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The intensity- and precision frontier

NEW! 
~1000 TeV

!

ΔE ΔE’ !

Forbidden decays / 
precision decays

Energy shifts in 
interactions

Complementary way to search for new physics 
We are looking for rare events, and small energy shifts 
Indirect search, to see the “footprint” of new physics by 
precise observation of particles, in forms of:
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Hydrogen - comparison to other exotic atoms

p̄

e⁺

p

e⁻

Orbits:  r ~ 1/m , E0 ~ m/n2 
Fine structure: LS coupling - spin- and angular 
momentum of the orbiter, Dirac equation 
Lamb: shifts from various QED corrections 
Hyperfine structure: nuclear spin 
Finite size effect, Efs ~ m3R2

e⁺

e⁻µ⁺

e⁻

He⁺⁺

p̄
e⁻

µ⁻

p

orbits 200-times 
closer to the 
proton 
sensitive to finite 
size and nuclear 
effects

hydrogenantihydrogen

He⁺⁺

π⁻
e⁻mµ ⇡ 200me

reduced mass: m/2  
roughly half the 
hydrogen energies 
(twice the radius)  
no finite size effects 
large QED effects and 
recoil correction

No finite size 
effects!  
Lighter nucleus, 
larger recoil 
Large QED effects

3-body problem, excited Rydberg state  
First splitting: antiproton/pion angular 
momentum + electron spin

rel. 3-body 
QED

Pion: spin 0 boson! 
Klein-G. equation

4He: no nuclear spin!

Muonium Muonic hydrogen Positronium antiprotonic He pionic He

mµ ⇡ 200me



Precision experiments in ion 
traps

p̄

e⁺ p̄
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CERN facilities - creating antiprotons
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The Antimatter Factory @ CERN

LINAC2

PS

PSB
To SPS + LHCp

Antiproton 
production

Proton
acceleration

*

AD

Exp
5.3 MeV

100 keVElectron 
cooling

ELENA

Ca. 3×107 antiprotons from 
PS on iridium target 

From E~3 GeV to E=5.3 
MeV deceleration in AD 

Further deceleration to 70 
keV in ELENA, few 106 
antiprotons in ~2 min cycles
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Necessary ingredients for baryon assymetry (Sakharov’s conditions) 

Violation of B, L, CP…

- Violating CPT has huge 
consequences, means also Lorentz 
violation
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The challenge of making measurements with antiprotons

p̄

e⁺
He⁺⁺

p̄
e⁻

Only way to keep p̄ in the 
vicinity of matter

Both antiprotons and 
positrons must be captured 

in electrostatic fields

p̄

Other exotic atoms:

… how 
Hollywood 
imagines it
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Ion traps - the Paul trap

In 3 dimensions, we can’t 
construct  a static electric 

potential that traps in every 
direction. 

Best we can do is a saddle.

Changing polarity at a 
given frequency (rotating 

the saddle) can trap a 
particle of a given q/m 

ratio
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Working principle of a Penning trap 
Electron g-2: Intro to Penning traps

[K. Blaum]

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 33

A*quadrupolar*electric*poten)al*is*applied*
which*confine*the*electron*along*the*z*axis*

The*transverse*confinement*is*obtained**
by*the*applica)on*of*the*magne)c*field**

The*electron*movement*is*the*sum*of*:*
*D*a*cyclotron*rota)on*at*a*slightly*modified*frequency*
*D*an*oscilla)on*along*the*z*axis*
*D*a*slow*rota)on*at*the*magnetron*frequency*

*Penning*trap*

x*

y

z* ωm*ωc*

D*
eD*B*+* +*

D*

D* z*

x*
y*

Modified*cyclotron*frequency*

Modified*magnetron*frequency*
axial*
*osc.*

cycl.*
mot.*

mag.*
mot.*

t*

z*
ωz*

e
c m
eB

=ω

Interna)onal*School*of*Physics*“Enrico*Fermi”*27*JuneD6*July*2016,*F.Nez***
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Penning trap - electrode configuration

Slide 3 

Richard Thompson 
Les Houches 2015 

5.  Design of Penning traps 

•  The ideal trap electrode shape is 
difficult to manufacture 

•  Simple modifications make it 
easier to make: 
•  Use a circular cross section surface 

rather than a hyperbola 
•  Use angular cross section 
•  These changes can be made in such 

a way that the effects on the potential 
are minimised 

•  A more radical change is to use 
cylindrical electrodes 

Laser cooling in the Penning trap 3

Figure 1. (a) Electrode structure of an idealised Penning trap. (b) Non-ideal
Penning trap with a split ring electrode. This is similar to a trap used in recent
experiments [21]. Note that a section from the left image and one of the ring
segments from the right image have been removed for clarity.

This forces the ions into cyclotron-like loops. In practice it is often convenient to use
electrode shapes that differ somewhat from the ideal. Furthermore, in order to apply
the axialization technique described in this paper it is necessary for the ring electrode
to be split into four radial segments (see figure 1b). This enables an additional small
radially quadrupolar electric potential to be applied.

The force on an ion with charge e due to the trapping field is given by the Lorentz
force

F = ev × B − e∇φ, (1)

where B = −Bẑ and φ = U0
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ÿ − ωcẋ −
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ü − iωcu̇ −
ω2

z

2
u = 0. (4)

Trying a solution corresponding to circular motion, u = u0eiωt, leads to

u0e
iωt

(

ω2 − ωcω +
ω2

z

2

)

= 0. (5)

This has roots

ω =
ωc

2
±
√

ω2
c

4
−

ω2
z

2

=
ωc

2
± ω1, (6)

Laser cooling in the Penning trap 3

Figure 1. (a) Electrode structure of an idealised Penning trap. (b) Non-ideal
Penning trap with a split ring electrode. This is similar to a trap used in recent
experiments [21]. Note that a section from the left image and one of the ring
segments from the right image have been removed for clarity.

