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NA64 TARGET: THE VECTOR PORTAL & Light Dark Matter (LDM)
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Complementarity of direct detection and accelerators experiments

4

NA64 target

R. Essig, J. Mardon, and T. Volansky, PRD85, 076007 (2012), 1108.5383.

Direct Detection Targets 

Solid lines  
predictions from DM 

relic abundance

Accelerator Targets 

Current constraints 

1021010-1020

NA64 collaboration, PRL 123, 121801 (2019)



||Paolo Crivelli 26.03.2024

NA64 potential: additional new physics scenarios
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Fig. 6.1 Current exclusions and future NA64 projections for fermionic iDM in the parameter space compatible with the thermal target for different
combinations of D , aD and mA0/mc1 . The boundaries from E137 and LSND data are taken from Ref. [66] (to obtain the beam-dumps limits for the
two plots in the bottom row the lines were rescaled). The NA64 and BaBar constraints and the NA64 future sensitivities depicted for two different
statistics were instead derived in this work

for discovery. The D/mc1 = 0.4 scenarios are shown on the
right panels of Fig. 6.1, and prove that the thermal target is
already tightly constrained in this case. Given that the NA64
sensitivity scales as e2, when translating the bounds to the y
variable, there is an overall linear shift by a factor aD, as can
be seen by comparing the two panels on the right column. In
fact, the aD = 0.1, mA0/mc1 = 3, D/mc1 = 0.4 relic curve is
essentially excluded, as discussed in Section 5, whereas in
the aD = 0.5 case, an open window above mc1 > 110 MeV
emerges, also due to the reduced c2 lifetime (see Eq. (5.1))
that shifts the fluctuation feature in the NA64 boundary to
lower mA0 and e . NA64 has a partial coverage of the unprobed
parameter space below mc1 ⇠ 0.25 GeV with an optimized
analysis on the new 2022 data, and almost full coverage of
the relic target for the milestone 5⇥1012 EOT statistics. In
conclusion, NA64 alone can probe the full mass range of this
thermal light iDM parameter space within a reasonable time
frame.

In the case of a spectrum with reduced splitting, where
D/mc1 = 0.1, the overall y-reach of the bounds is severely
weakened. In the upper-left panel of Fig. 6.1, the beam-dump
constraints span only the mc1 & 12 MeV part of the ther-
mal relic line. NA64 can provide complementary coverage

at low masses, approaching the relic density curve in the
mc1 ⇠ 1�100 MeV region for thermal co-annihilating iDM
by the start of LS3.

Finally, the last degree of freedom that influences the ex-
isting limits is the ratio between the mediator and the DM can-
didate masses. The bottom left plot of Fig. 6.1 illustrates the
change in the existing constraints when this ratio is increased
w.r.t. the commonly used value R=mA0/mc1 = 3 (this param-
eter slice is usually chosen to yield a conservative evaluation
of the experimental sensitivities and avoid the resonance in
the DM annihilation at mA0 ⇠ 2mc1 [80, 81]). The experimen-
tal reach is much improved for lighter DM particles;however,
the reach of beam-dump experiments quickly decreases as
it approaches the kinematical threshold for c2 ! c1e+e�

decays. Since NA64 does not rely on the observation of the
decay products, its sensitivity is not affected by this fact. In
this context, the NA64 projections for 5⇥1012 EOT can un-
equivocally test the relic curve from mc1 = 1 MeV up to the
point where the BaBar constraint begins.

As discussed in Ref. [81], for thorough coverage of the
LDM parameter space, it is also necessary to consider the
interplay between experimental sensitivity and the DM relic
density as a function of the R=mA0/mc1 ratio. We show the R

Thermal iDM

the convolution between the 50 GeV threshold on the
energy deposited in the ECAL and its finite resolu-
tion. Therefore, by including the energy dependence of
ηdown in R, we effectively take into account the modifica-
tion to the Z0 line shape due to the detector effects,
particularly important in case of resonant production
with resonant energy close to the threshold value, i.e.,
for mZ0 ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEMiss

cut

p
≃ 225 MeV.

C. Z0 events yield

We used the MADDUMP event generator to simulate the Z0

production in the NA64-e ECAL [63]. MADDUMP is a
plugin for the MadGraph5_aMC@NLO program [64,65] devel-
oped for fixed thick-target setups that allows to compute the
differential yield of Z0 particles in the lead material of the
NA64-e ECAL from the knowledge of electrons and
positrons differential track length. For the radiative emis-
sion process, we adopted the nuclear form-factor para-
metrization reported in Ref. [50]. We also explicitly
included the factor Πðq2Þ in the e − e − Z0 vertex, setting
gZ0 ¼ 1 as justified before. For simplicity, we used an
effective polynomial interpolation of the full calculation
result presented in Sec. II—to account for the cusp at
q2 ¼ 4m2

