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Dark sectors and thermal light Dark Matter
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▪ Interactions between DM and SM particles could be carried by 
a new force through mediators

▪ Canonical model with dark photon A’ model (vector boson 
from broken U(1) symmetry)

Battaglieri et al. 
1707.04591

For a recent review see e.g.  
Lanfranchi/Pospelov/Schuster 
Ann. Rev. Nucl. Part. Sci. 71 (2021) ⟨σv⟩ ∝
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https://arxiv.org/abs/1707.04591
https://www.annualreviews.org/doi/10.1146/annurev-nucl-102419-055056
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Complementarity of direct detection and accelerators experiments

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 20.04.2024

NA64 potential: additional new physics scenarios
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New Physics in (g-2)e  vs (g-2)e 
 from measurement of alpha 


B-L Z´ vs neutrino scattering 
A’ -> visible  and X17


QCD axion and ALPs Lmu-Ltau Z’ models 
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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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 PRD 106, 032015 (2022)

PRL 125, 081801 (2020)

PRL 129, 161801 (2022)
PRL 126, 211802 (2021)

PRL 120, 231802 (2018),  
PRD 107, 071101 (R) 2020

Results obtained with 
3x1011 EOT 

(2016-2018 statistics)

Analysis in progress of  

5x more data on “tape”

Eur. Phys. J. C (2021) 81: 959 
Eur. Phys. J. C (2023) 83: 391

e−Z → e−ZX; X → invisible
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The muon (g-2): an additional motivation to search for dark photons  
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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-

NA64e with 1012 
EOT starts probing 
LTDM 

𝛼D = 0.1  
mA’=3m𝜒

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161801
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Scenarios with gauged SM symmetries: the  modelLμ − Lτ
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▪ Light Z’ vector boson associated with the broken  symmetry 

▪ Extension to DM through additional dark current in Lagrangian 

U(1)Lμ−Lτ

gZ′ 
gχ

Z′ DM SM

Light DM

Muon g − 2

He et al. Phys.Rev.D 44 (1991) 2118 
Foot et al.  Phys.Rev.D 50 (1994) 4571-4580 
Gninenko et al.   Phys. Rev.D 91 (2015) 095015

Altmannshofer et al.  JHEP 12 (2016) 106 

Z’ ( ) could solve simultaneously both muon (g-2) and DM problems!Lμ − Lτ
Holst et al. Phys.Rev.Lett. 128 (2022) 14, 141802 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.44.2118
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.50.4571
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.095015
https://inspirehep.net/literature/1486518
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The NA64 experiment running with muons at M2 beam line
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▪ Proposal to the CERN SPSC for the NA64 muon 
program in 2018

▪ Exploit unique muon M2 beamline at the CERN SPS  
160 GeV muons, up to 2x108 muons/spill 

▪ First pilot runs in 2021 and 2022, total of 2x1010 MOT  

▪ 2023 upgraded setup 1.5x1011 MOT   

▪ Plan before LS3 to accumulate 5x1011 MOT

Situation before NA64 muon results:

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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For a given reaction channel, MADDUMP provides both an
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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].
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▪ Located at the CERN North Area (NA) in the EHN2 building 

▪ Total available space is  meters (experiment divided into an 
upstream and downstream part)

∼ 100

NA64e

NA64μ

@CERN Courier

 meters∼ 82

 meters∼ 16

Downstream Space allocated for the 2021-2023 
pilot runs
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Upstream 
ECAL

Downstream 
ECAL 

MMsBMSMMs BMS QPL

QPL

HCAL
MMs

MBPL
GEMs

VHCAL

S0
<latexit sha1_base64="sFM0Bx0W8MYhmE0GbaRiw6g9zTc=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIpp4IrtookcSLx4xyiPChswOA0yYnd3M9BrJhr/w4kFjvPo33vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDx3kT5jeTbput1hyy+4MZJl4GSlBhlq3+NXpRSwJuUImqTFtz43RT6lGwSSfFDqJ4TFlIzrgbUsVDbnx09nFE3JqlR7pR9qWQjJTf0+kNDRmHAa2M6Q4NIveVPzPayfYv/JToeIEuWLzRf1EEozI9H3SE5ozlGNLKNPC3krYkGrK0IZUsCF4iy8vk0al7J2XK7cXpepJFkcejuAYzsCDS6jCDdSgDgwUPMMrvDnGeXHenY95a87JZg7hD5zPH5CzkL8=</latexit>