This forces the ions into cyclotron-like loops. In practice it is often convenient to use
electrode shapes that differ somewhat from the ideal. Furthermore, in order to apply
the axialization technique described in this paper it is necessary for the ring electrode
to be split into four radial segments (see figure 1b). This enables an additional small
radially quadrupolar electric potential to be applied.

The force on an ion with charge e due to the trapping field is given by the Lorentz
force

F = ev × B − e∇φ, (1)

where B = −Bẑ and φ = U0
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ω2

z

2
x = 0,
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Classical motion in axial and radial direction

ω+ω−

Slide 14

Richard Thompson
AVA School 2020

Principles of operation

• Three electrodes
• Hyperboloids of revolution
• Generate pure quadrupole potential

• DC potential applied between 
endcaps and ring
• Traps ions in the axial direction 
• Radial motion unstable

• Strong B field applied along the axis 
• provides radial confinement (ions forced 

into cyclotron loops)

• Requires ultra-high vacuum
• Avoids collisions leading to ion loss due 

to instability of radial motion
Radial potential

B

B ϕxy



Low Energy Particle Physics, Zuoz,  Anna Soter   13

Classical motion in a Penning trapElectron g-2: classical motion in Penning trap

[M. Wagner]

• In experiment:
ω+: ωz : ω− ≈ 107: 103: 1

• ω+: Cyclotron frequency
• ω−: Magnetron frequency
• ωz : Axial frequency

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 35

Electron g-2: classical motion in Penning trap

[M. Wagner]

• In experiment:
ω+: ωz : ω− ≈ 107: 103: 1

• ω+: Cyclotron frequency
• ω−: Magnetron frequency
• ωz : Axial frequency

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 35Slide 14

Richard Thompson
AVA School 2020

Principles of operation

• Three electrodes
• Hyperboloids of revolution
• Generate pure quadrupole potential

• DC potential applied between 
endcaps and ring
• Traps ions in the axial direction 
• Radial motion unstable

• Strong B field applied along the axis 
• provides radial confinement (ions forced 

into cyclotron loops)

• Requires ultra-high vacuum
• Avoids collisions leading to ion loss due 

to instability of radial motion
Radial potential

B

ϕxy
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Quantized energy levels in a Penning trap

frequency
damping
time

quantum
number

spin !s/2⇡ ⇡ 149.7 GHz �
�1
s ⇡ 5 year ms =

1
2 or ms = �1

2
cyclotron !

0
c/2⇡ ⇡ 149.5 GHz �

�1
c ⇡ 10 s n̄c = 5.6⇥ 10�32

axial !z/2⇡ ⇡ 115 MHz �
�1
z ⇡ 0.03 s n̄z = 100

magnetron !m/2⇡ ⇡ 48 kHz �
�1
m ⇡ 1012 s n̄m = 100

Table 2.1: Typical frequencies, damping rate, and quantum number for the electron in the
Penning trap used for the measurement at 5.3 T.

Therefore, after loading an electron in the trap, the electron radiates its cyclotron energy

by synchrotron radiation until it reaches the quantum ground state nc = 0.

The axial motion’s temperature Tz is thermalized to the detection resonator and ampli-

fier. The physical temperature of the resonator is below 100 mK, but Tz is mainly heated by

the e↵ective input temperature of the amplifier (currently high electron mobility transistor

amplifier, HEMT), and is about Tz = 0.5 K in this thesis. The magnetron motion is “cooled”

by magnetron-axial coupling drive to Tm = �(!m/!z)Tz ⇡ �10�3 ⇥ Tz (Sec.2.3 [57]). The

minus sign is because of the meta-stable energy (Eq. 2.21). With Tz = 0.5 K, the magnetron

will be cooled to Tm = �0.5 mK, and the quantum numbers for the axial and magnetron

motion are n̄z = 100 and n̄m = 100 respectively. Therefore, they are close to the quantum

regime but not quite there yet. A new quantum limited detector is also being prepared to

achieve Tz = 20 mK or below (Chap. 5).

Table 2.1 summarizes the typical frequencies, damping rates, and average quantum num-

bers of the electron in the trap. The cyclotron damping rate �c is a value achieved in a closed

cylindrical cavity [56, 58] at 5.3 T, the axial damping rate �z is a value when coupled to a

resonant circuit, and the average quantum number of the magnetron motion n̄m is the value

after magnetron cooling.

21

cyclotron spin axial magnetron

Magnetron levels are inverted 
since the motion is unbound 

All degree of freedom of 
the motion can be 

described as quantum 
mechanical oscillators
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Measurement of g factors in Penning traps

Chapter 2

The Penning Trap

The magnetic moment of an electron is measured using an electron in a magnetic field.

From Eq. 1.1, in a magnetic field B, the energy of a spin flip for a spin 1/2 particle is

~!s = |2µsB| = g

2

~eB
m

. (2.1)

The last term on the right hand is equal to the energy of electron cyclotron motion in the

same field,

~!c =
~eB
m

. (2.2)

Ideally, the g-factor can be measured using an electron in a magnetic field by measuring the

relation
g

2
=

!s

!c
=

⌫s

⌫c
. (2.3)

of its spin frequency ⌫s = !s/(2⇡) and cyclotron frequency ⌫c = !c/(2⇡).

Experimentally, a Penning trap is used to keep the electron in a small region of a ho-

mogeneous magnetic field. The Penning trap is a static trap for charged particles [54] using

an electric field and a magnetic field (Fig. 2.1). An electron in a Penning trap has three

orthogonal motional modes, a cyclotron motion in the Penning trap ⌫
0
c slightly modified

by the electrostatic trap potential, axial motion ⌫z, and magnetron motion ⌫m. Here, the
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Experimentally, a Penning trap is used to keep the electron in a small 
region of a homogeneous magnetic field. An electron in a Penning trap 
has three orthogonal motional modes, a cyclotron motion in the Penning 
trap  slightly modified by the electrostatic trap potential, axial motion 

, and magnetron motion  . Connection:

ω′ c
ωz ωm

We want to measure is g, which is 
proportional to the energy needed for a 
spin flip

We measure the B-field in the same 
system measuring the cyclotron 
frequency from a cyclotron jump

Anomalous magnetic moment of the electron

ae = ge�2

2
, with ge = Larmor freq.

cyclotron freq.

