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1) Few keV muons for muonium spectroscopy:  MuMASS @ PSI 

2) Sub TeV muons for dark sector searches: NA64mu @ CERN SPS
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Vernon Hughes
1921-2003

▪ Being purely leptonic, devoid of uncertainties in the calculations from  
nuclear size effects present in normal atoms. Therefore, any deviation between  
theory and measurements could be a signal of New Physics.


▪ M (positive muon-electron bound state) 
Predicted in 1957 (Friedmann, Telegdi, Hughes)

Unstable with lifetime of 2.2 μs
Main decay channel: μ+ -> e+ + 𝝂̄μ  + 𝝂e  
▪ Discovered in 1960 (Hughes) by detecting muonium spin (Larmor) precession in  

an external magnetic field perpendicular to the spin direction.


▪ From measurements with M one can extract the muon mass and muon magnetic 
moment.
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Figure 102: Comparison of di↵erent LV and CPT tests in the framework of

the SME (adapted from [251]).

Some models postulate the suppression of the V+A weak interaction by

a heavy WR boson such that parity would be restored at high energies [256].

An alternative solution is the one already discussed by Lee and Yang in

their original paper. In order to save parity conservation, they suggested

that the transformation in the particle space corresponding to the space

inversion x ! �x should not be the usual transformation P but PR, where

R corresponds to the transformation of a particle (proton) into a reflected

state in the mirror particle space.

The idea that for each ordinary particle, such as photon, electron, proton

and neutron, there is a corresponding mirror particle of exactly the same mass

and properties as the ordinary particle, was further developed over the years

[257]. R-parity interchanges the ordinary particles with the mirror particles.

Parity is conserved because the mirror particles experience V +A (i.e. right-

handed) mirror weak interactions while the ordinary particles experience the

usual V � A (i.e. left-handed) weak interactions.

Doubling the content of the Standard Model to solve some problems might

seem un-natural, however it has worked in the past. From the union of

quantum mechanics and relativity, anti-matter has been postulated.

Moreover, mirror matter being stable and massive is an excellent candi-

date for Dark Matter (DM). In fact, even though the existence of DM has
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Figure 102: Comparison of di↵erent LV and CPT tests in the framework of

the SME (adapted from [251]).

Some models postulate the suppression of the V+A weak interaction by

a heavy WR boson such that parity would be restored at high energies [256].

An alternative solution is the one already discussed by Lee and Yang in

their original paper. In order to save parity conservation, they suggested

that the transformation in the particle space corresponding to the space

inversion x ! �x should not be the usual transformation P but PR, where

R corresponds to the transformation of a particle (proton) into a reflected

state in the mirror particle space.

The idea that for each ordinary particle, such as photon, electron, proton

and neutron, there is a corresponding mirror particle of exactly the same mass

and properties as the ordinary particle, was further developed over the years

[257]. R-parity interchanges the ordinary particles with the mirror particles.

Parity is conserved because the mirror particles experience V +A (i.e. right-

handed) mirror weak interactions while the ordinary particles experience the

usual V � A (i.e. left-handed) weak interactions.

Doubling the content of the Standard Model to solve some problems might

seem un-natural, however it has worked in the past. From the union of

quantum mechanics and relativity, anti-matter has been postulated.

Moreover, mirror matter being stable and massive is an excellent candi-

date for Dark Matter (DM). In fact, even though the existence of DM has
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Muonium spectroscopy - ongoing experiments
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Figure 102: Comparison of di↵erent LV and CPT tests in the framework of

the SME (adapted from [251]).

Some models postulate the suppression of the V+A weak interaction by

a heavy WR boson such that parity would be restored at high energies [256].

An alternative solution is the one already discussed by Lee and Yang in

their original paper. In order to save parity conservation, they suggested

that the transformation in the particle space corresponding to the space

inversion x ! �x should not be the usual transformation P but PR, where

R corresponds to the transformation of a particle (proton) into a reflected

state in the mirror particle space.

The idea that for each ordinary particle, such as photon, electron, proton

and neutron, there is a corresponding mirror particle of exactly the same mass

and properties as the ordinary particle, was further developed over the years

[257]. R-parity interchanges the ordinary particles with the mirror particles.

Parity is conserved because the mirror particles experience V +A (i.e. right-

handed) mirror weak interactions while the ordinary particles experience the

usual V � A (i.e. left-handed) weak interactions.

Doubling the content of the Standard Model to solve some problems might

seem un-natural, however it has worked in the past. From the union of

quantum mechanics and relativity, anti-matter has been postulated.

