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- 1indirect evidence of existence (galaxy rotation rate, gravitational lensing, microwave background,
structure of the Universe)

Dark Matter

\
Speed, Direct
km/s .| observations
EE of stars

o100 7 - Hydrogen line observation (H-alpha)

Expectation without DM
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Free hydrogen and helium

. distance from the center of the galaxy, light years

Heavy elements

is notinvolved in electromagnetic interaction

1s not baryonic _
. ark Energy
makes up about 85% of the Universe mass

DM nature - ?




Dark Sector

Types of lab experiments

» Semiconductors

Astrophysical and cosmological
observations

*» Narrow-gap materials

» Organic crystals
» Polar materials

* Superconductors
» Dirac materials

» 2D targets

» Single-molecule magnets
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mass

i Wave-like dark matter ‘

Types of experiments

» Conversion in magnetic field

» Light shining through walls

» Nuclear spin precession

* Resonant cavities

* Lumped-element circuits

» Oscillating fundamental constants
* Mechanical sensors

» Primordial black hole mergers

» Gamma rays from annihilation

» Radio and X-ray signals from
neutron stars

» CMB polarization rotation

» Exploding white dwarfs

E Particle-like dark matter

Types of experiments

» Multi-tonne liquid noble elements
» Bubble chambers

» Cryogenic calorimeters

= Directional time projection

chambers

» CCDs

“fuzzi DM” ~1022eV(de Broglie wavelength ~ galaxy
size) - successfully explains the structure and features
of galaxies motion; massive compact objects
("primordial" black holes, neutron stars);

axions & ALP;

Sterile neutrino;

WIMP: massive particles, E-W scale;

light dark matter

Dark sector (v<<c)

Direct search: gaseous detectors (XENON,
PandaX, DarkSide, ...); crystalls (CDMS,
CRESST, EDELWEISS,..); bubble chambers
(PICO)

Indirect search: gamma/ neutrino/ radio
telescopes; cosmic rays (IceCube, Baikal,
AMS, MAGIC,...);

Search with accelerators:
- LHC (WIMP)
- extracted beams (LDM)




] Light dark matter
VA s«

Sub-GeV DS particles very weakly (€) interacting with SM particles:
Vector portal (mediator dark photon A”)
Scalar (Dark Higgs boson)
Pseudo-scalar (axions)
Fermion (Dark leptons)

For A’: &, ap, m,, my

y=¢> ap (m,/ my)*

Kinetic

Dark Matter Mixing

Breit-Wigner cross section
maximum at M-2=2m, E..

annihilation bremsstrahlung



.-.\”/ Setting up the experiment
by

mp>2m,, A2 xx my-<2m,,A’> ete, uty, ..
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1) BEAM DUMP APPROACH
(MiniBooNE, LSND, NA62, SHIP, T2K, DUNE...)

Dump Detector _ Active Dump
Tagging

Beam K _ [ —
4

DM particle «missing
in far detector energy»




] NA64 experiment
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NAG64 collaboration: ~ 60 researchers from JINR, Italy, Spain, Switzerland,
Chile and Germany

2014 — P348 Proposal: search for the light DM (Sub-GeV) at CERN SPS using the «active dump» &
«missing energy» techniques;

2016 —NAob64e approved by SPSC;
2021 —NA64p approved by SPSC

Schematics of the missing energy technique used by NA64 combining initiale™, €, U and ™ beams

NAG64 research program address the three complementary issues in DS physics that are accessible at the SPS:

search for LDM and other BSM physics with masses below the electroweak scale combining the results from
electron and positron beams at H4;

search for DS predominantly coupled to the second lepton generation and LDM with the M2 muon beam;
search for leptophobic DS predominantly coupled to light SM quarks with the SPS hadronic beams.




