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Kinetic mixing

Standard 
Model

Dark  
Sector

An interesting framework to 
explain the origin of dark matter

Complementary searches 
involving different techniques

Candidates

Anomalies

From https://arxiv.org/pdf/1707.04591.pdf

Dark sectors

Existence of dark sectors which couple 
weakly with standard model particles and 
can decay into dark matter candidates.

Mediator

LTotal = LSM + LDS + LPortal

• Vector: Dark Photon 
• Scalar: Dark Higgs 
• Fermion: Heavy neutral lepton 
• Pseudo-scalar: Axion

Recent review: 

G.Lanfranchi, M.Pospelov and P.Schuster


 arxiv:2011.02157

See N.Toro’s talk!
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Kinetic mixing

Standard 
Model

Dark  
Sector

An interesting framework to 
explain the origin of dark matter

NA64 target: the vector portal

Complementary searches 
involving different techniques

Candidates

Anomalies

From https://arxiv.org/pdf/1707.04591.pdf

Kinetic mixing

Vector  
boson

LTotal = LSM + LDS + LPortal

• Vector: Dark Photon

U(1)’
ϵ
2

F′�μνFμν

γ
εαD α

10-2-10-5

γ’

𝜀

For simplicity during 
the talk

χ : DM candidate 
 it can be pseudo-Dirac, 

scalar or Majorana 
fermion

Parameter space defined

 by (mA’,mχ,ε,αD)

See N.Toro’s talk!



 L.Molina Bueno    !4

Light thermal dark matter 

Non-gravitational interactions 
in the early thermal bath

Freeze out
This implies a given annihilation rate to predict 

the relic DM abundances

Predictions from DM 

relic  abundances

Light Dark Matter experiment arXiv:1808.05219v1

𝜀

Ωχ

Ωχ ∝
1

< σv >
∼

m2
χ

g4
χ

J.Feng,  J. Kumar

Phys. Rev. Lett.101231301

See N. Toro’s and L. Tompkins’s talks!
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Theory
Experiment

3.7 σ

Keshavarzi, A., Nomura, D. & Teubner, T. Phys. Rev. D 97, 114025 (2018).

(g-2)μ anomaly: an additional motivation

aμ =
gμ − 2

2

New experiment at 
Fermilab 

http://muon-g-2.fnal.gov/2-
the-physics-of-g-2.html

aTH
μ = aQED

μ + aEW
μ + aHAD

μ
Anomalous muon 
magnetic moment
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NA64e

NA64μ

The NA64 experiment and its physics program

(Image: https://gis.cern.ch) 

New area at H4

https://gis.cern.ch/
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The NA64 experiment and its physics program

CERN-PBC-REPORT-2018-007

International collaboration: 46 researchers from 14 institutions

Table 1. The NA64 research program: Projections for searches for Dark Sector physics and other rare

processes with e, µ,⇡,K beams.

Process New Physics Comments, Projections for limits

e
�

beam Required number of EOT: 5⇥ 1012

A
0 ! e

+
e
�, and Dark photon 10�5

< ✏ < 10�2, 1 . mA0 . 100 MeV
A

0 ! invisible 2⇥ 10�6
< ✏ < 10�3, 10�3 . mA0 . 1 GeV

A
0 ! �� sub-GeV Dark Matter (�) Scalar, Majorana, pseudo-Dirac DM

↵
S,M

D
. 1, ↵p�D

D
. 0.1, for m� . 100 MeV

X ! e
+
e
� new gauge X- boson 8Be* anomaly, ✏up

e
< 10�5; ✏low

e
> 2⇥ 10�3

milliQ particles Dark Sector, charge quantisation 10�4
< mQ < 0.1 e, 10�3

< mmQ < 1 GeV
a ! ��, invisible Axion-like particles g

inv
a��

. 2⇥ 10�5, ma . 200 MeV

µ
�

beam Required number of MOT: 1011 � 5⇥ 1013

Zµ ! ⌫⌫ gauge Zµ-boson of Lµ � L⌧ , < 2mµ (g-2)µ anomaly; gV
µ

. 10�4, with . 1011 MOT
Zµ ! �� Lµ � L⌧ charged Dark Matter (�) y . 10�12 for m� . 300 MeV with ' 1012 MOT
milliQ Dark Sector, charge quantisation 10�4