Moreover, mirror matter being stable and massive is an excellent candi-

date for Dark Matter (DM). In fact, even though the existence of DM has
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C .J. Oram et al. Phys. Rev. Lett. 52, 910 (1984). DOI 10.1103/PhysRevLett.52.910. @ TRIUMF  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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].

FRUGIUELE, PÉREZ-RÍOS, and PESET PHYS. REV. D 100, 015010 (2019)

015010-4

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.

10–5 0.001 0.100 10
10–6

10–5

10–4

0.001

0.010

0.100

mALP (MeV)

g
eA

LP

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].

0.5 1 5 10 50 100

10–8

10–5

10–2

m (MeV)

g e
g µ

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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THEORY

EXPERIMENT

Table 1. Summary of the calculated contributions to the hydrogen and muonium Lamb shift transition.
The theoretical calculations from Sapirstein & Yennie [13] and from Frugiuele et al. [22] are included

for comparison. Uncertainties smaller than 0.5 kHz are not tabulated.

Largest Order Hydrogen Muonium
(MHz) (MHz)

ESE ↵ (Z↵)4
L 1084.128 1070.940

EVP ↵ (Z↵)4 �26.853 �26.510
EVPµ+had ↵ (Z↵)4(me/mµ)2 �0.001 �0.001

E2ph ↵2(Z↵)4 0.065 0.065
E3ph ↵3(Z↵)4 0.000 0.000

EBKG (Z↵)4 (me/mn)2 �0.002 �0.168
Erec,S (Z↵)5

L (me/mn) 0.358 3.138
Erec,R (Z↵)6 (me/mn) �0.001 �0.012
Erec,R2 (Z↵)6 (me/mn)2 �0.000 �0.001(1)
ERR ↵ (Z↵)5 (me/mn) �0.002 �0.014(1)
ERR2e+p ↵ (Z↵)5 (me/mn)2 0.000 0.000
ERR3 ↵2(Z↵)5 (me/mn) �0.000 �0.000

ESEN Z
2↵ (Z↵)4 (me/mµ)2 0.001 0.041

EHFS ↵2(Z↵)2 (me/mn)2 0.002 0.019

Sum 1047.498(1)
Ref. [13] 1047.49(9)
Ref. [22] 1047.284(2)

M(2S) beam of the order of 100 Hz was formed, opening up the possibility to improve upon
the muonium Lamb shift [26].

The metastable beam is produced at the LEM beamline by guiding a continuous 10 keV
µ+ beam on a thin carbon foil (⇡ 10 nm). While passing through the foil, the µ+ can pick up
an electron to form M, predominately in the ground state, but also 5 % to 10 % in the excited
2S state. During this process, the µ+ also releases secondary electrons, which are detected
and used for tagging.

The M(2S) passes through two microwave regions, one to depopulate unwanted hyperfine
states and the other to drive the Lamb shift transition 2S -2P1/2 of interest. Once reaching the
2P state, the atom relaxes back to the ground state with a lifetime of 1.6 ns. The beam reaches
then the detection chamber, where an electric field of the order of 300 V cm�1 is quenching
the remaining 2S atoms. The emitted Ly↵ photons (wavelength of 122 nm) are detected by
two coated MCP detectors. The muonium beam is eventually stopping on an MCP at the end
of the beamline, creating the stop signal. The experimental sketch is shown in Fig. 1. By
demanding a signal in all three detectors in specific time windows, the amount of Ly↵ pho-
tons detected at the applied microwave frequency can be extracted. At the frequency where
the minimal amount of Ly↵ was detected, the microwave was optimally tuned and there-

G. Janka et al. EPJ Web Conf. 262, 01001 (2022)

Recoil corrections are enhanced for M
(9 times lighter than H) 
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The PSI isochronous cyclotron

Page 22

Designed in the 1960’s to deliver 100 mA, first mA beam in Feb 1974, 1 mA in 1994;
2.4 mA: ~1.5 x 1016 protons/sec @ 590 MeV (highest beam power proton machine in the world):
1.4 MW on 5x5 mm2 = 50 kW/mm2, stainless steel melts in ~0.1 ms; 
Electric power demand of 3000 households;

A MW proton beam allows to generate 100% polarized 4-MeV m+ beams with rates >108/sec.