Measurement: ae(exp) = 0.00115965218059(13) (group

of G. Gabrielse, Phys. Rev. Lett. 130, 071801, 2023),
improved by a factor of 2.

QED calculation (Laporta PRB 772 232 (2017); Aoyama et.
al. Atoms 7 28 (2019); ...)

ae (QED) =
1X

n=1

A(2n)
⇣ ↵
2⇡

⌘n
+

1X

n=1

A(2n)
µ,⌧

✓
me

mµ
,
me

m⌧

◆⇣ ↵
2⇡

⌘n

Calculation of the A10 term : 12672 Feynman diagrams.

Other contributions

ae (theo) = ae (QED) + ae (Hadron) + ae (Weak)
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of G. Gabrielse, Phys. Rev. Lett. 130, 071801, 2023),
improved by a factor of 2.

QED calculation (Laporta PRB 772 232 (2017); Aoyama et.
al. Atoms 7 28 (2019); ...)

ae (QED) =
1X

n=1

A
(2n) ⇣ ↵

2⇡

⌘n
+

1X

n=1

A
(2n)
µ,⌧

✓
me

mµ
,
me

m⌧

◆⇣ ↵
2⇡

⌘n

Calculation of the A
10

term : 12672 Feynman diagrams.

Other contributions

ae (theo) = ae (QED) + ae (Hadron) + ae (Weak)

Ascone - Pierre Cladé 2023/07/04 3 / 17

Eliminates the B-field and the 
mass dependence

Complication

Electron g-2: Geonium “atom”

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 36
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Measurement princliple of magnetic momentsRepetition 2

[S. Ettenauer]

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 59

Repetition 2

[S. Ettenauer]

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 59
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Measurement in separate trap locationsNew approach: analysis and precision trap

[W. Quint]

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 64
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Axial frequency detection 
Axial dip with single particle 

The particle oscillates in axial direction inside the Penning trap, 
and induces image currents in the trap electrodes. Depending 
on the strength of coupling, it thermalizes 

In thermal equilibrium, the particle shorts 
the thermal resonator noise at the axial 
frequency, that appears as a dip in the 
FFT spectrum
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Measurement of the cyclotron frequency
Electron g-2: cyclotron detection

Is “not” possible to directly detect the cyclotron frequency
→ Couple the cyclotron and spin frequencies to the axial frequency
When a spin or cyclotron jump occurs→ small but measurable change of the axial frequency.

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 44

Gabrielse
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Typical electronics for axial eigenfrequency detection

Oscillating ion
induces image charges
in trap electrodes

Tank circuit with high
impedance

Rp = 50 MΩ
Q = 3200 

A

Cryogenic ultra low-
noise amplifier

en = 400pV/ √Hz
in ≤ 10fA/ √Hz

Fast Fourier Transformation to
obtain the frequency information

Ion is resistively cooled until it
reaches thermal equilibrium with
the tank circuit

Eigenfrequency Detection

10/20/2019 PSI 2019

Sturm 
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Detection of a cyclotron jumpElectron g-2: cyclotron/spin detection

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 45

2

!̅! = !" − !̅#

n=0

n=1
n=0

n=1
%#̅ = !̅# −

3
2(

ms=-1/2 ms=+1/2

(c)

(a)

liquid helium
space

NbTi
solenoid

bellows 
joint

dilution
refrigerator

rigid
joint

Penning trap
1m

cylindrical
trap cavity

microwave inlet

quartz
spacer electrode

nickel
rings

B

(b)

3cm

FIG. 2. (a) Cryogenic system supports a 50 mK electron trap
upon a 4.2 K solenoid to provide a very stable B. (b) Silver
electrodes of a cylindrical Penning trap. (c) Quantum spin
and cyclotron energy levels used for measurement.

shows the lowest cyclotron and spin energy levels and the
frequency spacings. A relativistic mass shift � is given by
�/⌫c ⌘ h⌫c/(mc2) ⇡ 10�9 [36, 40].

The lowest cyclotron states for each spin are e↵ectively
stable because the spin is so nearly uncoupled from its
environment [36]. With no trap, the excited cyclotron
state lifetime is 0.1 s. In the trap, the rate for sponta-
neous emission of synchrotron radiation is inhibited by a
factor of 50 to 70, when B is chosen so ⌫̄c is far from res-
onance with cavity radiation modes [41]. Seconds of av-
eraging time allows a cyclotron excitation to be detected
before it decays [35]. The cyclotron damping contributes
0.03 Hz to the cyclotron and anomaly linewidths (to be
discussed), a negligible 0.2 ppt and a very important 0.2
ppb, respectively. Blackbody photons that could excite
the electron from the cyclotron ground state are elimi-
nated for a trap cavity cooled below 100 mK [31].

