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Outline 

▪ Introduction and motivations to search for  Dark sectors (DS) 

▪ Part 1: Searches of DS at the high intensity frontier: the NA64 experiment at CERN  

▪ Part 2: Searches of DS at the high precision frontier: Muonium (M) spectroscopy 
at PSI  (the Mu-MASS experiment) 
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The shortcomings of the Standard Model (SM)
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▪ Despite its incredible success the SM does not provide a complete description of 
Nature, e.g. it does not explain the origin of dark matter, dark energy, the baryon 
asymmetry in the Universe and it does include gravity.  

▪ Moreover, some hints for possible deviations (recent muon g-2 and LHCb results)  

▪ New Physics (NP) could address some of these problems:  
e.g. supersymmetry, extra dimensions or hidden sectors.  



||Paolo Crivelli 10.1.2022

“Collisions" vs “propagator” physics
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High-energy 
collisions Rare processes

(Mc2)�t � �(Mc2) < Ecms

on-shell particles limited by 
kinematical threshold:

off-shell particles sensitivity 
limited by rarity of process:

real (“on-shell”) 
particle of mass M

E

M

M

virtual (“off-shell”) 
particle of mass M

PART IIPART I
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Light Mediators searches complementary to WIMPs
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For a review see e.g. https://arxiv.org/abs/2011.02157

Standard ModelMediatorDark Matter

The  WIMP less  MIRACLE 

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

OBSERVED AMOUNT OF 
DARK MATTER TODAY 

The WIMP miracle 
La rge  range  fo r  g X and  m X 
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Renormalizable Portals
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B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D80 (2009) 095024.

Standard ModelU(1)’ Kinetic 
Mixing

Dark  
Sector

MAIN FOCUS OF THIS SEMINAR

NEW FORCE CARRIED BY MASSIVE VECTOR BOSON: DARK PHOTON  

Portals

Paolo Crivelli 

Portals

Paolo Crivelli 
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DARK SECTORS - THE VECTOR PORTAL 

7

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.
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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

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 123, 121801 (2019)
Editors' Suggestion

0031-9007=19=123(12)=121801(7) 121801-1 Published by the American Physical Society

 Four parameters: mA’, mχ, 𝛼D=eD2 /4π,𝜀
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DARK SECTORS - THE VECTOR PORTAL 
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Standard ModelU(1)’ Kinetic 
Mixing

Dark  
Sector

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 WHERE
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The (y,mX) DM PARAMETER SPACE
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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

 For a review see e.g https://arxiv.org/pdf/1707.04591.pdf

Solid lines  
predictions from DM 

relic abundance

DM -> SM annihilation rate is ~ y, 
useful variable to compare exp. sensitivities 
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The muon (g-2): an additional motivation to search for dark photons  
 

10

This talk: a very simple possibility

consider not a photon…

�
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Muon’s anomalous magnetic moment?

�

µ+

µ�

�

' 10�3

�

µ+

µ�

A0

Aʹ contribution is:

Pospelov 
Boehm, Fayet

Muon’s anomalous magnetic moment?

' 10�3

⇥ ✏2

⇥ ✏2
(mA0 ⌧ mµ)

✏

✏

(gs � 2)A
0

µ ' ↵
2⇡

�

µ+

µ�

A0

Aʹ contribution is:

Pospelov 
Boehm, Fayet

Muon’s anomalous magnetic moment?

' 10�3

⇥ ✏2

⇥ ✏2
(mA0 ⌧ mµ)

✏

✏

(gs � 2)A
0

µ ' ↵
2⇡

0.01 0.1 1
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

0.01 0.1 1

10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

mA' HGeVL
e

amae

Aʹ may explain observed (gs � 2)µ

Pospelov 
Boehm, Fayet

M. Pospelov, A. Ritz and M. B. Voloshin, Phys. Lett. B 662, 53  (2008) 

A’ may  
explain  
observed 
anomaly

DMSM  B. Abi, et al. Phys. Rev. Lett. 126, 141801 (2021)  

TO NOTE: Lattice QCD calculations S. Borsanyi et al. Nature 
593 (2021) reduce discrepancy. Hadronic corrections to be 
directly measured by MUonE EXP @ CERN  G. Abbiendi. PoS 
ICHEP2020, 223 (2021)  
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Some production mechanisms for Dark Photons

11

⇡0 =
1p
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Decays of Dark Photons
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Adapted from Natalia Toro, Dark Sectors 2017 (1608.03591)
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SEARCHES FOR DARK SECTORS AT FIXED TARGET EXP.
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1) BEAM DUMP APPROACH  
(MiniBooNE, LSND, NA62…)
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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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e 𝜀
  

Flux of X generated by decays of A's 
produced in the dump.  

Signal: X scattering in far detector 

INVISIBLE DECAY MODE

2) NA64/LDMX APPROACH

NA64 missing energy: produced A’s carry away  
energy form the active dump used to measure 

 recoil e- energy
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From positronium (search for massless dark photon) → NA64
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S. L. Glashow, Phys. Lett. B167, 35 (1986)

A. Badertscher, P. Crivelli et al., Phys. Rev. D. 75, 032004 (2007) 
Latest results 2020 C. Vigo, P. Crivelli et al., PRL124,101803

+

Paolo Crivelli

ETHZ slow positron beam High efficiency
gamma detector

Production of positronium in vacuum 

Experimental setup

Table top 

NA64

Signature: disappearance of 1 MeV energy

At rest → 100 GeV
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The NA64 collaboration (∼50 researchers from 16 Institutes) 
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Proposed (P348) in 2014,  first 
test beam in 2015 (2 weeks),  
Approved by CERN SPSC in 

March 2016 → NA64.   
2016: 5 weeks, 2017: 5 weeks, 

2018: 6 weeks.

EUROPEAN LABORATORY FOR PARTICLE PHYSICS

CERN-EP-2021-017

Constraints on New Physics in the Electron g � 2 from a Search for Invisible Decays
of a Scalar, Pseudoscalar, Vector, and Axial Vector
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(Dated: February 4, 2021)

We performed a search for a new generic X boson, which could be a scalar (S), pseudoscalar (P ),
vector (V ) or an axial vector (A) particle produced in the 100 GeV electron scattering o↵ nuclei,
e�Z ! e�ZX, followed by its invisible decay in the NA64 experiment at CERN. No evidence for
such process was found in the full NA64 data set of 2.84⇥ 1011 electrons on target. We place new
bounds on the S, P, V,A coupling strengths to electrons, and set constraints on their contributions to
the electron anomalous magnetic moment ae, |�aX | . 10�15�10�13 for the X mass region mX . 1
GeV. These results are an order of magnitude more sensitive compared to the current accuracy on
ae from the electron g� 2 experiments and recent high-precision determination of the fine structure
constant.

PACS numbers:

⇤Corresponding author: Sergei.Gninenko@cern.ch
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August 2021: 5 weeks in H4

October 2021: 3 weeks in M2 



||Paolo Crivelli 10.1.2022

The NA64 search for A’ → 𝛘�̅�
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INVISIBLE DECAY MODE
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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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EXPLICIT TARGET FOR NA64 (y,mX) DM PARAMETER SPACE
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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

h igher  mass  reg ion  cou ld   
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 recent review https://arxiv.org/pdf/1707.04591.pdf
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The NA64 method to search for A’ → 𝛘�̅�
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The NA64 method to search for A’ → 𝛘�̅�
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The CERN SPS H4 electron beam 
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100 GeV electrons 
(tagged with S1,2,3)

✦ Up to 7x106  e-/spill,  2-4 spill/min, spill duration 5s 
✦ Low contamination: 𝜋 (<1%),  𝜇/K (0.1%) 
✦ Low energy tails (<1%) 
✦ Beam spot of 1.5 cm (FWHM)

30m
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The CERN SPS H4 electron beam 
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https://home.cern/science/accelerators

WE ARE HERE

To learn more about SPS secondary beams 
see L. Gatignon CERN-ACC-NOTE-2020-0043
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The Electromagnetic Calorimeter (ECAL)  
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Active target
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The Electromagnetic Calorimeter (ECAL)  
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✦ High hermeticity (∼40 X0) 
✦ PbSc sandwich, 6x6 matrix, cells 38x38x490 mm3 
✦ WLS fibers in spiral→ suppress energy leaks 
✦ Energy resolution ~ 9%/√(E[GeV]) 
✦  Longitudinal (Pre-shower) and lateral segmentation   
→ shower profiles (hadron rejection)
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The Hadronic Calorimeter (HCAL)   
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High hermeticity 

✦ High hermeticity : 4 HCAL (∼7 λ/module)
✦ FeSc sandwich 3x3 matrix, cells 19.4x19.2x150 cm3 
✦ WLS fibers in spiral→ suppress energy leaks 
✦ Energy resolution ~ 60%/√(E[GeV])
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The magnetic spectrometer    
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Tracking system:  
8 XY multiplexed 
resistive micromegas

Two bending magnets in series → 7 T.m field

Reconstruction of e- 
incoming momentum

D. Banerjee et al., Advances in HEP, 105730 (2015) and  
D. Banerjee, PhD Thesis, ETH Zurich (2017)
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Micromegas trackers (MM1-4) -> 
Reconstruct beam momentum —> 
suppress low energy electron beam tail
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Particle ID and Tracking

Charged particle in magnetic 
field moves in a circular 
motion :

p=qBr

MM1

MM2

MM3
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Deflected Beam

The magnetic spectrometer    
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Tracking system MM1-MM4: multiplexed resistive micromegas

Reconstruction of e-  

incoming momentum

D. Banerjee et al., NIMA881 (2018) 72-81 and  
D. Banerjee, PhD Thesis, ETH Zurich (2017)

Micromegas Tracker

27

Drift field
~ 0.6 kV/cm

Amplification field
~ 50 kV/cm

• 8 cm x 8 cm Resistive modules 

320 strips/layer

• Resistive layer -> slows down spark development 
 Nucl. Instrum. Meth. A566 (2006) 281 

• High efficiency = High gas gain —> Prone to 
sparks at high flux environment leads to 
“Dead time”

• Signal via capacitive coupling between R and readout strips

• Width of  Y < X = R —> Optimal to compensate weaker capacitive coupling to X 
JINST 7 C02060, 2012

• Parallel Plate Avalanche Chambers • Gain = Namp/Nprim

Namp

Nprim
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The Synchrotron Radiation (SR) detector 
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Particle identification 
SR emission  ~ 1/m4  
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Granularity

e- 𝜋-

Efficiency > 95%  
Suppression >10-5 E. Depero et al., NIMA 866 (2017) 196-201 and 

E. Depero, PhD thesis (defence 27.11.2020)

Particle identification 
SR emission  ~ 1/m4  

The Synchrotron Radiation (SR) detector 
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The NA64 search for A’ → 𝛘�̅� - results (July 2016, 2 weeks) 
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★ Region I:  e- Z → e-Zγ; γ → µ+µ- 
→ benchmark for MC 

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

★Region III —> pile-up events

ENERGY DEPOSITED IN THE ECAL EN
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The NA64 search for A’ → 𝛘�̅� - results (July 2016, 2 weeks) 
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All selection cuts applied → no event in signal region  

Event Selection Criteria: 
✦Timing information → Pile up suppression. 
✦Clean incoming track: angle + single hit  

in all trackers, correct momentum. 
✦Synchrotron radiation → Hadron suppression 
✦Shower profile compatible with e- 

✦No activity in Veto counters.
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The NA64 search for A’ → 𝛘�̅� - results (July 2016, 2 weeks) 
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2.75 x 109 electrons on target