NA64e set up

Reconstruction of the
incoming
particle ID and momentum

Vacuum vessel

Magnet2
Magnetl

Magnetic spectrometer:
- MM, GEM, Straw, Field integral 6.8T, Ap/p ~ 1%;

SRD:

- LYSO crystalls 32x48x45 mm?; <Ny> ~ 30 y’s,

<Ey> ~ MeV gqrp > 0.95, /e ~ 107

Active target: 40X, Pb/Sc calorimeter, 20x24cm?(5x6)

150x(1.5mm Pb+1.5mm Sc); ~ 10%/E + 3%

Hadron calorimeter: 4x7,5A; 48x(25mm Fe+4mm Sc)

~60x60cm? ;~ 60%/VE

SRD e

ELECTROMAGNETIC
CALORIMETER (ECAL)

HADRONIC CALORIMETER (HCAL)

A

STANDARD MODEL:

A’— MISSING ENERGY:
ECAL < 50 GeV
HCAL < 2 GeV




\”7& Signal selection (NA64e-)
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&\ WELL-DEFINED BEAM ACTIVE TARGET FULLY HERMETIC DETECTOR

Dipole magnets + Trackers
Magnetic spectrometer

Signal selection criteria:

Timing (pile up suppression) + Clean e track (single hit, correct
angle and momentum) + Synchrotron radiation signal fore™ ID +
Shower in ECAL compatible with "+ No activity in Veto&HCAL

Zone II: SM events
EECAL+EHCAL: 100 GeV

Hcallvs Ecal energy|ta.ctmsmock Hcal vs Ecal energy
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NA64 experiment

~ Summary, NA64 2025.

\\ Laura Molina Bueno and Vladimir Poliakov

H4: start - April 23, end June 25; 7 days after ion run from July 7;
Electron beam, 100 GeV > April 23 to June 18

Positron beam, 40 and 45 GeV - June 18 to June 23

Hadron beam, 50 GeV > July 7 to July 14

2025 setup
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NA64h

NAG4h plans to perform a comprehensive study of leptophobic models predicting

a new U'(1) gauge bosons or scalars coupled to LDM

invisible or semi-visible decays of neutral and vector mesons n, n’, w, p, ..., and, in
particular, Ks, — invisible decays of neutral kaons, which have never been probed.
The later is highly complementary to searches for K*:° — a+ invisible decays.

K? — K oscillations of neutral K° into its dark partner, e.g., in the Mirror Matter model.
This search is complementary to experiments looking for n — n' oscillations.

a class of dark sector models with a heavy neutral lepton can also be tested.

In 2024, we published the first results from a proof-of-concept search for DS via invisible decays of
pseudoscalar n and n' mesons. Our technique uses the charge-exchange reaction of 50 GeV &~ on nuclei
of an active target as the source of neutral mesons. The n, n' — invisible events would exhibit themselves
via a signature - the complete disappearance of the incoming beam energy in the detector.

No evidence for such events has been found with 2.9x10° pions on target. This allows us to set a stringent
limit on the branching ratio Br(n' — invisible) < 2.1x1074, improving the current bound by a factor of = 3.
We also set a limit on Br(n — invisible) < 1.1x10™* comparable with the existing one.

In 2025, we accumulate ~ 9,5x10°0t (50 GeV)

We are currently considering the possibility of performing this program at the CERN PS T9 beamline. The
first 2 weeks of test beam at T9 are foreseen from the 24th of September until October 8th. An addendum
to the SPSC with our future plans after LS3 is in preparation.




Fe(26,56)

50 GeV n-, MIP in WCAL, no signal in HCALSs




Advantages Weaknesses

Positive-charge mode .+~

102F- h/e ratio at the T2
target (FLUKA)

/ a4 |
‘.' 'xh.\ﬁ"

ﬂ Negative-charge mode

10° 10° 10? 10°
A' mass, [MeV] A' mass, [MeV]

A’ search with 100 GeV e* ¢ beam At 100 GeV, hadron impurity
At range my-~ 200-300 MeV enhancement in € ~10, of the beam for e-is ~0,3%,

or ~102 for y~ €2 which is 10 times less than for

e’, and the difference increases
with energy
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After the successful pilot measurement performed with a 100 GeV/c positron beam during
the 2022 run, we continued the experimental program with e* beams. In 2023, we
dedicated one week of beam-time to execute a new e* measurement, lowering the beam
energy to 70 GeV. The primary goal was to characterize the main background sources in
this low-energy configuration, as well as to assess the detector performances. The total
accumulated statistics was 1.6x1070e*QOT.

Specifically, our results exclude the existence of vector-mediated light dark matter in the mass
range 165 < ma< 220 MeV, for € values down to 2.5x10™* and ap= 0.1, and confirmes the
already-observed exclusion contours for ap= 0.5 in the same window by the NA64-e~ run, with a
factor ~ 100 larger accumulated statistics.