< mQ < 0.1 e, 10�3
< mmQ < 2.5 GeV

aµ ! invisible non-universal ALP coupling gY . 10�2, maµ . 1 GeV
µ� ⌧ conversion Lepton Flavour Violation �(µ� ⌧)/�(µ ! all) . 10�11

⇡
�
, K

�
beams Current limits, PDG’2018 Required number of POT(KOT):5⇥ 1012(5⇥ 1011)

⇡
0 ! invisible Br(⇡0 ! invisible) < 2.7⇥ 10�7

Br(⇡0 ! invisible) . 10�9

⌘ ! invisible Br(⌘ ! invisible) < 1.0⇥ 10�4
Br(⌘ ! invisible) . 10�8

⌘
0 ! invisible Br(⌘0 ! invisible) < 5⇥ 10�4

Br(⌘ ! invisible) . 10�7

K
0
S
! invisible no limits Br(K0

S
! invisible) . 10�9

K
0
L
! invisible no limits Br(K0

L
! invisible) . 10�7

complementary to K
� ! ⇡⌫⌫

beams. The recently concluded NA64 runs in 2016-2018 consisted of physics programs which
address the two most important issues currently accessible with electron beam: a high sensitivity
search for dark photon A

0 mediator of sub-GeV Dark Matter production in invisible decay modes
and search for visible decays of dark photon A

0 ! e
+
e
� and of a new 17 MeV gauge X-boson,

X ! e
+
e
�, which can resolve the anomaly observed in the excited 8Be nuclei transitions. The

incoming SPS runs 2021-23, combined with the 2016-18 runs, provides us with the opportunity
to meet and perhaps exceed our original goals for the program with electron beam, and to start
on a new physics program summarised in Table 1. Therefore, the NA64 Collaboration proposes
to carry out further searches for Dark Sector particles and others rare processes in missing energy
events from i high-energy electron interactions at H4 beam, and extend them to the M2 muon and
hadron beams at the CERN SPS. Six months of running time at H4 line in 2021-23 will allows us
to accumulate at least a factor 10 more statistics, (3� 5)⇥ 1012 EOT, and to explore most of the
sub-GeV Dark Matter parameter space, either to observe or completely rule out the 17 MeV gauge
X-boson explanation of the 8Be anomaly and put stringent bounds on the visible decays A0 ! e

+
e
�

of dark photons. For the M2 muon beam we propose to focus on the unique opportunity to discovery
a new state, e.g. the Zµ, weakly coupled predominantly to muon that could resolve the longstanding
muon (g-2)µ anomaly. Two months of running at M2 line will allow us to collect enough muons in
order to get a conclusive result. We also propose to explore Dark Sector states in invisible decays
⇡
0
, ⌘, ⌘

0
,K

0
S
,K

0
L
! invisible of neutral mesons with ⇡,K beams.

– 10 –

2014 2015 2016 2017 2018 2021 2021 2024

Proposed 1st test 
beam

Approved by 
SPSC as NA64 

experiment

LS2 LS3

Beam time

Already 
approved to 

continue 
running

Muon 
pilot 
run

Proposal 
to run in 

muon 
mode

Broad physics program

Invisible Invisible

Visible

Invisible

Visible

Invisible

Fixed target experiment at the CERN SPS designed to probe Dark sector physics

2022
1st 

physics 
run

e+  beam
Resonant A’  production
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Visible mode Invisible mode
mA′� < 2mχ mA′� > 2mχ

𝜒
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Wiggly lines don’t always close well. Sometimes you can adjust them by hand.

