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Standard ModelU(1)’ Kinetic 
Mixing

Dark  
Sector

DARK SECTOR (DS) charged under a new U(1)' gauge symmetry and interacts with SM 
through kinetic mixing (𝜀) of a MASSIVE VECTOR MEDIATOR (A’) with our photon.  
Dark matter with mass (mχ), part of DS. Four parameters: mA’, mχ, 𝛼D ,𝜀
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A search for sub-GeV dark matter production mediated by a new vector boson A0, called a dark photon,
is performed by the NA64 experiment in missing energy events from 100 GeV electron interactions in an
active beam dump at the CERN SPS. From the analysis of the data collected in the years 2016, 2017, and
2018 with 2.84 × 1011 electrons on target no evidence of such a process has been found. The most stringent
constraints on the A0 mixing strength with photons and the parameter space for the scalar and fermionic
dark matter in the mass range ≲0.2 GeV are derived, thus demonstrating the power of the active beam
dump approach for the dark matter search.

DOI: 10.1103/PhysRevLett.123.121801

The idea that in addition to gravity a new force between
the dark and visible matter transmitted by a vector boson,
A0, called dark photon, might exist is quite exciting [1–4].
The A0 can have a mass in the sub-GeV mass range, and
couple to the standard model (SM) via kinetic mixing with

the ordinary photon, described by the term ðϵ=2ÞF0
μνFμν

and parametrized by the mixing strength ϵ. An example of
the Lagrangian of the SM extended by the dark sector (DS)
is given by

L ¼ LSM −
1

4
F0
μνF0μν þ ϵ

2
F0
μνFμν þ

m2
A0

2
A0
μA0μ

þ iχ̄γμ∂μχ −mχ χ̄χ −eDχ̄γμA0
μχ; ð1Þ

where the massive A0
μ field is associated with the sponta-

neously broken UDð1Þ gauge group, F0
μν ¼ ∂μA0

ν − ∂νA0
μ,

and mA0 , mχ are, respectively, the masses of the A0 and dark
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I n  th i s  f ramework  DM can  be  p roduced  the r ma l l y  i n  the  ea r l y  Un ive rse  

OBSERVED AMOUNT OF 
DARK MATTER TODAY 

J. Feng and J. Kumar Phys.Rev.Lett.101:231301,2008

Large  range  fo r  g X and  m X 
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1) BEAM DUMP APPROACH (MiniBooNE, LSND, NA62…)
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2) NA64/LDMX APPROACH
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EXPLICIT TARGET FOR NA64 (y,mX) DM PARAMETER SPACE
Asymmetric Fermion

Elastic Scalar

Inelastic Scalar Hsmall splittingL

Majorana Fermion

Pseudo-Dirac Fermion
Hsmall splittingL
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e

Thermal and Asymmetric Targets for DM-e Scattering

FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.

70

Probed

 recent review https://arxiv.org/pdf/1707.04591.pdf

Solid lines  
predictions from DM 

relic abundance

Cross sections DM -> SM annihilation is ~ Y,  
useful variable to compare exp. sentivities 
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FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.

70

Probed

 recent review https://arxiv.org/pdf/1707.04591.pdf

Solid lines  
predictions from DM 

relic abundance

NA64e  TARGET  

h igher  mass  reg ion  cou ld   
be  covered  by  NA64mu (p i l o t  run  i n  2021 ,  see  repor t  f rom Laura )  

PLB796 ,  117  (2019)  
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The NA64 method to search for A’ → 𝛘�̅�
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Signature for the invisible decay A’ → 𝛘�̅� - large missing energy
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The NA64 setup to search for A’ → 𝛘�̅�
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Active target

100 GeV electrons 
(tagged with S1,2,3)

HCAL:High hermeticity  
due to Lorentz boost 

Two bending magnets in series  
7 T.m field → reconstruction of e-  
incoming momentum

e- 𝜋-
Particle identification 
SR emission ~ 1/m4 
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Combined results (2016-2018) 
 

hadronic interactions in the downstream part of the beam line accompanied by the

large transverse fluctuations of hadronic secondaries, which is di�cult to simulate

reliably. Table I summarizes the conservatively estimated background inside the

signal region, which is expected to be 0.53 ± 0.17 events. After determining all the

selection criteria and estimating background levels, we examined the events in the

signal box and found no candidates, as shown in Fig. 2.
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Figure 3. The NA64 90% C.L. exclusion region in the (mA0 , ✏) plane. Constraints from

the E787, E949 [1], BaBar [13] experiments, recent NA62 [14] results, as well as the muon

↵µ favored area are also shown. Here, ↵µ = gµ�2
2 . For more limits obtained from indirect

searches and planned measurements see e.g. Ref. [1, 2].

3.3 Results and calculation of limits

This allows us to obtain the mA0-dependent upper limits on the mixing ✏ which were

calculated as follows. In the final combined statistical analysis the three runs I-III

were analysed simultaneously using the multi-bin limit setting technique [11] based

on the RooStats package [16]. First, the above obtained estimates of background,

e�ciencies, and their corrections and uncertainties were used to optimize better the

main cut defining the signal box by comparing sensitivities, defined as an average

expected limit calculated using the profile likelihood method. The calculations were

done with uncertainties used as nuisance parameters, assuming their log-normal dis-

tributions [17]. For this optimization, the most important inputs were the expected

values from the background extrapolation into the signal region from the data sam-

ples of the runs I,II,III. The errors for background prediction were estimated from

the variation of the extrapolation functions. It was found that the optimal cut value

depends very weakly on the A
0 mass choice and can be safely set to EECAL < 50

GeV for the whole mass range.
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TOT: 2.84 x 1011 EOT
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MASS OF THE DARK PHOTON

NA64 collaboration, Phys. Rev. Lett. 123, 121801 (2019), selected as Editor suggestion 
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Figure 4. The top raw shows the NA64 limits in the (y;m�) plane obtained for ↵D = 0.5

(left panel) and ↵D = 0.1 (right panel) from the full 2016-18 data set. The bottom

raw shows the NA64 constraints in the (↵D;mA0) plane on the pseudo-Dirac (left panel)

and Majorana (right panel) DM. The limits are shown in comparison with bounds from

the results of the LSND and E137 [1], MiniBooNE [15], BaBar [13], and direct detection

experiments . The favoured 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.