The success of the 70 GeV/c e* beam measurement confirmed the feasibility of conducting a
low-energy program with NA64 using positron beams. The collaboration is now looking toward
the post-LS3 period to run high-statistic, multiple energy e* measurements to probe the mA’ =100 MeV
region. At the same time, these promising results motivated in 2024 and 2025 two new positron beam
runs at even lower beam energy (40 GeV), to complete the R&D activities supporting the future runs.
The corresponding data analysis is currently in progress.

Already accumulated ~ 1011 et
Scheduled statistics are a few 1012 including




,=0.1, 70 GeV e" beam, scalar ap=0.5, 70 GeV e” beam, scalar
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Exclusion limits at 90% confidence level derived from the 70 GeV/c positron-beam missing energy measurement.
Top (bottom): exclusion limits — brown and orange curves- in the [my,, €] ([m,, ap ]) plane, for ap = 0.1 (left) and
ap = 0.5 (right). The other curves and shaded areas report already-existing limits in the same parameters space from
NA64 in electron-beam mode (blue and violet), COHERENT (grey), and BaBar (light blue). In the bottom plots,

the black lines show the favored parameter combinations for the observed dark matter relic density for different
variations of the models.




Coherent Csl

E137.

e

2016-2022

2023

“" NA64 2016-2023 (1.4 x 1012 EOT) |

ap =0.1

my fm, =3

|

2024

2025

1

TOTAL

NAé64e

9.7x10'' EOT

4.4x10'' EOT

5.2x10''EOT

~5x10'" EOT

~2.5x1012 EOT




NA64e - what else?

"Hip.e'e)'He 4
8Be anomaly and X boson eomorey €

e
\Y/\ ,r"Qﬂ Q)

@\ ' A.J Krasznahorkay et al. Phys. Rev. Lett.116, 042501 (2015) _
s : and recent results for 4He arXiv:1910.10459 . J

" n
15 16 17 18 19
Invariant mass (MeV/¢™)

Could be explained by new

‘protophobic’ gauge boson X
/with mass around 17 MeV

jnal ' *‘Q J. L. Feng et al. Phys. Rev. D95, 035017 (2017)

9 10 11 12 13 14 15 16 17 18
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Opening Angle [Deg] Invariant Mass, mee [MeV]

WCAL: 30-40 Xo \
Sandwich W-Sc \ -

*HENEX

Signature: )/

T3 1) EwcaL+EecaL = 100 GeV d
2) No activity in V23and y
HCAL 5

3) Signal in S3, S4 A 4N

4) e-m shower in ECAL - %17 anomaly: PRL 120, 231802 (2018)
PRDI107, 071101R (2020)

V2

102 10!
m ., GeV




NAG64e - what else?

eZ > eZX; X - invisible
X: scalar (S), pseudoscalar (P), vector(V), axial (A)
e’X: interaction with coupling strength gy=¢ye

= ggeeS

Lp = igpeyseP

N N
Production via Primakoff effect

Aa, = a**? — "t P = (4.8 +3.0) x 107 (1)

Aa, = at"? — (1(1,; — (—88+3.6) x 1071

e

L"\' - .(/\'(—m'u(" ;1

‘C.-\ f].'l(‘A,'/lA.'.’)( 4'1’1
NA64,Phys.Rev.Lett.(2021)

g-2 Berkeley (2018)

g-2 LKB(2020)

. ’
¥ N/ e
- S
y’ \\ HCALL b N A T e O
P S

VETO NA64
ECAL
PRS

Closing the gap between beam
dump and colliders

LEP

. 7 NAo64e data give exclusion limits competing with precise
Lt measurements of Aa by LKB and Berkley

1072 107!
my, GeV




NAG64e - what else?