I don’t have a good solution for this. One option specifically for semi-circles is here: http:
//bit.ly/1vFCNzi. I think it can be adapted for arbitrary angles. For further discussion, see:
http://bit.ly/12wA4kQ.

3 W Diagrams
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𝛾
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N
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SM particles 

pair production

Missing energy

Setup:

Signature:

 Active  
 Dump

Α’

Initial e- beam

NA64 technique for A’ decays and its signatures

Focus of my talk
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Invisible mode

1) BEAM DUMP APPROACH 
(MiniBooNE, LSND, NA62, 
SHIP, T2K, DUNE…)

2) NA64/LDMX APPROACH

Produced A’s carry away  
energy from the active dump. 

Signal: Missing energy/momentum

σ ∝ ϵ2

  
Flux of X generated by decays of A's  

produced in the dump.  
Signal: X scattering in far detector 

σ ∝ ϵ4αD

BeamBeam Active  
Dump

Dump
χ

Α’ 
decays 
to DM χ

Detector

e-χ scattering
Α’

NA64  invisible searches

χ
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e-

NA64  invisible searches: the setup

100 GeV

30 m

Active 
target

Hadronic 

calorimeter

Missing energy: A’ signal

EECAL < 50 GeV


EHCAL energy < 2GeV

Standard model 

 EECAL+EHCAL=100 GeV

Sign
al 

bo
x

EEC
AL  

[G
eV

]

EHCAL [GeV]

➡ Up to 7x106  e-/spill,  2-4 spill/min, 5s 
spill duration


➡ Low contamination: 𝜋 (<1%),  𝜇/K (0.1%)

➡ Low energy tails (<1%)

➡ Beam spot of 1.5 cm (FWHM)

Initial 100 GeV e- from the CERN SPS beam line

Electromagnetic 

calorimeter

Reconstruction of the incoming 
 particle ID and momentum: 

The magnetic spectrometer, the tracking 
system and the synchrotron radiation detector
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NA64  invisible searches: results

➡  Region I:  e- Z → e-Zγ; γ → μ+μ- 
→ benchmark for MC


➡Region II: SM events  
EECAL + EHCAL ≃ 100 GeV

Full 2016-2018 data: 

2.84x1011EOT

Event Selection Criteria: 
✦ Timing information → Pile up and noise 

suppression.

✦ Clean incoming track: angle + single hit  

in all trackers, momentum~100 GeV

✦ Electron identification: 

• Synchrotron radiation 

• Shower profile compatible with e- 

in ECAL → Hadron suppression

✦ No punchthrough: No activity in Veto 

and in HCAL

generated by the primary e
�s in the target [9, 10]. A Geant4 based Monte Carlo

(MC) simulation used to study the detector performance, signal acceptance, and

background level, as well as the analysis procedure including selection of cuts and

estimate of the sensitivity are described in detail in Ref.[11].
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Figure 2. The left panel shows the measured distribution of events in the (EECAL;EHCAL)

plane from the combined run data at the earlier phase of the analysis. Another panel shows

the same distribution after applying all selection criteria. The dashed area is the signal box

which is open. The size of the signal box along the EHCAL axis is increased by a factor of

5 for illustration purposes. The side bands A and C are the ones used for the background

estimate inside the signal region.

The left panel in Fig. 2 shows the distribution of ' 3 ⇥ 104 events from the

reaction e
�
Z ! anything in the (EECAL;EHCAL) plane measured with loose selec-

tion criteria requiring mainly the presence of a beam e
� identified with the SR tag.

Events from the area I in the left panel of Fig. 2 originate from the QED dimuon

production, dominated by the reaction e
�
Z ! e

�
Z�; � ! µ

+
µ
� with a hard brems-

strahlung photon conversion on a target nucleus and characterized by the energy of

' 10 GeV deposited by the dimuon pair in the HCAL. This rare process was used as

a benchmark allowing to verify the reliability of the MC simulation, correct the sig-

nal acceptance, cross-check systematic uncertainties and background estimate [11].

