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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.!

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 Mytand coupling to
electric charge €

- Dark matter mass My and coupling to
dark photon gp (ap = g%/4n)

Annihilatizon cross seéztion4 reads:

o pm: g?apm
@y T 2™ = S9N 1 =
mLic Mo Mx

xsw‘*

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

lFor 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 My = 1 GeV,
have a limited sensitivity in the sub-GeV range
- Er AME/My, v 220 km/s [7110 ¢
= 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

V' Mediator, m = 3m

XENON10
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Light dark matter searches at the intensity frontier

- Dark Matter direct detection experiments, typically optimized for My = 1 GeV,
have a limited sensitivity in the sub-GeV range
- Er AME/My, v 220 km/s [7110 ¢
= 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 enemy e*
beam impinging on an active thick target.

Number of signal events scales dsg / "2

Speci ¢ beam structure: impinging
particles impinging one at time on
the active target

Deposited energyEgep, measured
event-by-event

Signal: events with large

Emiss = Es Edep

Backgrounds: events with /
long-lived (K ) / 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
a) A%strahlung

Radiative A° emission (nucleus
EM eld) followed by A°!  —

2 3
Scales a¥Z“ gy

Forward-boosted, high-energy\°
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
c¢) Resonant ete™ annihilation
- ete” o AYL xx
- Scales as Zdgm

- Closed kinematics:
Px + Pgx =P + P

- Resonant, Breit-Wig{}er like cross
section with Moo= 2mcE .«

x10°

% 12—
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L. Marsicano, E. Nardi et al.
PRL 121, 041802
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The NA64-e experiment at CERN North Area

NAGB4-e: missing energy experiment at CERN North Area, 100 GeV e~ beam?
H4 line: [CI07 e~ /spill (Y conversion). 0g < 1%, hadron contamination [05%

Primary beam (¢)

Experiment Setup

* EM-Calorimeter: 40Xp, Pb/Sc
Shashlik

v_
og/E [0/ E [2%

Number of events/GeV

Hadron punchthrough (v/K)

o 20 40 60 80 100 1
Energy deposited [GeV]

0
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The NA64-e experiment at CERN North Area

NAGB4-e: missing energy experiment at CERN North Area, 100 GeV e~ beam?
H4 line: [CI07 e~ /spill (Y conversion). 0g < 1%, hadron contamination [05%

Experiment Setup .

* EM-Calorimeter: 40Xy, Pb/Sc
Shashlik
* Hadron calorimeter: 4 m, 30 A,

100 GeV 1t
punchthrough 3

1
500 1000 1500 2000 2500 3000 3500
sum of amplitudes

2Phys. Rev. Lett. 131, 161801 (2023) 10/23
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The NA64-e experiment at CERN North Area

NAG4-e: missing energy experiment at CERN North Area, 100 Ge\e  bean?
H4 line: ' 107 e =spill ( conversion). g < 1%, hadron contamination  0:5%

5
Ssrp 10

EM-Calorimeter: 40Xq, Pb/Sc
Shashlik

Hadron calorimeter: 4 m, 30
Beam identi cation system: SRD +
MM trackers

Plastic scintillator based scintillator
counters for VETO

2Phys. Rev. Lett. 131, 161801 (2023)
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NA64-e: backgrounds

Possible background sources: production of long-lived and highly penetratin
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.

(i) Decay of mis-identi ed contaminating
hadrons to 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 [I0'2 EOT
(2016-2022)
After applying all selection cuts, no
events are observed in the signal region
Eecar <50 GeV, Eycar <1 GeV
* Expected number of background
events [ 0.b compatible with null
observation
* Today, the most competitive
S . PRL131, 161801
exclusion limits in large portion of the
LDM parameters space.