The Brown-Gabrielse invariance theorem [42],

⌫c =
p

⌫̄2c + ⌫̄2z + ⌫̄2m (4)

provides the ⌫c and ⌫a = ⌫s � ⌫c needed in Eq. (3) to
get µ/µB in terms of the trap-modified frequencies and
⌫̄a ⌘ ⌫s � ⌫̄c. It is critical that Eq. (4) is invariant under
unavoidable misalignments of B and the axis of V , and
under elliptic distortions of V [42]. The hierarchy ⌫̄c �
⌫̄z � ⌫̄m � � allows an expansion of Eq. (4) that su�ces
for our precision to be inserted in Eq. (3) to obtain

� µ

µB
=

g

2
' 1 +

⌫̄a � ⌫̄2z/(2f̄c)

f̄c + 3�/2 + ⌫̄2z/(2f̄c)
+

�gcav
2

, (5)

with ⌫̄a and f̄c (defined in Fig. 2c) deduced with ⌫̄z from
measured line shapes (Fig. 3). The added cavity-shift

�gcav/2 arises because couplings to radiation modes of
the trap cavity shift ⌫̄c [43, 44].
To measure the axial frequency ⌫̄z needed in Eq. (5), a

resonant circuit that is the input for a cryogenic HEMT
amplifier is attached to the trap electrodes. The dissi-
pation of current induced in the circuit by electron axial
motion damps it with a time constant ��1

z = 32 ms. The
amplifier heats the electron axial motion to Tz = 0.5 K.
The 1-minute Fourier transform of the amplifier output
in Fig. 3c shows the noise and electron signal canceling
to make a dip that reveals ⌫̄z [45].
Small shifts in ⌫̄z provide quantum nondemolition

(QND) detection of one-quantum spin and cyclotron
jumps, without the detection changing the cyclotron or
spin state. Saturated nickel rings (Fig. 2b) produce a
magnetic bottle gradient, �B = B2

⇥
(z2 � ⇢2/2)ẑ � z⇢⇢̂

⇤

with B2 = 300 T/m2. This couples spin and cyclotron
energies to ⌫̄z which then shifts by�⌫̄z ⇡ 1.3 (n+ms) Hz.
The B2 and �⌫̄z are 5 and 3 times smaller than used pre-
viously [26]. To rapidly detect jumps after the cyclotron
and anomaly drives are turned o↵, the amplified signal
is immediately fed back to the electron. This self-excited
oscillator (SEO) [46] is resonantly and rapidly driven to a
large amplitude, even if ⌫̄z shifts with amplitude, where-
upon the gain is adjusted to maintain it. A Fourier trans-
form of the large signal reveals the small �⌫̄z that signals
single cyclotron and spin quantum jumps.
Quantum jump spectroscopy produces anomaly and

cyclotron resonances (Fig. 3a-b) from which to extract
⌫̄a and f̄c to use in Eq. (5). Cyclotron and anomaly
quantum jump trials are alternated. The magnetic field
drift of 0.2 ppb/hr in the new apparatus is slow enough
that we can correct the magnetic field using a quadratic
fit to the lowest cyclotron drive frequency that produced
an excitation. Each trial starts with the electron in the
spin-up ground state, |n = 0,ms = 1/2i, and 5 s of axial
magnetron sideband cooling [36, 39].
To produce cyclotron quantum jumps, a 5 s microwave

drive is injected between trap electrodes (Fig. 2b) to pro-
duce quantum jumps to nc = 1 less than 20% of the trials,
to avoid saturation e↵ects. An anomaly drive is also ap-
plied but is o↵ resonance. Cavity-inhibited spontaneous
emission [41] allows the excitation to persist long enough
so that during the next 1 s we can switch on the self-
excitation feedback [46] and detect the 1.3 Hz shifts that
signal cyclotron quantum jumps.
To produce anomaly quantum jumps, an oscillatory

potential applied to trap electrodes for 30 s drives an
o↵-resonance axial oscillation of the electron through the
radial magnetic gradient B2z⇢. (A cyclotron drive re-
mains applied but is o↵ resonance). The electron sees an
oscillating magnetic field perpendicular to ẑ as needed to
flip its spin, with a radial gradient that allows a simulta-
neous cyclotron transition [36]. A spontaneous decay to
the spin-down ground state, |n = 0,ms = �1/2i, would
be detected during the 60 s (more than 10 cyclotron decay

n=0
n=1

Magnetic transitions are detected by a shift 
in the axial frequency 

4

0

1

2

3

z

“Magnetic bottle” couples magnetic and axial oscillators 

Detection of magnetic transitions 

2
z 0 2B B B z= + 2 21

E s c 22 k z zU Bµ ++=

To produce a cyclotron quantum jump a microwave 
drive is injected in the trap so that for 20% of the 
time is inducing a transition from n=0 to n=1 
A successful quantum jump is observed by 
measuring a tiny shift of the axial frequency 
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Classical- and continuous Stern-Gerlach-effect

Determination of spin direction

[W. Quint]

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 60

Axial frequencies are modified depending on 
the spin state 

With axial measurement in the analysis trap, 
the spin states can be analyzed 
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Quantum jumps spectroscopy: Cyclotron jumpsElectron g-2: Cyclotron measurement

A. Antognini, Low-energy particle physics, g-2, ETH Zurich – p. 47
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Must mention: electron g-2 
2022 Northwestern determination of ae

Fan, X. et al., arxiv:2209.13084.

Improvement by a factor of 2.

FIP 2022 2022/10/18 4 / 21

arXiv:2209.13084v1 
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Measurement of the cyclotron frequency:

Spin-precession (Larmor) frequency:

Result: comparison of the p and p̄  Q/m 
ratio and g-factor (magnetic moments:)

!c ⇠
Qp̄

mp̄
·B

→ gp̄ =
2!L

!c
=

µp̄

µN
!L ⇠ gp̄

2

Qp̄

mp̄
B

gp̄

2
= 2.7928473453(30)

(q/m)p̄

(q/m)p
+ 1 = 3(16) × 10−12

Nature, 524 196–199, (2015)
Nature 550, 371 (2017)
Nature 601 53-57 (2022)

BASE experiment

ΔE’
ΔE

!