→ exclusion of most of g-2 muon favored region
M. Pospelov, A. Ritz and M. B. Voloshin, Phys. Lett. B 662, 53  (2008) 

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

g-2 closed completely by BABAR results 
BABAR collaboration, Phys. Rev. Lett. 119, 131804 (2017)

MASS OF THE DARK PHOTON
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2.8 x 1011 electrons on target

NA64 collaboration, Phys. Rev. Lett. 123, 121801 (2019)
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The overall signal efficiency ϵA0 is slightly mA0, EA0

dependent and is given by the product of efficiencies
accounting for the geometrical acceptance (0.97), the track
(≃0.83), SRD (≳0.95), VETO (0.94), and HCAL (0.94)
signal reconstruction, and the DAQ dead time (0.93). The
signal acceptance loss due to pileup was ≃8% for high-
intensity runs. The VETO and HCAL efficiency was
defined as a fraction of events below the corresponding
zero-energy thresholds. The spectrum of the energy dis-
tributions in these detectors from the leak of the signal
shower energy in the ECAL was simulated for different A0

masses [48] and cross-checked with measurements at the
e− beam. The uncertainty in the VETO and HCAL
efficiency for the signal events, dominated mostly by the
pileup effect from penetrating hadrons in the high-intensity
run III, was estimated to be ≲4%. The trigger efficiency
was found to be 0.95 with a small uncertainty 2%. The A0

acceptance was evaluated by taking into account the

selection efficiency for the e-m shower shape in the
ECAL from signal events [48]. The A0 production cross
section in the primary reaction was obtained with the exact
tree-level calculations as described in Ref. [49]. An addi-
tional uncertainty in the A0 yield ≃10% was conservatively
accounted for the difference between the predicted and
measured dimuon yield [36,38], which was the dominant
source of systematic uncertainties on the expected number
of signal events. The total signal efficiency ϵA0 for high-
(low-) intensity runs varied from 0.53! 0.09 (0.69! 0.09)
to 0.48! 0.08 (0.55! 0.07), decreasing for the higher A0

masses.
Using constraints on the cross section of the DM

annihilation freeze-out [see Eq. (2)], and obtained limits
on mixing strength, one can derive constraints on the LDM
models, which are shown in the (y;mχ) and (αD;mχ) planes
in Fig. 4 for masses mχ ≲ 1 GeV. On the same plot one
can also see the favored y parameter curves for scalar,

FIG. 4. The top row shows the NA64 limits in the (y;mχ) plane obtained for αD ¼ 0.5 (left panel) and αD ¼ 0.1 (right panel) from the
full 2016–2018 data set. The bottom row shows the NA64 constraints in the (αD; mχ) plane on the pseudo-Dirac (left panel) and
Majorana (right panel) DM. The limits are shown in comparison with bounds obtained in Refs. [12,13,25–27] from the results of the
LSND [24,34], E137 [35], MiniBooNE [37], BABAR [39], and direct detection [59] experiments. The favored parameters to account for
the observed relic DM density for the scalar, pseudo-Dirac, and Majorana type of light DM are shown as the lowest solid line in top
plots; see, e.g., [16].
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longitudinal shape of the shower in the ECAL should be
consistent with the one expected for the signal shower [48].
(iv) There should be no multiple hits activity in the straw-
tube chambers, which was an effective cut against hadron
electroproduction in the beam material upstream of the
dump, and no activity in VETO. Only ≃1.6 × 104 events
passed these criteria from combined runs.
There are several background sources shown in Table I

that may fake the signal: (i) loss of dimuons due to
statistical fluctuations of the signal or muon decays,
(ii) decays in flight of mistakenly SRD tagged π, K (iii) the
energy loss from the e− hadronic interactions in the beam
line due to the insufficient downstream detector coverage,
and (iv) punch-through of leading neutral hadrons ðn;K0

LÞ
produced in the e− interactions in the target. The back-
grounds (i) and (ii) were simulated with the full statistics of
the data. The background estimate in the case (iii) was
mainly obtained from data by the extrapolation of events
from the sideband C (EECAL > 50 GeV; EHCAL < 1 GeV)
shown in the right panel of Fig. 2 into the signal region and
assessing the systematic errors by varying the fit functions
selected as described in Ref. [38]. The shape of the
extrapolation functions was taken from the analysis of a
much larger data sample of events from case (iv), and cross-
checked with simulations of the e− hadronic interactions
in the dump. For case (iv), events from the region A
(EECAL < 50 GeV; EHCAL > 1 GeV) of Fig. 2, which are
pure neutral hadronic secondaries produced in the ECAL,
were used. The background (iv) was extracted from the
data themselves by using the longitudinal segmentation of
HCAL for the conservative punch-through probability
estimate. After determining all the selection criteria and
background levels, we unblind the data. No event in the
signal box was found, as shown in Fig. 2, allowing us to
obtain the mA0 -dependent upper limits on the mixing
strength.
In the final combined statistical analysis, runs I–III were

analyzed simultaneously using the multibin limit setting
technique [38] based on the RooStats package [52]. First,
the background estimate, efficiencies, and their corrections
and uncertainties were used to optimize 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 distributions [53]. For this optimization, the
most important inputs were the expected values from the
background extrapolation into the signal region from
the data samples of runs I–III with their errors estimated
from the variation of the extrapolation functions. The
optimal cut was found to be weakly dependent on the A0

mass choice and can be safely set to EECAL ≲ 50 GeV for
the whole mass range.
The combined 90% confidence level (C.L.) upper

limits for ϵ were determined by using the modified
frequentist approach for confidence levels, taking the
profile likelihood as a test statistic in the asymptotic
approximation [54–56]. The total number of expected
signal events in the signal box was the sum of expected
events from the three runs,

NA0 ¼
X3

i¼1

Ni
A0 ¼

X3

i¼1

niEOTϵ
i
A0niA0ðϵ; mA0 ;ΔEeÞ; ð3Þ

where ϵiA0 is the signal efficiency in run i, and
niA0ðϵ; mA0 ;ΔEA0Þ is the signal yield per EOT generated
in the energy range ΔEe. Each ith entry in this sum was
calculated with simulations of signal events and processing
them through the reconstruction program with the same
selection criteria and efficiency corrections as for the data
sample from run i. The combined 90% C.L. exclusion
limits on the mixing strength as a function of the A0 mass,
calculated by taken into account the expected backgrounds
and estimated systematic errors, can be seen in Fig. 3. The
derived bounds are currently the best for the mass range
0.001≲mA0 ≲ 0.2 GeV obtained from direct searches of
A0 → invisible decays [17].

TABLE I. Expected background for 2.84 × 1011 EOT.

Background source Background, nb

(i) Dimuons 0.024$ 0.007
(ii) π, K → eν, Ke3 decays 0.02$ 0.01
(iii) e− hadron interactions in the beam line 0.43$ 0.16
(iv) e− hadron interactions in the target <0.044
(v) Punch-through γ’s, cracks, holes <0.01

Total nb (conservatively) 0.53$ 0.17

FIG. 3. The NA64 90% C.L. exclusion region in the (mA0 , ϵ)
plane. Constraints from the E787 and E949 [32,33], BABAR [39],
and recent NA62 [40] experiments, as well as the muon αμ
favored area are also shown. For more limits from indirect
searches and planned measurements see, e.g., Refs. [12–14].
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NA64 sensitivity on 
light thermal DM start 
exceeding constraints 

of beam dump exp.
(suppressed by 𝝐2𝛼D)

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

The overall signal efficiency ϵA0 is slightly mA0, EA0

dependent and is given by the product of efficiencies
accounting for the geometrical acceptance (0.97), the track
(≃0.83), SRD (≳0.95), VETO (0.94), and HCAL (0.94)
signal reconstruction, and the DAQ dead time (0.93). The
signal acceptance loss due to pileup was ≃8% for high-
intensity runs. The VETO and HCAL efficiency was
defined as a fraction of events below the corresponding
zero-energy thresholds. The spectrum of the energy dis-
tributions in these detectors from the leak of the signal
shower energy in the ECAL was simulated for different A0

masses [48] and cross-checked with measurements at the
e− beam. The uncertainty in the VETO and HCAL
efficiency for the signal events, dominated mostly by the
pileup effect from penetrating hadrons in the high-intensity
run III, was estimated to be ≲4%. The trigger efficiency
was found to be 0.95 with a small uncertainty 2%. The A0

acceptance was evaluated by taking into account the

selection efficiency for the e-m shower shape in the
ECAL from signal events [48]. The A0 production cross
section in the primary reaction was obtained with the exact
tree-level calculations as described in Ref. [49]. An addi-
tional uncertainty in the A0 yield ≃10% was conservatively
accounted for the difference between the predicted and
measured dimuon yield [36,38], which was the dominant
source of systematic uncertainties on the expected number
of signal events. The total signal efficiency ϵA0 for high-
(low-) intensity runs varied from 0.53! 0.09 (0.69! 0.09)
to 0.48! 0.08 (0.55! 0.07), decreasing for the higher A0

masses.
Using constraints on the cross section of the DM

annihilation freeze-out [see Eq. (2)], and obtained limits
on mixing strength, one can derive constraints on the LDM
models, which are shown in the (y;mχ) and (αD;mχ) planes
in Fig. 4 for masses mχ ≲ 1 GeV. On the same plot one
can also see the favored y parameter curves for scalar,

FIG. 4. The top row shows the NA64 limits in the (y;mχ) plane obtained for αD ¼ 0.5 (left panel) and αD ¼ 0.1 (right panel) from the
full 2016–2018 data set. The bottom row shows the NA64 constraints in the (αD; mχ) plane on the pseudo-Dirac (left panel) and
Majorana (right panel) DM. The limits are shown in comparison with bounds obtained in Refs. [12,13,25–27] from the results of the
LSND [24,34], E137 [35], MiniBooNE [37], BABAR [39], and direct detection [59] experiments. The favored parameters to account for
the observed relic DM density for the scalar, pseudo-Dirac, and Majorana type of light DM are shown as the lowest solid line in top
plots; see, e.g., [16].
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Combined 2016-2018 invisible searches results for LTDM and muon (g-2)µ
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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
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Combined analysis of 2016 and 2017/2018 runs: 2.84x1011 EOTs
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The overall signal efficiency ϵA0 is slightly mA0, EA0

dependent and is given by the product of efficiencies
accounting for the geometrical acceptance (0.97), the track
(≃0.83), SRD (≳0.95), VETO (0.94), and HCAL (0.94)
signal reconstruction, and the DAQ dead time (0.93). The
signal acceptance loss due to pileup was ≃8% for high-
intensity runs. The VETO and HCAL efficiency was
defined as a fraction of events below the corresponding
zero-energy thresholds. The spectrum of the energy dis-
tributions in these detectors from the leak of the signal
shower energy in the ECAL was simulated for different A0

masses [48] and cross-checked with measurements at the
e− beam. The uncertainty in the VETO and HCAL
efficiency for the signal events, dominated mostly by the
pileup effect from penetrating hadrons in the high-intensity
run III, was estimated to be ≲4%. The trigger efficiency
was found to be 0.95 with a small uncertainty 2%. The A0

acceptance was evaluated by taking into account the

selection efficiency for the e-m shower shape in the
ECAL from signal events [48]. The A0 production cross
section in the primary reaction was obtained with the exact
tree-level calculations as described in Ref. [49]. An addi-
tional uncertainty in the A0 yield ≃10% was conservatively
accounted for the difference between the predicted and
measured dimuon yield [36,38], which was the dominant
source of systematic uncertainties on the expected number
of signal events. The total signal efficiency ϵA0 for high-
(low-) intensity runs varied from 0.53! 0.09 (0.69! 0.09)
to 0.48! 0.08 (0.55! 0.07), decreasing for the higher A0

masses.
Using constraints on the cross section of the DM

annihilation freeze-out [see Eq. (2)], and obtained limits
on mixing strength, one can derive constraints on the LDM
models, which are shown in the (y;mχ) and (αD;mχ) planes
in Fig. 4 for masses mχ ≲ 1 GeV. On the same plot one
can also see the favored y parameter curves for scalar,

FIG. 4. The top row shows the NA64 limits in the (y;mχ) plane obtained for αD ¼ 0.5 (left panel) and αD ¼ 0.1 (right panel) from the
full 2016–2018 data set. The bottom row shows the NA64 constraints in the (αD; mχ) plane on the pseudo-Dirac (left panel) and
Majorana (right panel) DM. The limits are shown in comparison with bounds obtained in Refs. [12,13,25–27] from the results of the
LSND [24,34], E137 [35], MiniBooNE [37], BABAR [39], and direct detection [59] experiments. The favored parameters to account for
the observed relic DM density for the scalar, pseudo-Dirac, and Majorana type of light DM are shown as the lowest solid line in top
plots; see, e.g., [16].