S1
<latexit sha1_base64="beSmcw85l+l7i2HiCRHdkqOeayA=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIpp4IrtookcSLx4xyiPChswOA0yYnd3M9BrJhr/w4kFjvPo33vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDx3kT5jeTbpet1hyy+4MZJl4GSlBhlq3+NXpRSwJuUImqTFtz43RT6lGwSSfFDqJ4TFlIzrgbUsVDbnx09nFE3JqlR7pR9qWQjJTf0+kNDRmHAa2M6Q4NIveVPzPayfYv/JToeIEuWLzRf1EEozI9H3SE5ozlGNLKNPC3krYkGrK0IZUsCF4iy8vk0al7J2XK7cXpepJFkcejuAYzsCDS6jCDdSgDgwUPMMrvDnGeXHenY95a87JZg7hD5zPH5I3kMA=</latexit>

V1
<latexit sha1_base64="p13WDeRYbA738Me+r0MjACW+efU=">AAAB8XicbVBNS8NAEN34WetX1aOXxSp4KkkV9Fjw4rGC/cA2lM120i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhi/CEWXPS83qlsltxZ6DLxMtJmeSo90pf3X7M0wgUcsmM6Xhugn7GNAouYVLspgYSxkdsAB1LFYvA+Nns4gk9s0qfhrG2pZDO1N8TGYuMGUeB7YwYDs2iNxX/8zophtd+JlSSIig+XxSmkmJMp+/TvtDAUY4tYVwLeyvlQ6YZRxtS0YbgLb68TJrVindRqd5dlmuneRwFckxOyDnxyBWpkVtSJw3CiSLP5JW8OcZ5cd6dj3nripPPHJE/cD5/AJbMkMM=</latexit>

GEM1
<latexit sha1_base64="mQTAM8PxvkULqVhq4imXnyfOOSk=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBQ8hd0o6DEgohchgnlAdgmzk9lkyOyDmV4xLPkNLx4U8erPePNvnCR70MSChqKqm+4uP5FCo21/W0vLK6tr64WN4ubW9s5uaW+/qeNUMd5gsYxV26eaSxHxBgqUvJ0oTkNf8pY/vJr4rUeutIijBxwl3AtpPxKBYBSN5LrInzC7ub4bd51uqWxX7CnIInFyUoYc9W7py+3FLA15hExSrTuOnaCXUYWCST4uuqnmCWVD2ucdQyMacu1l05vH5MQoPRLEylSEZKr+nshoqPUo9E1nSHGg572J+J/XSTG49DIRJSnyiM0WBakkGJNJAKQnFGcoR4ZQpoS5lbABVZShialoQnDmX14kzWrFOatU78/LteM8jgIcwhGcggMXUINbqEMDGCTwDK/wZqXWi/Vufcxal6x85gD+wPr8Aa7pkVo=</latexit>

GEM2
<latexit sha1_base64="asj+cEoAnXxikiw6XbyfAbWJTkk=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBQ8hd0o6DEgohchgnlAdgmzk95kyOyDmV4xLPkNLx4U8erPePNvnCR70MSChqKqm+4uP5FCo21/W0vLK6tr64WN4ubW9s5uaW+/qeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7wauK3HkFpEUcPOErAC1k/EoHgDI3kughPmN1c34271W6pbFfsKegicXJSJjnq3dKX24t5GkKEXDKtO46doJcxhYJLGBfdVEPC+JD1oWNoxELQXja9eUxPjNKjQaxMRUin6u+JjIVaj0LfdIYMB3rem4j/eZ0Ug0svE1GSIkR8tihIJcWYTgKgPaGAoxwZwrgS5lbKB0wxjiamognBmX95kTSrFeesUr0/L9eO8zgK5JAckVPikAtSI7ekThqEk4Q8k1fyZqXWi/Vufcxal6x85oD8gfX5A7BtkVs=</latexit>