3.4 Constraints on sub-GeV dark matter

Using constraints on the cross section of the DM annihilation freeze out (resulting in

Eq.(3.2)), and obtained limits on mixing strength of Fig. 3, one can derive constraints

on the LDM models, which are shown in the (y;m�) and (↵D;m�) planes in Fig. 4

for the masses m� . 1 GeV. The y limits are shown together with the favoured

parameters for scalar, pseudo-Dirac (with a small splitting) and Majorana scenario

of LDM taking into account the observed relic DM density [1]. The limits on the

variable y are calculated by using Eq.(3.3) under the convention ↵D = 0.1 and =0.5,

and mA0 = 3m� [1, 2]. This choice of the ↵D region is compatible with the bounds

derived based on the running of the dark gauge coupling arguments. The plot shows

also the comparison of our results with bounds from other experiments. It should

be noted that for smaller values of ↵D NA64 limits will be stronger, due to the fact

– 10 –

First time NA64 constraints on light thermal 
DM exceeding sensitivity of beam dump exp. 

(suppressed by 𝝐2𝛼D)

mA’= 3mX 

𝛼D = 0.5 
mA’= 3mX 

𝛼D = 0.1 

MASS OF THE DARK MATTER
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Current bounds on thermal relic DM & projected NA64 sensitivity 
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5.

 New results and projection for sub-GeV thermal DM (I)  
αD = 0.1, mA� = 3mχ

•  Sensitivity of a beam-dump ~ε4αD, NA64~ε2      

•  Bounds from LSND, SLAC, MiniBooNE for ~1022, 1019, 1020 POT

•  NA64 can cover significant area with ~ a few 1012 EOT

Favored (y, mχ) for observed 
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2) The NA64 search for X/A’ → e+e- 
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8Be anomaly and X boson 
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Could be explained by new  
‘protophobic’ gauge boson X 
with mass around 17 MeV
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FIG. 1: Schematic illustration of the setup to search for A0, X ! e+e� decays of the bremsstrahlung A0, X produced in the
reaction eZ ! eZA0(X) of 100 GeV e� incident on the active WCAL target.

various phenomenological aspects of light vector bosons
weakly coupled to quarks and lepton, see e.g. [6–11]

Another strong motivation to the search for a new light
boson decaying into e+e� pair is provided by the Dark
Matter puzzle. An intriguing possibility is that in ad-
dition to gravity a new force between the dark sector
and visible matter, transmitted by a new vector boson,
A0 (dark photon), might exist [12, 13]. Such A0 could
have a mass mA0 . 1 GeV, associated with a sponta-
neously broken gauged U(1)D symmetry, and would cou-
ple to the Standard Model (SM) through kinetic mixing
with the ordinary photon, � 1

2✏Fµ⌫A0µ⌫ , parametrized by
the mixing strength ✏ ⌧ 1 [14–16], for a review see, e.g.
[4, 17, 18]. A number of previous experiments, such as
beam dump [19–33], fixed target [34–36], collider [37–
39] and rare particle decay [40–51] experiments have al-
ready put stringent constraints on the mass mA0 and ✏ of
such dark photons excluding, in particular, the parame-
ter space region favored by the gµ�2 anomaly. However,
a large range of mixing strengths 10�4 . ✏ . 10�3 cor-
responding to a short-lived A0 still remains unexplored.
These values of ✏ could naturally be obtained from the
loop e↵ects of particles charged under both the dark
and SM U(1) interactions with a typical 1-loop value
✏ = egD/16⇡2 [16], where gD is the coupling constant
of the U(1)D gauge interactions. In this Letter we report
the first results from the NA64 experiment specifically
designed for a direct search of the e+e� decays of new
short-lived particles at the CERN SPS in the sub-GeV
mass range [52–55].

The experiment employs the optimized 100 GeV elec-
tron beam from the H4 beam line in the North Area
(NA) of the CERN SPS. The beam delivers ' 5⇥106 e�

per SPS spill of 4.8 s produced by the primary 400 GeV
proton beam with an intensity of a few 1012 protons on
target. The NA64 setup designed for the searches of X
bosons and A0 is schematically shown in Fig. 1. Two
scintillation counters, S1 and S2 were used for the beam
definition, while the other two, S3 and S4, were used to
detect the e+e� pairs. The detector is equipped with a
magnetic spectrometer consisting of two MPBL magnets

and a low material budget tracker. The tracker was a
set of four upstream Micromegas (MM) chambers (T1,
T2) for the incoming e� angle selection and two sets
of downstream MM, GEM stations and scintillator ho-
doscopes (T3, T4) allowing the measurement of the out-
going tracks [56, 57]. To enhance the electron identifica-
tion the synchrotron radiation (SR) emitted by electrons
was used for their e�cient tagging and for additional sup-
pression of the initial hadron contamination in the beam
⇡/e� ' 10�2 down to the level ' 10�6 [55, 58]. The use
of SR detectors (SRD) is a key point for the hadron back-
ground suppression and improvement of the sensitivity
compared to the previous electron beam dump searches
[23, 24]. The dump is a compact electromagnetic (e-m)
calorimeter WCALmade as short as possible to maximize
the sensitivity to short lifetimes while keeping the leakage
of particles at a small level. It is followed by another e-m
calorimeter (ECAL), which is a matrix of 6⇥ 6 shashlik-
type modules [55]. The WCAL(ECAL) was assembled
from the tungsten(lead) and plastic scintillator plates
with wave lengths shifting fiber read-out. The ECAL has
' 40 radiation lengths (X0) and is located at a distance
' 3.5 m from the WCAL. Downstream the ECAL the de-
tector was equipped with a high-e�ciency veto counter,
V3, and a massive, hermetic hadron calorimeter (HCAL)
[55] used as a hadron veto and muon identificator.
The method of the search for A0 ! e+e� decays is

described in [52, 53]. The application of all further con-
siderations to the case of theX ! e+e� decay is straight-
forward. If the A0 exists, it could be produced via the
coupling to electrons wherein high-energy electrons scat-
ter o↵ a nuclei of the active WCAL dump target, followed
by the decay into e+e� pairs:

e� + Z ! e� + Z +A0(X); A0(X) ! e+e� (1)

The reaction (1) typically occurs within the first few
radiation lengths (X0) of the WCAL. The downstream
part of the WCAL served as a dump to absorb completely
the e-m shower tail. The bremsstrahlung A0 would pene-
trate the rest of the dump and the veto counter V2 with-