PHYSICAL REVIEW LETTERS 123, 121801 (2019)

121801-5



||Paolo Crivelli 10.1.2022

The NA64 search for A’ → 𝛘�̅� - Future prospects 2021-2024 

33

|Emilio DeperoSPCS 2021 12

August 2021
The NA64 search for A’ → !!̅ - Future prospects 2021-2023 

New area @H4

Data taking resumed last August: 
 5 weeks in invisible mode
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MASS OF THE DARK PHOTON

S.N. Gninenko – NA64++ – PBC  Workshop, CERN, January  16–17, 2019 

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 

relic DM density for the scalar,

pseudo-Dirac and Majorana type. ��φΘ��φΚ��φϯ��φϵ��φφ��φЈ��ν��΅��Ϩ

R��ϯ ��ϵ ��φ

GaL.

1Rjd

L�e9

"�"�`

JBMB"QQL1
.B`2+i

.2i2+iBQM

Lm+H2QM

Ԩ�ᅯϵ ᅫ
ե	Ԝ ᇔ�

Ԝ բ
Κ

Ԝᇔ ӼԔԋ
Sb2m/Q@.

B`�
+ 62`K

BQM _2HB+J�DQ`�M� _2HB+

1H�biB
+ �

AM2H�biB
+ a+�H�` _2HB+

��φΘ��φΚ��φϯ��φϵ��φφ��φЈ��ν��΅��Ϩ

R��ϯ ��ϵ ��φ

GaL.

1Rjd

L�e9

�  ��φφ

�  ��φϵ

JBMB"QQL1
.B`2+i

.2i2+iBQM

Lm+H2QM

Ԩ�ᅯϵ ᅫ ե	Ԝ
ᇔ�Ԝ բ


Κ

Ԝᇔ ӼԔԋ
Sb2m/Q@.

B`�
+ 62`K

BQM _2HB+J�DQ`�M� _2HB+

1H�biB
+ �

AM2H�biB
+ a+�H�` _2HB+

NA64 2018
NA64 2016preliminary 

Setup upgrade (ongoing)

3

0 20 40 60 80 100
, GeVECALE

0

20

40

60

80

100

120

, G
eV

H
C

AL
E

1

10

210

310

II

I
0 20 40 60 80 100

, GeVECALE

0

20

40

60

80

100

120

, G
eV

H
C

AL
E

1

10

210

310

B

C

A

FIG. 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. The right panel shows the same distribution after applying all selection criteria. The shaded
area is the signal box, which contains no events. 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.

three runs (hereafter called respectively runs I,II, and
III) were processed with selection criteria similar to the
one used in Ref. [38] and finally combined as described
below. Compared to the analysis of Ref.[38], a number
of improvements , in particular in the track reconstruc-
tion were made in the 2018 run to increase the overall
e�ciency. Also, the zero-degree calorimeter HCAL0 was
used to reject events accompanied by hard neutrals from
the upstream e� interactions, see Fig. 1.

In order to avoid biases in the determination of selec-
tion criteria for signal events, a blind analysis was per-
formed. Candidate events were requested to have the
missing energy Emiss = E0 � EECAL > 50 GeV. The
signal box (EECAL < 50 GeV ;EHCAL < 1 GeV ) was de-
fined based on the energy spectrum calculations for A0s
emitted by e± from the electromagnetic (e �m) shower
generated by the primary e�s in the target [48, 49]. A
Geant4 [50, 51] 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.[38].

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 se-
lection criteria requiring mainly the presence of a beam
e� identified with the SR tag. Events from area I origi-
nate from the QED dimuon production, dominated by
the reaction e�Z ! e�Z�; � ! µ+µ� with a hard
bremsstrahlung 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 us to verify the reliabil-
ity of the MC simulation, correct the signal acceptance,

cross-check systematic uncertainties and background es-
timate [38]. Region II shows the SM events from the
hadron electroproduction in the target that 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 mini-
mize background. (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 emit-
ted by e�s and in time with the trigger. (iii) The lateral
and longitudinal shape of the shower in the ECAL should
be consistent with the one expected for the signal shower
[48]. (iv) There should be no multiple hits activity in the
straw-tube chambers, which was an e↵ective cut against
hadron electroproduction in the beam material upstream
of the dump, and no activity in VETO. Only ' 1.6⇥104

events passed these criteria from combined runs.

TABLE I: Expected background for 2.84⇥ 1011 EOT.

Background source Background, nb

(i) dimuons 0.024± 0.007
(ii) ⇡, K ! e⌫, Ke3 decays 0.02± 0.01
(iii) e� hadron interactions in the beam line 0.43± 0.16
(iv) e� hadron interactions in the target < 0.044
(v) Punch-through �’s, cracks, holes < 0.01
Total nb (conservatively) 0.53± 0.17

There are several background sources shown in Ta-
ble I that may fake the signal: (i) loss of dimuons due

𝛼D = 0.1  
mA’=3m𝜒

5 x 1012 eot
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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.

the energy-momentum tensor[20], and its two-photon in-57

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

Limits on ALPs in the sub-GeV mass range have been71

typically placed by the beam-dump experiments or from72

searches at e
+
e
� colliders [6], leaving the large area73

10�2 . ga�� . 10�5 GeV�1 of the (ga�� ;ma) -parameter74

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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If ALPs exist, one would expect a flux of such high
energy particles from the dump because both scalars and
pseudoscalars could be produced in the forward direc-
tion through the Primako↵ e↵ect in interactions of high
energy bremsstrahlung photons, generated by 100 GeV
electrons in the target, with virtual photons from the
electrostatic field of the target nuclei:
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as illustrated in Fig.2. If the ALP is a relatively long-116

lived particle, it would penetrate the first downstream117

HCAL1 module serving as shielding and would be ob-118

served in the NA64 detector with two distinctive signa-119

tures, either 1) via its decay into 2� inside the HCAL2120

or HCAL3 modules (denoted further as HCAL2,3), or121
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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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SEMIVISIBLE DECAY MODE
2

FIG. 1: Production of A0
and subsequent semi-visible decay

chain of a Dark Photon, e�Z ! e�ZA0
;A0 ! �1�2(�2 !

�1e
+e�).

visible channels, is found in the Yukawa dark sector. In
the unbroken theory, we start from a pseudo-Dirac field
 . The chiral projections of  can then be coupled with
hD to produce Dirac and Majorana mass terms, after
spontaneous symmetry breaking [? ].
In this pseudo-Dirac scenario, the right and left Majo-
rana masses are the same and are strongly suppressed
relative to the Dirac mass MD. The diagonalisation of
the mass matrix results in two eigenstates: a lighter �1

and a heavier �2 DM particle, with mass di↵erence �.
The presence of a non-interacting stable �1 in the final
state of the A0 decay implies missing energy as charac-
teristic signature.
The e↵ective Lagrangian for the semi-visible model is:

L = LSM � 1

4
Fµ⌫ [A0]Fµ⌫ [A0] + 1

2
m2

A0A02 + ✏e ̄e /A
0
 e

+
P

i �̄i(/@ �m�i)�i + (gD�̄2
/A
0
�1 + h.c). (1)

In Eq.1, the coupling to muons is neglected since the di-
muon production threshold � = 2mµ is not relevant for
the sub-GeV mass range of A0 probed in this study. The
absence of elastic diagonal interaction terms

P
i �̄i /A

0
�i

derives from the choice of a pseudo-Dirac field, where
only o↵-diagonal terms are permitted. This allows us to
neglect the invisible and visible A0 decay modes, where
conversely only diagonal terms are present. A sketch of
the dominating decay chain is shown in Fig. 1. The Dark
Photon A0 decays promptly in a lighter �1 and a heavier
�2 via the mentioned inelastic interaction, followed by
the subsequent decay �2 ! �1e+e�.
The width of the process was calculated at leading or-
der. A numerical approach was used to compute the
3-body decay phase-space, implemented in the module
MadWidth of MadGraph5aMC@NLO [16]. Thus, a cor-
rection is obtained to the previous analytical approxi-
mations (valid for mA0 � m�1 � me) of the �(�2 !
�1e+e�) formula from Refs. [14, 17]. The newly attained
formula reads

�(�2 ! �1e
+e�) ' K

4✏2↵EM↵D�5

15⇡m4

A0
, (2)

where K ' 0.640 ± 0.001 is the correction factor esti-
mated using both Madgraph and CalcHep [18], which
were found to be in good agreement. Contrary to the in-
visible/visible mode scenario discussed in previous anal-
yses, the signal yield depends on two more parameters
outside mA0 and ✏: the DM coupling ↵D and the mass
splitting � ⌘ m�2 �m�1 .
An upper bound for the dark sector coupling constant

↵D can be found by requiring the absence of a Landau
pole for the e↵ective coupling constant ↵̄D(µ) up to an
energy scale ⇤ ⇠ 1TeV: ↵D . 0.2 [19, 20]. In this study,
a benchmark value of ↵D = 0.1 is used, compatible with
other literature [13, 14]. Nevertheless, a discussion on the
implications of di↵erent ↵D choices in our results is pro-
vided in Sec.V. Furthermore, the resonance of the ther-
mal averaged non-relativistic co-annihilation DM cross
section h�anvreli(�1�2 ! e+e�) given in Ref. [17] can
be avoided by setting mA0 = 3 · m�1 . Finally, the pa-
rameter � has kinematic limits � < mA0 � 2 ·m�1 and
� > 2me. A relatively large mass splitting �/m�1 = 0.4
is chosen in this study, as strong bounds for lower � al-
ready exist as explanation of (gµ � 2)/2 by BABAR and
E137[10, 13, 14]. A complete discussion of the achiev-
able � range, up to the limit �/m�1 ' 1, is provided in
Sec.V.

III. THE SEARCH METHOD

In this work, we present a direct search for the A0 semi-
visible signature using the NA64 experiment located at
CERN SPS. The Dark Photons are produced in the pro-
cess e�Z ! e�ZA0 as 100 GeV electrons coming from
the H4 beamline scatter inside the NA64 electromag-
netic calorimeter (ECAL). The production mechanism
is identical to the one described in Ref. [8]. The setup is
schematically shown in Fig. 2. The experiment uses a set
of scintillator and veto counters, a magnet spectrometer
consisting of two dipole magnets, and a set of tracking
detectors (six micromegas chambers [21], three straw de-
tectors [22] and two GEMs [23]) to define the incoming e�

beam. A synchrotron radiation detector (SRD) is used
to suppress hadron contamination in the beam. The elec-
trons collide with a lead-scintillator sandwich Shashlick-
type ECAL target of 40 radiation lengths. Downstream
from the ECAL, a large high-e�ciency VETO counter
and three 7.5 interactions length iron hadronic calorime-
ters (HCALs) complete the setup. An additional HCAL
module is placed along the unbent beam path to fur-
ther suppress background from upstream e� interac-
tions. Further details about the setup can be found in
Refs. [8, 24].