GEM3,4
<latexit sha1_base64="NZ2btW4/2HIKVsseGeflhjVGWwc=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAoupCRtQZcFEd0IFewD2hAm00k7dPJg5qZYQv7EjQtF3Pon7vwbp20W2nrgwuGce7n3Hi8WXIFlfRsrq2vrG5uFreL2zu7evnlw2FJRIilr0khEsuMRxQQPWRM4CNaJJSOBJ1jbG11P/faYScWj8BEmMXMCMgi5zykBLbmm2QP2BOntzX3mptWLWuaaJatszYCXiZ2TEsrRcM2vXj+iScBCoIIo1bWtGJyUSOBUsKzYSxSLCR2RAetqGpKAKSedXZ7hM630sR9JXSHgmfp7IiWBUpPA050BgaFa9Kbif143Af/KSXkYJ8BCOl/kJwJDhKcx4D6XjIKYaEKo5PpWTIdEEgo6rKIOwV58eZm0KmW7Wq481Er10zyOAjpGJ+gc2egS1dEdaqAmomiMntErejNS48V4Nz7mrStGPnOE/sD4/AHbm5MN</latexit>

ST2
<latexit sha1_base64="h7aQzOdhWHPEG9nufx0KVPAFj/A=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIpp4IrtookcSLx4x8kpgQ2aHBibMPpzpJZLNfocXDxrj1Y/x5t84wB4UrKSTSlV3uru8SAqNtv1t5dbWNza38tuFnd29/YPi4VFTh7Hi0OChDFXbYxqkCKCBAiW0IwXM9yS0vPHtzG9NQGkRBnWcRuD6bBiIgeAMjeR2EZ4weainvaSS9oolu2zPQVeJk5ESyVDrFb+6/ZDHPgTIJdO649gRuglTKLiEtNCNNUSMj9kQOoYGzAftJvOjU3pulD4dhMpUgHSu/p5ImK/11PdMp89wpJe9mfif14lxcOMmIohihIAvFg1iSTGkswRoXyjgKKeGMK6EuZXyEVOMo8mpYEJwll9eJc1K2bksV+6vStWzLI48OSGn5II45JpUyR2pkQbh5JE8k1fyZk2sF+vd+li05qxs5pj8gfX5AwdRkis=</latexit>

ST1
<latexit sha1_base64="k3uCXwu1f/MOAiALhiZaap5Wl04=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BKvgqSRV0GPBi8eK/YI2lM122i7dbOLupFhCfocXD4p49cd489+4bXPQ1gcDj/dmmJnnR4JrdJxvK7e2vrG5ld8u7Ozu7R8UD4+aOowVgwYLRajaPtUguIQGchTQjhTQwBfQ8se3M781AaV5KOs4jcAL6FDyAWcUjeR1EZ4weainvcRNe8WSU3bmsFeJm5ESyVDrFb+6/ZDFAUhkgmrdcZ0IvYQq5ExAWujGGiLKxnQIHUMlDUB7yfzo1D43St8ehMqURHuu/p5IaKD1NPBNZ0BxpJe9mfif14lxcOMlXEYxgmSLRYNY2BjaswTsPlfAUEwNoUxxc6vNRlRRhianggnBXX55lTQrZfeyXLm/KlXPsjjy5ISckgvikmtSJXekRhqEkUfyTF7JmzWxXqx362PRmrOymWPyB9bnDwXMkio=</latexit>

MM5�7
<latexit sha1_base64="17FgD29ZCtqXm1sdyQkJ+d5OwUo=">AAAB+HicbVBNS8NAEN34WetHox69BKvgxZJUpR4LXrwUKtgPaEPYbDft0s0m7E7EGvJLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMPD/mTIFtfxsrq2vrG5uFreL2zu5eydw/aKsokYS2SMQj2fWxopwJ2gIGnHZjSXHoc9rxxzdTv/NApWKRuIdJTN0QDwULGMGgJc8s9YE+QtpoZF56dV7LPLNsV+wZrGXi5KSMcjQ986s/iEgSUgGEY6V6jh2Dm2IJjHCaFfuJojEmYzykPU0FDqly09nhmXWqlYEVRFKXAGum/p5IcajUJPR1Z4hhpBa9qfif10sguHZTJuIEqCDzRUHCLYisaQrWgElKgE80wUQyfatFRlhiAjqrog7BWXx5mbSrFeeiUr27LNdP8jgK6AgdozPkoBqqo1vURC1EUIKe0St6M56MF+Pd+Ji3rhj5zCH6A+PzB1tIkso=</latexit>