Addition of W calorimeter  
Short in length to allow X to escape

Zooming in (next slide)
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reaction eZ ! eZA0(X) of 100 GeV e� incident on the active WCAL target.

various phenomenological aspects of light vector bosons
weakly coupled to quarks and lepton, see e.g. [6–11]

Another strong motivation to the search for a new light
boson decaying into e+e� pair is provided by the Dark
Matter puzzle. An intriguing possibility is that in ad-
dition to gravity a new force between the dark sector
and visible matter, transmitted by a new vector boson,
A0 (dark photon), might exist [12, 13]. Such A0 could
have a mass mA0 . 1 GeV, associated with a sponta-
neously broken gauged U(1)D symmetry, and would cou-
ple to the Standard Model (SM) through kinetic mixing
with the ordinary photon, � 1

2✏Fµ⌫A0µ⌫ , parametrized by
the mixing strength ✏ ⌧ 1 [14–16], for a review see, e.g.
[4, 17, 18]. A number of previous experiments, such as
beam dump [19–33], fixed target [34–36], collider [37–
39] and rare particle decay [40–51] experiments have al-
ready put stringent constraints on the mass mA0 and ✏ of
such dark photons excluding, in particular, the parame-
ter space region favored by the gµ�2 anomaly. However,
a large range of mixing strengths 10�4 . ✏ . 10�3 cor-
responding to a short-lived A0 still remains unexplored.
These values of ✏ could naturally be obtained from the
loop e↵ects of particles charged under both the dark
and SM U(1) interactions with a typical 1-loop value
✏ = egD/16⇡2 [16], where gD is the coupling constant
of the U(1)D gauge interactions. In this Letter we report
the first results from the NA64 experiment specifically
designed for a direct search of the e+e� decays of new
short-lived particles at the CERN SPS in the sub-GeV
mass range [52–55].

The experiment employs the optimized 100 GeV elec-
tron beam from the H4 beam line in the North Area
(NA) of the CERN SPS. The beam delivers ' 5⇥106 e�

per SPS spill of 4.8 s produced by the primary 400 GeV
proton beam with an intensity of a few 1012 protons on
target. The NA64 setup designed for the searches of X
bosons and A0 is schematically shown in Fig. 1. Two
scintillation counters, S1 and S2 were used for the beam
definition, while the other two, S3 and S4, were used to
detect the e+e� pairs. The detector is equipped with a
magnetic spectrometer consisting of two MPBL magnets

and a low material budget tracker. The tracker was a
set of four upstream Micromegas (MM) chambers (T1,
T2) for the incoming e� angle selection and two sets
of downstream MM, GEM stations and scintillator ho-
doscopes (T3, T4) allowing the measurement of the out-
going tracks [56, 57]. To enhance the electron identifica-
tion the synchrotron radiation (SR) emitted by electrons
was used for their e�cient tagging and for additional sup-
pression of the initial hadron contamination in the beam
⇡/e� ' 10�2 down to the level ' 10�6 [55, 58]. The use
of SR detectors (SRD) is a key point for the hadron back-
ground suppression and improvement of the sensitivity
compared to the previous electron beam dump searches
[23, 24]. The dump is a compact electromagnetic (e-m)
calorimeter WCALmade as short as possible to maximize
the sensitivity to short lifetimes while keeping the leakage
of particles at a small level. It is followed by another e-m
calorimeter (ECAL), which is a matrix of 6⇥ 6 shashlik-
type modules [55]. The WCAL(ECAL) was assembled
from the tungsten(lead) and plastic scintillator plates
with wave lengths shifting fiber read-out. The ECAL has
' 40 radiation lengths (X0) and is located at a distance
' 3.5 m from the WCAL. Downstream the ECAL the de-
tector was equipped with a high-e�ciency veto counter,
V3, and a massive, hermetic hadron calorimeter (HCAL)
[55] used as a hadron veto and muon identificator.
The method of the search for A0 ! e+e� decays is

described in [52, 53]. The application of all further con-
siderations to the case of theX ! e+e� decay is straight-
forward. If the A0 exists, it could be produced via the
coupling to electrons wherein high-energy electrons scat-
ter o↵ a nuclei of the active WCAL dump target, followed
by the decay into e+e� pairs:

e� + Z ! e� + Z +A0(X); A0(X) ! e+e� (1)

The reaction (1) typically occurs within the first few
radiation lengths (X0) of the WCAL. The downstream
part of the WCAL served as a dump to absorb completely
the e-m shower tail. The bremsstrahlung A0 would pene-
trate the rest of the dump and the veto counter V2 with-
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FIG. 1: The left panel illustrates schematic view of the setup to search for the a ! �� decays of the a’s produced in the reaction
chain e�Z ! e�Z�; �Z ! aZ induced by 100 GeV e�’s in the active ECAL dump. The right panel shows an example of the
a ! �� decay in the HCAL2 module.
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teraction is given by Eq.(1) with the replacement F̃µ⌫ !58

F
µ⌫ . Usually it is assumed that gs�� = O(M�1

Pl ) and59

that the dilaton mass ms = O(MPl), where MPl is the60

Planck mass. However, in some models, see, e.g., [21]),61

the dilaton could be rather light. Since there are no firm62

predictions for the coupling gs�� the searches for such63

particles become interesting.64

Experimental bounds on ga�� for light a’s in the eV-65

MeV mass range, can be obtained from laser experi-66

ments [22, 23], from experiments studying J/ and ⌥67

particles [24], from the NOMAD experiment by using68

a photon-regeneration method at the CERN SPS neu-69

trino beam [25], and from orthopositronium decays [26].70
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space still unprobed. Additionally, since the theory pre-75