The A0 is produced in the target via Dark-
Bremsstrahlung [25] and decays promptly into �1�2. The
long-lived �2 travels then for some distance before de-
caying through �2 ! �1e+e�. The result of this decay
chain is a fraction of undetected energy, carried away by
the two �1, and a fraction of visible energy deposited in
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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

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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For pseudoscalar case see NA64 collaboration, arXiv:2104.13342  

https://arxiv.org/abs/2104.13342
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X17 very short lived <10-13 s

NA64 collaboration, PRL 120, 231802 (2018), PRD 107, 071101 (R) 2020
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Fig. 9 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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design of the calorimeter was studied under the principle571

that the optimal radiation length should be approximately572

30X0. Three different designs were considered:573

– An initial part of 9 layers using the original layer struc-574

ture followed by an additional 25 layers of only tungsten.575

– A calorimeter consisting of 17 layers with layer-structure:576

6mm tungsten + 2mm plastic scintillator.577

– A calorimeter consisting of 12 layers with a different578

structure: 9mm tungsten + 2mm plastic scintillator.579

In all designs, the initial 5 layers forming the pre-shower580

part are still used for efficient hadron rejection. Despite be-581

ing longer, the first design grants a good energy resolution582

and a good hermeticity. In the second and third case, the583

calorimeter is more compact but has a worse energy reso-584

lution due to the thicker converter. A sketch of the two last585

designs is shown in Fig.6 and compared to the original one586

used in the previous searches.587

The third design was chosen to be the most suited for our588

search. The loss in energy resolution has almost no impact589

on the signal efficiency. The reason is that the short lifetime590

of the X17 favors the detection of the ones produced at high591

energy that are able to escape the dump more efficiently.592

These X17 carry most of the initial e� energy outside of593

the WCAL in the calorimeter placed downstream (ECAL).594

Hence, the energy is reconstructed with a precision of a few595

% regardless of the WCAL structure. The second and third596

designs are compared to the original WCAL in Table 4.597

598

5 The X17 invariant mass reconstruction technique599

The novel setup proposed for 2021 aims to further improve600

the background suppression and add the full invariant mass601

reconstruction for the decay of a very short lived particle602

generated at the beginning of the dump. In this section, the603

reconstruction technique is illustrated and the main chal-604

lenges are outlined. A study based on a full MC simulation605

of the setup is used to demonstrate the power of the method606

and its capability of probing the parameter space left to jus-607

tify the X17 anomaly.608

The remaining unconstrained parameter space for the609

coupling e corresponds to a extremely short-lived X17 with610

the lifetime tX17 . 10�13 s. If we compute the decay length611

of the X17 we find612

LX17 = 28.3 mm
h EX17

100 GeV

ih17 MeV
mX17

i2h10�3

e

i2
(2)

Hence, the energy of the produced X17 has to be &100 GeV613

to have the decay length '30 mm comparable to the dump614

used for the X17 production in [? ]. Additionally, as EX17 �615

me+e� , the minimal e+e� opening angle and the invariant616

mass are given by617

Q min
e+e� ' 2me+e�

EX17
, (3)618

mX17 = [Ee+Ee� ]
1/2Qe+e� (4)619

For an energy ⇠100 GeV, the average angle is ⇠0.34620

mrad, which is challenging to be measured with precision .621

10%. Instead, we use the short decay length to fix the vertex622

position of the X17 ! e+e� decay to be at the end of the623

WCAL, and we reconstruct Qe+e� using the distance Le+e�624

between the e+e� tracks measured by the tracker chambers625

placed downstream (see Fig.7). As the X17 is a short-lived626

particle, its decay vertex ZX17 is located at the vicinity of627

the WCAL ZWC. This means that ZX17 ' ZWC ⌧ LD where628

LD = ZT 1 �ZX17 is the distance from the decay vertex and629

the first tracking detector (see Fig.7). Since LD ' ZT 1�ZWC,630

the opening angle Qe+e� can be evaluated as631

Qe+e� = arctan
Le+e�

LD
' Le+e�

LD
(5)632

where Le+e� is the distance of the e+e� pair in the T1 plane.633

Using error propagation, we can estimate the uncertainty on634

the angle:635

s2
Qe+e�

' (sLe+e�
/LD)

2 +(sLD/LD)
2(Le+e�/LD)

2, (6)636

where sLe+e�
is the hit resolution of the tracker and sLD637

is the error of the decay base, which is the standard devia-638

tion of the distribution of the X17 decays after the dump ('639

4 cm). In our conditions, the second term is negligible due640

to the large distance between the trackers and the target. The641

formula above shows that a tube of ⇠10 m is sufficient to re-642

construct the invariant mass with a precision .10%. How-643

ever, this estimate is flawed by the fact that hit resolution644

worsens as the two hits are closer.645

This problem has been studied using both fitting proce-646

dures and neural networks to reconstruct the original hit po-647

sition from two overlapped clusters. The data recorded with648

a gas detector during past NA64 runs were used to build a649

set of different possible topologies. A new set to test dif-650

ferent algorithms was then created by mixing these clusters651

randomly. An example of such a study, where the two clus-652

ters are separated using a global fit of two Gaussian is pre-653

sented in Sec.5.2. Both procedures agree that the hit reso-654

lution worsens to a maximum of 200 µm when the separa-655

tion is lower than 1.5 mm. No significant worsening in the656

resolution is observed when the distance between hits ex-657

ceeds ⇠2 mm. In the proposed setup, a distance of 18 m is658

used between the dump and the first tracker, getting an aver-659

age separation of 5.5 mm (Fig.8). As our data-driven studies660

have shown, the hits should be well separated in each signal661

event, granting a hit resolution of 80 µm for the e+e� pair.662
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sition from two overlapped clusters. The data recorded with648

a gas detector during past NA64 runs were used to build a649

set of different possible topologies. A new set to test dif-650

ferent algorithms was then created by mixing these clusters651

randomly. An example of such a study, where the two clus-652

ters are separated using a global fit of two Gaussian is pre-653

sented in Sec.5.2. Both procedures agree that the hit reso-654

lution worsens to a maximum of 200 µm when the separa-655

tion is lower than 1.5 mm. No significant worsening in the656

resolution is observed when the distance between hits ex-657

ceeds ⇠2 mm. In the proposed setup, a distance of 18 m is658

used between the dump and the first tracker, getting an aver-659

age separation of 5.5 mm (Fig.8). As our data-driven studies660

have shown, the hits should be well separated in each signal661

event, granting a hit resolution of 80 µm for the e+e� pair.662
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ture followed by an additional 25 layers of only tungsten.575
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part are still used for efficient hadron rejection. Despite be-581

ing longer, the first design grants a good energy resolution582

and a good hermeticity. In the second and third case, the583

calorimeter is more compact but has a worse energy reso-584

lution due to the thicker converter. A sketch of the two last585

designs is shown in Fig.6 and compared to the original one586

used in the previous searches.587

The third design was chosen to be the most suited for our588

search. The loss in energy resolution has almost no impact589

on the signal efficiency. The reason is that the short lifetime590

of the X17 favors the detection of the ones produced at high591

energy that are able to escape the dump more efficiently.592

These X17 carry most of the initial e� energy outside of593

the WCAL in the calorimeter placed downstream (ECAL).594

Hence, the energy is reconstructed with a precision of a few595

% regardless of the WCAL structure. The second and third596

designs are compared to the original WCAL in Table 4.597
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reconstruction technique is illustrated and the main chal-604

lenges are outlined. A study based on a full MC simulation605

of the setup is used to demonstrate the power of the method606
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formula above shows that a tube of ⇠10 m is sufficient to re-642
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is the hit resolution of the tracker and sLD637

is the error of the decay base, which is the standard devia-638

tion of the distribution of the X17 decays after the dump ('639

4 cm). In our conditions, the second term is negligible due640

to the large distance between the trackers and the target. The641

formula above shows that a tube of ⇠10 m is sufficient to re-642

construct the invariant mass with a precision .10%. How-643

ever, this estimate is flawed by the fact that hit resolution644

worsens as the two hits are closer.645

This problem has been studied using both fitting proce-646

dures and neural networks to reconstruct the original hit po-647

sition from two overlapped clusters. The data recorded with648

a gas detector during past NA64 runs were used to build a649

set of different possible topologies. A new set to test dif-650

ferent algorithms was then created by mixing these clusters651

randomly. An example of such a study, where the two clus-652

ters are separated using a global fit of two Gaussian is pre-653

sented in Sec.5.2. Both procedures agree that the hit reso-654

lution worsens to a maximum of 200 µm when the separa-655

tion is lower than 1.5 mm. No significant worsening in the656

resolution is observed when the distance between hits ex-657
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used between the dump and the first tracker, getting an aver-659
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Invariant mass reconstruction: 
Spectrometer + angle measurement

~ 1011 EOT (20 days) required to cover remaining X17 phase space 
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6) NA64 in muon mode- NA64µ

21

mA0 & mµ, thus making the experiment extremely complementary to the ongoing NA64e
and greatly increases the discovery potential of sub-GeV dark matter. Other searches for
Sµ’s decaying invisibly to dark sector particles, and millicharged particles will probe a
still unexplored parameter areas [112].

5.2.1 Searching for the µ + Z ! µ + Z + Zµ, Zµ ! ⌫⌫̄

The reaction of the Zµ production is a rare event. For the previously mentioned parameter
space, it is expected to occur with the rate . ↵µ/↵ ⇠ 10�6 with respect to the ordinary
photon production rate. Hence, its observation presents a challenge for the detector design
and performance. The experimental setup specifically designed to search for the Zµ is
schematically shown in Fig. 9.

Рис. 8: The NA64 90% C.L. expected exclusion regions in the (mZ0 , eµ) plane (dashed
curves) from the measurements with the electron (NA64e, ' 4 ⇥ 1012 EOT and muon
(NA64µ, ' 1012 MOT) beams, taken from ref. [111, 112]. Two triangles indicate reference
points corresponding to the mass mZ0 = 9 and 11 MeV, and coupling eµ = 4 ⇥ 10�4

and 5⇥ 10�4, respectively, which are used to explain the IceCube results, see ref.[103] for
details.

The experiment could employ the upgraded muon beam at the CERN SPS. The beam
was designed to transport high fluxes of muons of the maximum momenta in the range
between 100 and 225 GeV/c that could be derived from a primary proton beam of 450
GeV/c with the intensity between 1012 and 1013 protons per SPS spill. The detector
shown in Fig.9 utilizes two, upstream and downstream, magnetic spectrometer sections
consisting of dipole magnets and a set of low-material budget straw tubes chambers,
ST1-ST4 and ST5-ST6, respectively, allowed reconstruction and precise measurements
of incident and scattered in a target muons. It also uses scintillating fiber hodoscopes
S1,S2, defining the primary muon beam, and S3, S4, and S5 defining the scattered muons,
the active target T surrounded by a high efficiency electromagnetic calorimeter (ECAL)
serving as a veto against photons and other secondaries emitted from the target at large

26

CERN SPS M2 160 GeV muon beam: unique 
opportunities 
Searches for DS of particles predominantly 
weakly-coupled to 2nd second and possibly 3rd 
generations of the SM.