MS2
<latexit sha1_base64="cyv+KdrJtke66vOwAhNh/M4kEJI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBQ8hd0o6DHgxYsQ0TwwWcLsZJIMmZ1dZnrFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDXxG49cGxGpexzF3A9pX4meYBSt9NBG/oTpzV153CkU3ZI7BVkkXkaKkKHaKXy1uxFLQq6QSWpMy3Nj9FOqUTDJx/l2YnhM2ZD2ectSRUNu/HR68ZicWKVLepG2pZBM1d8TKQ2NGYWB7QwpDsy8NxH/81oJ9i79VKg4Qa7YbFEvkQQjMnmfdIXmDOXIEsq0sLcSNqCaMrQh5W0I3vzLi6ReLnlnpfLtebFynMWRg0M4glPw4AIqcA1VqAEDBc/wCm+OcV6cd+dj1rrkZDMH8AfO5w934JCv</latexit>

HCAL1,2
<latexit sha1_base64="u/VDbOVBcshHRbj2njBil2hH2Dk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CVbBg5SkCnqs9NKDhwr2A9oQNtttu3SzCbsTtcT8FC8eFPHqL/Hmv3Hb5qCtDwYe780wM8+POFNg299GbmV1bX0jv1nY2t7Z3TOL+y0VxpLQJgl5KDs+VpQzQZvAgNNOJCkOfE7b/rg29dv3VCoWijuYRNQN8FCwASMYtOSZxR7QR0jqteub1Eucs0rqmSW7bM9gLRMnIyWUoeGZX71+SOKACiAcK9V17AjcBEtghNO00IsVjTAZ4yHtaipwQJWbzE5PrROt9K1BKHUJsGbq74kEB0pNAl93BhhGatGbiv953RgGV27CRBQDFWS+aBBzC0JrmoPVZ5IS4BNNMJFM32qREZaYgE6roENwFl9eJq1K2TkvV24vStXjLI48OkRH6BQ56BJVUR01UBMR9ICe0St6M56MF+Pd+Ji35oxs5gD9gfH5A19Qk1I=</latexit>

VHCAL
<latexit sha1_base64="L7T8LSgvUSWN1D0xsTgQfV59cHs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BKvgqSRV0GOllx48VLAf0ISy2W7bpZtN2J2IJfRvePGgiFf/jDf/jds2B219MPB4b4aZeUEsuEbH+bZya+sbm1v57cLO7t7+QfHwqKWjRFHWpJGIVCcgmgkuWRM5CtaJFSNhIFg7GNdmfvuRKc0j+YCTmPkhGUo+4JSgkTwP2ROmrXrt9m7aK5acsjOHvUrcjJQgQ6NX/PL6EU1CJpEKonXXdWL0U6KQU8GmBS/RLCZ0TIasa6gkIdN+Or95ap8bpW8PImVKoj1Xf0+kJNR6EgamMyQ40sveTPzP6yY4uPFTLuMEmaSLRYNE2BjZswDsPleMopgYQqji5labjogiFE1MBROCu/zyKmlVyu5luXJ/VaqeZXHk4QRO4QJcuIYq1KEBTaAQwzO8wpuVWC/Wu/WxaM1Z2cwx/IH1+QO2K5Ff</latexit>

VETO
<latexit sha1_base64="FuONsqLb1adpDHtKfDYC1SESmrQ=">AAAB8nicbVBNSwMxEM36WetX1aOXYBU8ld0q6LEggjcr9Au2S8mm2TY0myzJrFiW/gwvHhTx6q/x5r8xbfegrQ8GHu/NMDMvTAQ34Lrfzsrq2vrGZmGruL2zu7dfOjhsGZVqyppUCaU7ITFMcMmawEGwTqIZiUPB2uHoZuq3H5k2XMkGjBMWxGQgecQpASv5XWBPkLVuG/eTXqnsVtwZ8DLxclJGOeq90le3r2gaMwlUEGN8z00gyIgGTgWbFLupYQmhIzJgvqWSxMwE2ezkCT6zSh9HStuSgGfq74mMxMaM49B2xgSGZtGbiv95fgrRdZBxmaTAJJ0vilKBQeHp/7jPNaMgxpYQqrm9FdMh0YSCTaloQ/AWX14mrWrFu6hUHy7LtdM8jgI6RifoHHnoCtXQHaqjJqJIoWf0it4ccF6cd+dj3rri5DNH6A+czx9EkJEl</latexit>

