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Light dark matter

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

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

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

electric charge ε
• Dark matter mass Mχ and coupling to

dark photon gD (αD ≡ g2
D/4π)

Annihilation cross section reads:
〈σv〉 ∝

ε2αDm2
χ

m4
A′

=
ε2αDm4

χ

m4
A′

1
m2

χ
≡ y

m2
χ

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

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

• Dark Matter direct detection experiments, typically optimized for Mχ ≥ 1 GeV,
have a limited sensitivity in the sub-GeV range
• ER ∝ v2M2

χ/MN , v ' 220 km/s ∼ 7 · 10−4c
• Many ongoing efforts to overcome this kinematic effect

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

• Dark Matter direct detection experiments, typically optimized for Mχ ≥ 1 GeV,
have a limited sensitivity in the sub-GeV range
• ER ∝ v2M2

χ/MN , v ' 220 km/s ∼ 7 · 10−4c
• Many ongoing efforts to overcome this kinematic effect

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

LDM at accelerators
Accelerator-based experiments at the
intensity frontier are uniquely suited to
explore the light dark matter
hypothesis
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The NA64-e approach to Dark Sector search

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

beam impinging on an active thick target.

Number of signal events scales as:NS / "2

Missing Energy Experiment
� Speci�c beam structure: impinging

particles impinging �one at time� on
the active target

� Deposited energyEdep measured
event-by-event

� Signal: events with large
Emiss = EB � Edep

� Backgrounds: events with � /
long-lived (KL) / highly penetrating
(� ) escaping the detector / eventual
beam contaminants
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LDM production mechanisms with lepton beams

Three main LDM production mechanisms in �xed-target, lepton-beam experiments

L. Marsicano, E. Nardi et al.
PRL 121, 041802

a) A0-strahlung

� Radiative A0 emission (nucleus
EM �eld) followed by A0 ! � �

� Scales asZ 2� 3
EM

� Forward-boosted, high-energyA0

emission

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

L. Marsicano, E. Nardi et al.
PRL 121, 041802

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 GeVe� beam2

H4 line: ' 107 e� =spill (
 conversion). � E < 1%, hadron contamination � 0:5%

Experiment Setup

� EM-Calorimeter: 40X0, Pb/Sc
Shashlik

� Hadron calorimeter: 4 m, 30 � I
� Beam identi�cation system: SRD +

MM trackers
� Plastic scintillator based scintillator

counters for VETO

S�
SRD � 10� 5

2
Phys. 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 ! eZ� + � � , with
one or both muons decaying or
escaping without being detected by
VETO/HCAL.

(ii) Decay of mis-identi�ed contaminating
hadrons to e� e �nal 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. Figure4
illustrates the resulting upper limit on the parametery.
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 ony by
the relationy ¼ � eðm4

� =16�
 EM� 2
eÞ[58], where� e 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 to100 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 ony, but usually assuming a particular value of

 � and a fixed ratio betweenm� and m� . 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-energyS1-S2 and S2-only data from the com-
missioning run. The results fromS2-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.
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FIG. 4. The 90% CL exclusion limit (red) on the dimensionless
interaction strength from PandaX-4T S2-only data for DM
masses ranging from30 MeV=c2 to 1 GeV=c2, assuming
m� � 0.05m� . The limit from PandaX-4T DM electron[40] is
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), andBABAR[18] (green) experiments, where
 � ¼ 0.5
and m� ¼ 3m� 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
 � × ðm� =m� Þ4.
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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 �rst 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� ! � + � � reaction,
extraction of the �rst 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:

� � + ! e+ � e + 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.

15 / 23



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

POKER (NA64-e+ ): future plans

Multi-measurement program at NA64 at di�erent 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 signi�cantlyESR / E4
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 � 104
= MeV

� Very fast response:� ' 40 ns

Possible critical items for false-positives:

� Lu intrinsic radioactivity

� Afterglow e�ects

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

detection e�ciencies up to 99% (60 GeV) /
89% (40 GeV) can be reached, with
minimal rate of false-positives.

Total energy deposition in LYSO
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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 signi�cant part of the A0 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 A0 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-� : missing momentum and energy experiment

with a muon beam

� Ongoing parallel e�ort 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� � : experimental technique

LDM search with amuon beam impinging on a �xed target,
complementary toe� searches in the high-mass region.

� Signal production: A0 radiative emission
by beam muons impinging on an active
target (ECAL).

� Signal signature: missing momentum.
Well-identi�ed impinging beam track and
�nal-state low-energy de�ected track. No
additional activity in downstream
detectors (VETO / hadronic
calorimeters).

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

(2� 1013 MOT).

19 / 23



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

NA64 short-term future: NA64� � . Experimental setup

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

� Two magnetic spectrometers, MS1
(impinging � ) / MS2 (scattered � )

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

� Beam-de�ning plastic scintillator
counters

Signal signature: P1 ' 160 GeV,
P2 < 80 GeV, ECAL ' MIP.
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NA64� � : status

Three test runs have already been performed in
2021 (5x109 MOT), 2022 (2x10 10 MOT), and
2023 (1011 MOT)

� Very successful runs,e�cient 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 identi�ed 160 GeV/c impinging
� �

� 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

L� � L� model

arXiv:2401.01708

21 / 23



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

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 ' (M � =MS)2 . 10� 16.

� NA64 approach: use a ' 50 GeV/c � �

beam. Exploit the charge-exchange process
� � N ! SN0 as a source of secondary high
energy � 0/ � / � 0 particles.

� Missing-energy measurement:
EWCAL ' EMIP , EHCAL ' 0, EVETO ' 0.

� First test in 2023 with ' 2:9 � 1010 � � OT
(50 GeV/c) - analysis still in progress. Main
systematic uncertainty from the total
charge-exchange cross section,' 30%. We're
currently de�ning a strategy to measure this.
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Conclusions

� Light dark matter scenario (MeV-to-GeV range) is largely unexplored
� Can e�ciently explain DM relic density.
� Theoretically founded as the WIMP DM paradigm, assuming anew DM-SM

interaction mechanics exists.

� The NA64 experiment at CERN aims to investigate the Dark Sector through
missing-energy/momentum measurements, exploiting di�erent 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, �rst
results are very promising.

� Hadron beam: �rst 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 0 search in the L� � L� 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 0 gauge boson
� First NA64 analysis using the 2021

dataset
� New constraints on the Z 0 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 toA0 space via
gB� L $ "e.
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