- Accumulate further statistics -

S

up to 103 EOT - to probe the 107 e L]
Pseudo-Dirac Fermion Relic 108k /_/
case for my. 100 MeV. . F
- New ideas are being explored to g 0%
cover the large-mass region. E 10 m;
- Complementarity with Direct o B
Detection experiments - e.g. L 10mk
PandaX-4T (scalar LDM). i
10* E =0.5,m =3m
I =0 PRL131, 191002

10 107 10°
m [MeV/c?] 13/23
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POKER: POsitron resonant annihilation into darK mattER
An optimized light dark matter search with positrons in the NA64 framework

M
> ]
3
Why positrons? S E
E E Positron beam
Signal production reaction: ete™ - AH_ xX Bioel i
- Large event yield: %107 ~~.lectonbeam
Nzl CZbgy, vs NEem CZ%ad,, : ~.
s b ", ]
- Missing energy distribution shows a peak S ™ 3
M2EI E 7
around Eg = 5= g+ Positrons T(E) in a thick target 0
10\\\\2‘0\\\\3‘0\\\\4‘0\\\\5‘0\\\\6‘0\\\\7‘0\\\\8‘\\\\‘\\\100
E (GeV)
Project goal = F — -
P— - 3025 ]
- Perform a preliminary missing energy 2 | M, =200 MeV
q a § M, =225MeV ]
measurement with a positron beam, & o2 Mo2somev
using a new high resolution / high )
segmentation detector replacing the 0.151- M, =350 MeV |
current NA64 ECAL. r ]
o1l i
- Demonstrate the technique and set the L ]
basis of the first optimized light dark 0055 E
matter search at a positron-beam facility F ]
%30 40 50 70 80

-3
gok. [Ge! %14 /23
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POKER (NA64€*): current status

A rst proof-of-concept measurement was
completed in 2022 (16° 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
EgcaL < 50 GeV, EycaL < 3 GeV).
Main backgrounds:

* 1 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.
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POKER (NA64€"): future plans

Multi-measurement program at NA64 at di erente” beam energies.

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

10" 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€*): new LYSO-based SRD detector

At low beam energy, the SR emission drops signi carfisg / Ej.,,; an
optimized SRD detector is necessary.
Possible option: LYSO-based homogeneus detector.
LYSO key properties:
Large density:' 7 g/cm?®
High light yield: ' 3 10* = MeV
Very fast response: ' 40 ns
Possible critical items for false-positives:
Lu intrinsic radioactivity

Afterglow e ects
Total energy deposition in LYSO

Detector design currently being optimized
through MC simulations.

Preliminary resultsdemonstrate thate*
detection e ciencies up to 99% (60 GeV) /
89%% (40 GeV) can be reached, with
minimal rate of false-positives.
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NAG64 program

Electron Beam:
NA64-e: ' 10%2 EOT already measured

Additional 6 10 EOT collected in 2023 (data
analysis ongoing), after detector upgrade (electronics,
straw detectors and veto hadron calorimeter)

Already probed signi cant part of the AQ 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: 10%° e* OT
accumulated at 100 GeV

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

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.

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

Signal production: A° radiative emission
(2 10% mom).

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

NA64- experiment: muon beam missing energy + momentum search

Beam: M2 beamline at CERN SPS, 160
Gev ,10°5 107 =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 Before MIP-like cut
2021 (5x10° MOT), 2022 (2x10 1© MOT), and
2023 (10! 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 L L model
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: 5 102 MOT.

arXiv:2401.01708
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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 ' (M =Ms)?. 10 16,

NA64 approach: use a' 50 GeV/c

beam. Exploit the charge-exchange process
N ! SNOas a source of secondary high

energy °/ / O particles.

Missing-energy measurement:

EwcaL ' Emip, EucaL ' 0, Eveto ' 0.

First test in 2023 with * 2:9 10 OT
(50 GeVic) - 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 unexplore
Can e ciently explain DM relic density.

Theoretically founded as the WIMP DM paradigm, assuming aew DM-SM
interaction mechanics exists.

The NA64 experiment at CERN aims to investigate the Dark Sector throug
missing-energy/momentum measurements, exploiting di erent probes:

Electron beam: 1.6x18% 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 Z0 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-1
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 toA° space via
g LS "e
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