dictions for the coupling, mass scale, and decay modes76

of ALPs are still quite uncertain it is crucial to perform77

independent laboratory tests on the existence of such par-78

ticles in the mass and coupling strength range discussed79

above. One possible way to answer these questions is to80

search for ALPs in a beam dump experiment. However,81

for the coupling lying in the range 10�2 . ga�� . 10�4
82

GeV�1 this method is not very promising, because for83

the masses in sub-GeV region the a is expected to be a84

relatively short-lived particle.85

In this Letter we propose and describe a direct86

search for ALPs with the coupling to two photons from87

the (ga�� ;ma) -parameter space uncovered by previous88

searches, which might be produced in the NA64 experi-89

ment at the CERN SPS . The application of the obtained90

results to the s ! �� decay case is straightforward.91

The NA64 detector located at the CERN SPS H4 elec-92

tron beam [27] is schematically shown in Fig. 1. It con-93

sists of a set of beam defining scintillator counters S1�494

and veto V1,2, a magnetic spectrometer consisting of two95

dipole magnets (MBPL1,2) and a low-material-budget96

tracker, composed of two upstream Micromegas cham-97

bers MM1,2, and four downstream MM3�6 stations, two98

straw-tube ST1,2 and GEM1,2 chambers [28]. A syn-99

chrotron radiation detector (SRD) is used for the iden-100

tification of incoming e
�’s [29, 30] and suppression of101

the hadron contamination in the beam down to the level102

⇡/e
� . 10�5. An active dump, consisting of a preshower103

detector (PRS) and an electromagnetic (e-m) calorimeter104

(ECAL), made of a matrix of 6 ⇥ 6 Shashlik-type mod-105

ules, is assembled from Pb and Sc plates of ' 40 radia-106

tion lengths (X0). A large high-e�ciency veto counter107

VETO, and a massive, hermetic hadronic calorimeter108

(HCAL) composed of three modules HCAL1-3 completes109

the setup. Each module is a 3⇥3 cell matrix with a thick-110

ness of' 7.5 nuclear interaction lengths. The events from111

e� interactions in the PRS and ECAL were collected with112

the trigger provided by the S1�4 requiring also an in-time113

cluster in the ECAL with the energy EECAL . 80 GeV.114

The detector is described in more detail in Ref. [31].
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FIG. 5: The NA64 90% C.L. exclusion region in the (ma; ga��)
plane as a function of the (pseudo)scalar mass ma derived
from the present analysis. The yellow band represents the
parameter space for the benchmark DFSZ [3] and KSVZ [4]
models extended with a broader range of E/N values [7, 8].
Constraints from the BABAR [51], E137 [52], E141 [53, 54],
LEP [55], and PrimEx [56] experiments, as well as limits from
CHARM [57] and NuCal [58], updated in Ref.[59] are also
shown. For more limits from indirect searches and proposed
measurements; see, e.g., Refs. [13–15].

from the reaction chain (3) was obtained with the cal-
culations described in Ref.[47] assigning . 10% system-
atic uncertainty due to di↵erent form-factor parametriza-
tions [48, 49]. An additional uncertainty of ' 10% was
accounted for the data-MC di↵erence for the dimuon
yield [34, 50]. The signal detection e�ciency for each
signature in (4) was evaluated by using signal MC and
were found slightly ma dependent. For instance, for
the signature 1 and ma ' 10 MeV, the "

1
a and its

systematic error was determined from the product of
e�ciencies accounting for the geometrical acceptance
(0.97 ± 0.02), the primary track (' 0.83 ± 0.04), SRD
(& 0.95±0.03), ECAL(0.95±0.03), VETO ( 0.94±0.04),
HCAL1 (0.94 ± 0.04), and HCAL2,3 (0.97 ± 0.02) sig-

nal event detection. The signal e�ciency loss . 7%
due to pileup was taken into account using reconstructed
dimuon events [34]. The VETO and HCAL1 e�cien-
cies were defined as a fraction of events below the cor-
responding energy thresholds with the main uncertainty
estimated to be . 4% for the signal events, which is
caused by the pileup e↵ect from penetrating hadrons.
The trigger e�ciency was found to be 0.95 with a small
uncertainty of 2%. The total signal e�ciency ✏a varied
from 0.51±0.09 to 0.48±0.08 for the amass range of 10-50
MeV. The total systematic uncertainty on na calculated
by adding all errors in quadrature did not exceed 20%
for both signatures. The attenuation of the a flux due
to interactions in the HCAL1 was found to be negligible.
The combined signal region excluded in the (ma; ga��)
plane at 90 % C.L. is shown in Fig. 5 together with the
results of other experiments. Our limits are valid for both
scalar and pseudoscalar cases and exclude the region in
the coupling range 2 ⇥ 10�4 . ga�� . 5 ⇥ 10�2 GeV�1

for masses ma . 55 MeV.
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Figure 7. Schematic illustration of the NA64e setup to search for the A0

! invisible

decay mode located at the new area of H4 beam.

[6]. To enhance the electron identification their synchrotron radiation (SR) emitted

in the MBPL magnetic field was used in the run 2016-2018 for their e�cient tagging

with a SR detector (SRD). The SRD upgrade with a PbSc sandwich calorimeter

of a greater transverse segmentation is planned [7, 8]. For the run at 150 GeV, the

admixture of hadrons in the beam ⇡/e
� could be further suppressed by an additional

factor ' 3 � 5 compared to the 2018 run. The detector will be also equipped with

a new veto hadronic module VHCAL made of Cu-Sc layers, located downstream

of the SRD in front of the active dump target. The module serves as an e�cient

veto against upstream electroproduction of large-angle hadrons. The target is a new

electromagnetic calorimeter (ECAL) with improved granularity, which is a matrix

of 8 ⇥ 10 Shashlik-type modules assembled from Pb-Sc plates. Each module has

' 40 radiation lengths (X0) with the first 4X0 serving as a pre-shower detector.

Downstream the ECAL the detector will be equipped with a large high-e�ciency

veto counter (VETO) with upgraded Sc layers and photo-readout, and a massive,

hermetic hadronic calorimeter (HCAL) of ' 30 nuclear interaction lengths in total

used in the 2018 run. The modules HCAL1�3 served as an e�cient veto to detect

muons or hadronic secondaries produced in the e�A interactions in the target, while

the zero-degree calorimeter HCAL0 was used to reject events accompanied by a hard

neutrals from the upstream e
� interactions.

3.3 The NA64 setup for the visible decay mode

The direct search for a new 16.7 MeV boson (X) which could explain the anomalous

excess of e+e� pairs first observed in the excited 8Be⇤ nucleus decays became of a

great importance, in particular, due to the recent evidence for the existence of the

X obtained from the similar measurements performed with the excited 4He⇤ nucleus.

– 13 –

- Design of beam line and the experimental area was performed in a strong collaboration 
with the EN-EA-LE and EN-EA-DC groups. 

- MC studies: to maximize electron flux, reduce beam halo and minimize background from 
hadron contamination in the beam. 

- New H4 zone will allow for even wider range of searches for new physics with NA64e than 
was foreseen in the proposal. 