The region II shows the SM events from the hadron electroproduction in the target

which satisfy the energy conservation EECAL+EHCAL ' 100 GeV within the energy

resolution of the detectors.

Finally, the following selection criteria were chosen to maximize the acceptance

for signal events and to minimize the numbers of background events: (i) The incoming

particle track should have the momentum 100±3 GeV and a small angle with respect

to the beam axis to reject large angle tracks from the upstream e
� interactions. (ii)

The energy deposited in the SRD detector should be within the SR range emitted

by e
�s and in time with the trigger. This was the key cut identifying the pure

– 6 –
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the same distribution after applying all selection criteria. The dashed area is the signal box

which is open. The size of the signal box along the EHCAL axis is increased by a factor of

5 for illustration purposes. The side bands A and C are the ones used for the background

estimate inside the signal region.
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nal acceptance, cross-check systematic uncertainties and background estimate [11].

The region II shows the SM events from the hadron electroproduction in the target

which satisfy the energy conservation EECAL+EHCAL ' 100 GeV within the energy

resolution of the detectors.

Finally, the following selection criteria were chosen to maximize the acceptance

for signal events and to minimize the numbers of background events: (i) The incoming

particle track should have the momentum 100±3 GeV and a small angle with respect

to the beam axis to reject large angle tracks from the upstream e
� interactions. (ii)

The energy deposited in the SRD detector should be within the SR range emitted
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Proportional to DM<->SM 
annihilation cross-section

ε

mΑ’ [GeV]

2.84 × 1011 electrons 
on target (EOT)

Results

Constraints on LTDM models

For the first time NA64 constraints 
better than in previous experiments and 
very close to LTDM benchmark models

Phys. Rev. Lett. 123, 121801 (2019)

DM relic 
abundances 
predictions

arxiv:2011.02157
See talks by B.Shuve, L. Tompkins and J.Strube
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Future prospects in 2021

Resume data taking 
this year

S. Gninenko, PBC workshop 2021

• New fixed location at H4 
beam line


• Beam and setup upgrade

Projected sensitivity

How can we enlarge 
the sensitivity at higher 

masses?

• A’ resonant production 
L. Marsicano et al. Phys. Rev. Lett. 121, 041802 


• Use a muon beam 
S.Gninenko et al. PLB796, 117 (2019)

New ideas:
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Future prospects: NA64e + ΝΑ64μ
Exploring dark sector physics weakly coupled to muons

Active 
 target

Missing 
momentum

µ-

Signature
• Missing momentum 

(Deflected μ- energy 
<80 GeV).


• No energy on ECAL, 
VHCAL and HCAL 
(meaning compatible 
with a MIP energy).

𝜒
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e
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�
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e

e

e

Wiggly lines don’t always close well. Sometimes you can adjust them by hand.

I don’t have a good solution for this. One option specifically for semi-circles is here: http:
//bit.ly/1vFCNzi. I think it can be adapted for arbitrary angles. For further discussion, see:
http://bit.ly/12wA4kQ.

3 W Diagrams

⌫e

µ

W

⌫e

e

W�

W+

�

3

A0
𝛾

µ- 𝜀

Zμ,A’

µ-

EECAL+EVHCAL+EHCAL [GeV]
Eμ [G

eV]

160 GeV μ-

ECAL 
active 
target

Location M2 beam 
line upstream 

COMPASS

• Fully hermetic detector.

• Incoming and outgoing μ momentum 

measured twice to minimise the level of its 
miss-measurements down to ≾10-13 .

Zμ,A’ decaying to DM particles
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S.Gninenko et al. PLB796, 117 (2019)

1. Light Z' coupled to the muon, as a remaining low mass 
explanation of the (g-2)μ  (the muon anomaly). 


2. Light Dark Matter interacting with the Standard Matter via 
dark photon A' in the A' mass region ≥ 0.1 GeV 
(complementary search to NA64e).


