamo membri di NA64, con ruoli di

responsabilità per il detector (schede WB) e
l’analisi dati.

• Programma sperimentale dedicato con fascio
di e+ e misure a diversa energia proposto da
NA64 a SPSC, ottenendo ottimo feedback.

Chiediamo alla CSN1 di sostenere la nostra
partecipazione a NA64 post-ERC

• Beneficio degli investimenti realizzati in
POKER

• Richieste di finanziamento limitate: CF e
fondi missione per i turni.

Stima delle richieste 2026-2028

2026 2027 2028
Missioni (ke) 20 5 10

CF (ke) 15 15 15

NA64 support letter

           
 
Object: support letter for the continuation of INFN-Genova group participation within the NA64 experiment at 
CERN 
 
Dear Dr. Tenchini, 

We are writing you this letter in your capacity as chair of the INFN High Energy Physics committee 
(CSN1) to convey to you our strong request to support the participation of the INFN-Genova group in our 
experiment for the NA64 program after LS3. 
 

NA64 at the CERN SPS H4 beamline is a fixed target experiment looking for fleebly interacting particles 
(FIPs) at the sub-GeV mass scale, that could interact with ordinary matter via light mediators and potentially 
explain the origin of dark matter (DM) in our universe. The final goal of the experiment is to scrutinize the 
corresponding parameter space up to the region predicted by cosmological arguments, in order to unambiguously 
confirm or reject the “dark sector” hypothesis for the dark matter origin. 
NA64 exploits the “missing-energy” technique to search for FIPs, having a 100 GeV electron beam impinging on 
an active thick target. The great advantage of this technique compared e.g. to the beam-dump approach is that the 
signal rate in NA64 scales as (coupling)2, while for the later one it is (coupling)4. By collecting approximately 1012  
electrons on target (EOT) in the 2016-2022 runs, NA64 has achieved  the best sensitivity to the important class of 
models based on the hypercharge kinetic mixing of a dark photon mediator. World-leading constraints have been 
already set1, allowing the experiment to explore the most compelling parameter space for LDM models, consistent 
with the observed dark matter relic abundance.  
Recently, NA64 expanded its physics program. A search for LDM at higher mass using a muon beam in a 
missing-momentum setup was conceived, with a first, successful test run in 20222. In 2023 the experiment probed 
for the first time the leptophobic dark matter scenario, running a pilot missing-energy experiment with a pion beam 
and searching for the invisible decay of neutral η and η′ mesons3. 
 

The INFN-Genova group led by Dr. Celentano joined the NA64 experiment in 2021, after the approval of 
his ERC project “POKER” for the 2021-2025 period. The aim of POKER is to explore the dark sector with a 
positron beam, missing energy experiment, exploiting LDM production via resonant annihilation of beam particles 
with the atomic electrons of an active thick target. This novel idea was first presented to NA64 during the ERC 
proposal preparation, obtaining enthusiastic support by the whole collaboration. From that moment, the idea was 
further elaborated and tested. 
In 2021, the group of Dr. Celentano promoted the re-analysis of the data collected by NA64 during the 2016-2018 
runs, including the new production mechanism for secondary positrons in the electron-induced electromagnetic 
shower; this result allowed to significantly extend the current LDM exclusion limits, touching for the first time the 
parameter combinations constrained by dark matter relic density4.   
In 2022, a first pilot run with a 100 GeV positron beam was performed with the existing NA64 setup, exploiting the 
versatility of the H4 beamline, allowing to accumulate ~ 1010 positrons on target (E+OT). Despite the limited 

4 Phys.Rev.D 104 (2021) 9, L091701 
 

3 Phys.Rev.Lett. 133 (2024) 12, 121803 

2 Phys.Rev.Lett. 132 (2024) 21, 211803 

1 Phys.Rev.Lett. 131 (2023) 16, 161801 

25 / 26



Impegno Padovano

Percentuali

Alessio Gianelle 0.1

Donatella Lucchesi 0.2

Davide Zuliani 0.1

Totale FTE 0.4

Missioni (kE)
Turni presa dati+meetings

MOF (kE) 
(5 CHF/persona)

7 16

15

Al momento non abbiamo richieste ai servizi, da 
ridiscutere dopo l’apertura della sigla INFN

• Sviluppo e supporto del codice e del framework di simulazione e ricostruzione
• Analisi dei dati
• Partecipazione ai meetings e alla presa dati 2026
• Possibile partecipazione:

- miglioramenti lettura calorimetri (PM → SiPM) e/o dei tracciatori.
- ammodernamento schede di lettura DAQ per calorimetri
- rifacimento sistema di calibrazione calorimetri da LED a laser 