INSTALLATION EXPECTED TO  
BE COMPLETED IN 2021 WHEN  
SPS WILL RESUME.
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Figure 16. The P2MSADC (left photo) and MSADC+P2MSADC (right photo) modules

rate by one order of magnitude.

(ii) Prescaler module

We will develop new Prescaler module shown in Fig.17. It’s a VME type of

module based on iFTDC card, which is already used in the experimental setup

for the Straw detectors. The module will allow to create an optimal mixture

of di↵erent physics, calibration, and random triggers by prescaling individually

each of them. It will improve quality of collected data and optimize total trigger

rate. The Prescaler module will be installed together with iFTDC for trigger

timing.

(iii) DAQ upgrade

In order to cope with increased data rate in 2021 we plan to install additional

Readout Engine servers and file server. The Readout engines will extend local

storage disc space to 30 TB and provide spare computing resources.

3.5 Plans for 2021 run

(i) 4 weeks of beam time are requested for the 2021 run in invisible mode:

- 1 week for the commissioning of the beam and the detector at the new location

in the H4 beam area;

- 3 weeks for running at the intensity ' 1.5⇥107 e�/ spill. With such intensity,

' 5.3⇥ 1010 EOT are expected to be collected per day. This will result in total

in ' 5 ⇥ 1011 events, that passed the selection criteria, assuming on average

3500 SPS spills per day and the overall e�ciency ' 50%.

– 25 –

New DAQ : to improve in data-taking efficiency. At the moment the DAQ allows to collect about 8 kHz  
with a dead time of 20%. After the upgrade we plan to reach more than 50 kHz with less than 1 % dead 

time.  
  

Figure 17. Photo of the Prescaler module.

(ii) The other 6 weeks will be requested for the fall run 2020 in visible mode for

searching for the X17 from the Be-anomaly and the A
0
! e

+
e
� decays:

- 1 week for the commissioning of the 150 GeV beam and the detector at the

new location in the H4 beam area;

- 5 weeks for running at 150 GeV with the intensity ' 2⇥ 106 e
�
/ spill. With

such intensity, ' 1.5⇥ 1011 EOT in total are expected to be collected per day,

assuming on average 3500 SPS spills per day and the overall e�ciency ' 50%.

(iii) This will allow probing the yet unexplored areas in the sub-GeV Dark Matter

parameter space, performing a more sensitive search for the X17 and A
0
! e

+
e
�

decays, and scalar and axionlike particles

The analysis of the data sample collected before LS2 in 2016-2018 and the preliminary

results obtained provide a significant contribution to the update of the European

Strategy for Particle Physics and can also play an essential role in helping to plan

for a future dark sector experiments at the SPS.

– 26 –

MSADC + P2MSADC

NEW P2MSADC

NEW PRESCALERS

New electronics - ~ 80 → 200 MHz MSADC to allow working at high beam intensity by 2022 run. 
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New VHCAL: to improve detector 
hermiticity and reject high-pt hadronic 
secondaries from beam interactions 

upstream the ECAL dump. Search expected 
to be BKG free up to ~ 1013 EOT 

Figure 8. Schematic illustration of the NA64e detector to search for the A0
! invisible

decay.

Due to its coupling to electrons, the X could be produced in the bremsstrahlung

reaction e
�
Z ! e

�
ZX by a 150 GeV e

� beam incident on an active WCAL of the

optimal thickness in the NA64 experiment at the CERN SPS and observed through

the subsequent decay into a e
+
e
� pair. To reconstruct the invariant mass of the

pair with a high precision, the e
+
e
� opening angle ⇥e+e� has to be measured with

the accuracy . a few 10�5 rad, which is quite a challenge. An alternative solution,

described below, is based on the reconstruction of ⇥e+e� through the measurements

of the spatial e+- and e
�-track separation at a large, ' 10 m, distance from the

X production target. For these measurements to be performed with a high signal

e�ciency and the mass resolution �me+e�/me+e� . 10%, good double-track separa-

tion and reconstruction accuracy for the distance between the tracks . 1 mm by the

NA64 tracker is required.

Below we briefly discuss the proposed technique and its estimated precision.

The detailed results obtained by using the simplified Monte Carlo simulations of the

overlaid tracks for the e�ciency and accuracy of overlaid two tracks separation as a

function of the distance between them are reported in Ref.[58]. Several algorithms

for the double-track event reconstruction are studied. We also discuss possibility

to improve the mass resolution by using the measured energy of the well separated

e
+
, e

� tracks in the ECAL, instead of their momenta in the case of the significantly

overlaid tracks. Our experimental strategy to search for the X17 is twofold: if the

X17 exists first try to demonstrate its indirect observation by using the calorimetric

approach developed in our previous works through the careful use of statistics and

low background level, and change the signal observation conditions by using the e+e�

invariant mass reconstruction to demonstrate the consistency of the mass.

The calorimetric method of the search for X ! e
+
e
� decays used by NA64 is

described in [8, 9]. Its application to the case of the X ! e
+
e
� decay is straight-

forward. Briefly, a high-energy electron beam is sent into an electromagnetic (e-m)

– 14 –

Figure 15. Photo of the VHCAL in the production stage.

• Number of layers 30, each layer 25 mm copper + 2 mm scintillator

• Read out 1 mm diameter WLS fiber, 12 fibers per scintillator

• Light yield ⇠15 photoelectrons per MIP

The production of the VHCAL detector was started in the end of last year. All

copper plates were machined and the assembly of the detector was started. The

partially assembled detector is shown in Fig. 15. The production and assembly of

scintillators together with fibers, including gluing, will be resumed in July or August.

The detector will be fully assembled before the end of the year.

4) Tungsten electromagnetic calorimeter (WCAL). The compact tungsten elec-

tromagnetic calorimeter is the sampling calorimeter with WLS fibers read out and

consist of preshower and main detector. The main parameters of calorimeter and

preshower detector:

• Dimensions ⇠ 12⇥ 12 cm2, cell size 12⇥ 12 cm2

• Structure:

- Preshower 3 layers with 3 mm tungsten and 2 mm scintillator

- Calorimeter 16 layers with 6 mm tungsten and 2 mm scintillator

• Length 145 mm or 30 X0

• Read out 1 mm diameter WLS fiber, 12 fibers per scintillator

• Light yield ⇠ 15 photoelectrons per MIP

Alll tungsten plates are ready. The production and assembly of scintillators together

with fibers, including gluing, will be resumed in July or August. The detector will

be fully assembled before the end of the year.