μ, this was implemented separately for the low and
high momentum region. Further details are provided in the
Appendix.
For a given reaction channel, MADDUMP provides both an

unweighted set ofNMC Monte Carlo events and the value of

the energy-dependent total cross section integrated over
the track-length distribution. To include the downstream
signal acceptance and detection efficiency, and to account
for the ECAL resolution, for each event we computed
εdownðEZ0Þ, summed all these values, and normalized the
sum toNMC, finally multiplying the integrated cross section
by the result. We repeated the calculation independently for
the Z0-strahlung on the lead nucleus target and for
the Z0 resonant annihilation on atomic electrons. By fixing
Πðq2Þ ¼ 1, we also simulated the radiative dark photon
emission on the lead material, necessary to compute the R
numerator in Eq. (14).

V. RESULTS

The 90% C.L. exclusion limits in the mZ0 vs gZ0

parameter space obtained from the NA64-e experiment
are shown in Fig. 7, for the vanilla model (left panel) and
for the dark one (right panel). In the latter case, to check
the effect of changing the Z0 width, we considered the
dark coupling values αD ¼ 0.1 (gD ¼ 1.1) and αD ¼ 0.02
(gD ¼ 0.5), with the fixed mass ratio mZ0=mχ ¼ 3. Since,
for these values of αD, the missing energy resolution of the
ECAL is larger than the Z0 width, no significant differences
are observed between the two cases. Due to tension with
perturbative unitarity bound, larger αD values were not
considered [25]. The shape of the upper limit curve is
associated to the diagram that mostly contributes to the
signal yield for a given mZ0 value. In the region where it is

FIG. 7. The NA64-e exclusion limit for the Lμ − Lτ model, for the “vanilla” (left) and “dark” (right) flavor (red curve). The red
(orange) dashed curves represent the sensitivity projections for a future high-statistics NA64-e run with an electron (positron) beam, for
a total accumulated charge of 1013 EOT, while the green dashed curve is the sensitivity projection of NA64-μ [42]. The gray areas are the
regions excluded by phenomenological reanalysis of neutrino experiments [34,35], while the blue region is the area excluded by BABAR
[28] for the vanilla case. Finally, the black curves represent the so-called “thermal target” for the two values of αD ¼ 0.1 and αD ¼ 0.02,
i.e., the preferred combination of the parameters to explain the observed dark matter relic density. These have been calculated through
Eq. (5) by rescaling the results from Ref. [25].

YU.M. ANDREEV et al. PHYS. REV. D 106, 032015 (2022)
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FIG. 4. The top row shows the NA64 limits in the (y;m�) plane obtained for ↵D = 0.5 (left panel) and ↵D = 0.1 (right panel)
assuming mA0 = 3m�, from the full 2016-2022 data set. The bottom row shows the NA64 constraints in the (↵D;m�) 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 [78],
and direct detection [79] 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].

each ith entry in Eq.(3) are simulated and reconstructed
with the same selection criteria and e�ciency corrections
as for the data sample from run i. The combined 90%
C.L. exclusion limits on ✏ as a function of the A0 mass,
calculated by taking into account the estimated back-
grounds and systematic errors ⇠ 15% for the ✏iA0 domi-
nated by the ⇠ 10% uncertainty in the A0 yield [47] can
be seen in Fig. 3.

Using obtained limits, Eqs.(1) and (2), one can get
constraints on the LDM models, which are shown in the
(y;m�) and (↵D;m�) planes in Fig. 4 for m� . 1 GeV.
The favored y parameter curves for scalar, pseudo-Dirac
(with a small splitting) and Majorana scenario of LDM
obtained by taking into account the observed relic DM
density [38] are also shown on the same plot. One can
see that our results are already starting to probe the
y;m� parameter space predicted for the benchmark val-
ues ↵D = 0.1 and mA0 = 3m� [29, 30] providing the

best limits in comparison with bounds from other ex-
periments. Note, that choice of ↵D = 0.5 value is still
compatible with the constraints obtained from consider-
ation of the running ↵D [72, 80]. The limits on ↵D for
the case of pseudo-Dirac fermions shown in Fig. 4 (left
panel in the bottom row) were calculated by taking the
value f = 0.25, while for the Majorana case (right panel)
the value f = 3 in Eq.(2) was used, see Ref.[48].

