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Dark Matter

Dark Matter Mediator Standard Model

Early Universe: T>>mc 

equilibrium in Dark Matter - SM annihilation 

Hubble expansion: T decrease & <mc 

annihilation suppessed & stop

Dark Matter (DM) is cold/warm  (v < c); 

Relic density rDM ~ 10-6 GeV /cm3

Observed amount of DM Ωc ~ m2
c/g4

c

For WIMPs (c) (mc, gc) ~ (mEW, gEW) - are not seen at LHC and in direct searches.

Complementary proposal:

meV.                               keV MeV               GeV TeV

Axion sterile           Thermal Dark Matter   WIMP



Dark Sector

Dark Matter
Kinetic
Mixing Standard Model

U(1)’ 

Observed amount of DM Ωc ~ m2
c/y  where y = aD ε2(mc/mA´)4

Thermal freeze-out motivates new interaction to mediate DM-SM annihilation, very 
promising proposal is an existance of the Dark Sector (DS)

DS charged under new U(1)’ gauge symmetry and interacts with the SM through
kinetic mixing (ε) of massive vector mediator (A’) with photon. DM with mass mc
is a part of DS

Annihilation Bremsstrahlung

A’ production



Dark Photon A’

Dark Photon (A´) :
g–A´ kinetic mixing: ΔL= ε/2 FμνA´μν

coupling strength ~ εe
ε ~10-5 -10-2, mA´ ~ ε 1/2 MZ

TDM (e, aD, mc, mA) parameters can be probed at accelerators

mA´<2mc, A´ e+e-, μ+μ-, .. mA´>2mc, A´cc



Search for DM & DS at accelerator

Sensitivity ~ aDe4 neot

1. Beam dump approach (MiniBooNE, LSND,…)

Signal: scattering in far detector DM  
particles generated by A’ decay



Search for DM & DS at accelerator

Sensitivity ~ aDe2 neot

2. Active dump approach (NA64)

Signal: missing energy
A’ pass away from the dump which 
measures recoil  e- energy

Advantage a factor ~ 1/e2 (~1010) 



Muon (g-2) : additional motivation to search for A’

A’ may explain observed anomaly

(g-2)m completely closed 
by BARBAR results

Phys. Rev. Lett. 119, 131804 (2017)



1. Thermal sub-GeV (Light) Dark Matter (LDM) 

2. ALP, S  g g  decays

3. S, P, V and A dark portal particles: invisible, visible and semi-visible decays

4. SM expansion: Light B-L  Z´ , ..

5. ATOMKI anomaly: X17 (P, V, A´)  e+e- decays

NA64 experiment

Research program

Proposed in 2014 (P348), first test beam in 2015 (2 weeks),
approved by CERN SPSC in March 2016 as NA64 experiment.

NA64 collaboration includes ~60 researchers from 15 Institutions
FSMTU (Chile), IHEP (KI), INR (RAN), ETH(Switzerland), IFIC (Spain),
JINR, MSU, MISPHEF (Chile), NRTPU, LIP(RAN), INFN (Genova, Italy),
TSPU, UAB (Chile), Bonn Univ. (Germany), York Univ. (Canada)



NA64 experiment

Data taking

2016 – 5 weeks at H4 (NA64e) ~4,5x1010eot, 

2017 – 5 weeks at H4 ~5,5x1010eot, 

2018 – 6 weeks at H4 ~2,0x1011eot, 2017-18 in visible mode ~ 8,4x1010eot,

2021 – 5 weeks at H4 ~ 5,2x1010eot, 3 weeks pilot-run at M2 (NA64m),
2022–10 weeks at H4 ~ 6,4x1011eot, e+ ~ 5,0x1010eot, 3 weeks at M2 Total ~4x1010mot 

2023 – 8 weeks at H4 ~ 5,1x1011eot, e+ ~ 1,6x1010eot, 3 weeks at M2 ~ 1,6x1011 mot 

2024 – 8 weeks at H4 ~ 5,2x1011eot, e+ ~ 2,25x1010eot (70 GeV) & soon 6 weeks at M2