5) Zero degree calorimeter (ZCAL)

– 23 –

- Dimensions ∼ 50 × 50 cm2 , 16 cells,  
matrix 4x4 cells  
- Central hole size 12 × 6 cm2  

-  Cell size 12×12 cm2   
- Length ∼100 cm, 5 λ  
- 30 layers, 25 mm copper + 2 mm scintillator  
- Read out WLS fiber, 12 fibers per scintillator  
- Light yield ∼15 photoelectrons per MIP  

 

GOAL: increase the overall 
performance and improve 
background rejection

New ECAL
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WCAL optimisation: shorter WCAL dump with the total 
thickness ≃ 30 X0, and a new WCAL veto counter  

and to measure the momenta of the decay e
+
, e

� tracks. The dump is a compact

e-m calorimeter, WCAL, made as short as possible by doubling the absorber layer

thickness to maximise the sensitivity to short lifetimes while keeping the leakage of

particles at a small level. In order not to spoil the mass resolution of the spectrom-

eter due to multiple scattering in the detector, great care is devoted to minimise

the amount of material in the active area of the detector. To this end, a vacuum

vessel of ' 18 m long is installed after the WCAL to minimise multiple e
+
e
� scat-

tering. The WCAL-Veto region shown schematically in Fig.12 was optimised by

minimizing the gap between the Veto counter and the vacuum entrance membrane

in order to reduce the number of decay e
+
e
� pairs undergoing multiple scattering

on the input membrane due to the X17 decays in the gap. The material budget

of one detector, corresponding to the measurement of two projections of a particle

trajectory, amounts to 0.4% of a radiation length in the center. The tracker is fol-

lowed by the bigger transverse size ECAL for enhancing the electron-positron pair

identification and measuring the energy of the decay e
+
, e

� , which is a matrix of

12⇥6 shashlik-type modules . The ECAL has ' 40 radiation lengths (X0) and is lo-

cated at a distance ' 3.5 m from the MBPL. Downstream of the ECAL the detector

is equipped with a high-e�ciency veto counter, and a hermetic hadron calorimeter

(HCAL) used as a hadron veto and for muon identification. The expected e
+
e
�-

invariant mass distribution from the signal events simulated for di↵erent material

compositions is shown in Fig.13

Figure 11. Schematic illustration of the NA64e detector to search for the X17,A0
! e+e�

decays.

The single electron events is assumed to be collected with the hardware trigger

Tr(X) = PS(> E
th

PS
) · (WCAL < E

th

WC
) · (ECAL > E

th

EC
) (3.4)

designed to accept events with in-time hits in beam-defining counters Si and clusters

in the PS and ECAL with the energy thresholds Eth

PS
' 0.3 GeV, Eth

WC
. 30 , and

E
th

EC
& 80 GeV, respectively. In order to increase the sensitivity to short-living
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10

WCAL structure [mm](layers) WCAL length [mm] ✏ EOT to cover X17 at 90% confidence [1010]
ECAL1:3+2(34) 178 0.001 17±3.4
ECAL1:6+2(17) 148 0.001 7±0.9
ECAL1:9+2(12) 138 0.001 6±0.7
ECAL1:3+2(34) 178 0.0012 85±4.7
ECAL1:6+2(17) 148 0.0012 24±6.9
ECAL1:9+2(12) 138 0.0012 19±5

TABLE IV: Number EOT required to cover X17 at 90% confidence using di↵erent WCAL designs in the visible mode setup pro-
posed for 2021. The first entry describes the structure using the convention: [ECAL]:[converter-depth]+[counter-depth](number-
of-layers).

VETO
MAIN WCAL

3 mm W
6 mm W
9 mm W

PRE-SHOWER

3 cm

4 cm

FIG. 6: Possible designs of the WCAL re-arranging the available tiles of 3 mm of Tungsten (W) and 2 mm of scintillator
material. All designs posses the same radiation length of 30X0.

based on a full MC simulation of the setup is used to demonstrate the power of the method and its capability of288

probing the parameter space left to justify the X17 anomaly as protophobic gauge boson.289

The X17 invariant mass reconstruction requires the energy of the e+e� pair and the decay angle to be known with290

good precision. As the X17 production spectrum is peaked at the incoming beam energy (150 GeV) and the decay291

products have a mass of 511 keV/c2, the angle of the decay is on average 0.3 mrad. The resolution of this angle is one292

of the main challenges of this measurement. A long vacuum tube is placed immediately after the WCAL to minimize293

the multiple scattering experienced by the decay products before being detected by the trackers. The X17 will decay294

immediately after the dump, as the decay length is more than two orders of magnitude lower than the target depth.295

A precision in the order of mm on the decay vertex position is achieved under this assumption. The distance between296

the decay products d is then measured using trackers immediately after the vacuum tube. This allows the calculation297

of the angle using the simple formula ✓ ⇡ arctan d/D, where D is distance between the tracker and the decay vertex.298

Using the error propagation we can estimate the uncertainty on the angle:299

�2
✓ ⇠ (�d/D)2 + (�D/D)2(d/D)2, (2)

where �d is the hit resolution of the tracker and �D is the error of the exact distance. In our condition the second300

term is negligible due to the high precision of our gas detectors and the large distance between the trackers and the301

target. The formula above shows that a tube of 8 m is su�cient to reconstruct the invariant mass with precision302

above 10%. However, this estimate is flawed by the fact that hit resolution worsen as the two hits are closer. This303

problem has been studied using both fitting procedures and neural networks to reconstruct the original hit position304

from two overlapped clusters. The data recorded with a gas detector during past NA64 runs were used to build a305

set of di↵erent possible topologies. A new set to test di↵erent algorithms was then created by mixing these clusters306
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GOALS  
i) probe remaining X17 parameter 
space 
ii) claim an unambiguous 
observation of X17 by 
reconstructing its invariant mass.  
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and to measure the momenta of the decay e
+
, e