In summary, with the combined statistics of the 2016-
2022 runs, NA64 started probing the very exciting region
of parameter space predicted by benchmark LDM sce-
narios. Using the missing energy technique, NA64 places
stringent bounds on ✏, y, ↵D which are one or more or-
ders more sensitive than the other searches in the mass
range 0.001 . mA0 . 0.35 GeV [10]. The scalar and
Majorana models for the coupling ↵D  0.1, the mass
range 0.001 . m� . 0.1 GeV and 3m�  mA0 are ex-
cluded. Further detector upgrade will enable improve-
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FIG. 4. The top row shows the NA64 limits in the (y;m�) plane obtained for ↵D = 0.5 (left panel) and ↵D = 0.1 (right panel)
assuming mA0 = 3m�, from the full 2016-2022 data set. The bottom row shows the NA64 constraints in the (↵D;m�) 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 [78],
and direct detection [79] 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].

each ith entry in Eq.(3) are simulated and reconstructed
with the same selection criteria and e�ciency corrections
as for the data sample from run i. The combined 90%
C.L. exclusion limits on ✏ as a function of the A0 mass,
calculated by taking into account the estimated back-
grounds and systematic errors ⇠ 15% for the ✏iA0 domi-
nated by the ⇠ 10% uncertainty in the A0 yield [47] can
be seen in Fig. 3.

Using obtained limits, Eqs.(1) and (2), one can get
constraints on the LDM models, which are shown in the
(y;m�) and (↵D;m�) planes in Fig. 4 for m� . 1 GeV.
The favored y parameter curves for scalar, pseudo-Dirac
(with a small splitting) and Majorana scenario of LDM
obtained by taking into account the observed relic DM
density [38] are also shown on the same plot. One can
see that our results are already starting to probe the
y;m� parameter space predicted for the benchmark val-
ues ↵D = 0.1 and mA0 = 3m� [29, 30] providing the

best limits in comparison with bounds from other ex-
periments. Note, that choice of ↵D = 0.5 value is still
compatible with the constraints obtained from consider-
ation of the running ↵D [72, 80]. The limits on ↵D for
the case of pseudo-Dirac fermions shown in Fig. 4 (left
panel in the bottom row) were calculated by taking the
value f = 0.25, while for the Majorana case (right panel)
the value f = 3 in Eq.(2) was used, see Ref.[48].

In summary, with the combined statistics of the 2016-
2022 runs, NA64 started probing the very exciting region
of parameter space predicted by benchmark LDM sce-
narios. Using the missing energy technique, NA64 places
stringent bounds on ✏, y, ↵D which are one or more or-
ders more sensitive than the other searches in the mass
range 0.001 . mA0 . 0.35 GeV [10]. The scalar and
Majorana models for the coupling ↵D  0.1, the mass
range 0.001 . m� . 0.1 GeV and 3m�  mA0 are ex-
cluded. Further detector upgrade will enable improve-
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FIG. 1. Schematic illustration of the setup to search for A0 ! invisible decays of the bremsstrahlung A0s produced in the
reaction eZ ! eZA0 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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FIG. 3. The NA64 90% C.L. exclusion region in the (mA0 , ✏)
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 ↵e [51–54], as
well as the favored area explaining the ↵µ anomaly with the
A0 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

NA64 LDM latest results (2016-2022)
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9.37 x 1011 EOT

NA64e
2016-2018

2.84 × 1011 EOT

2021 2022

6 × 1010 EOT ~6.3 × 1011 EOT

1.5 x 1012 EOT

2023

~5.1× 1011 EOT

2025

~ 3× 1012 EOT

2024 LS3

Improved set-up

For αD=0.1, NA64 excludes the Scalar and Majorana scenarios for almost all mχ values.  
Exploiting the e+e- resonant enhancement, we also exclude the Pseudo-Dirac Fermion scenario for 

a narrow mχ interval.

NA64, Phys. Rev. Lett. 131, 161801 (2023)
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Post LS3 prospects for LDM searches at NA64
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GOAL > 1× 1013 EOT Planned upgrades include: 
i) Increase the e- beam intensity up to  >~ 107 e-/spill 
- new readout electronics: 80-> 250 MHz digitisers,  
trackers APV ->VMM  

- DAQ speed up to 30-40 kevent/ spill  

ii) Improve detector hermeticity and performance  
ECAL: radiation hard central part, improve stability,…  
HCAL:, larger acceptance modules, longitudinal segmentation 
VHCAL: to reject high Pt  hadronic secondaries, 2023 prototype 
test was successful  
New LYSO based SRD: higher granularity, lower SR threshold 

To improve our sensitivity in the (high) mass range and on scenarios with 
alphaD=0.5 →use positron and muon beams
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Post LS3 prospects for LDM searches at NA64 with positrons
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Main challenge:  
Hadron 
contamination in 
H4 beam  
in e+ mode is 
significantly 
higher at 100 
GeV 

NA64 collaboration, NIM. A 
1057 (2023), 168776

L. Marsicano et al. Phys. Rev. Lett. 121, 041802 (2018), 
NA64 collaboration, Phys.Rev.D 109 (2024) 3, L031103Resonance annihilation channel with 100 GeV e+beam.