ECAL
<latexit sha1_base64="ehUE5fNn/2c4lvr4y95BqMbLPbo=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBqPgKexGQY+RIHjwEME8YLOE2clsMmR2ZpnpFcOSz/DiQRGvfo03/8bJ46CJBQ1FVTfdXWEiuAHX/XZyK6tr6xv5zcLW9s7uXnH/oGlUqilrUCWUbofEMMElawAHwdqJZiQOBWuFw9rEbz0ybbiSDzBKWBCTvuQRpwSs5HeAPUF2U7u+G3eLJbfsToGXiTcnJTRHvVv86vQUTWMmgQpijO+5CQQZ0cCpYONCJzUsIXRI+sy3VJKYmSCbnjzGp1bp4UhpWxLwVP09kZHYmFEc2s6YwMAsehPxP89PIboKMi6TFJiks0VRKjAoPPkf97hmFMTIEkI1t7diOiCaULApFWwI3uLLy6RZKXvn5cr9Ral6Mo8jj47QMTpDHrpEVXSL6qiBKFLoGb2iNwecF+fd+Zi15pz5zCH6A+fzBwX5kPw=</latexit>

ST11
<latexit sha1_base64="GdR9OZ6K3NrbNoxomF471SEsiJA=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BKvgqSRV0GPBi8eK/YI2ls122y7dbMLuRC0h/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzI8E1Os63lVtZXVvfyG8WtrZ3dveK+wdNHcaKsgYNRajaPtFMcMkayFGwdqQYCXzBWv74euq3HpjSPJR1nETMC8hQ8gGnBI1030X2hMldPe0lrpv2iiWn7MxgLxM3IyXIUOsVv7r9kMYBk0gF0brjOhF6CVHIqWBpoRtrFhE6JkPWMVSSgGkvmV2d2qdG6duDUJmSaM/U3xMJCbSeBL7pDAiO9KI3Ff/zOjEOrryEyyhGJul80SAWNob2NAK7zxWjKCaGEKq4udWmI6IIRRNUwYTgLr68TJqVsntertxelKonWRx5OIJjOAMXLqEKN1CDBlBQ8Ayv8GY9Wi/Wu/Uxb81Z2cwh/IH1+QN6CJJl</latexit>

S4
<latexit sha1_base64="3aXGwpErnQsfjpO6aMTQyIRCAsQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69BKvgqSS1oMeCF48V7Qc0oWy203bpZhN2J2IJ+RtePCji1T/jzX/jts1BWx8MPN6bYWZeEAuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6yhRDFosEpHqBlSD4BJayFFAN1ZAw0BAJ5jczPzOIyjNI/mA0xj8kI4kH3JG0Uieh/CE6X3WT+tZv1xxqs4c9ipxc1IhOZr98pc3iFgSgkQmqNY914nRT6lCzgRkJS/REFM2oSPoGSppCNpP5zdn9rlRBvYwUqYk2nP190RKQ62nYWA6Q4pjvezNxP+8XoLDaz/lMk4QJFssGibCxsieBWAPuAKGYmoIZYqbW202pooyNDGVTAju8surpF2rupfV2l290jjL4yiSE3JKLohLrkiD3JImaRFGYvJMXsmblVgv1rv1sWgtWPnMMfkD6/MHYW+Rzw==</latexit>