Cyclotron frequency of protons: q/(2pm) = 15.25 MHz/T
n0 = q/(2pgm)∙B, g = Etot/mc2

nrf = n∙n0, frequency of accelerating radio-frequency

Isochronous cyclotron: B0(R) ~ g(R), constant nrf!
PSI cyclotron: B0 = 0.554 T, n0 = 8.45 MHz, n = 6,
→ nrf = 50.7 MHzE~15eV

Low-energy m+facility (LEM) at mE4 beam line

At 1.6 mA proton current, “slanted” muon target E 

~4.6 • 108 m+/s total, Dp/p = 9.5% (FWHM) 
~2.0 • 108 m+/s on LEM moderator       
~1.2/1.8 • 104 m+/s moderated (solid Ar/solid Ne) 

T. Prokscha, E. Morenzoni, K. Deiters, F. Foroughi, D. George, R. Kobler, A. 
Suter and V. Vrankovic,
Nucl. Instr. Meth. A595, 317  (2008).

Solid Ne/Ar  
500 nm film

Helmholtz coil 

TARGET

Up to 5x103  μ+/s

https://www.psi.ch/en/low-energy-muons

https://www.psi.ch/en/low-energy-muons
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2S 

1S 

not allowed

LEM 

beamline 

10 kHz/ 
10 keV 
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2S 2P 
 RF field ∼ 1GHz

1S 

not allowed

𝜏2P =1.6 ns 

Lyman alpha photon (121 nm)  
NOT DETECTED
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2S 2P 
Electric field (Stark mixing)

1S 

not allowed Lyman alpha photon (121 nm)  
DETECTED!

𝜏2P =1.6 ns 
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Scanning RF field 
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48 HOURS DATA TAKING (100x statistics compared to previous measurements)
4
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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.
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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
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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,
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+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
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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
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MW-Beam alignment < 0.32

MW field intensity < 0.04

M velocity distribution < 0.01
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2nd-order Doppler +0.06 < 0.01

Earth’s Field < 0.05
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Hyperfine �93.0 0.0
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Theoretical value 1047.47 0.02

TABLE I. Central values and uncertainty contributions in
MHz.
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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
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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
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▪ Perturbations

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


 

M. Pospelov, A. Ritz and M. B. Voloshin, Phys. Lett. B 662, 53  (2008) 
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[muCool] A. Antognini, D. Taqqu,  
SciPost Phys. Proc. 5, 030 (2021)  
[HiMB]  M. Aiba et al. (2021),  
2111.05788  

Figure 1. The experimental sketch of the muonium Lamb shift measurement within the Mu-MASS
experiment at PSI.

fore depopulating the metastable beam most e�ciently already before reaching the detection
chamber.

The M Lamb shift was determined to be 1047.2(25) MHz [27], where the uncertainty is
almost completely of statistical origin. This result is an improvement of an order of magnitude
compared to the last best determinations [28, 29]. As a next step, the foil thickness will be
reduced from 10 nm to a few layers of graphene [30, 31] (⇠1 nm), which will increase our
detectable M(2S) rate by a factor ranging from 15 to 25.

4 Conclusions

Calculating each contribution separately shows that when reaching an uncertainty of around
160 kHz in muonium, one becomes sensitive to higher-order recoil e↵ects such as EBKG,
which cannot be resolved yet with hydrogen. In the context of Mu-MASS, by replacing the
10 nm-thick carbon foil for producing muonium with a few layers of graphene, an uncertainty
of 160 kHz would be feasible within around a week of beamtime. Lowering the uncertainty
further to 40 kHz, the e↵ect coming from the nucleus self energy ESEN can be studied, which
is also not in reach right now with hydrogen. The ongoing development of the muCool project
[32] at PSI will improve the beam quality and provide an order of magnitude larger muon flux,
allowing us to achieve such uncertainty. The realization of the High Intensity Muon Beam
(HIMB) project at PSI [33] would allow to push this even further as summarized in Tab. 3.

Table 2. Summary of possible upgrades to the Mu-MASS setup and which contributions of the M LS
could be probed.

Beamline Target Timeline M(2S) LS Uncertainty Contributions
(Hz) (kHz / 10 d)

PiE4/LEM C-Foil 2023 20 <1000 ESE, EVP, Erec,S
PiE4/LEM Graphene 2025 100 200 EBKG

PiE1/muCool Graphene 2026 1000 70 E2ph
HiMB/muCool Gas 2029 100 000 10 ERR, EHFS, Erec,R, ESEN
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▪ Prospects for improved Lamb shift and fine structure (2S1/2→2P3/2) measurements

▪ Measurement of 1S-2S transition with Doppler free CW laser spectroscopy 
 in preparation.  

Aim to 10 kHz accuracy → Muon mass @ 1 ppbTable 3. Summary of possible upgrades to the Mu-MASS 2S

Beamline Target Timeline 1S-2S Uncertainty
(kHz)

PiE4/LEM SiO2 @ 300K 2024-2025 100
PiE1/muCool SiO2 @ 100K 2026 10

HiMB/muCool SFHe 2029- 1
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▪ Interactions between DM and SM particles could be carried by 
a new force through mediators

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

Battaglieri et al.