e+e− → A′ → χχ̄

NA64e+
2021 2022 2023 2024 2025 LS3 

1x1010 E+OT 
@ 100 GeV 

@ 40, 60  
150 GeV 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Figure 23: The projected sensitivity in the " vs mA0 space for the low-energy positron-beam measurements proposed
in this work, for a total accumulated statistics of 1011 e

+
OT , considering the benchmark scenario of fermionic

LDM, with ↵D = 0.1. The most stringent LDM exclusion limits from BaBar [22] and NA64 [21] are also shown,
as well as the favored area from the muon g � 2 anomaly [26,30] (red lines).
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Figure 24: The projected sensitivity of the proposed positron measurements in the (y,m�) plane in the (m�, y)
plane, for ↵D = 0.1 (left) and ↵D = 0.5 (right). The other curves and shaded areas report already-existing limits
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Figure 133: Axions/ALPs with photon coupling (BC9). Region of interest for accelerator-based
experiments up to a few GeV. Current bounds and future projections for 90% CL exclusion limits.
Legend: filled gray areas are bounds coming from interpretation of old data sets or astrophysical
data; filled coloured areas are bounds set by experimental collaborations; Solid coloured lines are
projections based on existing data sets; Dashed coloured lines are projections based on full Monte Carlo
simulations; Dotted coloured lines are projections based on toy Monte Carlo simulations. Shaded areas
are excluded regions from: LEP (data: [1444, 1445, 1446, 1447]; interpretation: [749] above 100 MeV
and [748] below 100 MeV. Caveat: the LEP line above 100 MeV is likely extendable also in the region
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Some very nice examples of complementarity with FASER and SHiP and other 
experimental efforts!

FIPs 2022 workshop: arXiv 2305.01715
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In addition, we note that (12) generally resembles, up to the
numerical factor ∼Q2

χ and additive correction to the loga-
rithm, the total cross section for the dark photon production
[43], in which the dark photon mass is redefined as
mA0 → 2mχ . This observation allows one to estimate ana-
lytically the expected constraints for the parameter space of
the millicharged particles directly for muon and electron
beam at NA64.

III. LIMITS FROM NA64e

One can link the bound on the ϵ parameter for the model
with dark photon and bound on the millicharge. Indeed, the
interaction of the dark photon with the SM particles has the
form [43]

Ldark ¼ ϵeJμSMA
0
μ; ð14Þ

where JμSM ¼ 2
3 ūγ

μu − 1
3 d̄γ

μd − ēγμeþ % % % is the SM
electromagnetic current, e2

4π ¼
1
137, A

0
μ is the dark photon

field and ϵ is the unknown parameter. The goal of the
experiments is to derive the bound on ϵ. On the other hand,
the bound on ϵ depends on the dark photon mass mA0 .
The cross section of dark photon electroproduction
σðeN → eNA0Þ is proportional to the cross section of
virtual photon electroproduction, namely [43]

σðeN → eNA0Þ ¼ ϵ2σðeN → eNγ&Þ

≈
4

3

α3ϵ2ζ
m2

A0

$
ln
1

2

"
mA0

me

#
2

þOð1Þ
%
; ð15Þ

where m2
A0 ¼ k2γ& is the four momentum squared of virtual

photon.
In a recent NA64e analysis [27] stringent experimental

constraints on the dark photon coupling, 10−5 < ϵ < 10−2,
for the mass range mA0 ≲ 1 GeV were derived. These
bounds were obtained by using the GEANT4
Monte Carlo simulation for the flux and spectra of the
A0s produced in the target by primary electrons. That
numerical simulation takes into account the development
of the signal electromagnetic (EM) shower in the reaction
eN → eNA0 → eNχχ in the target. We emphasize that the
dark photons and millicharged pairs are essentially pro-
duced within the first radiation length of the target material
for the electron beam. Therefore, the beam attenuation and
EM shower development should be taken into account in
proper numerical simulations of χ-pair production. The
latter is beyond of the scope of our paper. We leave this
task for future analysis. Instead, in order to obtain the
95% C.L. bound on QðeÞ

χ we link it with an upper bound ϵ2

from Ref. [27] as

ϵ2 ≈ κ ·
ðQðeÞ

χ Þ2

12π2
; ð16Þ

which also implies the replacement mA0 → 2mχ in the
relevant exclusion plot. Indeed, one can easily obtain (16)
from Eqs. (12) and (15). We expect that the ϵ2 limit in (16)
takes into account the processes associated with EM shower
development in the thick target for the same kinematical cuts
of energy deposition. In particular, in the present analysis the
missing energy cut [27] for the dark photon search,
EA0 ≥ 0.5E0, is associated with the cut for the millicharged
particles search, Eχ þ Eχ̄ ≥ 0.5E0. In Fig. 2 we show the
relevant excluded area by the blue shaded region.