Sµ
<latexit sha1_base64="DcCwjuW2inp2jRZCHemqdcap94g=">AAAB9XicbVBNSwMxEM36WetX1aOXYBU8ld0q6LHgxWNF+wHtWrJptg1Nsksyq5Zl/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXxIIbcN1vZ2l5ZXVtvbBR3Nza3tkt7e03TZRoyho0EpFuB8QwwRVrAAfB2rFmRAaCtYLR1cRvPTBteKTuYBwzX5KB4iGnBKx03wX2BOlt1ku7Msl6pbJbcafAi8TLSRnlqPdKX91+RBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn06szfGKVPg4jbUsBnqq/J1IijRnLwHZKAkMz703E/7xOAuGln3IVJ8AUnS0KE4EhwpMIcJ9rRkGMLSFUc3srpkOiCQUbVNGG4M2/vEia1Yp3VqnenJdrx3kcBXSIjtAp8tAFqqFrVEcNRJFGz+gVvTmPzovz7nzMWpecfOYA/YHz+QNJZpLt</latexit>

”0”
<latexit sha1_base64="qTAvrP6/DMqL+Zgt20hutC6hrbo=">AAAB6nicbVBNS8NAEJ34WetX1aOXpVXwVJIq6LHgxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSQ9kt90sVt+rOQVaJl5MK5Gj0S1+9QczSiCtkkhrT9dwE/YxqFEzyabGXGp5QNqZD3rVU0YgbP5ufOiXnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2naEPwll9eJa1a1bus1u6vKvWzPI4CnEIZLsCDa6jDHTSgCQyG8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gAivozy</latexit>

µin
<latexit sha1_base64="wBFaVmMsj25AXJlYJorztKbYgCI=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFfRY8OKxgv2A7lKyabYNTbJrMlssS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNYGDYJ1EMyJDwdrh6Hbmt8dMGx6rB5gkLJBkoHjEKQErBb5Mez6wJ8i4mvbKFbfqzoFXiZeTCsrR6JW//H5MU8kUUEGM6XpuAkFGNHAq2LTkp4YlhI7IgHUtVUQyE2Tzo6f4zCp9HMXalgI8V39PZEQaM5Gh7ZQEhmbZm4n/ed0UopvA/pOkwBRdLIpSgSHGswRwn2tGQUwsIVRzeyumQ6IJBZtTyYbgLb+8Slq1qndZrd1fVeoXeRxFdIJO0Tny0DWqozvUQE1E0SN6Rq/ozRk7L86787FoLTj5zDH6A+fzB3Cyknc=</latexit>

µout
<latexit sha1_base64="Cwz1hbgonHr48sjyCwuqRzFeeIE=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFfRY8OKxgv2A7lqyabYNzWaXZKKWpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMC1PBNbjut1NYWV1b3yhulra2d3b3yvsHLZ0YRVmTJiJRnZBoJrhkTeAgWCdVjMShYO1wdD312w9MaZ7IOxinLIjJQPKIUwJWuvdj0/OBPUGWGJj0yhW36s6Al4mXkwrK0eiVv/x+Qk3MJFBBtO56bgpBRhRwKtik5BvNUkJHZMC6lkoSMx1ks6sn+MQqfRwlypYEPFN/T2Qk1noch7YzJjDUi95U/M/rGoiugozL1ACTdL4oMgJDgqcR4D5XjIIYW0Ko4vZWTIdEEQo2qJINwVt8eZm0alXvvFq7vajUz/I4iugIHaNT5KFLVEc3qIGaiCKFntErenMenRfn3fmYtxacfOYQ/YHz+QNe5ZMC</latexit>

(1� f)E0
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Initial state definition 
Well-defined incoming 

 with  160 GeV/cμ ∼

Final state measurement
Single scattered  with muon 
compatible energy deposit in the 
detector and momentum  80 GeV/c 
+ missing energy

μ

≲

▪  450 GeV/c protons extracted from the CERN SPS to NA 

▪  Interactions in a beryllium target produce hadrons (mostly pions and kaons) 

▪  From in-flight decays, muons in the range of 100-225 GeV/c with beam 
intensity 106 − 108 μ /spill
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The experimental signature
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Initial state
Well-defined 
incoming  with  
160 GeV/c

μ ∼

Final state
Single scattered  with muon 
compatible energy deposit in the 
detector and momentum  80 GeV/c 
+ missing energy

μ

≲

Ein > Eout

DM

 GeVp = (1 − f ) ⋅ E0,

Experimental signature

Ein = Eout

Signature and challenge 
Missing energy + missing momentum

σ ∼ g2Z2α2 /m2
A′ /Z′ 
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Signal and trigger optimisation
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masses partly compensates the signal e�ciency loss [6].137
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Figure 6: Final-state muon momentum in the emission process µZ ! µZZ0 after the ECAL. From top left to
bottom right, mZ0 = 1, 10, 100, 1000 MeV.