Lμ-Lτ models Zμ could explain (g-2)μ

Signature (missing momentum):  
1) Tagged 160 GeV incoming muon 
2) Scattered muon with  <80 GeV 
3) No activity in HCAL  

Pilot run in October 2021 (19 days)
Physics runs (2022-2024)
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Search for Dark photons complementary to NA64e in mass region mA’ > 0.1 GeV

Combined LDM sensitivity of NA64e -NA64μ
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Рис. 11: The NA64e 90% C.L. current [34] and expected exclusion bounds obtained with
2.84⇥1011 EOT and 5·1012 EOT, respectively, in the (mA0 , ✏) plane. The NA64µ projected
bounds calculated for nMOT = 5 · 1012 and 5 · 1013 are also shown.

where Le ' X0 and Lµ ' 40X0 are the typical distances that are passed by an electron
and muon, respectively, before producing the A0 with the energy EA0 & 50 GeV in the
NA64 active Pb target of the total thickness of ' 40 radiation length (X0) [111]. The
detailed comparison of the calculated A0 sensitivities of NA64e and NA64µ is shown in
Fig.11, where the 90% C.L. limits on the mixing ✏ are shown for a different number of
particles on target for both the NA64e and NA64µ experiments. The limits were obtained
for the background free case by using exact-tree-level (ETL) cross-sections rather than
the improved Weizsacker-Williams (IWW) ones calculated for NA64e in ref.[41], and for
the NA64µ case in this work. The later are shown in Fig. 12 as a function of EA0/Eµ

for the Pb target and mixing value ✏ = 1. One can see that in a wide range of masses,
20 MeV . mA0 . 1 GeV, the total IWW cross-sections are larger by a factor ' 2 compared
to the ETL ones. As the result, the typical limits on ✏ for the ETL case are worse by about
a factor ' 1.4 compared to the IWW case. For nEOT = nMOT = 5 · 1012 the sensitivity
of NA64e is enhanced for the mass range me ⌧ mA0 ' 100 MeV while for the A0 masses
mA0 & 100 MeV NA64µ allows to obtain more stringent limits on ✏ in comparison with
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5.3 Combined LDM sensitivity of NA64e and NA64µ [91]

The estimated NA64e and NA64µ limits on the � � A0 mixing strength, allow us to set
the combined NA64e and NA64µ constraints on the LDM models, which are shown in the
(y; m�) plane in Fig.13. As discussed in Appendix A, as a result of the ��A0 mixing the
cross-section of the DM particles annihilation into the SM particles is proportional to ✏2.
Hence using constraints on the DM annihilation cross-section one can derive constraints
in the (y ⌘ ✏2↵D(m�/mA0)4; m�) plane and restrict the LDM models with the masses
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• the presence of incoming muon with energy around 150 GeV,

• the presence of scattered muon with energy . 80 GeV,

• no energy deposition in the HCAL

• no energy deposition in the HCAL EE

The occurrence of Zµ produced in µ�Z interactions would appear as an excess of events
with a single low energy muon accompanied by zero-energy deposition in the detector.
The backgrounds for the reaction (56) have been analyzed in ref. [111, 112]. The main
backgrounds are due to µ low-energy tail, HCAL nonhermeticity, µ induced photonuclear
reactions and µ trident events [111, 112]. These backgrounds were estimated in ref.[111,
112] and they are rather small . 10�12.

The expected sensitivity of this experiment for ↵µ for different Zµ masses and for 1012
muons on target is shown in Fig. 10. Note that in refs.[113, 114, 115] the possibility to
use muon beam for the search for light scalar particles has been discussed.

Рис. 10: Expected constraints on the ↵µ coupling constant as a function of the Zµ mass
for 1012 µ at energy Eµ = 150 GeV [111, 112].

In the A0 dark photon model muons and electrons interact with the dark photon
with the same coupling constant. Hence, similar to the reaction of Eq.(53), the dark
photons will be also produced in the reaction of Eq.(56) with the same experimental
signature of the missing energy. For the A0 mass region mA0 � me, the total cross-section
of the dark photon electroproduction eZ ! eZA0 scales as �e

A0 ⇠ ✏2e/m
2
A0 . On the other

hand, for the dark photon masses, mA0 . mµ, the similar µZ ! µZA0 cross-section can
be approximated in the bremsstrahlung-like limit as �µ

A0 ⇠ ✏2µ/m
2
µ. Let us now compare

expected sensitivities of the A0 searches with NA64e and NA64µ experiments for the same
number ' 5 ⇥ 1012 particles on target. Assuming the same signal efficiency the number
of A0 produced by the 100 GeV electron and muon beam can approximated, respectively,
as follows
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where Le ' X0 and Lµ ' 40X0 are the typical distances that are passed by an electron
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NA64 active Pb target of the total thickness of ' 40 radiation length (X0) [111]. The
detailed comparison of the calculated A0 sensitivities of NA64e and NA64µ is shown in
Fig.11, where the 90% C.L. limits on the mixing ✏ are shown for a different number of
particles on target for both the NA64e and NA64µ experiments. The limits were obtained
for the background free case by using exact-tree-level (ETL) cross-sections rather than
the improved Weizsacker-Williams (IWW) ones calculated for NA64e in ref.[41], and for
the NA64µ case in this work. The later are shown in Fig. 12 as a function of EA0/Eµ

for the Pb target and mixing value ✏ = 1. One can see that in a wide range of masses,
20 MeV . mA0 . 1 GeV, the total IWW cross-sections are larger by a factor ' 2 compared
to the ETL ones. As the result, the typical limits on ✏ for the ETL case are worse by about
a factor ' 1.4 compared to the IWW case. For nEOT = nMOT = 5 · 1012 the sensitivity
of NA64e is enhanced for the mass range me ⌧ mA0 ' 100 MeV while for the A0 masses
mA0 & 100 MeV NA64µ allows to obtain more stringent limits on ✏ in comparison with
NA64e.
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The NA64 physics prospects
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NA64 program: submitted as input to the European 
Strategy Group in the context of the PBC

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 –
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Summary and outlook for NA64

▪ Low energy antihydrogen formation 

▪ Interaction of anti-hydrogen with radiation 

▪ Antihydrogen spectroscopy
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Dark  
Sector

CURRENT STATUS
- NA64: Active beam dump + missing-energy approach is very powerful to search for 

DARK SECTORS/Light (MeV-GeV) Thermal Dark Matter  
- This August 2021 we resumed data taking (4 weeks), goal until LS3  >5x1012 EOT for  

A’ → 𝛘�̅� , explore remaining parameter space X→ e+e-, improve sensitivity to ALPs and 
inelastic dark matter. Pilot run in 2021 at M2 (muon mode) completed, 1st physics run 
(2022)  

 
FUTURE PROSPECTS: 
The exploration of the NA64 physics potential has just begun. Proposed searches in NA64 with 
leptonic and hadronic beams: unique sensitivities highly complementary to similar projects.
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“Collisions" vs “propagator” physics
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High-energy 
collisions Rare processes

(Mc2)�t � �(Mc2) < Ecms

on-shell particles limited by 
kinematical threshold:

off-shell particles sensitivity 
limited by rarity of process:

real (“on-shell”) 
particle of mass M

E

M

M

virtual (“off-shell”) 
particle of mass M

PART II
PART I
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The muonium (M) atom
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M (positive muon-electron bound state) 
Predicted in 1957 (Friedmann, Telegdi, Hughes)
Unstable with lifetime of 2.2 μs. 
Main decay channel: μ+ -> e+ + �̄�μ  + 𝝂e  

Discovered in 1960 (Hughes) by detecting muonium  
spin (Larmor) precession in an external magnetic  
field perpendicular to the spin direction.
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Figure 8: Left: Muon decay showing the preferential emission of the positron.

Right: schematic of a segmented positron detector to measure the

muon precession signal.

and �⇡ ' 0.99, the velocity was measured with a time of flight technique by

using two scintillators and a Cherenkov detector was used as a veto, i.e. only

pions would produce Cherenkov light with an angle that could be detected

(see Fig. 10).

In 1970, the first antiprotonic atoms were detected at CERN [32]. The

antiprotonic X-ray spectra were used to derive the most precise data on

the properties of the antiproton itself. The construction of the Low Energy

Antiproton Ring (LEAR) at CERN increased by orders of magnitude the

intensity of the available antiproton beams. In 1995, the first antihydro-

gen atoms were produced by passing antiprotons through Xenon clusters.

15
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The Mu-MASS experiment at PSI

52https://www.psi.ch/en/ltp/mu-mass 

Project funded through the ERC consolidator grant (818053 -Mu-MASS) and by  
the Swiss National Foundation under the grant 197346.

High precision laser and microwave Muonium spectroscopy experiment 
FINAL GOAL : improve 1S-2S transition with Doppler free laser spectroscopy 
by 3 orders of magnitude (10 kHz, 4 ppt) 

OUTPUT 
→ Muon mass @ 1 ppb 
→ Ratio of qe/q𝜇 @ 1 ppt 
→ Test of bound state QED (1x10-9) 
→  Input to muon g-2 theory 
→ Rydberg constant @ ppt level 
→ New determination of 𝛼 @ 1 ppb 
→ Search for New Physics  

QED 
µµ, α, gµ

QED m
µ

QED 

m µ

µµ
α 
QED corrections 
weak contribution 

MUSEUM 
ΔνHFS, n=1

Mu-MASS
Δν1S-2S

mµ
QED corrections 
Rydberg 

µµ µ
µ

= ⋅
⋅m �g
e ⋅h
2

Muon g-2 
FNAL 

hadronic contribution 
hadronic lbl contribution 
New Physics 

P. Crivelli, Hyp. Int. 239, 49 (2018)

https://www.psi.ch/en/ltp/mu-mass
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Muonium Lamb shift
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2S1/2

C .J. Oram et al. Phys. Rev. Lett. 52, 910 (1984). DOI 10.1103/PhysRevLett.52.910. @ TRIUMF  
K. Woodle, et al., Phys. Rev. A 41, 93 (1990). DOI 10.1103/ PhysRevA.41.93  @ LAMPF 
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On the theoretical side, the muonium energy levels have
been computed completely up to Oðmμα5Þ [33] and the
leading logarithmic correctionOðmμα6 ln αÞ [34]. The 1S −
2S transition has reached howeverOðmμα7Þ [35] and so the
QED error should be estimated by the Oðmμα8 ln3 αÞ term,
which would give ∼10 kHz. However, the main source of
uncertainty is not the QED computation but the value of the
muon mass. The best value for the muon mass gives an
uncertainty ∼0.3 MHz, but this muon mass relies on the
measurement of 1S − 2S and hyperfine splittings in muo-
nium and so we cannot use it as an independent input of our
theoretical estimate if wewant to use it to set bounds on new
physics. Therefore, we chose to consider themeasurement of
the muon mass determined from the study of Breit-Rabi
magnetic sublevels of the Mu ground state in an external
magnetic field [36], which would be unaffected by the new
scalar particle. This gives rise to the theoretical prediction:

ðEð2S1=2Þ−Eð1S1=2ÞÞthMu¼ 2455528935.8ð1.4ÞMHz: ð8Þ

2. Lamb Shift

The theoretical prediction for the Lamb shift in muonium
can be obtained from the expressions in [33,35]. It reads