Total accumulated: ~2 1012eot , ~ 9 1010e+ot ,  ~ 2 1011 mot 

Published:  ~1012eot & ~2 1010 mot

Operation modes:  NA64e: 50-150 GeV e± NA64m: 100-160 GeV m+   

NA64h: 50-200 GeV p-, K-, p  



Requirements:

 clean  100 GeV e- beam 
 e- tag: spectrometer & SRD 
 full hermeticity ECAL+HCAL        

NA64 approach A’ c c

Signature:

 in: 100 GeV e- track
 out: EECAL< E0, shower in ECAL
 no energy in Veto and HCAL



Electromagnetic calorimeter (ECAL)

Readout WLS fibers go in a spiral to
avoid energy-leak and dead zones.
Hermeticity scan shows no leak.

Active target

Shashlik type electromagnetic calorimeter:
Size ~48x20 cm2, matrix2021-> 12x5 counters, 

~24x24 cm2, matrix2016 - 2018 6x6 counters, 
Length ~50cm or 40X0, 150 layers, 
Layers 1.5 mm lead and 1.5 mm scintillator



Synchrotron radiation detector SRD

Particle identification
SRD emission ~ 1/m4

<Eg> ~ few MeV, <Ng> ~ 30 g’s,
Efficiency eSRD > 0.95, 
p/e ~ 10-6, 

SRD: LYSO crystals  32x48x45 mm3



Hadron calorimeter (HCAL)

Shashlik type hadron calorimeters:
4 HCALs ~7 l each, 
sandwich: 48 x (25mm Fe + 4 mm Sc), 
matrix 3x3, ~19x19x150 cm3, 
Energy resolution ~ 60%/ E[GeV]

Hermeticity
providing



Magnetic spectrometer

Reconstruction of e-

incoming momentum

Bending dipoles 

Tracking system:
S0-3 beam counters,1 mm Sc hodoscopes, 

e-
beam tagging, T0

XY Micromegas MM1-4, 
XY Straw tube stations ST1-4, 
GEM1-2

SRD pipe

VHCALST

Background due to the insufficient detector
hermeticity against charged and neutral
hadrons produced in electron beam
interactions in the beam material at large
angles. Suppressed for charged secondary
by using Straw Tubes as a veto, for neutral -
VHCAL



Beam: 
up to 7 106 e-/spill (5s duration)
low hadron contamination: p(<1%) 

m/K(<.1%)
low energy tails (<1%)

Experimental setup



Experimental setup



Online analysis (2024 data  2.3 1010eot)

Region I: e-Z  e-Zg ; g  μ+μ-  benchmark for MC
R

egion
 III: pile up events
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nSelection criteria:
-Timing (pile up suppression)
-Clean e- track (sigle hit, correct angle and momentum)
-Synchrotron radiation signal
-Shower in ECAL compatible with e-

-No activity in Veto

Cuts: +VHCAL

Region II: SM events
EECAL+EHCAL= 100 GeV

Cuts: Time window, SRD, 
Veto, ECAL central cells



Plans to cover mA´ ≤ mm area with ~ a few 1012 eot
Challenge:  high mass region mA´ ≥ mm, as cross-section ~ (1/mA´)2

Ways out: i) resonance A´ production (NA64e
+), and 

ii) high-energy muon beam (NA64m)

NA64 search with positron beam

Project NA64e+

Search for A’ with 100 GeV positron beam
For mA’ ~ 200-300 MeV a factor  ~10 improvement for e
Enhancement ~102 for y~ e2



Search for Light Dark Matter with NA64

NA64 Phys.Rev.Lett. (2023)

The NA64 90% C.L. exclusion region in the (mA’,ϵ) plane. Constraints from the E787 
and E949, BABAR and NA62 experiments, from the consideration of the anomalous 
magnetic moment of electron αe, as well as the favored area explaining the αμ anomaly
with the A’ contribution are also shown. 



The top row shows the NA64 limits in the (y,mχ) plane obtained for αD = 0.1(left) and
αD = 0.5(right) assuming mA’ = 3mχ, from the full 2016–2022 dataset. The bottom row shows
the NA64 constraints in the (αD,mχ) plane on the pseudo-Dirac(left) and Majorana(right) DM.