� tracks. The dump is a compact

e-m calorimeter, WCAL, made as short as possible by doubling the absorber layer

thickness to maximise the sensitivity to short lifetimes while keeping the leakage of

particles at a small level. In order not to spoil the mass resolution of the spectrom-

eter due to multiple scattering in the detector, great care is devoted to minimise

the amount of material in the active area of the detector. To this end, a vacuum

vessel of ' 18 m long is installed after the WCAL to minimise multiple e
+
e
� scat-

tering. The WCAL-Veto region shown schematically in Fig.12 was optimised by

minimizing the gap between the Veto counter and the vacuum entrance membrane

in order to reduce the number of decay e
+
e
� pairs undergoing multiple scattering

on the input membrane due to the X17 decays in the gap. The material budget

of one detector, corresponding to the measurement of two projections of a particle

trajectory, amounts to 0.4% of a radiation length in the center. The tracker is fol-

lowed by the bigger transverse size ECAL for enhancing the electron-positron pair

identification and measuring the energy of the decay e
+
, e

� , which is a matrix of

12⇥6 shashlik-type modules . The ECAL has ' 40 radiation lengths (X0) and is lo-

cated at a distance ' 3.5 m from the MBPL. Downstream of the ECAL the detector

is equipped with a high-e�ciency veto counter, and a hermetic hadron calorimeter

(HCAL) used as a hadron veto and for muon identification. The expected e
+
e
�-

invariant mass distribution from the signal events simulated for di↵erent material

compositions is shown in Fig.13

Figure 11. Schematic illustration of the NA64e detector to search for the X17,A0
! e+e�

decays.

The single electron events is assumed to be collected with the hardware trigger

Tr(X) = PS(> E
th

PS
) · (WCAL < E

th

WC
) · (ECAL > E

th

EC
) (3.4)

designed to accept events with in-time hits in beam-defining counters Si and clusters

in the PS and ECAL with the energy thresholds Eth

PS
' 0.3 GeV, Eth

WC
. 30 , and

E
th

EC
& 80 GeV, respectively. In order to increase the sensitivity to short-living
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Figure 9. Schematic illustration of the setup to search for A0, X ! e+e� decays of the

bremsstrahlung A0, X produced in the reaction eZ ! eZA0(X) of 100 GeV e� incident on

the active WCAL target with the invariant mass of the decay e+e� pair reconstruction by

using an additional magnetic spectrometer.

calorimeter that serves as an active beam dump. Typically the beam electron loses

all its shower energy in the dump. If the X exists, due to the e � X coupling it

would occasionally be produced by a shower electron (or positron) in its scattering

o↵ a nuclei of the dump:

e
� + Z ! e

� + Z +X; X ! e
+
e
�
. (3.1)

Since the X is penetrating and reasonably longer-lived, it would escape the beam

dump, and subsequently decays into an e
+
e
� pair in a downstream set of detectors.

The pair energy would be equal to the energy missing from the dump. The apparatus

is designed to identify and measure the energy of the e+e� pair in another calorimeter

(ECAL). Thus, the signature of the X ! e
+
e
� decay is an event with two e-m-like

showers in the detector: one shower in the dump, and another one in the ECAL with

the sum energy equal to the beam energy.

As discussed previously, the reconstruction of the invariant mass me+e� is crucial

for confirmation of the ATOMKI results. As the remained unconstrained parameter

space for the e-X coupling ✏e corresponds to a extremely short-lived X’s with the

lifetime ⌧X . 10�13 s, there are two challenges related to the following problems.

First, the decay length of the X with a mass mX and energy EX is given by

LX = 28.3 mm
h

EX

100 GeV

ih17 MeV

mX

i2h10�3

✏e

i2
(3.2)

Hence, the energy, EX , of the produced X in the reaction (3.1) has to be at least

EX & 100 GeV, in order to have the decay length or LX & 30 mm allowing the X

to escape the WCAL dump due to the Lorentz boost. Second, as the X is relatively

light, and its energy is high, EX � me+e� , the minimal e+e� opening angle is given

by ⇥min

e+e� '
2me+e�

EX
. As the invariant mass is

me+e� = [Ee+Ee� ]
1/2⇥e+e� (3.3)
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FIG. 8: Sketch of the setup proposed for the 2021 visible mode of NA64. Top view and side view are shown in the top and
bottom pictures respectively.
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FIG. 9: Reconstructed invariant mass of X17 in 2021 setup after weighting each event by its possibility to decay outside the
dump. 90% of all events considered are reconstructed with 10% precision. A fit performed with the sum of two Gaussian with
same mean is shown as a blue line. The simulation was performed using a X17 with a mass of 16.7 MeV and ✏ = 1.4⇥ 10�3.

A. Multiple scattering e↵ects on invariant mass reconstruction332

An additional source of error is caused by the multiple scattering experienced by the e+e� pair produced by the333

X17 decay. As the decay takes place immediately after the dump, the multiple scattering experienced depends on334

the following items:335

• The air pocket between the end of the WCAL and the beginning of the 18 m vacuum tube.336

New large area trackers at 18 m from vertex: 
measurement of the e+e- opening angle. 

Additional spectrometer using MBPL magnet: 
momentum reconstruction + increase track separation 

at the ECAL. 
New ECAL with larger transverse size: 

measurement of two separate em showers 

Paper in preparation, draft submitted to the collaboration 

GOALS  
i) probe remaining X17 parameter 
space 
ii) claim an unambiguous 
observation of X17 by 
reconstructing its invariant mass.  
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- Preparation of the new NA64 area at H4 and the detector upgrade is in progress.  

- Summer of 2021: we plan to request three-weeks run for detector commissioning and accumulation of ≃ 
1011 EOT in invisible mode in order to cover yet unexplored areas in the sub-GeV Dark Matter parameter 
space 

- Autumn of 2021: about six-seven weeks for  detector commissioning and accumulation of ≃ 1011 EOT 
for visible mode at 150 GeV to perform a more sensitive search for the A′(X) → e+e− decays.  

- Before LS3: Assuming intensity up to ≃ 107 e−/ spill and on average ≃ 4000 good spills per day means 
accumulation of up to ︎ 5 × 1012 EOT during 6 months of running is feasible. The results obtained with such 
number of EOT will allow us to probe full parameter space for scalar and Majorana sub-GeV dark 
matter models. 

The exploitation of the NA64 physics potential has just begun!
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DETECTORS & DAQ UPGRADES: To increase the overall performance and improve background 
rejection the following upgrade of the setup are ongoing:  

(i) additional number of the MM, GEM, ST stations are planned to be 
installed. 