IV. COMBINED EXPECTED BOUNDS FROM
NA64e AND NA64 μ

In this section we estimate expected bounds on the
charge of millicharged particles using the results of Secs. II
and III. For the thin target with LT ≪ Xμ

0 the millicharge
yield, which originates from the μZ → μZχχ process, can
be estimated as

FIG. 2. Upper limits on the fractional electric charge Qχ=e of
the hypothetical millicharged fermions of mass mχ . The areas
with the grey shading are the bounds excluded by SLAC [7],
collider [44,45] and EDGES experiment [46,47]. The projected
limits are shown by solid lines. In particular, the expected reaches
for SHIP and MilliQuan are taken from [21]. The sensitivity of
LDMX is based on the MADGRAPH missing momentum simu-
lation with 16 GeVelectron beam on the aluminum target [24,25].
The blue shaded region is the bound experimentally excluded
by NA64, see e.g., Ref. [27]. The upper bound at Qχ=e ¼ 0.2
corresponds to the (90% C.L.) lower limit on the charge of χ ’s
above which they are detected in the Hadron calorimeter
of NA64.
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Figure 4: Track propagation of muons (red) from the M2 beam line in the upper section of the experiment, towards the downstream
region, over about 100 meters. The bending and focussing due to the bending magnets (BEND6 and MS2) and the quadrupoles
(QPL and QWL) is shown.

The author has performed the analysis of the 2022 data following a blind scheme, for which the signal region
choice was optimized through the minimization of the 90% averaged upper limit value Sup, depending on the
signal e�ciency. It was found that the tuple (pout < 80, ECAL < 12) GeV was optimal (see Fig. 3). Results
from the cut-flow analysis suggested that the final cumulative e�ciency of the physical trigger e�ciency was
between 0.05% and 0.2% of the full sample, while for the signal it peaked at � 10% for masses around 500
MeV. For completeness, a study of the main background sources coming from momentum mis-reconstruction,
kaon decays K ! µ+ ⌫ and set-up non-hermeticity yield an expected level of 0.07± 0.03 event for the analyzed
statistics of 2 ⇥ 1010 MOT.

The final results were computed following an exhaustive study of systematics in the signal yield estimates.
The dominant contributions arose from the underlying Z 0 physics, for which notably higher order Sudakov
corrections in the emission of soft photons and the running of ↵ contributed to a level of  4% uncertainty.
Additionally, possible trigger misalignments were estimated to contribute at a level of ' 5%. The overall
uncertainty was found to be  8%. Based on those results, the limits were computed at 90% CL following
the modified frequentist approach through a profile likelihood statistical test in the asymptotic approximation.
Those provided the first physics results with a muon beam, in particular in excluding part of the remaining
unexplored (g � 2)µ parameter space compatible with a light Lµ � L⌧ vector boson (see Fig. 5, left). Further
constraints were obtained with the extension of the aforementioned model to LDM as targets compatible with
the thermal DM relic were probed (see Fig. 5, right). Finally, although not yet significant, the author has also
explored possible complementarity of NA64µ to electron- and positron-based searches in the high mass region
of the invisibly-decaying dark photon A0 thermal target.
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Figure 5: Left: NA64µ 90% CL exclusion limits on the coupling gZ0 as a function of the Z0 mass, mZ0 , for the vanilla Lµ � L⌧

model. The ±2� band for the Z0 contribution to the (g�2)µ discrepancy is also shown. Existing constraints from other experiments
are shown. Right: The 90% CL exclusion limits obtained by the NA64µ experiment in the (m�, y) parameters space for thermal
Dark Matter charged under U(1)Lµ�L⌧ with mZ0 = 3m�, coupling g� = 5 ⇥ 10�2 and Z0 ! invisible for 2 ⇥ 1010 MOT. Existing
bounds obtained through other experiments and the thermal targets for the di↵erent scenarios are shown for completeness.

As an outcome of this work, the author has been nominated by the NA64 collaboration board to present
his analysis at the CERN 150th SPSC meeting. Additionally, he has strongly contributed in the writing and
submission, as corresponding co-author, of the ensuing paper [22], currently under review.
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Figure 2: Schematic view of the experiment requirements for the search technique. The light Z0 vector boson is produced in
an electromagnetic calorimeter target (ECAL) and propagates downstream of the set-up without interaction. The scattered muon
is reconstructed through a bending magnet (BEND) and triggers the counters forming the trigger system. Hadronic calorimeters
(HCAL) ensure the full hermeticity of the set-up.