NA64 Phys.Rev.Lett. (2023)
Search for Light Dark Matter with NA64



Phys. Rev. D (2024)

New exclusion limits from the e+ beam, missing
energy measurement presented in the ε vs mA’ space,
considering fermionic LDM for αD = 0.1. The most
stringent LDM exclusion limits from BABAR and
NA64 in e- beam mode are also shown, as well as
the favored area from the muon g − 2 anomaly (red
lines). The green dashed lines reports the sensitivity
for a future positron-beam effort at lower energy

The new NA64 e+ beam exclusion limit in the
(mχ, y) plane, for αD = 0.1. 
The black lines show the favored parameter
combinations for the observed DM relic density
for different model variations. 

Search for Light Dark Matter with NA64



NA64e 2024 data taking



NA64 provided most stringent constraints on  new physics contribution 
DaX <  10-15 – 10-13 for X=S, P, V, or A  compared to LKB and Berkley 
high-precision measurements

Dark  X = S, P, V, or A

e-Z  e-ZX; X  invisible
X: scalar (S), pseudoscalar (P), vector(V), axial (A)
e-X: interaction with coupling strengh gX=eXe

NA64,Phys.Rev.Lett.(2021) 

Search for new X boson and (g-2)e

LKB(87Rb) 5s difference with Berkley(137Cs)
a-1 = 137.035999296(11)



Signature: 

 100 GeV e- track
 EECAL< E0 shower in ECAL
 no activity in Veto and HCAL1
 e-m like energy in HCAL2+HCAL3

Main background – punch through neutral 
secondaries (n,K0

S,L)

Search for ALP 



NA64 provided most stringent constraints 
on  B-L Z´ compared to n - e- scattering data         

3.2x1011 eot collected in 2016-2018 & 2021 runs 

NA64, Phys.Rev.Lett.(2022) 

Search for new B-L Z’ boson



Visible mode: 8Be* anomaly – new X boson?

7Li(p,e+e-)8Be 

8Be 4He
12C

PRL (2015) PRC(2021)
arXiv:2209.10795v1



Visible mode: 8Be* anomaly – new X boson?



Visible mode: 8Be* anomaly – new X boson?

in 202? ~ 2 1011 eot

A possibility: 2 мм Straw Tubes chambers    Prototypes of two-layer, 192x2 мм
ST, 200 х 200 mm2



NA64m (approved in 2021)



Одобрена в 2021 г : поиск нового Z’ связанного с мюоном, такой Z’
также мог бы обьяснить мюонную g-2 аномалию.

NA64m - search for LDM 



NA64m first results

Phys. Rev. Lett 132, 211803 (2024)

Left: NA64μ 90% C.L. exclusion limits on the coupling gZ’ as a function of the mZ’ , for the
vanilla Lμ − Lτ model.The 2σ band for the Z’ contribution to the (g − 2)μ 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 NA64μ experiment
in the (mχ, y) parameters space for thermal dark matter charged under U(1)Lμ−Lτ with mZ’ = 3mχ

and the coupling gχ = 5 × 10−2 for 2 × 1010 mot. 



NA64e & NA64m results

Accepted by JHEP, arXiv:2404.06982v5 [hep-ex] 22 Jun 2024



Outlook & conclusions

NA64 accumulated 2 1012 eot it allows to start probing very interesting LDM benchmark
models.

We plan until LS3 accumulate as many as possible eot and also use the positron mode to
enhance the sensitivity in the higher mA′ region. After LS3 the experiment plan continue data
taking to accumulate 1013 eot

NA64 started program with high intensity 160 GeV m beam to explore dark sectors weakly
coupled to m. We plan to collect > 5 1011 mot before LS3 in order to check if an Lμ-Lτ Z′
boson as the explanation of the (g-2)m anomaly and complement the searches with electrons.

After LS3 the experiment plan continue data taking to accumulate 1013 mot to explore the
A′ higher mass region and μ → τ and μ → e LFV processes.

The exploration of the NA64 physics potential just begun. Proposed searches with
leptonic and hadronic beams provide unique sensitivities & highly complementary to
other projects.

Thank you!