1707.04591

For a recent review see e.g.  
Lanfranchi/Pospelov/Schuster

Ann. Rev. Nucl. Part. Sci. 71 (2021) ⟨σv⟩ ∝
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DM SM

OBSERVED AMOUNT OF 
DARK MATTER TODAY 

DISCLAIMER: slides adapted from PhD defence of Henri Sieber  
who successfully defended his thesis at ETH last Monday :-) 
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FIG. 4. The top row shows the NA64 limits in the (y;m�) plane obtained for ↵D = 0.5 (left panel) and ↵D = 0.1 (right panel)
assuming mA0 = 3m�, from the full 2016-2022 data set. The bottom row shows the NA64 constraints in the (↵D;m�) plane
on the pseudo-Dirac (left panel) and Majorana (right panel) DM. The limits are shown in comparison with bounds obtained
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and direct detection [79] experiments. The favored parameters to account for the observed relic DM density for the scalar,
pseudo-Dirac and Majorana type of light DM are shown as the lowest solid line in top plots; see, e.g. [38].

each ith entry in Eq.(3) are simulated and reconstructed
with the same selection criteria and e�ciency corrections
as for the data sample from run i. The combined 90%
C.L. exclusion limits on ✏ as a function of the A0 mass,
calculated by taking into account the estimated back-
grounds and systematic errors ⇠ 15% for the ✏iA0 domi-
nated by the ⇠ 10% uncertainty in the A0 yield [47] can
be seen in Fig. 3.

Using obtained limits, Eqs.(1) and (2), one can get
constraints on the LDM models, which are shown in the
(y;m�) and (↵D;m�) planes in Fig. 4 for m� . 1 GeV.
The favored y parameter curves for scalar, pseudo-Dirac
(with a small splitting) and Majorana scenario of LDM
obtained by taking into account the observed relic DM
density [38] are also shown on the same plot. One can
see that our results are already starting to probe the
y;m� parameter space predicted for the benchmark val-
ues ↵D = 0.1 and mA0 = 3m� [29, 30] providing the

best limits in comparison with bounds from other ex-
periments. Note, that choice of ↵D = 0.5 value is still
compatible with the constraints obtained from consider-
ation of the running ↵D [72, 80]. The limits on ↵D for
the case of pseudo-Dirac fermions shown in Fig. 4 (left
panel in the bottom row) were calculated by taking the
value f = 0.25, while for the Majorana case (right panel)
the value f = 3 in Eq.(2) was used, see Ref.[48].

In summary, with the combined statistics of the 2016-
2022 runs, NA64 started probing the very exciting region
of parameter space predicted by benchmark LDM sce-
narios. Using the missing energy technique, NA64 places
stringent bounds on ✏, y, ↵D which are one or more or-
ders more sensitive than the other searches in the mass
range 0.001 . mA0 . 0.35 GeV [10]. The scalar and
Majorana models for the coupling ↵D  0.1, the mass
range 0.001 . m� . 0.1 GeV and 3m�  mA0 are ex-
cluded. Further detector upgrade will enable improve-

NA64e with 1012 
EOT starts probing 
LTDM 

𝛼D = 0.1 

mA’=3m𝜒

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161801
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▪ Light Z’ vector boson associated with the broken  symmetry


▪ Extension to DM through additional dark current in Lagrangian 

U(1)Lμ−Lτ

gZ′￼
gχ

Z′￼DM SM

Light DM

Muon g − 2

He et al. Phys.Rev.D 44 (1991) 2118

Foot et al.  Phys.Rev.D 50 (1994) 4571-4580

Gninenko et al.   Phys. Rev.D 91 (2015) 095015

Altmannshofer et al.  JHEP 12 (2016) 106 

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


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.44.2118
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.50.4571
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.095015
https://inspirehep.net/literature/1486518
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▪ Proposal to the CERN SPSC for the NA64 muon 
program in 2018

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


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

▪ 2023 upgraded setup 1.5x1011 MOT  


▪ Plan before LS3 to accumulate 1012 MOT of the  
statistics 

Initial state
Well-defined 
incoming  with  
160 GeV/c

μ ∼

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

+ missing energy

μ

≲

Ein > Eout

DM

 GeVp = (1 − f ) ⋅ E0,

Experimental signature

Ein = Eout
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▪ Located at the CERN North Area (NA) in the EHN2 building