Single antiproton in trap, 
compared to proton: Baryon 
Antibaryon Symmetry 
Experiment: BASE @ CERN

Baryon  
Asymmetry?

p̄ Reservoir 
trap

Comagnetometer 
trap Analysis 

trap

CHIPP contact: Soter
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Single antiproton / proton in a Penning trap
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Usual measurements: charge to mass & magnetic momentHigh-precision measurements in Penning traps

𝜔𝐿

𝜔𝑐
=
𝑔
2
=

𝜇
𝜇𝑁

𝜔𝑐, ҧ𝑝

𝜔𝑐,𝑝
=
𝑞 ҧ𝑝/𝑚 ҧ𝑝

𝑞𝑝/𝑚𝑝

B

B

B
m
q

c =Z

Cyclotron Frequency

2L
p

eg B
m

Z =

Larmor Frequency

H. G. Dehmelt and P. Ekström, Bull. Am. Phys. Soc. 18, 72 (1973).
D. J. Wineland and H. G. Dehmelt, J. Appl. Phys. 46, 919 (1975).

Smorra

Or any other ratio of masses



Low Energy Particle Physics, Zuoz,  Anna Soter   28

Precision measurements - with new physics?
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First generation precision measurements with BASE
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Single antiproton / proton in a Penning trap

Slides: S. Ulmer
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Measurement of proton / antiproton magnetic moments

Slides: S. Ulmer
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Continuous Stern-Gerlach effect with antiprotons

Slides: S. Ulmer
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Below - ppm measurements

DOI: 10.1038/ncomms14084  

Two particle: Larmor partilce (L) in analysis 
trap, cyclotron particle (C) in precision trap. 
Measurement cycle (ca 900 s): 

1. Initialization of the spin state of (L) in the 
analysis trap with alternating spin-flip 
drives and axial frequency measurements 

2. Measurement of the cyclotron frequency 
of  (C) in 3 consecutive times 

3. Particle (C) is transversed to the parking 
electronde 

4. Partilce (L) moved into the precision trap, 
RF spin-flip pulse is initiaded  

5. Particle (L) (C) brought back to initial 
positions 

6. Spin state of (L)  identified  

7. Cyclotron frequency of (C) are measured 3 
times
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Why reference it to He ions?
Why not to use protons?

𝑈𝑝

𝑈 ҧ𝑝

𝑈𝐻−
𝐻−

ҧ𝑝

𝑝

• Systematic uncertainties due to the particle 
position are large (~10-9)

• No significant uncertainties in converting the 
mass ratio

• Measure free cyclotron frequencies 

of antiproton and H- ion.

𝑚H−

𝑚p
= (1 + 2

𝑚e

𝑚p
−
𝐸b
𝑚p

−
𝐸a
𝑚p

+
𝛼pol,H− 𝐵02

𝑚p
)

Rtheo = 1.0010892187542(2) (0.2 ppt)

𝑈0𝑈𝑐 𝑈𝑐 +𝑼𝒐𝒇𝒇𝒔𝒆𝒕
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Magnetic moment measurements
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CPT tests
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Recent improvements

Slides: Smorra
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Limitations by magnetic field fluctuations
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BASE-Step: antiprotons outside BASE
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CPT tests

Precision experiments with 
antihydrogen

p̄

e⁺
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Formation of antihydrogenFormation of anti-hydrogen
• To conserve energy and momentum requires
a third body to partecipate the collision

⇒ p̄+ e+ → H̄∗ (NOT allowed)

1) p̄+ e+ + e+ → H̄∗ + e+ σ ∼
1

T
9/2

e+

2) p̄+ e+ → H̄∗ + γ σ ∼
1

T
1/2

e+

3) p̄+ Ps∗ → H̄∗ + e− σ ∼ πa2on
4
Ps

• Is desirable to have large cross sections
and to produce cold anti-hydrogen

A. Antognini, Low-energy particle physics, Atomic physics, ETH Zurich WS 2015 – p. 25
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Formation of anti-hydrogen
• To conserve energy and momentum requires
a third body to partecipate the collision

⇒ p̄+ e+ → H̄∗ (NOT allowed)

1) p̄+ e+ + e+ → H̄∗ + e+ σ ∼
1

T
9/2

e+

2) p̄+ e+ → H̄∗ + γ σ ∼
1

T
1/2

e+

3) p̄+ Ps∗ → H̄∗ + e− σ ∼ πa2on
4
Ps

• Is desirable to have large cross sections
and to produce cold anti-hydrogen

A. Antognini, Low-energy particle physics, Atomic physics, ETH Zurich WS 2015 – p. 25

Necessary ingredients: high density, low 
energy antiprotons and positrons 

1) Direct spontaneous radiative recombination  

Dipole allowed free-bound transition that favours capture 
into strongly bound state.

2) Three body recombination  

Elastic encounter of 2 e+ in the p̅ continuum thus energy 
transfer around kTe -> capture into weakly bound state

3) Charge- exchange with Ps



Low Energy Particle Physics, Zuoz,  Anna Soter   42

Trapping of antiprotons

p̅

  

Figure 47: Anti-proton trapping sequence.

region, and the mass scaling precludes the use of this method for cooling

charged particles other than electrons and positrons at fields obtainable in

the laboratory.

About 10000 antiprotons per shot can be trapped and cooled in about 30

s thus when the next AD shot arrives those are in the lowest well together

with the electrons. Therefore, the lowering of the well will not a↵ect them

and up to 107 anti-protons can be stacked in this way. The other necessary

to form anti-hydrogen (the positrons), is accumulated in a bu↵er gas trap

similar to the one described in Sec. 4.1 with an additional third stage where

the pressure is as low as 10�8 mBar to increase the positron lifetime. In this

way about 5 minutes, 108 can be accumulated.

These positrons are then transferred to the so called mixing trap with an

e�ciency of about 35%. In this so called nested trap the positrons sit on a

well as indicated in fig. 48 while the anti-protons sit on an adjacent well with

opposite sign (having the opposite charge). Those are then injected into the

positron cloud. This has to be done gently not to heat up the positron cloud.