ðEð2S1=2Þ − Eð2P1=2ÞÞthMu ¼ 1047.284ð2Þ MHz: ð9Þ

In this case, the error is in fact dominated by the QED
computation and estimated by the Oðmμα8 ln3 αÞ contri-
bution. The best experimental measurement at the moment
[37] is

ðEð2S1=2Þ − Eð2P1=2ÞÞ
exp
Mu ¼ 1042ð22Þ MHz: ð10Þ

Its large uncertainty is the biggest limit to reach to new
physics.
Figure 3 shows the sensitivity to new physics of the state-

of-the-art precise Mu spectroscopy. In the massless limit
the Mu bound is an order of magnitude stronger than the
product of the two gyromagnetic factors (even though a 5σ
bound is taken here to account for the current tension in the
value of aμ). However, as discussed in the previous section,
the electron coupling is constrained by astrophysics for
mediators lighter than 300 keV, while the Mu constraint
reads as:

ge × gμ ≲ 10−10 ×
Δ

9.8 MHz
; ð11Þ

whereΔ is the experimental/theoretical error. It is thus clear
that it would be extremely challenging to compete with
Eq. (6). For this reason, Fig. 4 focuses on the heavy mass
region showing that even a modest improvement of the
experimental precision to match the current theoretical
precision could deliver interesting results.
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FIG. 3. Constraint on the dimensionless coupling ge × gμ as a
function of the scalar/vector mass. The blue curve represents
the bound coming from the product of the measurement of
the electron gyromagnetic factor ae [14,15] and the muonic
(5σ bound) aμ [16], while the red curve is the current bound
extracted by Mu 1S − 2S transition, Eqs. (7) and (8). The green
curve corresponds to the current sensitivity of the Lamb Shift
measurement [37].
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FIG. 4. Constraint on the dimensionless coupling ge × gμ as a
function of the scalar/vector mass. As in Fig. 3, the blue curve
represents the bound coming from the product of the measurement
of the electron gyromagnetic factor ae [14,15] and the muonic aμ
[16] while the red curve is the current bound extracted by Ps
1S − 2S transition [13,23]. The green curve corresponds to the
current sensitivity of theLambShiftmeasurement [37]. The dashed
red curve is the 1S − 2S projected sensitivity assuming that the
experimental precision will match the theoretical one [21]. The
dashed purple is the 1S − 2S sensitivity considering an improve-
ment of the theoretical and experimental error (Mu-MASS [7])
down to 3 kHz. This would require an improvement of the
muon mass measurement like the one planned at MUSEUM
(J-PARC) [7,8].
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muon mass. The best value for the muon mass gives an
uncertainty ∼0.3 MHz, but this muon mass relies on the
measurement of 1S − 2S and hyperfine splittings in muo-
nium and so we cannot use it as an independent input of our
theoretical estimate if wewant to use it to set bounds on new
physics. Therefore, we chose to consider themeasurement of
the muon mass determined from the study of Breit-Rabi
magnetic sublevels of the Mu ground state in an external
magnetic field [36], which would be unaffected by the new
scalar particle. This gives rise to the theoretical prediction:

ðEð2S1=2Þ−Eð1S1=2ÞÞthMu¼ 2455528935.8ð1.4ÞMHz: ð8Þ

2. Lamb Shift

The theoretical prediction for the Lamb shift in muonium
can be obtained from the expressions in [33,35]. It reads

ðEð2S1=2Þ − Eð2P1=2ÞÞthMu ¼ 1047.284ð2Þ MHz: ð9Þ

In this case, the error is in fact dominated by the QED
computation and estimated by the Oðmμα8 ln3 αÞ contri-
bution. The best experimental measurement at the moment
[37] is

ðEð2S1=2Þ − Eð2P1=2ÞÞ
exp
Mu ¼ 1042ð22Þ MHz: ð10Þ

Its large uncertainty is the biggest limit to reach to new
physics.
Figure 3 shows the sensitivity to new physics of the state-

of-the-art precise Mu spectroscopy. In the massless limit
the Mu bound is an order of magnitude stronger than the
product of the two gyromagnetic factors (even though a 5σ
bound is taken here to account for the current tension in the
value of aμ). However, as discussed in the previous section,
the electron coupling is constrained by astrophysics for
mediators lighter than 300 keV, while the Mu constraint
reads as:

ge × gμ ≲ 10−10 ×
Δ

9.8 MHz
; ð11Þ

whereΔ is the experimental/theoretical error. It is thus clear
that it would be extremely challenging to compete with
Eq. (6). For this reason, Fig. 4 focuses on the heavy mass
region showing that even a modest improvement of the
experimental precision to match the current theoretical
precision could deliver interesting results.
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FIG. 3. Constraint on the dimensionless coupling ge × gμ as a
function of the scalar/vector mass. The blue curve represents
the bound coming from the product of the measurement of
the electron gyromagnetic factor ae [14,15] and the muonic
(5σ bound) aμ [16], while the red curve is the current bound
extracted by Mu 1S − 2S transition, Eqs. (7) and (8). The green
curve corresponds to the current sensitivity of the Lamb Shift
measurement [37].
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FIG. 4. Constraint on the dimensionless coupling ge × gμ as a
function of the scalar/vector mass. As in Fig. 3, the blue curve
represents the bound coming from the product of the measurement
of the electron gyromagnetic factor ae [14,15] and the muonic aμ
[16] while the red curve is the current bound extracted by Ps
1S − 2S transition [13,23]. The green curve corresponds to the
current sensitivity of theLambShiftmeasurement [37]. The dashed
red curve is the 1S − 2S projected sensitivity assuming that the
experimental precision will match the theoretical one [21]. The
dashed purple is the 1S − 2S sensitivity considering an improve-
ment of the theoretical and experimental error (Mu-MASS [7])
down to 3 kHz. This would require an improvement of the
muon mass measurement like the one planned at MUSEUM
(J-PARC) [7,8].
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48 HOURS DATA TAKING (100x statistics compared to previous measurements)
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FIG. 3. Measured resonance with the best line shape fit
to the data (solid line). The MW o↵ data point (not shown
in the figure) lies at (2.96 ± 0.05) ⇥ 10�3. The filled areas
correspond to the individual contributions as described in the
main text.

+0.26(2)MHz as given in table I. We evaluate the mag-
nitude of several smaller systematic e↵ects, namely the
2nd-order Doppler, motional Stark-shift from the Earth’s
magnetic field, and quantum interference-shift from the
presence of M3S [37]. These are given in table I.

Adding the various corrections, the determined
frequency of the 2SF=1�2P1/2,F=1 transition is
1140.2(2.3)stat(1.1)syst MHz and the corresponding LS
is 1047.2(2.5)MHz, where we added the statistical and
systematic uncertainties in quadrature. Our result is
within one standard deviation from the theoretical value
quoted in the literature of 1047.5(3)MHz [21] (to be
updated with recent bound state QED developments
in hydrogen [38]) and a recent calculation based using
e↵ective field theory giving 1047.284(2)MHz [13].

Since our result is in agreement with the theoretical
calculations, we can use it to place stringent limits on
new physics scenarios. Here we focus on possible Lorentz
and CPT violation e↵ects, and new bosons interacting
with muons and electrons. The M Lamb shift is sensitive
to two of the isotropic nonrelativistic e↵ective coe�cients
for Lorentz and CPT violation [11]: namely

�
aNR
4 and

�
cNR
4 . Taking conservatively 2�, we can set a bound on
the linear combination:

���aNR
4 +

�
cNR
4

�� < 1.7⇥ 105 GeV-3 , (1)

which translates into Table II, when considering only one
coe�cient at a time to be non-zero. These bounds are
of the same order as the current ones obtained from the
measurement of the 1S�2S transition in M [39], and im-
prove by an order of magnitude the previous bounds from
the M Lamb Shift.

M spectroscopy o↵ers also the possibility to search for
new light bosons coupled to electrons and muons [13]. A
dark force between the electron and the antimuon could

Central Value Uncertainty

Fitting 1139.9 2.3

4S contribution < 1.0

MW-Beam alignment < 0.32

MW field intensity < 0.04

M velocity distribution < 0.01

AC Stark 2P3/2 +0.26 < 0.02

2nd-order Doppler +0.06 < 0.01

Earth’s Field < 0.05

Quantum Interference < 0.04

2SF=1�2P1/2,F=1 1140.2 2.5

Hyperfine �93.0 0.0

Lamb Shift 1047.2 2.5

Theoretical value [13] 1047.284 0.002

TABLE I. Central values and uncertainty contributions in
MHz.

provide an explanation of the muon g � 2 anomaly if
this would be mediated either by a new scalar or a new
vector gauge boson [40]. For the scalar case, one has a
Yukawa-like attractive potential of the form [41]:

Vss(~r) = �gseg
s
µ
e�msr

4⇡r
, (2)

where ms is the scalar boson mass and gse , g
s
µ are the cou-

pling strengths to electrons and anti-muons, respectively.
For small coupling strengths, the e↵ect of such a poten-
tial can be calculated by applying perturbation theory.
The vector potential can be found in [41]. In Fig. 4,
we present the sensitivity of Muonium spectroscopy to
new physics. The constraints on gse , g

s
µ as a function of

the scalar/vector mass, which are nearly identical in the
mass range considered here, are compared to the region
favored by the g � 2 muon anomaly [42], considering the
bounds from the electron gyromagnetic factor [43]. In
fact, the experimental value of the electron anomalous
magnetic moment is in agreement with the theoretical
one when using as an input the recent new determina-
tions of the fine structure constant [44, 45]. We do not
present results from experiments at the intensity fron-
tier since those can be argued to be model dependent,

Coe�cient Constraint

���aNR
4

�� < 1.7⇥ 105 GeV-3

���cNR
4

�� < 1.7⇥ 105 GeV-3

TABLE II. Single constraints from the Lamb Shift measure-
ment on isotropic nonrelativistic coe�cients for CPT viola-
tion.

Results in agreement with theoretical calculations. Precision not 
enough to test b-QED but can be used to constraint new physics.
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FIG. 3. Measured resonance with the best line shape fit
to the data (solid line). The MW o↵ data point (not shown
in the figure) lies at (2.96 ± 0.05) ⇥ 10�3. The filled areas
correspond to the individual contributions as described in the
main text.

+0.26(2)MHz as given in table I. We evaluate the mag-
nitude of several smaller systematic e↵ects, namely the
2nd-order Doppler, motional Stark-shift from the Earth’s
magnetic field, and quantum interference-shift from the
presence of M3S [37]. These are given in table I.

Adding the various corrections, the determined
frequency of the 2SF=1�2P1/2,F=1 transition is
1140.2(2.3)stat(1.1)syst MHz and the corresponding LS
is 1047.2(2.5)MHz, where we added the statistical and
systematic uncertainties in quadrature. Our result is
within one standard deviation from the theoretical value
quoted in the literature of 1047.5(3)MHz [21] (to be
updated with recent bound state QED developments
in hydrogen [38]) and a recent calculation based using
e↵ective field theory giving 1047.284(2)MHz [13].

Since our result is in agreement with the theoretical
calculations, we can use it to place stringent limits on
new physics scenarios. Here we focus on possible Lorentz
and CPT violation e↵ects, and new bosons interacting
with muons and electrons. The M Lamb shift is sensitive
to two of the isotropic nonrelativistic e↵ective coe�cients
for Lorentz and CPT violation [11]: namely

�
aNR
4 and

�
cNR
4 . Taking conservatively 2�, we can set a bound on
the linear combination:

���aNR
4 +

�
cNR
4

�� < 1.7⇥ 105 GeV-3 , (1)

which translates into Table II, when considering only one
coe�cient at a time to be non-zero. These bounds are
of the same order as the current ones obtained from the
measurement of the 1S�2S transition in M [39], and im-
prove by an order of magnitude the previous bounds from
the M Lamb Shift.