These developments led the author to perform a full MC-based feasbility study of the experimental reach,
given an optimised detector set-up. This involved simulating both SM events and DM events and inferring
their signature in the target parameter space defined by the muon momentum after the interaction point in
the electromagnetic calorimeter (ECAL), and the sum of energy deposit in the calorimeters (see Fig. 3). At
the level of 1011 MOTs, an exhaustive study of the main background sources associated with muon nuclear
interactions in the ECAL, µN ! µN + h, kaons in-flight decay before the target, K ! µ + ⌫, or momentum
mis-reconstruction was performed. This resulted inthe first complete sensitivity study of the experiment reach
to NP in the (g � 2)µ plane.
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Figure 3: Target parameter space spanned by the muon momentum after the ECAL target, and the sum of energy deposits in the
calorimeters of the experiment. Left: parameter space for SM events distribution only. The diagonal illustrates energy conservation
between energy deposits and momentum. Right: parameter space for SM and DM events distribution. The expected signal box
is illustrated at the bottom left of the plot.

As an outcome of this work, the author has been nominated by the DMG4 developers to present the simulation
package at the 21st International Workshop on Advanced Computing and Analysis Techniques in Physics Re-
search (ACAT). Additionally, as responsible person for the DMG4 muon developments, he has recently submitted
with his colleagues an addendum paper [20] to the previous work of [19]. Finally, his MC-based feasibility study
of the experimental program was published in Physical Review D [21].

3.3 Phase 3: Analysis of the 2022 muon run

The aforementioned studies were used to lay the basis for the 2022 run setup configuration and analysis
of the data collected at the M2 beam line at CERN. As a consequence of the novelty of the muon program
within the NA64 experiment, the author has put significant e↵ort towards developing a robust reconstruction
software, especially against track reconstruction. In this optic, he has written a generic track reconstruction
library, and additional methods based on Runge-Kutta track extrapolation and non-uniform field treatment
(see Fig. 4). Those enabled one to reconstruct the data and benchmark the MC simulation for an accurate
signal yield estimate. Notable results encompassed the comparison of the typical deflection on beam muon in
the bending magnet or calorimeter spectra with relative errors of about 2% and 3%.
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NA64mu
2022 2023 2024 2025 LS3 

2x1010 MOT 
@ 160 GeV 

Signature and challenge 
Missing energy + missing momentum

σ ∼ g2Z2α2 /m2
A′ /Z′ 

 
1.5x1011 MOT 
@ 160 GeV 
 

 
3x1011 MOT 
@ 100/160 GeV 

2021 
2x109 MOT 
@ 160 GeV 

Improved set-up

Goals
- testing g-2 muon anomaly explanation with Z' 
- searching for LDM coupled predominantly to muons 
- probing high-mass region of canonical LDM  
model with A' mediator 

NA64, arXiv:2401.01708
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coupling gS ⇠ 10�3 for the mass ratio mS/m� = 3. In the case, mS/m� = 2.1, the

limits are only covering scalar masses up to mS ⇠ mµ.
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Figure 4. Parameter space (mS , gS) for thermal light dark-matter probing with muon-

philic scalar mediators (S) together with the NA64µ 90% CL excluded limits. Are also

shown the muon g�2 band computed within 2� following [36–39] and the thermal freeze-out

target for Dirac DM as computed in [11] for the scenarios with g� = 1 and mS/m� = 3 (solid

black line) and mS/m� = 2.1 (dashed black line). The ”kink” around ⇠ 2mµ is related

to the opening of a new kinematically accessible channel, namely the DM annihilation to

muons.

The goal before LS3 is to collect an additional 1.5⇥1011 MOT increasing our total

statistics by a factor 2 and consolidating our technique at this MOT level1. With

such statistics, we would expand significantly our coverage to several DS scenarios

as it is illustrated by the dashed line of figures 3 and 4. In the case of sub-GeV

Z 0, we can probe unequivocally the muon g-2 anomaly parameter space as well as a

significant portion of the LDM benchmark predictions for the chosen parameters. For

the Dark Photon scenario, we can start probing the scalar DM hypothesis for masses

above 300 MeV complementing electron and positron coverages. In addition, for

scalar mediator, we can probe before LS3 a significant portion of the relic prediction

and the g-2 explanation for the benchmark ratio mS/m� = 3.

Such measurements will be crucial to understand our capabilities to fully exploit

the unique M2 high intensity beam line and run at intensities larger than 107 after

LS3. Moreover, the collected data would allow us to have a better extrapolation

of the main background sources at the level of 1013MOT. In this way, we will be

able to develop the necessary improvements and detector upgrades to carry out our

physics program after LS3. The dash-dotted lines in our sensitivity plots indicate

the potential of NA64 to probe exceptionally many DS scenarios with the statistics

to 2 ⇥ 1013MOT after LS3.
1we want to point out that our previous goal of 1011 MOT [2] was based on the previous LS3

schedule and considering that we were not able to run at intensities higher than ⇠ 106µ/spill.

– 6 –

MeV. These limits are the first ones obtained using a high-energy muon beam [25].