3. Scalar, ALPs coupled to the muon, millicharged particles, ....  


4. Lepton Flavour Violation in μZ -> τZ conversion in flight.

Future prospects: ΝΑ64μ physics goals

Already approved

Feasibility studies

S.N.Gninenko et al.

arXiv:2003.07257

NA64e 101
3  EOT  

+  

NA64μ
 2x101

3  M
OT
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Zμ
gμ-τgχ

�   < σv > ∝ g2
χ g2

μ−τ
m2

χ

m4
Z′�

=
y

m2
χ

Dark Matter generated via 
a new massive Zμ boson 

from broken U(1)’Lμ-Lτ

"M3: A New Muon Missing Momentum Experiment to Probe (g−2)μ and Dark Matter at Fermilab”, arxiv:1804.03144

μ-,τ-,ν

mΖμ>2mχ: Zμ→χχ

Future prospects: ΝΑ64μ physics goals
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ALPs searches @NA64
ALPs predominantly coupled to photons produced via Primakoff effect

NA64 collaboration, Phys. Rev. Lett. 125, 081801

NA64 invisible setup

ECAL

ECAL
Veto

HCAL1
HCAL2

HCAL3

Signature:  
No signal on veto and HCAL1


+ 
A.  Visible Decay into γγ on HCAL2 || HCAL3 
B. Decays after HCAL3: no activity on HCAL2 & HCAL3

100 GeV 
e-

Main goal: to probe the gap in the parameter 
space between the beam-dump and LEP searches
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Constraints on new physics in (g-2)e

e−Z → e−ZX; X → invisible X could be S,P, V or A

Coupling to electrons

NA64 collaboration, arXiv:2102.01885

Could a new  generic boson contribute to (g-2)e?

1-loop contributions of S,P,V or A to Δae

Differences due to unknown 
experimental error at present or might 

be an indication of new physics?
Results from high precision measurements of α at LKB and Berkley

(-2.4σ)

(1.6σ)
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Visible mode Invisible mode
mA′� < 2mχ mA′� > 2mχ
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Additional motivation: 8Be anomaly

/"�� TFBSDI GPS WJTJCMF EFDBZT�9�CPTPO�,�

/FX FYQFSJNFOU HFPNFUSZ UP
TFBSDI GPS SFBDUJPO�

F−; → ̼ → "′ → F−F+

CVU BDUVBMMZ NBZCF NPSF
TFOTJUJWF UP 9�CPTPO EFDBZT JOUP
F−F+

  

ECAL1 MicroMegas ECAL2

e-

e+

X-boson
e-

30X0

"O BOPNBMZ JO BOHVMBS TQFDUSVN
PG �#F OVDMFBS EFDBZT PCTFSWFE CZ
HSPVQ BU "50.,* JO )VOHBSZ MFE
UP UIF QSPQPTBM PG B OFX �QSPUPQIPي
CJDً HBVHF CPTPO 	9
 XJUI NBTT∼ ��
.F7

�+ؿ�"� ,SBT[OBIPSLBZ FU BM� 1IZT� 3FW� -F� ��� ������ 	����

�+� -� 'FOH FU BM� 1IZT� 3FW� % �� ������ 	����


%BWJE $PPLF PO CFIBMG PG UIF /"�� DPMMBCPSBUJPO 5IF /"�� NVMUJQMFYFE NJDSPNFHBT USBDLFS

A.J. Krasznahorkay et al. Phys. Rev. Lett.116, 042501 (2015) A. J. Krasznahaorkay et. Al Arxiv:1910.10459 (2019)

New recent results on 
other nuclei, 4He, show 

a similar excess 

Motivates the need of an 

independent measurement

• Scalar, pseudo-scalar, vector, axial-vector models 
could explain the anomaly (large literature)


• NA64 addresses the search for X17 in a model 
independent way, just assuming its non-zero 
coupling with electrons.