M spectroscopy o↵ers also the possibility to search for
new light bosons coupled to electrons and muons [13]. A
dark force between the electron and the antimuon could

Central Value Uncertainty

Fitting 1139.9 2.3

4S contribution < 1.0

MW-Beam alignment < 0.32

MW field intensity < 0.04

M velocity distribution < 0.01

AC Stark 2P3/2 +0.26 < 0.02

2nd-order Doppler +0.06 < 0.01

Earth’s Field < 0.05

Quantum Interference < 0.04

2SF=1�2P1/2,F=1 1140.2 2.5

Hyperfine �93.0 0.0

Lamb Shift 1047.2 2.5

Theoretical value 1047.47 0.02

TABLE I. Central values and uncertainty contributions in
MHz.

provide an explanation of the muon g � 2 anomaly if
this would be mediated either by a new scalar or a new
vector gauge boson [40]. For the scalar case, one has a
Yukawa-like attractive potential of the form [41]:

Vss(~r) = �gseg
s
µ
e�msr

4⇡r
, (2)

where ms is the scalar boson mass and gse , g
s
µ are the cou-

pling strengths to electrons and anti-muons, respectively.
For small coupling strengths, the e↵ect of such a poten-
tial can be calculated by applying perturbation theory.
The vector potential can be found in [41]. In Fig. 4,
we present the sensitivity of Muonium spectroscopy to
new physics. The constraints on gse , g

s
µ as a function of

the scalar/vector mass, which are nearly identical in the
mass range considered here, are compared to the region
favored by the g � 2 muon anomaly [42], considering the
bounds from the electron gyromagnetic factor [43]. In
fact, the experimental value of the electron anomalous
magnetic moment is in agreement with the theoretical
one when using as an input the recent new determina-
tions of the fine structure constant [44, 45]. We do not
present results from experiments at the intensity fron-
tier since those can be argued to be model dependent,

Coe�cient Constraint

���aNR
4

�� < 1.7⇥ 105 GeV-3

���cNR
4

�� < 1.7⇥ 105 GeV-3

TABLE II. Single constraints from the Lamb Shift measure-
ment on isotropic nonrelativistic coe�cients for CPT viola-
tion.

B. Ohayon, P. Crivelli et al., PRL 128, 011802 (2022)
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Leading order corrections: 

We characterize their first order energy corrections in the following, with 𝑛, 𝑙, 𝑚, 𝑠 and 𝑚𝑠 
denote the principal quantum number, quantum angular momentum number, magnetic 
quantum number, primary quantum spin number and secondary quantum spin number 
respectively: 

〈𝑉𝑠𝑠〉 = −
𝑔1𝑠𝑔2𝑠

4𝜋
 𝐹𝑛,𝑙1 (𝑀)   (8) 

〈𝑉𝑝𝑠〉 = 0   (9) 

〈𝑉𝑝𝑝〉 = −
𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
[(𝐺𝑠 − 3𝐻𝑙,𝑚

𝑠,𝑚𝑠) (𝐹𝑛,𝑙3 (𝑀) +𝑀𝐹𝑛,𝑙2 (𝑀)) + 

1
3
𝐺𝑠𝐹𝑛,𝑙4 (𝑀) −𝑀2𝐻𝑙,𝑚

𝑠,𝑚𝑠𝐹𝑛,𝑙1 (𝑀)]   (10) 

〈𝑉𝑉𝑉〉 =
𝑔1𝑉𝑔2𝑉

4𝜋
𝐹𝑛,𝑙1 (𝑀) +

𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
[(𝐺𝑠 − 3𝐻𝑙,𝑚

𝑠,𝑚𝑠) (𝐹𝑛,𝑙3 (𝑀) +𝑀𝐹𝑛,𝑙2 (𝑀)) − 

2
3
𝐺𝑠𝐹𝑛,𝑙4 (𝑀) +𝑀2(𝐺𝑠 − 𝐻𝑙,𝑚

𝑠,𝑚𝑠)𝐹𝑛,𝑙1 (𝑀)]   (11) 

〈𝑉𝐴𝑉〉 = 0   (12) 

〈𝑉𝐴𝐴〉 = −
𝑔1𝐴𝑔2𝐴

4𝜋
𝐺𝑠𝐹𝑛,𝑙1 (𝑀) −

𝑔1𝐴𝑔2𝐴

4𝜋𝑀2 [(𝐺
𝑠 − 3𝐻𝑙,𝑚

𝑠,𝑚𝑠) (𝐹𝑛,𝑙3 (𝑀) +𝑀𝐹𝑛,𝑙2 (𝑀)) + 

1
3
𝐺𝑠𝐹𝑛,𝑙4 (𝑀) −𝑀2𝐻𝑙,𝑚

𝑠,𝑚𝑠𝐹𝑛,𝑙1 (𝑀)]   (13) 

Where: 

𝐺𝑠 = { 1, 𝑠 = 1−3, 𝑠 = 0   (14) 

𝐻𝑙,𝑚
𝑠,𝑚𝑠 = {

1
2𝑙+1

(𝑙
2−𝑚2

2𝑙−1
+ (𝑙+1)2−𝑚2

2𝑙+3
) , 𝑠 = 1 𝑚𝑠 = ±1

1 − 2𝐻𝑙,𝑚
1,±1, 𝑠 = 1 𝑚𝑠 = 0
−1, 𝑠 = 0 

 (15) 

𝐹𝑛,𝑙𝑘 (𝑀) =

{
  
 

  
 〈𝑒

−𝑀𝑟

𝑟
〉𝑛,𝑙 , 𝑘 = 1

〈𝑒
−𝑀𝑟

𝑟2
〉𝑛,𝑙  , 𝑘 = 2

〈𝑒
−𝑀𝑟

𝑟3
〉𝑛,𝑙 , 𝑘 = 3

〈𝛿(𝑟)𝑒
−𝑀𝑟

𝑟2
〉𝑛,𝑙  , 𝑘 = 4

 (16) 
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Muonium highlights from report 

 

Listed below are the potentials we will be examining here, as given by the article [1]: 

The Scalar-Scalar Potential: 

 𝑉𝑠𝑠(𝑟) = −𝑔1
𝑠𝑔2

𝑠 𝑒−𝑀𝑟

4𝜋𝑟
  (2) 

The Pseudoscalar-Scalar Potential:  

𝑉𝑝𝑠(𝑟) = −𝑔1
𝑝𝑔2

𝑠�⃗�1 ∙ �̂� ( 1
𝑟2 + 𝑀

𝑟
) 𝑒−𝑀𝑟

8𝜋𝑚1
  (3) 

The Pseudoscalar-Pseudoscalar Potential: 

 𝑉𝑝𝑝(𝑟) = − 𝑔1
𝑝𝑔2

𝑝

4
(�⃗�1 ∙ �⃗�2 ( 1

𝑟3 + 𝑀
𝑟2 + 4𝜋

3
𝛿(𝑟)) − (�⃗�1 ∙ �̂�)(�⃗�2 ∙ �̂�) ( 3

𝑟3 + 3𝑀
𝑟2 + 𝑀2

𝑟
)) 𝑒−𝑀𝑟

4𝜋𝑚1𝑚2
    (4) 

The Vector-Vector Potential: 

𝑉𝑉𝑉(𝑟) = 𝑔1
𝑉𝑔2

𝑉 𝑒−𝑀𝑟

4𝜋𝑟
+ 

+ 𝑔1
𝑉𝑔2

𝑉

4
(�⃗�1 ∙ �⃗�2 ( 1

𝑟3 + 𝑀
𝑟2 + 𝑀2

𝑟
− 8𝜋

3
𝛿(𝑟)) − (�⃗�1 ∙ �̂�)(�⃗�2 ∙ �̂�) ( 3

𝑟3 + 3𝑀
𝑟2 + 𝑀2

𝑟
)) 𝑒−𝑀𝑟

4𝜋𝑚1𝑚2
  (5) 

The Pseudotensor-Vector Potential: 

𝑉𝐴𝑉(𝑟) = 𝑔1
𝐴𝑔2

𝑉�⃗�1 ∙ { �⃗�1
𝑚1

− �⃗�2
𝑚2

, 𝑒−𝑀𝑟

8𝜋𝑟
} − 1

2
(�⃗�1 × �⃗�2) ∙ �̂� ( 1

𝑟2 + 𝑀
𝑟

) 𝑒−𝑀𝑟

4𝜋𝑚2
    (6) 

The Pseudotensor-Pseudotensor Potential: 

𝑉𝐴𝐴(𝑟) = −𝑔1
𝐴𝑔2

𝐴�⃗�1 ∙ �⃗�2
𝑒−𝑀𝑟

4𝜋𝑟
− 

− 𝑔1
𝐴𝑔2

𝐴𝑚1𝑚2
𝑀2 (�⃗�1 ∙ �⃗�2 ( 1

𝑟3 + 𝑀
𝑟2 + 4𝜋

3
𝛿(𝑟)) − (�⃗�1 ∙ �̂�)(�⃗�2 ∙ �̂�) ( 3

𝑟3 + 3𝑀
𝑟2 + 𝑀2

𝑟
)) 𝑒−𝑀𝑟

4𝜋𝑚1𝑚2
  (7) 

 

 

 

 

 

 

 

▪  New bosons could mediate new forces resulting in shifts of Ps and M energy levels.

▪ Leading order corrections: 
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Leading order corrections: 

We characterize their first order energy corrections in the following, with 𝑛, 𝑙, 𝑚, 𝑠 and 𝑚𝑠 
denote the principal quantum number, quantum angular momentum number, magnetic 
quantum number, primary quantum spin number and secondary quantum spin number 
respectively: 

〈𝑉𝑠𝑠〉 = −
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1,±1, 𝑠 = 1 𝑚𝑠 = 0
−1, 𝑠 = 0 

 (15) 

𝐹𝑛,𝑙𝑘 (𝑀) =

{
  
 

  
 〈𝑒

−𝑀𝑟

𝑟
〉𝑛,𝑙 , 𝑘 = 1

〈𝑒
−𝑀𝑟

𝑟2
〉𝑛,𝑙  , 𝑘 = 2

〈𝑒
−𝑀𝑟

𝑟3
〉𝑛,𝑙 , 𝑘 = 3

〈𝛿(𝑟)𝑒
−𝑀𝑟

𝑟2
〉𝑛,𝑙  , 𝑘 = 4

 (16) 
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Leading order corrections: 

We characterize their first order energy corrections in the following, with 𝑛, 𝑙, 𝑚, 𝑠 and 𝑚𝑠 
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𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
[(𝐺𝑠 − 3𝐻𝑙,𝑚

𝑠,𝑚𝑠) (𝐹𝑛,𝑙3 (𝑀) +𝑀𝐹𝑛,𝑙2 (𝑀)) + 

1
3
𝐺𝑠𝐹𝑛,𝑙4 (𝑀) −𝑀2𝐻𝑙,𝑚
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〈𝑉𝑉𝑉〉 =
𝑔1𝑉𝑔2𝑉

4𝜋
𝐹𝑛,𝑙1 (𝑀) +

𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
[(𝐺𝑠 − 3𝐻𝑙,𝑚

𝑠,𝑚𝑠) (𝐹𝑛,𝑙3 (𝑀) +𝑀𝐹𝑛,𝑙2 (𝑀)) − 

2
3
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𝑔1𝐴𝑔2𝐴

4𝜋𝑀2 [(𝐺
𝑠 − 3𝐻𝑙,𝑚
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1
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+ (𝑙+1)2−𝑚2
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) , 𝑠 = 1 𝑚𝑠 = ±1
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The following tables summarize the first few values for 𝐹𝑛,𝑙
1 (𝑀), 𝐹𝑛,𝑙