Search for B-L Z’ bozon

3.2x10!'1e0t.2016-2018 & 2021 data

1— L T L — L
LDge_1Z}, Y [ng‘q—lv‘/—w“/]

families

NA64 exclusion limits on B-L Z” compared with
the results of v - e scattering experiments




CERN SPS 160 GeV muon beam offers unique opportunities to further search for DS of

particles predominantly weakly-coupled to 2"d and 3'd generations of the SM

MS1

STs, BMS, QPLs QPLs  MM; QPLs ‘ ‘
L L0l 10 ] Ay g
u|uu.A Hl-

BMS; 5 MM, BMS; s BMSy Vi GEM;

Pin =~ 160 GeV/c

2022 2023 2024 TOTAL

NA64H 2.0x10" MOT 15x10"MOT  15x10"moT  3.2x10" MOT

The current limit is not yet competitive compared to the
other experiments but demonstrates our capability to probe
masses above 100 MeV with higher statistics after LS3.

coupling e,

NAGA-S

>

- epet®

~ 102 MOT

3
10




NA64u (estimation)

' BaBar

Signature

+ Missing momentum
(Deflected p- energy
<80 GeV).

+ Energy on ECAL,
X gy

VapD = gx VHCAL and HCAL
ECAL compatible with a

active Missing muon energy deposit.
momentum
target

Zv,A’ decaying to DM particles

Eecar+EvicaL+EncaL [GeV]

NAG4 prelimin

TTTITTT T T
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NA64u (15t results)

L, — L; "vanilla” model Thermal Dark Matter, g, = 51072, myz = 3m,

i

-~

—
|

o0

Y= (.(/\.(12’)2(77"\/7712’)l

mz [GeV] m,y [GeV]

Left: NA64190% C.L. exclusion limits on the coupling gz as a function of the my, for the vanilla L, — L; model.
The 2o band for the Z’ contribution to the (g — 2), discrepancy is also shown. Existing constraints from BABAR and
from neutrino experiments such as BOREXINO and CCFR are plotted. Right: The 90% C.L. exclusion limits obtained

by the NA64p experiment in the (m,, y) parameters space for thermal dark matter charged under U(1); . with
myz- = 3m, and the coupling g, = 5 x 1072for2 x 10'* pot.

2022 2023 2024 TOTAL

NA64 ] 2.0x10™ MOT 1.5x10"MOT  1.5x10"moT  3.2x10" MOT




Operation modes: NA64e: 40-150 GeV e* NA64u: 100-160 GeV u*
NA64h: 50-200 GeV m-, K-, p

2016 — 5 weeks at H4 (NA64e) ~4,5x10'%ot,
2017 — 5 weeks at H4 ~5.5x101%o0t,
2018 — 6 weeks at H4 ~2,0x10 eot, 2017-18in visible mode ~ 8,4x101%ot,
2021 - 5 weeks at H4 ~ 5,2x10!%ot, 3 weeks pilot-run at M2 (NA64w),
2022—-10 weeks at H4 ~ 6,4x10'eot, e" ~ 5,0x10!%o0t, 3 weeks at M2 Total ~4x10'%uot
2023 — 8 weeks at H4 ~ 5,1x10'eot, e" ~ 1,6x10!%o0t, 3 weeks at M2 ~ 1,6x10!! uot
2024 — 8 weeks at H4 ~ 5,2x10Meot, €™~ 2,25x10%0t (70 GeV) & soon 6 weeks at M2
2025 — 8 weeks at H4 ~ 5,3x10'eot, "~ 9,25x10%0t (40/45 GeV),
7w ~9,5x10%0t (50 GeV),
Total accumulated: ,
Published: ~10"%eot & ~2 10! pot




P CONCLUSION
VA

NA64¢ accumulated ~ 2.5 10'? eot; in 2025, the calorimeters were equipped with new fast ADC
electronics (250 MHz/14 bit), and the setup hermeticity was improved by installing an additional veto

S0 Vo

2016 - 2024 2025 -2026 LS3 2028 - 2032 o MIMMZ

NA64e 1.9x102EOT >1.0x102EOT >1.0x10™ EOT MBPL magnets

Visible mode in 20267

NA64w with 160 GeV u beam aims to search for the L -L; Z'; LDM, high mass A’,
and p — 1 and u — e LFV processes. We plan to collect~2 10"° not.

2022 2023 2024

NA 64” 2.0x10"™ MOT 1.5x10" MOT 1.5x10" MOT >2.0x10" MOT

Proof of principle, feasibility studies and first results} Upgrade Run 4: 100x statistics

NA64h — proposal is under preparation

Thank you for attention!