Anti-hydrogen is formed by two mechanisms dependent on positron plasma

84
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Cooling and trapping of positrons

(3) In main solenoid: 3 regions of decreasing density N2 buffer gas and potential: 
- The gas provides the dissipation mechanism. To prevent annihilation: differential pumping. 
- Rotating wall: makes the plasma spin faster, and squeeze axially (angular momentum 

conservation) 
- Lowering the electrode voltage evaporative cooling: plasma reaches several 10’s of degree 

Kelvin

(2) Transport to main solenoid

Few 
million e+ / 
sec

(1) Source: Na-22, 545 keV, but moderation on solid neon
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Transfer to mixing trap

Transfer efficiency ~ 35%:  
50 x 106 in mixing trap 

Positron plasma :  
r~2mm, l~32mm,  
n~2.5 x 108 / cm3 

Lifetime:  ~hours 

Penning-Malberg trap
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Positron-antiproton mixing

Oscillating RF field excite the 
p̄ so that it overlaps with the 
e+
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ALPHA experiment - first trapping of H̄
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Magnetic trap for neutral (anti-) atoms

Trappable states

Trapping condition

Anti-Helmholtz coil 
configuration - magnetic 
quadrupole field

Requires cold atoms: 
0.6 K for 1T field 

Force

Atoms with magnetic moment acquire a potential in a magnetic 
field according to the formula:

Zeeman-splitting,
Breit-Rabi diagram

https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Magnetic_field
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The ALPHA experiment in 2009

https://www.youtube.com/watch?v=dY5Zdqxoc8U
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- Background from cosmics: rejected by topology

- Potential problem:  „mirror trapping“ of 
 bare p̅ in homogenous B field —> Solution: 

To demonstrate trapping ramp down magnetic field and look for annihilations on the beam pipe 

- Mixing with heated e+ (suppresses anti-H 
production) 

- Release anti-H while applying E field: pbars 
would be deflected 

The ALPHA experiment (2009)  - First trapping
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Antihydrogen trapping rates and confinement time

Confinement time up to 1000 s -> allows for precision spectroscopy of anti-hydrogen:  
- H̅ in the ground state  (remember H̅ formed in highly excited Rydberg state takes about 1 second to de-
excite to ground state)    
- Present numbers: >20 antihydrogen atoms every 4 minutes, accumulating several 1000 H̄ in 8 hours
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First interaction of Antihydrogen with radiation



Low Energy Particle Physics, Zuoz,  Anna Soter   52

First detection of the 1S-2S transition

M Ahmadi et al. Nature 541, 506–510 (2017) doi:10.1038/nature21040 

Two-photon transition at 243-
nm driven by a resonant cavity 

locked to the frequency, 
passing through the centre of 

the trap 
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ALPHA-2: First detection of the 1S-2S transition

When laser on resonance —> number of trapped H̅ 
depleted because of photoionisation of atoms in the  
same excitation laser. 

No difference between hydrogen and 
antihydrogen transition frequency at the level  
of 10-10
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Measurement of the 1S-2S line shape

remove c-c states

f
d−d

=2,466,061,103,079.4(5.4)kHz

f
d−d

=2,466,061,103,080.3(0.6)kHz

Measured transition:

Calculation for hydrogen in 1T field

2 × 10−12

Results in agreement within 

Prospects: laser cooling to decrease the temperature —> narrower line

Laser drives 1S-2S transition (2-photon) 
A third photon drives it to continuum: lost in the 
trap 
Microwave removes 1Sc states, then ramping 
down the  magnet probes 1Sd atoms
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Measurement of the HFS in ALPHA

Range of Fields 
in magnetic trap 

microwaves at about 29 GHz
to resonantly drive transitions
c->b and d->a (positron spin flip)

Onset at the magnetic  
field minimum 

1,420.4 ± 0.5 MHz,
in agreement with hydrogen
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Measurement of the H̄ Lamb shift in ALPHA

Data points obtained from the detected spin-
flip events, normalized to the total number of 
trapped antihydrogen atomsNature 578,  

375–380(2020)

Fine-structure splitting (2P1/2–2P3/2) in antihydrogen, 
combined with previously measured value of the 1S–
2S transition frequency

https://www.nature.com/nature


Low Energy Particle Physics, Zuoz,  Anna Soter   57

Measurement of gravitational fall ALPHA-g
Vertical trap → 1% measurement 
- Laser cooling not necessary, though it helps. 
- Slow down the magnet turnoff by a factor of ten. 
- Turnoff the mirror coils only, radial confinement 
- Current imbalance in mirror coils can tune the result 
- Further future interferometry: atomic fountain 

measurements →0.0001% 
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Measured escape of  antihydrogen

Nature volume 621, pages 716–722 (2023)

https://www.nature.com/


Precision decays

NEW! 
~1000 TeV

!
~MeV
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Decays forbidden by Standard Model

µ+ ! e+ + e� + e+µ+ ! e+ + �

MEG Mu3e

Why low energy in the LHC era?
How can low energy experiment be sensitive to high-energy physics?

• Direct production of BSM particles • Indirect production of BSM particles

[A. Signer]

- BSM particles produced in the final state
(real BSM particles production)

- Only standard particles in final state
(BSM particles only virtual, in loops)

- Energy frontier (LHC) - Precision and intensity frontiers (PSI @ 590 MeV)
(maximal energy: 7 TeV→ 14 TeV) (energies up to 1000 TeV are currently probed)

•What if NO deviations from the SM are found at the 14 TeV LHC?

