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Kinetic mixing

Standard 
Model

Dark  
Sector

An interesting framework to 
explain the origin of dark matter

Kinetic mixing

Vector  
boson

LTotal = LSM + LDS + LPortal

Vector: Dark Photon
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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)

NA64 target: dark sectors →the vector portal

Complementary searches involving different techniques

From  E. Depero, PhD thesis 2020 (ETH Zürich)

G.Lanfranchi, M.Pospelov and P.Schuster, arxiv:2011.02157

J. Jaeckel et al.  Nature Phys. 16 (2020) 393-401
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Complementary searches involving different techniques

NA64 target: Light thermal dark matter (LTDM) 

Predictions from DM 

relic  abundances

Light Dark Matter experiment arXiv:1808.05219v1

Ωχ ∝
1

< σv >
∼

m2
χ

g4
χ

J.Feng,  J. Kumar

Phys. Rev. Lett.101231301

Useful parameter to compare different models and experiments 
proportional to the DM-SM annihilation cross-section

From  E. Depero, PhD thesis 2020 (ETH Zürich)
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NA64 target: (g-2)μ an additional motivation

aμ =
gμ − 2

2
Anomalous muon 
magnetic moment

B. Abi et al. Muon g-2 collaboration Phys. Rev. Lett. 126, 141801

T. Aoyama et al. Phys. Rept. 887 (2020) 1-166

Δaμ = aEXP
μ − aTH

μ = (251 ± 59) ⋅ 10−11

ΝΑ64 approach: new physics? 

1-loop contributions from dark sector 
bosons such as A’, Z’ or a generic X 

A’,Z’,Xγ

Standard 
Model

Dark  
Sector

Specific target for NA64

Including the latest lattice QCD calculations the discrepancy 
with the experimental value gets reduced below 2σ: Sz. 
Borsanyi et al Nature volume 593, pages 51–55 (2021)
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Visible mode Invisible mode
mA′� < 2mχ mA′� > 2mχ

𝜒

𝜒
e

e

�

e

e

ee

�

ee

e

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
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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.
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SM particles 

pair production

Missing energy

Setup:

Signature:

 Active  
 Dump

Α’

Initial beam

NA64 technique for A’ decays and its signatures
Fixed target experiment at the CERN SPS designed to probe Dark sector physics

Bremsstrahlung of A’

S. Andreas et al., arXiv:1312.3309 (2013)

S. N. Gninenko, Phys. Rev. D 89, 075008 (2014)

Focus of this talk
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e-

NA64  invisible mode: 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]

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

Two bending magnets in 

series → 7 T.m field

SRD: 95% e- 

identification


E.Depero et al., NIMA 

866 (2017) 196-201

Tracking system: 


8 XY multiplexed resistive 

micromegas and 4 GEM detectors 

D. Banerjee et al., NIMA881 (2018) 

72-81
Beam tagged through S1-3

➡ Lead Scintillator sandwich

➡ High hermeticity (∼40 X0)

➡ Energy resolution ~ 9%/√(E[GeV])

➡ Iron Scintillator sandwich


➡ High hermeticity (∼28λ)


➡ Energy resolution ~ 60%/√(E[GeV])

ECAL

DMG4 simulation framework 
M. Bondi et al. Comput. Phys. Commun. 269, 
108129 (2021)



 L.Molina Bueno    !7

2014 2015 2016 2017 2018

Beam time

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.

NA64  invisible mode: main physics goal LDM

NA64 collaboration, 

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

m′�A = 3 ⋅ mχ

DM relic 
abundances 
predictions

ε

2.84 × 1011 electrons on target (EOT)

mA’ [GeV]

Reminder:  

σNA64
A′� ∝ ϵ2 σBeam Dump

A′� ∝ ϵ4αDVs



 L.Molina Bueno    !8

NA64  invisible mode: Constraints on new physics in (g-2)μ

NA64 collaboration, Phys. Rev. Lett. 118, 011802 (2017)

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

Dark  
Sector

A’

Dark photon explanation for (g-2)μ 
excluded by NA64 and BaBar

2.75 × 109 EOT

NEW!
E. Izaguirre, et al. PRD 96, 055007 (2017)

G. Mohlabeng, PRD 99, 115001 (2019)

Y. Tsai, et al., PRL126, 181801 (2021)

(g-2)μ anomaly+LTDM
Motivation:

Signature: semi-visible decay

Missing energy + SM particles pair productionSignature:

Δ = mχ2
− mχ1

2.84 × 1011 EOT

Recast of combined 2016-2018 
invisible data analysis

NA64 collaboration, arXiv:2107.02021v2
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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 all HCALs

100 GeV 
e-

Main goal: to probe the gap in the parameter 
space between the beam-dump and LEP searches

NA64  invisible mode: ALPs
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2014 2015 2016 2017 2018

NA64  invisible mode: LDM future prospects

• New fixed location at H4 beam line.

• Beam, setup and electronics upgrades:

• Improve performance  
• Reduce background from electro nuclear 

interactions.