These results open a new path to explore DS physics in a new and complementary

way to present and future experiments and demonstrate the robustness of our novel

technique based on missing energy-momentum which is planned to be used by other

experiments such LDMX and M3 [26, 27].

10�2 10�1 100

mZ � [GeV]

10�5

10�4

10�3

10�2

10�1

g Z
�

Lµ � L� ”vanilla” model

�aµ favoured
(±2�)

NA64µ

NA64µ(3 · 1011)

NA64µ(2 · 1013)

BaBar
CCFR

Bore
xin

o

10�3 10�2 10�1

m� [GeV]

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

y
=

(g
�
g Z

� )
2 (

m
�
/m

Z
� )

4

Com
ple

x Sca
lar

(Pseu
do�

)D
ira

c
Majo

ran
a

CCFR

Thermal Dark Matter, g� = 5 · 10�2, mZ 0 = 3m�

NA64µ

NA64µ(3 · 1011)

NA64µ(2 · 1013)

�aµ favoured
(±2�)

Figure 3. (Left) NA64µ 90% CL exclusion limits on the coupling gZ0 as a function of the

Z 0 mass, mZ0 , for the vanilla Lµ � L⌧ model. The ±2� band for the Z 0 contribution to

the (g � 2)µ discrepancy is also shown. Existing constraints from BaBar [28, 29] and from

neutrino experiments such as BOREXINO [30–32] and CCFR [33, 34] are plotted.(Right)

The 90% CL exclusion limits obtained by the NA64µ experiment in the (m�, y) parameters

space for thermal Dark Matter charged under U(1)Lµ�L⌧ with mZ0 = 3m� and the coupling

g� = 5 ⇥ 10�2 for 2 ⇥ 1010 MOT. The branching ratio to invisible final states is assumed

to be Br(Z 0 ! invisible) ' 1 (see text for details). Existing bounds obtained through

the CCFR experiment [33, 34] are shown for completeness. The thermal targets for the

di↵erent scenarios are taken from [35](see [25] for more details). We also include the

projected sensitivities for the statistics that we plan to collect before and after LS3

Another publication summarising all the details of our technique and our con-

straints to other scenarios as LDM in the context of Dark Photons, scalar mediators,

etc. is currently under preparation. As an example, in Fig. 4, the 90% C.L. excluded

limits from NA64µ for scalar and vector (Dark Photon) mediators are illustrated.

In the left plot, we present the results for LDM searches using a muon beam. The

current limit is already in the excluded area by other experiments but demonstrates

our capability to probe masses above 100 MeV with higher statistics. In the right

plot, the sensitivity in the case of a scalar mediator is depicted for the choice of

parameters of coupling g� = 1. Two di↵erent scenarios containing Dirac DM with

the benchmark ratio mS/m� = 3 and the near-resonant regime mS/m� = 2.1 are

considered. The corresponding thermal targets are extracted from [11]. Our limits

cover part of the parameter space compatible with masses mS  300 MeV up to a

– 5 –

GOAL > 2× 1013 EOT

During LS3: 
setup upgrade to run up to 
5x107 muons/spill 

Planned upgrades include: 
ECAL (readout)  
HCAL (larger acceptance modules) 
VHCAL (optimisation of prototype, 2 modules) 
Second spectrometer with double magnet 
Segmented trigger (hodoscope)  
DAQ & readout
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First proof-of-concept results to be submitted soon.  
BESIII  limits improved by ~ 3 during a one-day run   
(BESIII collected data for a few months) 

The main aim of this work is to show that the current limits on the ⌘, ⌘
0 !

invisible decays can be improved by more than a few orders of magnitude with the
proposed experiment with a high-energy ⇡

� beam at the CERN SPS. The experiment
is also capable of a sensitive search for ⇡0

, ⌘, ⌘
0 ! invisible decays and could improve

the existing limits The rest of the paper is organized as follows. The method of the
search and the experimental setup are described in Sec. II, the background sources
are discussed in Sec. III, and the expected sensitivity for the decay M ! invisible

is presented in Sec. IV. Section V contains concluding remarks.

2 Setup of a model for invisible decays of ⌘, ⌘
0

We consider simplified setup of quarkonium into DM annihilation [19]. The invisible
width of a hadron h composed dominantly of qq and coupling predominantly to
quarks, is given approximately by

�(h) ' f
2

hmh�(qq ! ��) (2.1)

where fh is the hadronic form factor for the state h, and mh is the hadron’s mass.
Assume at freeze-out �(�� ! SM) ' 20 pb, he invisible branching ratio of a
hadron can then be estimated by assuming that the time-reversed reaction is the
same, �(ff ! ��) ' �(�� ! ff). This is valid if mf ' m�. We can predict an
approximate expectation for the branching ratios for narrow states. The pseudoscalar
meson being coupled to DM particles has the following decay width

�⌘!�� ⇠
g
2

q��m
3

h

64⇡
(2.2)

and
BR(⌘ ! ��) ' 3⇥ 10

�4
. (2.3)

Figure 1. Diagrams illustrating the ⌘ production in the reaction of Eq.(3.1).