2 (𝑀), 𝐹𝑛,𝑙
3 (𝑀) and 𝐻𝑙,𝑚

𝑠,𝑚𝑠: 

 𝒍 = 𝟎 𝒍 = 𝟏 𝒍 = 𝟐 

𝒏 = 𝟏 4
𝑎0(𝑀𝑎0 + 2)2 X X 

𝒏 = 𝟐 2𝑀2𝑎0
2 + 1

4𝑎0(𝑀𝑎0 + 1)4 
1

4𝑎0(𝑀𝑎0 + 1)4 X 

𝒏 = 𝟑 4(243𝑀4𝑎0
4 + 216𝑀2𝑎0

2 + 16)
9𝑎0(3𝑀𝑎0 + 2)6  

64(9𝑀2𝑎0
2 + 1)

9𝑎0(3𝑀𝑎0 + 2)6 
64

9𝑎0(3𝑀𝑎0 + 2)6 

 

 𝒍 = 𝟎 𝒍 = 𝟏 𝒍 = 𝟐 

𝒏 = 𝟏 4
𝑎0

2(𝑀𝑎0 + 2) X X 

𝒏 = 𝟐 2𝑀2𝑎0
2 + 2𝑀𝑎0 + 1

4𝑎0
2(𝑀𝑎0 + 1)3  

1
12𝑎0

2(𝑀𝑎0 + 1)3 X 

𝒏 = 𝟑 4(243𝑀4𝑎0
4 + 324𝑀3𝑎0

3 + 288𝑀2𝑎0
2 + 96𝑀𝑎0 + 16)

27𝑎0
2(3𝑀𝑎0 + 2)5  

64(9𝑀2𝑎0
2 + 3𝑀𝑎0 + 1)

81𝑎0
2(3𝑀𝑎0 + 2)5  

64
135𝑎0

2(3𝑀𝑎0 + 2)5 

 

 𝒍 = 𝟎 𝒍 = 𝟏 𝒍 = 𝟐 

𝒏 = 𝟏 Diverges X X 
𝒏 = 𝟐 Diverges 1

24𝑎0
3(𝑀𝑎0 + 1)2 X 

𝒏 = 𝟑 Diverges 16(6𝑀2𝑎0
2 + 4𝑀𝑎0 + 1)

81𝑎0
2(3𝑀𝑎0 + 2)4  

16
405𝑎0

3(3𝑀𝑎0 + 2)4 

Additionally, we have an explicit term for 𝐹𝑛,𝑙
4 (𝑀): 

〈𝛿(𝑟)𝑒−𝑀𝑟

𝑟2 〉𝑛,𝑙 = {
4

𝑎0
3𝑛3  ,   𝑙 = 0

0 ,   𝑙 ≠ 0
   (17) 

Where 𝑎0 denotes the Bohr radius in Eq.17 and the previous 3 tables. (which for Muonium is 
within 0.5% of the Bohr radius of neutral Hydrogen). 

 

 

Table (1): Radial contribution factors to expectation values of perturbations of the radial form of  𝑒
−𝑀𝑟

𝑟
. The 

results presented in the table are for the first 6 radial quantum states of a Hydrogen-like system. 

Table (2): Radial contribution factors to expectation values of perturbations of the radial form of  𝑒
−𝑀𝑟

𝑟2 . The 
results presented in the table are for the first 6 radial quantum states of a Hydrogen-like system. 

Table (3): Radial contribution factors to expectation values of perturbations of the radial form of  𝑒
−𝑀𝑟

𝑟3 . The 
results presented in the table are for the first 6 radial quantum states of a Hydrogen-like system. 

C Frugiuele et al., Phys. Rev. D100, 015010  (2019) 

 ▪  Scattering between two fermions described by different potentials  
(scalar-scalar, vector-vector…)  
We focus on the scalar-scalar potential:
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Specific Transition expression for Lyman-α, hyperfine and Lamb shift 

We have chosen here Lyman-α and Lamb shift transitions preserving spin singlet states for 
simplicity and convenience. 

2𝑆0 → 1𝑆0: 

Perturbed by 𝑉𝑠𝑠: 

Δ𝐸𝑠𝑠(2𝑆0 → 1𝑆0) = 𝑔1𝑠𝑔2𝑠

4𝜋
( 4
𝑎0(𝑀𝑎0+2)2

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

)   (18) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(2𝑆0 → 1𝑆0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
(𝑀2 ( 4

𝑎0(𝑀𝑎0+2)2
− 2𝑀2𝑎02+1

4𝑎0(𝑀𝑎0+1)4
) − 7

2𝑎0
3)   (19) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(2𝑆0 → 1𝑆0) = 𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
(𝑀2 ( 8

𝑎0(𝑀𝑎0+2)2
− 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
) − 7

𝑎0
3) +  

𝑔1𝑉𝑔2𝑉

4𝜋
( 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

− 4
𝑎0(𝑀𝑎0+2)2

)   (20) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(2𝑆0 → 1𝑆0) = 𝑔1𝐴𝑔2𝐴

4𝜋
( 2𝑀2𝑎02+1
2𝑎0(𝑀𝑎0+1)4

− 8
𝑎0(𝑀𝑎0+2)2

− 7
2𝑎0

3𝑀2) (21) 

 

1𝑆1 → 1𝑆0:   

(Is not perturbed by 𝑉𝑠𝑠) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(1𝑆1 → 1𝑆0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
( 16𝑀2

3𝑎0(𝑀𝑎0+2)2
− 16

3𝑎0
3)   (22) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(1𝑆1 → 1𝑆0) = 𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
( 32𝑀2

3𝑎0(𝑀𝑎0+2)2
− 32

3𝑎0
3)   (23) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(1𝑆1 → 1𝑆0) = −𝑔1𝐴𝑔2𝐴

4𝜋
( 32
3𝑎0(𝑀𝑎0+2)2

+ 16
3𝑎0

3𝑀2)      (24) 

 

2𝑆0 → 2𝑃0: 

Perturbed by 𝑉𝑠𝑠: 

6 
 

Δ𝐸𝑠𝑠(2𝑆0 → 2𝑃0) = 𝑔1𝑠𝑔2𝑠

4𝜋
( 1
4𝑎0(𝑀𝑎0+1)4

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

)   (25) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(2𝑆0 → 2𝑃0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
( 1
2𝑎0

3 +𝑀2 ( 1
4𝑎0(𝑀𝑎0+1)4

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

))   (26) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(2𝑆0 → 2𝑃0) = 𝑔1𝑉𝑔2𝑉

4𝜋
( 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

− 1
4𝑎0(𝑀𝑎0+1)4

) +  

𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
(𝑀2 ( 1

2𝑎0(𝑀𝑎0+1)4
− 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
) − 1

𝑎0
3)   (27) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(2𝑆0 → 2𝑃0) = 𝑔1𝐴𝑔2𝐴

4𝜋
( 1
2𝑎0

3𝑀2 −
1

2𝑎0(𝑀𝑎0+1)4
+ 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
)  (28) 
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Finding the bounds on New Physics 

With these first-order deviations for our chosen transitions, we can now estimate the minimum 
value of 𝑔𝜁

1𝑔𝜁
2 (coupling constants) required for a given 𝑀 to exceed 2 standard errors of the 

experimental and theoretical results, and the discrepancy between the experimental and 
theoretical frequencies of the transitions. From here, the condition that serves as the bounds for 
new physics is: 

𝑔𝜁
1𝑔𝜁

2 >
ℎ max

±
|(𝜈𝑒𝑥𝑝−𝜈𝑡ℎ𝑒 )±2𝜌𝑡ℎ𝑒,𝑒𝑥𝑝|

𝐶𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛(𝑀)
   (29) 

Where ℎ is Planck’s constant, 𝜈𝑒𝑥𝑝 and 𝜈𝑡ℎ𝑒 are the experimental and theoretical transition 

frequencies respectively, 𝜌𝑡ℎ𝑒,𝑒𝑥𝑝 = √𝜌𝑡ℎ𝑒
2 + 𝜌𝑒𝑥𝑝

2  is the standard error of both theoretical and 

experimental uncertainties of these frequencies and 𝐶𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛(𝑀) = Δ𝐸𝜁𝜁(𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛)
𝑔𝜁

1𝑔𝜁
2  is simply 

the term for the transition omitting the coupling constants. 

The following table shows the known transition frequencies for Muonium (Mu) The numbers in 
the brackets are the errors and represent the value of 𝜌 we are interested in. 

  2𝑆0 → 1𝑆0 1𝑆1 → 1𝑆0 2𝑃0 → 2𝑆0 
𝐌𝐮 Experiment 245 528 941.0(9.8) MHz [2] 4463 302.765(53) kHz [3] 1042(22) MHz [5] 

Theory 245 528 935.8(1.4) MHz [3] 4463 302.89(27) kHz [6] 1047.28(2) MHz [4] 

 

  

Table (5): The experimental and theoretical values of the transition frequencies for 2𝑆0 → 1𝑆0, 2𝑃0 → 2𝑆0 and 
1𝑆1 → 1𝑆0 in Muonium (Mu). References are also noted. 
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▪ To set a bound calculate the minimal value  for a given M to exceed 2σ of 
theoretical result

▪ Perturbations

where and

Searches for new bosons via positronium/muonium spectroscopy



||Paolo Crivelli 10.1.2022

Muonium spectroscopy as a probe for new muonic forces

58

L. Morel et al, Nature 588, 61 (2020),  
R. H. Parker et al., Science 360, 191 (2018).  
D. Hanneke et al. e Phys. Rev. Lett. 100, 120801 (2008) 

 

 B. Abi, et al. Phys. Rev. Lett. 126, 141801 (2021)  

combined with bound from (g-2)e
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CURRENT STATUS:  
- New measurement of the M LS  
- Detection of 2S states achieved but S/N to be improved
- Laser system, CW 20W @ 244 nm circulating power achieved   
- Frequency reference for the experiment is ready.
  
 
FUTURE PLANS:  
2022 combine CW laser system + experiment at PSI, first attempts to excite 1S-2S transition using a 
CW laser + pulsed laser for photoionisation (PI) detecting the PI muons + decaying positron  
2023-2024 Data taking at the low energy muon beam line

Z. Burkley,  P. Crivelli et al. Opt. Express 29,  27450 (2021)

MuCool Beamline and HiMB UPGRADES @ PSI (2 orders of magnitude larger muon flux)  
WOULD GREATLY EXPAND THE PHYSICS REACH OF Mu-MASS

arXiv 2111.05788



||Paolo Crivelli 10.1.2022

Acknowledgments

60

Dark  
Sector

THIS WORK IS SUPPORTED BY an ERC consolidator grant (818053 -Mu-MASS) and by 
the Swiss National Foundation under the grant 197346.  
  

A special thank you to Thomas Prokscha  

and the LEM group: Xiaonjie Ni, Zaher Salman, Andreas Suter, Hans-Peter Weber and for 
his support at the beginning of this project to Elvezio Morenzoni 

For the continuous essential support: Klaus Kirch, Aldo Antognini  
For the very useful discussions: Andreas Knecht, Anna Soter, Dylan Yost 

A big thank you to the present ETH MuMASS team: Irene, Wenting, Gianluca, Ben, Zak, 
Artem, Emilio, Mike and the past members Lars, Carlos, Lucas and Jesse  