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

∼ 100

NA64e

NA64μ

@CERN Courier

 meters∼ 82

 meters∼ 16

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

Downstream 
ECAL 

MMsBMSMMs BMS QPL

QPL

HCAL
MMs

MBPL
GEMs

VHCAL
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Initial state definition 
Well-defined incoming 

 with  160 GeV/cμ ∼

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

+ missing energy

μ

≲

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


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


▪  From in-flight decays, muons in the range of 100-225 GeV/c with beam 
intensity 106 − 108 μ /spill
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masses partly compensates the signal e�ciency loss [6].137
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Figure 6: Final-state muon momentum in the emission process µZ ! µZZ0 after the ECAL. From top left to
bottom right, mZ0 = 1, 10, 100, 1000 MeV.

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

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

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

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

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

is between  0
µ ⇠ 10�3

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

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

7 Event reconstruction146

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

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

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

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

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

6

▪ Implementation of the underlying physics in GEANT4 

Optimization of the trigger for final state muons

•  MeV: high yield, low acceptance 

•  MeV: low yield, high acceptance 

mZ′￼< 100
mZ′￼> 100

σZ′￼∼ g2
Z′￼α

2Z2/m2
Z′￼, ψ′￼μ ∼

mZ′￼

E0

µ
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▪ Main selection criterion
▪ Incoming momentum in the range [140, 180] GeV/c

▪ Single reconstructed track in the downstream set-up (momentum < 80 GeV/c)

▪ No activity in the VHCAL and Veto, energy compatible with a muon (MIP) in 

ECAL and HCAL


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

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

Statistics

 MOT(1.98 ± 0.02) × 1010

box ∼ (p < 80, CAL < 12) GeV
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ECAL+HCAL
Background source Background level          

1) Momentum mis-reconstruction 0.045±0.031

2) Hadron in-flight decays 0.010±0.001

3) Calorimeter non-hermeticity <0.01

Total (conservatively) 0.07±0.03
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▪ Analysis note (H. Sieber, Molina Bueno, Crivelli, and Tuzi, NA64-NOTE-22-05) was reviewed by the collaboration
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No event!
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▪ Analysis note (H. Sieber, Molina Bueno, Crivelli, and Tuzi, NA64-NOTE-22-05) was reviewed by the collaboration


▪ Analysis approved and green light for unblinding  no event within the signal box! →
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• Upper limits computed at 90% CL in the modified 
frequentist approach  first results in the search for a 
light Z’ with a muon beam


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


• Complement previous experiments in the mass region 
 with 

→

(g − 2)μ

𝒪(10 − 100 MeV) gZ′￼≤ 6 × 10−4
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• Results also allow one to constrain predictive scenarios 
for thermal DM


▪ First results with a muon beam constraining 

y ≲ 6 × 10−12

10°3 10°2 10°1

m¬ [GeV]

10°15

10°13

10°11

10°9

10°7

y
=

(g
¬
g Z

0 )
2 (

m
¬
/m

Z
0 )

4

Com
ple

x Sca
lar

(Pseu
do°

)D
ira

c
Majo

ran
a

CCFR

Thermal Dark Matter, g¬ = 5 · 10°2, mZ 0 = 3m¬

NA64µ

¢aµ favoured
(±2æ)

gχ gZ′￼

∼ ⟨σv⟩ ∼
y
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μ + N → μ + N + (Z′￼→ χ̄χ)
PRELIMINARY (PAPER UNDER COLLABORATION REVIEW)


▪ Paper under internal review of the collaboration -> submission to the arXiv coming soon (include scalar mediator)
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▪ NA64 in muon mode is planned to run until the CERN Long Shutdown 3 (LS3) and beyond 
to fully exploit its potential to explore DS weakly coupled to muons


▪ Plans before LS3

▪ Probe the remaining  parameter space  
(in 2023 MOT already accumulated)


▪ Complement NA64 in the high mass region (> 0.1 GeV) in the search for 
 invisible A’ 
(in 2024/25 accumulate  MOT but this depends on the beam  
time availability at M2)


▪ Plans beyond LS3
▪ Upgrade the experiment to fully exploit the M2 beamline capabilities  

(running at few /spill)


▪ Cover the A’ high-mass region in the thermal target with >  MOT


▪ Explore scenarios involving ALPs, milli-charged (milliQ)particles, lepton flavour 
conversion (LFC), …Any new idea?

(g − 2)μ
1.5 × 1011

∼ 1012

107 μ
2 × 1013 Gninenko et al.


Phys. Lett. B 796 (2019) 117-122

https://www.sciencedirect.com/science/article/pii/S037026931930471X
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