A. Antognini, Low-energy particle physics, Introduction, ETH Zurich – p. 5

New Physics to 
~ 1000 TeV scale

Charged lepton flavour violation

Muon g-2 (4.2 σ)  B Decays (2-4σ)  

Flavour tensions 
piling up in 
multiple different 
experiments!
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Searches for charged lepton flavor violation
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MEG experiment: μ+ → e+ + γ 

Signature

Backgrounds

Branching ratio at 
90% C.L.:

MEG setup

SM radiative Accidental
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MEG II setup

x2 Resolution 
everywhere

Single volume 
He:iC4H10

35 ps resolution 
w/ multiple hits

Full available 
stopped beam 

intensity 
7 x 107

Better uniformity w/ 
12x12 VUV SiPM

Updated and
new Calibration 

methods
Quasi mono-

chromatic positron 
beam

x2 Beam Intensity 

Background rejection
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Latest news from MEG-2 and currents status

Physics run started at the end of 
September 2021, collecting statistics 
at the moment 

Goal sensitivity of ~  

Next to the main program: exotic 
searches, like X17

6 × 1014

MEGII fully installed Data from the first Physics Run2021

CHIPP contact: Ritt
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Mu3e,  the μ⁺→e⁺e⁺e⁻ search

e -
e -

e -

Signature event Background

• Bhaba-scattering

• SM allowed

• Accidental
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Mu3e experiment - hardware construction

Mupix detector

Fibre hodoscope70 ps resolution 
w/ single hit  < 500 ps resolution 

w/ multi hits 
thickness: < 0.3% X0

Tracking, integrate sensor and readout in 
the same device: 50 um thick 

1 layer: ~ 0.1% X0 

Superconducting 
solenoid Magnet

Homogeneous field 
1T

Tile detector

Full available beam 
intensity 

O(108)

Muon Beam and 
target

MIDAS DAQ and Slow 
Control

Run, history, alarms, HV 
etc.

108 𝛍+/s



Low Energy Particle Physics, Zuoz,  Anna Soter   67

Mu3e status

Experimental design is complete and has been 
extensively validated 

Two few-month-long commissioning runs  

Phase I construction has started (production and quality-
control pipelines are being consolidated) and the 
installation at PSI is foreseen for the end of 2023

CHIPP contact: Wallny
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Searches for Muon to Electron conversions
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PIONEER - precision pion decays

Phase I. Branching ratios to leptons Phase II. Pion beta decay
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Goals of the PIONEER measurements

https://arxiv.org/abs/2203.01981

Phase II: 3-10 fold increase

Γ "#! $
Γ %#! $

→ LFU!"
Γ "!#$"
Γ %&& → (#$

Phase I: approach theoretical predictions (x15)
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Motivations for Phase II. - Vud  / CKM unitarity
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How to measure a branching ratio?

!!

!!

!! → #!

!! → $! → #!

~4.2 MeV !!

"!

"!Pion
Muon
Electron

" !⇒$ "⇒%

"
!
⇒%

%&/( =
')*+,-
'.&/-

(not to scale)

Target

calorimeter
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The devil in the details: measuring tails in an energy spectra

! !⇒# "⇒$

!
!
⇒$

(not to scale)

!!/# =
#$%&'(
#)!*(

1 + &(+%)

The key to success: measure the tail! 
What we need: a trigger to suppress π→μ 
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PIONEER schematics

From S.Hochrein



Low Energy Particle Physics, Zuoz,  Anna Soter   75

The sensitive target - ATAR
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Calorimeter

From S.Hochrein



Things we did not discuss: 
Neutron EDM, muon EDM, muon g-2….

P                 T
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Neutron electric dipole moment (nEDM) at PSI

P                 T

vs.

SM expectation:

1810~ --

gn
nn BB

Observed*:

1010~ --

gn
BnnB

P T
New physics is needed to explain the BA  
more CP violation is a necessary ingredient 

EDMs are sensitive probes for CP-violation 

Several EDM discoveries are needed to uncover underlying physics 

Motivation: Barion 
Asymmetry

Neutrons in a 
bottle, 
superimposed E, B 
fields
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Measurement method

for dn<10-26 Δω < 60 nHz
ωL≈30Hz

Measure the difference of precession frequencies in 
parallel/anti-parallel fields: 

( ) ( )
¯¯

-++= BBµEEdΔ nn 22w!
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UCN source at PSI

delivery of ~4 M UCN every 300 s during HIPA operation

PSI  (2017)  34 UCN /cm3

2010 2011 2012 2013 2014 2015 2016 2017
0

1x107

2x107

3x107

4x107

5x107

 

 

U
C

N
 C

ou
nt

s

Year

Production pulse measured at West-1 beamport

normalized to 2.2mA

Protons

590 MeV 
 2.2 mA

Shutter

UCN 
storage 
tank

Spallation target

En~MeV

1m

Neutron guides to 
experiments

D2O moderator
En~ 25 meV

UCN converter 

(solid D2 @ 5K)

350 neV ↔ 8 m/s ↔ 500 Å ↔ 3 mK 

Neutrons can be contained (in material 
vessels) for long times, if they are below 

certain energies

Largest worldwide UCN 
density in PSI measured using 
standardized vessel
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nEDM and nEDM-2

Best current nEDM limit from first PSI measurement 
dn<1.8 ⋅10-26 ecm     C.Abel et al.   Phys.Rev.Lett. 124 (2020) 081803  

New apparatus n2EDM@PSI - will improve sensitivity by 
at least a factor 10 in the baseline setup - 1x10-27 ecm  
- potential to rule out a large parameter space of theories

n2EDM
EDM and LHC sensitivity to supersymmetric baryogenesis in the minimal supersymmetric
standard model (MSSM). Dark blue hatched bands give regions of the supersymmetric mass μ
and gaugino mass M1 parameter space leading to observed value of the baryon asymmetry.