(ii) using of a new ECAL with larger transverse dimensions and new 
WCAL dump for the visible mode  

(iii) using of a higher transversely segmented SRD detector with 
improved readout 

(iv) large Veto HCAL (VHCAL) in front of the ECAL to reject large angle 
neutral secondaries from the upstream e− hadronic interactions 

(v) further improvement of the DAQ and the analysis program are 
foreseen to ensure a substantial data collection of nEOT ≃ 5x1012 
events in 2021-2023. 

determined to be su�cient to fully cover the incoming tracks in both setups.

The new Micromegas design will have dimension 250x80 mm to maximize signal

e�ciency while keeping the number of channels under control.

Figure 14. Left: Micromegas tested in the lab at ETH. Right: Micromegas working

principle

(ii) Straw Tube detectors. Six 200⇥ 200 mm2 stations (12 double planes chambers)

of 6 mm Straw Tube detectors were used in the 2018 run. Another three

stations of the same size 2 mm Straw Tube chambers are available for using.

These chambers originally were equipped with amplifiers of an old type. The

proposed upgrade assumes that the amplifiers will be replaced with new ones

in order to improve the space resolution, decrease noise level and increase the

detection e�ciency.

3.4.2 Calorimetry

The description of new detectors is given below.

1) The new ECAL is a Shashlik type sampling calorimeter with spiral WLS fibers

read-out and consist of preshower and the main detector. The main parameters of

calorimeter and preshower detector are:

• Dimensions ⇠ 44⇥ 24 cm2, 72 cells, matrix 12⇥ 6 cells

• Cell size 3.83⇥ 3.83 cm2

• Radiation length ' 12 mm

• Radiation thickness 40 X0

• Scintillator thickness 1.55 mm

• Lead thickness 1.5 mm

• Number of layers 150 (included preshower)

– 21 –
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2018: NA64 search for X→ e+e-  - optimised for very short lived X
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Setup optimization: 
shorter WCAL, thinner veto (W2) after WCAL, vacuum pipe installed, 
additional trackers and  increased WCAL- ECAL distance.

Beam energy: 100 GeV (2017) → 150 GeV

by a new vector boson, A0 (dark photon), might exist . Such A
0 could have a mass

mA0 . 1 GeV, associated with a spontaneously broken gauged U(1)D symmetry, and

would couple to the Standard Model (SM) through kinetic mixing with the ordinary

photon, �1
2✏Fµ⌫A

0µ⌫ , parametrized by the mixing strength ✏ ⌧ 1 , for a review see,

e.g. [21]. A number of previous experiments, such as beam dump, fixed target,

Figure 5. Schematic illustration of the setup to search for A0, X ! e+e� decays of the

bremsstrahlung A0, X produced in the reaction eZ ! eZA0(X) of 100 GeV e� incident on

the active WCAL target.

collider and rare particle decay experiments have already put stringent constraints

on the mass mA0 and ✏ of such dark photons excluding, in particular, the parameter

space region favored by the gµ � 2 anomaly, see e.g. [1]. However, a large range

of mixing strengths 10�4 . ✏ . 10�3 corresponding to a short-lived A
0 still remains

unexplored. These values of ✏ could naturally be obtained from the loop e↵ects of

particles charged under both the dark and SM U(1) interactions with a typical 1-loop

value ✏ = eeD/16⇡2, where eD is the coupling constant of the U(1)D gauge interac-

tions. The search for e+e� decays of new short-lived particles at the CERN SPS was

performed by the NA64 experiment in 2017 [12]. Below we report the improved re-

sults from the NA64 experiment obtained using the data collected in 2018 in the new

run at the CERN SPS performed after optimization of the experiment configuration

and parameters.

4.1 The search method and the detector

The experiment employs the optimized electron beam from the H4 beam line in

the North Area (NA) of the CERN SPS. The beam delivers ' 5 ⇥ 106 e
� per SPS

spill of 4.8 s produced by the primary 400 GeV proton beam with an intensity

of a few 1012 protons on target. The NA64 setup designed for the searches of X

bosons and A
0 is schematically shown in Fig. 5. Two scintillation counters, S1 and

S2 were used for the beam definition, while the other two, S3 and S4, were used

to detect the e
+
e
� pairs. The detector is equipped with a magnetic spectrometer

consisting of two MPBL magnets and a low material budget tracker. The tracker

was a set of four upstream Micromegas (MM) chambers (T1, T2) for the incoming

e
� angle selection and two sets of downstream MM, GEM stations and scintillator

– 12 –
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2018: Improvement of setup A’ → 𝛘�̅�  

!30

and a massive, hermetic hadronic calorimeter (HCAL) of ' 30 nuclear interaction

lengths in total. The modules HCAL1�3 served as an e�cient veto to detect muons or

hadronic secondaries produced in the e
�
A interactions in the target, while the zero-

degree calorimeter HCAL0 was used to reject events accompanied by a hard neutrals

from the upstream e
� interactions. The new straw-tube tracker is manufactured with

Figure 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.

6 mm in diameter straw tubes covered by Cu layer. Each coordinate plane consist

of two layers of straw shifted each other to the size of the radius. Two mother board

for di↵erent layers are currently used. New 6 Amplifier AST-1-1 (32channels) for

each coordinate which has to operate with 3 TDC units, are located directly on the

each chamber stand. Cables are 17 twisted pairs, each of 60 cm in length. Since the

2017 run, the reconstruction of events in the straw tube tracker has been significantly

improved.

2.1 Data sample from 2016-2018 runs

The events were collected with the hardware trigger requiring an in-time cluster

in the ECAL with the energy EECAL . 80 � 85 GeV. The results reported here

came mostly from a set of data in which nEOT = 4.3 ⇥ 1010 of electrons on target

(EOT) were collected with the beam intensity ranging from ' 1.5 ⇥ 106/spill to

' 5 ⇥ 106/spill e� per spill in the year 2016, about nEOT = 5.4 ⇥ 1010 collected

with intensity ' (5 � 6) ⇥ 106 e�/spill in the year 2017, and nEOT = 1.87 ⇥ 1011

collected with intensity up to ' (8 � 9) ⇥ 106 e�/spill in the year 2018. The total

statistics thus corresponds to nEOT = 2.84⇥1011 EOT. Data of these three runs were

analyzed with similar selection criteria and finally summed up, taking into account

the corresponding normalization factors. The combined analysis is described below.

– 3 –

HCAL0: Rejection of events 
with hard neutral from 
upstream e- interactions

ST1,2: New straw-tube trackers: VETO against hadron  
electro-production in the beam material upstream the ECAL.