LS2 2021 Resume data taking 11th 
August (5 weeks)

Beam time

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

NA64 collaboration, 

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

August 2021
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2014 2015 2016 2017 2018

NA64  invisible mode: LDM future prospects

• New fixed location at H4 beam line.

• Beam, setup and electronics upgrades:

• Improve performance  
• Reduce background from electro nuclear 

interactions. 

LS2 2021 Resume data taking 11th 
August (5 weeks)

S. Gninenko, PBC workshop 2021

Projected sensitivity
5x1012 EOT before LS3

m′�A = 3 ⋅ mχ

Beam time

⇥

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

Main source: electro-nuclear interactions along the beam line

NA64 collaboration, 

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

Goal: Accumulate 5x1012 EOT before LS3.
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2014 2015 2016 2017 2018

NA64  invisible mode: LDM future prospects

LS2

S. Gninenko, PBC workshop 2021

Projected sensitivity
5x1012 EOT before LS3

m′�A = 3 ⋅ mχ

Beam time

• Positron beam and A’ resonant production
New ideas:

How can we enlarge the 
sensitivity at higher masses?

 2021 and beyond

Bremsstrahlung A’ emission ~1/m2A’ 

→signal yield suppressed at higher masses

• Use a muon beam: NA64μ experiment 
S.Gninenko et al. PLB796, 117 (2019)

D. Banerjee et al. [NA64 Collaboration], "Addendum to the 
proposal P348: Proposal for an experiment to search for dark 
sector particles weakly coupled to muon at the SPS”. CERN-
SPSC-2019-002 / SPSC-P-359, January 14, 2019.

L. Marsicano et al. Phys. Rev. Lett. 121, 041802 
NA64 collaboration, arXiv:2108.04195 
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Future prospects: A’ resonance

Under study: 

Explore H4 e+ beam 

potentialities

Distribution of secondary e+

e+ beam

Sensitivity calculated for a 
generic X boson (S,P,A,V)

A factor 10 improvement in ε 
translates to a factor 100 in y (~ ε2) 

Explore the resonance annihilation channel using the secondary positrons present in 
the electromagnetic (EM) shower in the target induced by the initial e+ beam

NA64 collaboration, arXiv:2108.04195 

Supported by the ERC Starting Grant 2020 project: POKER “POsitron annihilation into darK mattER” A. Celentano (INFN-Genova) 

L. Marsicano et al. Phys. Rev. Lett. 121, 041802
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S.Gninenko et al. PLB796, 117 (2019)

Future prospects: ΝΑ64μ physics goals

19 days end of 
October

NA64e 101
3  EOT  

+  

NA64μ
 2x101

3  M
OT

N′ �A ∼ Lσ′�A ∼ L
ϵ2

m2
A′�

Le = X0
Lμ = 40X0

e-

μ-

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

2.Light thermal dark matter 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.

NA64 preliminary

Exploring Dark sector physics  weakly coupled to muons

D. Kirpichnikov et al. arXiv:2107.13297



 L.Molina Bueno!15

Future prospects: ΝΑ64μ pilot run in 2021

Missing 
momentum

Signature
• Missing momentum 

(Deflected μ- energy 
<80 GeV).


• Energy on ECAL, 
VHCAL and HCAL 
compatible with a  
muon energy deposit.

𝜒

𝜒
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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
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ECAL 
active 
target

• Trigger based on scattered muon deflection.

• Incoming and outgoing μ momentum measured twice to minimise 

the level of its mis-measurements down to ≾10-12 .

Zμ,A’ decaying to DM particles

Goal: Study the feasibility of the technique to look for a light Z’ coupled to μ-  
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Summary and outlook

Dark sector physics interesting framework to explain dark matter 
NA64 is an ideal experiment for testing benchmark scalar, Majorana and 

pseudo-Dirac thermal sub-GeV dark matter models

• New area at H4 beamline and setup upgrade to run at high intensity

• Main goal to explore LDM parameter space with > 5x1012 EOT  

• Start searches of dark sectors weakly coupled to muons with NA64μ:

• (g-2)μ and Lμ-Lτ Z’: pilot run in 2021 at M2

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

Exploration of LDM with NA64 has just began.  
Full physics potential to be exploited in the coming years!

Future prospects for LDM searches before LHC long shutdown 3



THANKS!
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The NA64 experiment and its physics program

CERN-PBC-REPORT-2018-007

International collaboration: 50 researchers from 16 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 –

Broad physics program

e+  beam
Resonant A’  production

True Muonium

NA64e

NA64μ

2021 2022 2023 2024 LS3

5 weeks  
11th August

Invisible mode Invisible mode

Visible mode

Pilot run 
19 days 
October

Invisible mode Invisible mode

Visible mode Visible mode

1st physics  
run
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NA64  invisible searches: the setup

100 GeV

The Magnetic spectrometer (MS)

30 m

Two bending magnets 

in series → 7 T.m field

+
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NA64  invisible searches: the setup

100 GeV

The Magnetic spectrometer (MS)

30 m Tracking system: 

8 XY multiplexed resistive micromegas 
and 2 GEM detectors 
D. Banerjee et al., NIMA881 (2018) 72-81

Two bending magnets 

in series → 7 T.m field

+
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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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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 –

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
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