LHC

LEP

EDM

E.g: nEDM and LHC sensitivity to supersymmetric baryogenesis in 
the minimal supersymmetric standard model (MSSM). 
Supersymmetric mass μ and gaugino mass M1 parameter space 
leading to observed value of the baryon asymmetry.

n2ED
M

CHIPP contact: Kirch
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nEDM-2 setup
n2EDM ExperimentUltracold neutron 

(UCN) Source 

MSR

AMS coils

1µT coil

UCN chambers

Essential to reach 1x10-27 ecm sensitivity goal (baseline) 
- highest UCN intensity (PSU UCN Source) 
- ultraprecise control and measurement of homogeneous magnetic field

N.J.Ayres et al., The design of the n2EDM 
experiment, Eur.Phys.J.C 81 (2021) 512

record magnetically shielded room - shielding factor 100`000 at 0.01Hz - 
operating 
57 km coils for active magnetic shield - operating 
magnetic field system at 1 µT and 60 ppm homogeneity - operating 
UCN double storage vessel chambers and beamline - ready 
start nEDM measurements 2024  -  500 days for 10-27 e⋅cm sensitivity goal 

CHIPP contact: Kirch
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Neutron Beam EDM - towards alternative methods precision

Piegsa, PRC 88, 045502 (2013) 
Chanel et al., EPJ Conf. 219, 02004 (2019) 
Schulthess et al., PRL 129, 191801 (2022) 

Electrode stack Mu-Metal

1 m

PF1b 2020

New complementary neutron 
EDM search using a pulsed beam 

Project based in Bern with proof-
of-principle experiments at PSI 
and ILL 

Full-scale experiment intended for 
ESS (European Spallation Source), 
competitive to UCN experiments 

CHIPP contact: Piegsa
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QNeutron - towards measuring the neutron charge

Piegsa, PRC 98, 045503 (2018)

G0 G1 G2

BOA 2022

Neutron Talbot-Lau interferometer 
using absorption gratings 

Proof-of-principle phase with 
experiments at PSI and ILL 

Goal: measure the neutron charge 
with improved sensitivity at ESS

CHIPP contact: Piegsa



Experiments with muon beams
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muEDM 

Phase approach using the frozen-spin technique in a compact solenoid

• Demonstration phase 2022 – 2027: 𝜎𝜎 𝑑𝑑 ≤ 3 × 10−21

• Dedicated instrument 2029 – 203?:     𝜎𝜎 𝑑𝑑 ≤ 6 × 10−23

• Possible signal (EFT analysis)          :       𝑑𝑑 ∼ few × 10−22

• New collaboration (welcome to join!) with institutions from: 
Germany, Italy, Switzerland and UK

muEDM at PSI

contact: P. Schmidt-Wellenburg
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~ 100 cm

Scattered Particle 
Scintillator (SPS)

Beam
Monitor (BM)

Calorimeter

Straw-Tube 
Tracker (STT)

Veto 
Scintillator

Beam 
Hodoscope (BH)

GEM 
Detectors

Target 
Chamber

pM1 
Beam-Line

87

MUSE experiment

e/π/µ at p = 115-210 MeV/c 

▪ Proton form factor + radius + 2γ + 
lepton universality measurement at PSI 
with elastic scattering of e±, μ± from 
hydrogen 

▪ Fall 2022: Scattering data 
▪ Took data in all experiment kinematics on H, C, empty 

cell 

▪ Second veto detector, inside the target chamber, used 
to reduce background 

▪ Upgrades since Fall 2022 

▪ Progress in analysis, improving coding, debugging, 
geometry, noise suppression, corrections, tracking, 
reconstructed time and position resolutions 

▪ 2023: Long run 1. 
▪ 5 months beam time awarded and scheduled 

▪ Reviewed 2022 operations at spring 2023 collaboration 
meeting, for 2023 operation planning 

▪ 2024 and 2025: Similar beam times 
expected
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muCool project: bright positive muon beam at keV energy
Status

G. Lospalluto 9

muCool principle

+ =

Transverse Compression Longitudinal Compression Mixed Compression

'(

Muon compression in the He gas 
target has been demonstrated in 
various regimes.

E:                      4  MeV
ΔE (FWHM): 800  keV
σxσx′ = 2000 mm mrad

E:                                10 keV
ΔE:                            <100 eV
σxσx′ = 20 mm mrad

Windowless cryogenic He gas target with 
density gradients and complex  E-field placed 
in a solenoid

Target with extraction orifice, gas 
injection, differential pumping 
and coupling into reaccelerating 
region being prepared

HIMB

Beam

muCool

Beam

G. Lospalluto 32

Muon extraction from gas target into vacuum

target frame

orifice

(1x1.3 mm2)

He

He gas density simulations with 
65% back-injection and 35 % side-injection

He

G. Lospalluto 36

Electric field design

orifice

target frame

detection plane

He

G. Lospalluto 37

orifice

target frame

detection plane

He

4 ~ 90 % 
(without muon decay)

Δ" ~ eV
Beam size at detection plane

Electric field design and Geant4 simulations

G. Lospalluto 37

orifice

target frame

detection plane

He

4 ~ 90 % 
(without muon decay)

Δ" ~ eV
Beam size at detection plane

Electric field design and Geant4 simulations
Gas simulations Electric field design Muon trajectories

Phys. Rev. Lett. 125.164802 (2020)  

Eur. Phys. J. C 79:430 (2019)  

Phys. Rev. Lett. 112.224801 (2014) 

CHIPP contact: Antognini

User-driven development 
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Major PSI upgrade: the IMPACT project

Construction of new target station 
TgH at the place of the existing TgM  

Construction of two new solenoid-
based beamlinesfor μSR and particle 
physics delivering  surface muons 
per second 

1010

Construction of new spallation target 
with online isotope mass separation  

Production of radioisotopes for 
medical applications in quantities 
suitable for clinical studies 

HIMB

TATTOOS

Enables novel cancer therapies with 
isotopes suitable for simultaneous 
imaging and treatment 

Keeps PSI on the forefront of 
muon physics for the next 20 years 

~300 page documentation 
https://www.dora.lib4ri.ch/psi/
islandora/object/psi%3A41209

CHIPP contact: Knecht, Kirch



Thank you! 