• Vector model used as benchmark.
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NA64  visible searches. Challenge: very short-lived X17

NA64 invisible setup reused 
as much as possible

2

e−, 100 GeV

S1
V1 T1

T2

Vacuum vessel
SRD

γ

e−
Magnet2

Magnet1

e−

e+WCAL
X

V3

MU4

MU1

MU2

MU3

HCAL1

HCAL2

HCAL3

HCAL4

T3
T4

S4

ECAL

S3

S2
V2

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-
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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-
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Future prospects for 2022
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Summary

Combined invisible analysis data 2016-2018 
with 2.84 x 1011 EOT 
A’ → 𝛘�̅�:  Results exceeded sensitivity of previous 
experiments to thermal sub-GeV dark matter.

Dark sector physics interesting framework to explain dark matter 
The European Strategy Group recommended to support searches for 

dark sector candidates.  
NA64 is an ideal experiment for testing benchmark scalar, Majorana and 

pseudo-Dirac thermal sub-GeV dark matter models

Combined visible data 2017-2018 with 8.4 x 
1010 EOT 
X17 →e+e-: Vector coupling with electrons at ε 
< 6.8 x 10-4 and a mass of 16.7 excluded

Future prospects after LHC long shutdown 2 for  2021-2024  
- NA64 setup upgrade to run at high intensity

- Main goal to explore the parameter space of benchmark light dark matter with > goal 5x1012 

EOT  
- Substantially increase sensitivity to A’ → e+e- decays and explore remaining parameter space for 

X17→ e+e- 

- In case of X17 signal-like events reconstruct the invariant mass with precision at few percent 
level. 

- Start searches of dark sectors weakly coupled to muons with NA64μ: 
-(g-2)μ and Lμ-Lτ Z’: pilot run in 2021 at M2 beamline at CERN SPS (160 GeV/c muon)

-Probing light dark matter parameter space for mA’> 100 MeV


-Improve sensitivity for ALPs (a) and scalars (s) to probe the challenging region of mass ma,s~mπ0
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Kinetic mixing

Standard 
Model

Dark  
Sector

An interesting framework to 
explain the origin of dark matter

NA64 target: the vector portal
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Light thermal dark matter 

Equivalent parameter space for e-DM scattering probed by direct-
detection experiments

Light Dark Matter experiment arXiv:1808.05219v1
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e-

NA64  invisible searches: the setup

100 GeV

30 m

Active 
target Bremsstrahlung of A’

Electromagnetic 

calorimeter (ECAL)

S.Gninenko et al. 

Phys. Rev. D 94, 095025 (2016) 
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Exact tree level cross-section calculation
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Complementarity with direct DM searches

XENON Collaboration. arXiv:1907.11485 

S.N.Gninenko, N.V. Krasnikov and V.A.Matveev, arXiv:2003.07257

NA64  invisible searches: results
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Invisible searches

G.Lanfranchi, M.Pospelov and P.Schuster

 arxiv:2011.02157
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Invisible searches

NA64 collaboration, Phys. Rev. Lett. 123, 121801 (2019)

The observed abundance of DM relic density, with the requirement of 
the thermal freeze-out of DM annihilation into visible matter through γ − 

A′ mixing allows one to derive a relation between the parameters:

mA’/mχ=3 f<=10 for scalar and f<=1 for fermion
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NA64  invisible searches: results
Background sources

initial e� state. (iii) The lateral and longitudinal shape of the shower in the ECAL

should be consistent with the one expected for the signal shower [9]. (iv) There

should be no multiple hits activity in the Straw, which was an e↵ective cut against

hadron electroproduction in the beam material upstream the dump, and no activity

in VETO. Only ' 1.6⇥ 104 events passed these criteria from combined runs.

3.2 Background

The two largest sources of background which may fake the A0 ! invisible signal are

expected from i) the mistakenly tagged beam µ, ⇡, K decays in flight. For example,

a particle passing through the vacuum vessel window could knock electrons o↵, which

hit the SRD creating a fake tag for a e�, and ii) the energy loss in events from nuclear

e- interactions in the beam line due to the insu�cient downstream detector coverage.