In regards to the previous paragraph, the signal e�ciency is also dominated by the scattered muon recoil139

angle,  0
µ, for which a detailed calculation of the di↵erential angular spectrum is given in [6]. The resulting140

cumulative e�ciency, taking into account the e↵ects of momentum reconstruction and of the geometrical ac-141

ceptance of S4 and Sµ are shown in Fig. (7) for trigger configurations 1 and 2. Both trigger configurations142

have maximum e�ciencies around a mass mZ0 ' 0.40 � 0.45 GeV for which the angle of the recoiling muon143

is between  0
µ ⇠ 10�3

� 10�2 rad (see appendix B), and thus, corresponds to the deviation of S4 from the144

zero-line.145
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Figure 7: Signal e�ciency computed as the cumulative e�ciency between the scattered muon momentum recon-
struction and the geometrical acceptance of the trigger counters S4 and Sµ. (Left) the trigger configuration 1.
(Right) the trigger configuration 2.

7 Event reconstruction146

The event reconstruction is based on the o�cial NA64 reconstruction framework, p348reco. Because of the147

importance of track reconstruction, the reconstruction procedure is separated into two steps. Tracking detectors148

cluster reconstruction, timing and calorimetry is performed in a first step within the p348reco framework. The149

events are saved in the format of a ROOT file in which the observables are gathered in branches of a TTree. Track150

reconstruction is performed in a second step taking as input the ROOT files. The output trees are clones of the151
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▪ Implementation of the underlying physics in GEANT4 

Optimization of the trigger for final state muons 
•  MeV: high yield, low acceptance  
•  MeV: low yield, high acceptance 

mZ′ < 100
mZ′ > 100

σZ′ ∼ g2
Z′ α

2Z2/m2
Z′ , ψ′ μ ∼

mZ′ 

E0

µ
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Data analysis
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▪ Main selection criterion
▪ Incoming momentum in the range [140, 180] GeV/c 
▪ Single reconstructed track in the downstream set-up (momentum < 80 GeV/c) 
▪ No activity in the VHCAL and Veto, energy compatible with a muon (MIP) in 

ECAL and HCAL 

▪ Study of the background sources, with dominant contributions extrapolated 
 to the blinded signal region 

▪ Systematics of 8% in the signal yield (MC accuracy, underlying Z’ physics, trigger 
alignment…)

Statistics 
 MOT(1.98 ± 0.02) × 1010

box ∼ (p < 80, CAL < 12) GeV
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HCAL

ECAL+HCAL
Background source Background level          

1) Momentum mis-reconstruction 0.045±0.031

2) Hadron in-flight decays 0.010±0.001

3) Calorimeter non-hermeticity <0.01

Total (conservatively) 0.07±0.03
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Unblinding
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Unblinding
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No event!
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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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Constraints on the muon  in the  scenario(g − 2)μ U(1)Lμ−Lτ
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• Upper limits computed at 90% CL in the modified 
frequentist approach  first results in the search for a 
light Z’ with a muon beam 

• Part of the remaining parameter space compatible with the 
muon  excluded 

• Complement previous experiments in the mass region 
 with 

→

(g − 2)μ

𝒪(10 − 100 MeV) gZ′ ≤ 6 × 10−4

νN → νNμ+μ−

νμ − e, ντ − e

e+e− → μ+μ−Z′ 
μ+N → μ+NZ′ 

LHC searches

Δaμ ≃
(gZ′ )2

12π2

m2
μ

m2
Z′ 

+ 𝒪( m4
μ

m4
Z′ )∼
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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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Exploring the thermal DM parameter space
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• Results also allow one to constrain predictive scenarios 
for thermal DM 

▪ First results with a muon beam constraining 
 y ≲ 6 × 10−12

gχ gZ′ 

∼ ⟨σv⟩ ∼
y

m2
χ

Relic abundance

μ + N → μ + N + (Z′ → χ̄χ)
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Post LS3 prospects for NA64µ
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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].
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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

H. Sieber, PhD Thesis, ETH Zurich, December, 2023 
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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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