– 3 –

Process highly suppressed in SM 

1 Introduction

Experimental studies of invisible decays, i.e. particle transitions to an experimen-
tally unobservable final state, played an important role both in the development of
the standard model (SM) and in testing its extensions [1]. It is worth remembering
the precision measurements of the Z ! invisible decay rate for the determination
of the number of lepton families in the SM. In recent years, experiments on in-
visible particle decays have received considerable attention. Motivated by various
models of physics beyond the SM, these experiments include searches for invisi-
ble decays of ⇡

0 mesons at E949 [2], ⌘ and ⌘
0 mesons at BES and BESIII [3, 4],

heavy B-meson decays at Belle [5], BaBAR [6], and BES [3], and invisible decays
of the upsilon(1S) resonance at CLEO [7], baryonic number violation with nucleon
disappearance at SNO [8], BOREXINO [9], and KamLAND [10], see also Ref.[11],
electric-charge-nonconserving electron decays e

� ! invisible [12], neutron-mirror-
neutron oscillations at PSI [13] and the ILL reactor [14], and the disappearance of
neutrons into another brane world. One could also mention experiments looking
for extra dimensions with invisible decays of positronium [15, 16], and proposals for
new experiments to search for muonium annihilation into two neutrinos, µ+

e
� ! ⌫⌫

[17], and mirror-type dark matter through the invisible decays of orthopositronium
in vacuum [18].

The use of the (pseudo)scalar mesons (M0), such as ⇡
0
, ⌘, ⌘

0
, KS, and KL, to

search for new physics by looking for their decays into invisible final states is ad-
vantageous, because in the standard model the rate of the ⇡

0
, ⌘, ⌘

0
, KS, KL ! ⌫⌫

decays is predicted to be extremely small. For massless neutrino the decay M
0 ! ⌫⌫

is forbidden kinematically by angular momentum conservation. Indeed, in the M
0

rest frame the neutrinos produced in the decay fly away in opposite directions along
the same line. Since the neutrinos and antineutrinos are massless, the projection of
the sum of their spins on this line equals ±1. The projections of the orbital angular
momentum of the neutrino on this line are equal to zero. Since in the initial state we
have a scalar, the process is forbidden. For the case of massive neutrinos their spins
in the rest frame must be opposite and, hence, one of the them is forced to have the
"wrong" helicity. This results in the M

0 ! ⌫⌫ decay rate being proportional to the
neutrino mass squared:

�(M
0 ! ⌫⌫) ⇠

⇣
m⌫

mM0

⌘2

. 10
�16 (1.1)

for m⌫ . 10 eV [1]. Thus, we see that, if the decay M
0 ! invisible is observed it

would unambiguously signal the presence of new physics, which could be due to, e.g.
the existence of a new gauge boson with nonuniversal couplings to quarks, or the M

0

transitions into a hidden sector, or other effects. Various new-physics scenarios exist
that could significantly enhance the ⌘, ⌘

0 ! invisible branching fractions.

– 2 –

First test run at H4 in 2022

Current limit:
Br(η-> inv) < ~ 10-5-10-4 (BaBar/BESIII) 

Production  charge exchange 

Striking signature η, η′ K0S,L.. → invisible:   
- incoming pion of  ~ 50 GeV  
- complete disappearance of beam energy  
in the HCAL target 
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• Tot. collected statistics ~1.5 x 1012 EOT ->  probing LDM benchmark model 
and improve sensitivity ALPs, Lμ-Lτ, and B-L Z’, iDM,… 
Plan: 2x statistics before and total of ~1. x 1013 EOT after LS3

• 2022: 2x1010 MOT, 2023: 1.5x1011 MOT(upgraded setup)->(g-2)μ and Lμ-Lτ Z’ 
• Plan: 2x statistics before and tot. ~2. x 1013 EOT after LS3 -> LDM 

• Pilot run 2022 (2 days) ~1x1010 E+OT, 2023 run at 70 GeV (1 day)

• Plan: 40, 60 GeV ~2. x 1011 E+OT after LS3 -> LDM NA64e+

NA64μ

NA64e-

NA64h • 2022 ~2x109 pions (1 day) -> proof of principle (DS coupled to quarks) 

• p+ A -> Emiss (S,P,Z’, HNL, ..) + X , technique à la NA64e under study 

The exploration of the NA64 physics potential has just begun. Proposed searches 
with leptonic and hadronic beams: unique sensitivities highly complementary to 
similar projects.
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