The selection cuts to eliminate these backgrounds have been chosen such that they

do not a↵ect the shape of the true Emiss spectrum. Two complementary methods

Table 1. Expected background for 2.95⇥ 1011 EOT.

Background source Background number, nb

punchthrough �’s, cracks, holes < 0.01

loss of dimuons 0.024± 0.007

µ ! e⌫⌫, ⇡, K ! e⌫, Ke3 decays 0.02± 0.01

e
� interactions in the beam line 0.43± 0.16

µ, ⇡, K interactions in the target 0.044± 0.014

accidental SR tag and µ, ⇡, K decays < 0.01

Total nb 0.53± 0.17

based on the MC simulations and data themselves were used for the background

estimation in the signal region. The relatively small event-number backgrounds such

as the decays of the beam µ, ⇡, K or µ from the reaction of dimuon production were

simulated with the full statistics of the data. Large event-number processes from

e
� interactions in the target or beam line, punchthrough of secondary hadrons were

also studied extensively, although simulated samples with statistics similar to the

data were not feasible. The background estimate in this case was mainly extracted

from data by the extrapolation of events from sidebands A and C shown in the

right panel of Fig. 2 into the signal region, assessing the systematic uncertainties

by varying the background fit functions. We also examined the number of events

observed in several regions around the signal box, which were statistically consistent

with the estimates. Events in the region A (EECAL < 50 GeV ;EHCAL > 1 GeV ) are

pure neutral hadronic secondaries produced by electrons in the ECAL target, while

events from the region C (EECAL > 50 GeV ;EHCAL < 1 GeV ) are likely from the e�

– 7 –

Main source: electro-nuclear 
interactions along the beam line

Extrapolated 
from data

NA64 collaboration, Phys. Rev. Lett. 123, 121801 (2019) Editor’s suggestion

2.84 × 1011 electrons on target (EOT)

Light Dark Matter experiment arXiv:1808.05219v1
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Invisible searches

From P.Crivelli, 138th SPSC meeting June 2020 

Setup upgrade
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PLB796, 117 (2019)

S.Gninenko et al. 
PLB796, 117 (2019)

NA64e + ΝΑ64μ
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NA64  visible searches

NA64 invisible setup reused 
as much as possible
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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-
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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-
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Future prospects for 2022 run
Explore the full X17 allowed parameter space to explain the 8Be anomaly


Invariant mass reconstruction in case signal-like events are founded

New setup

Reduce WCAL length  
keeping the same number of X0  
(no impact from energy resolution 

loss in the measurement)
Separate the 
e+e- tracks

Reconstruct the two 
electromagnetic 

showers

18 m

NA64 collaboration, EPJ C 80 (2020) 12, 1159
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Future prospects for 2022 run
Explore the full X17 allowed parameter space to explain the 8Be anomaly


Invariant mass reconstruction in case signal-like events are founded

Invariant mass reconstruction precision at the level of 2%
NA64 collaboration, EPJ C 80 (2020) 12, 1159
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Dark photon visible searches

arxiv:2011.02157

G.Lanfranchi, M.Pospelov and P.Schuster

 arxiv:2011.02157
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Millicharged particles

G.Lanfranchi, M.Pospelov and P.Schuster

 arxiv:2011.02157
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Background sources 

"M3: A New Muon Missing Momentum Experiment to Probe (g−2)μ and Dark Matter at Fermilab”, arxiv:1804.03144
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• γ-Z’ mixing via loop

• Complementarity between muon 

and electron mode: If Z’ is observed 
in muon mode should also be 
observed in e- mode

Dark 
matter

arxiv:2003.07257

Future prospects: ΝΑ64μ physics goals
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ALPs searches

G.Lanfranchi, M.Pospelov and P.Schuster

 arxiv:2011.02157
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Projections for ALPs

G.Lanfranchi, M.Pospelov and P.Schuster

 arxiv:2011.02157


