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Leptonic atoms & Muonium

* Leptonic atoms: QED bound states containing only charged

(anti)leptons

* Why? Simple atomic systems which are devoid of finite size

effects

« Muonium (M) : u*-e~ bound state

* Lifetime of ~ 2.2us (limited by muon)
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Current status of Theory and Experiments

Karshenboim et al. PRA 103, 022805 (2021)
Eides, Phys. Lett. B 795, 113 (2019)
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- _ 1S-2S (RAL 1 999) Meyer et al. PRL84, 1136 (2000)
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Muonium Spectroscopy — expected
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Fine structure constant from M HFS (formalism)

* The theoretical formula for HFS in AVyps = Vg l1 +F (a, Za, %) + AVypar + Avhm] + oy
muonium has the form H
. : : 16, ,me(m, ’ M. I. Eides, S. G. Karshenboim, and V. A,
* With Fermi energy defined as vp =72 =] cRo Shelyuto, Phys. Rep. 342, 63
ny, \me (2001)
m 2
 This depends on a and r = —£ as v o g Ve o
Me F d (1 +1)3
* These allow us to define logarithmic _— Ilnv
sensitivities. These are convenient for Sa = 37— 5 =31
resolving uncertainty propagation through 2_
Sqg =4 S, =——=~-—0.986 (usingr = 206.768)
0, Oy 1+7r
— =S, —
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Fine structure constant from M HFS (current)

* TJo extract determine the uncertainty on a extracted from the HFS of M, we consider
uncertainty of the components:

Liu et al. PRL82, 711 (1999)

M. I. Eides, S. G. Karshenboim, and V. A. Shelyuto,

1. Experimental Uncertainty HFS: 51Hz

2. Theoretical uncertainty gy, : = 85Hz Phys. Rep. 342, 63(2001)
: : ~ -7 V.l Koroboy, et al. Phys.Part.Nucl. 55 (2024)
: , ~ 1. X 4
3 Uncertamty onr (]COI” th@OFY) O'T/T' 1.16 10 S. Karshenboim et al. Eur.Phys.).D 75 (2021)
4. Hadronic & weak shifts < 2Hz uncertainty (neglect) V.A. Shelyuto, Phys.Rev.D 97 (2018)
M. Eides, PRA53, 2953 (1996)

* Using S, we can map a,- onto uncertainty on HFS theory oy () = |Sr|v@ ~ 511 Hz

 Theory-experiment comparison has total uncertainty ¢ ~ v852% + 512 + 5112 ~ 520Hz

g, 1 u, 1 5.2x10?

~ ~ — ~ 29ppb
« 1S, v 444633 x 109  “<7PP

This is dominated by the uncertainty in 7!

* Ve can map this onto a using
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The 1S-2S transition

25
* To gain knowledge of atom energy structure: probe 1 Q
it with electromagnetic radiation 244nm
* The 15-2S transition is the provide the gold
standard for precision spectroscopy Y 4dnm
~ Meta-stable (long lifetime, resulting in narrow P -
inewidth)
> Doppler free to first order w Lab:'e v
in cavity ~ N[\ 28« [\[\~
* A key goal of MuMASS: measure the 15-25 -
of Muonium with a CWV laser o =0 — ko o — ot Fo

* This can be used to extract the muon-electron N/ 28 N\ [\~
maSS ratiO! Atom'’s rest frame
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Muon-electron mass ratio from Muonium 1S-2S5

* How does the uncertainty of r extracted from the 15-25 transition frequency scale with the
precision of the spectroscopy?

* Again, we can use logarithmic sensitivities:

r
Vllvéuzs X 1 +TROOCX [1 +AQED +]

S(lS 2S) _ dIn(vys— zs) 1
B olnr  1+r

* Using this to map uncertainty in 15-2S transition frequency

O, \T 0. 0.
() _ (1+71)— =~ 208—
r vV vV

~ 0.85ppb
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Fine structure constant from M HFS (Prospective)

* As stated in a previously Theory-experiment comparison can extract alpha with precision

0]
o ~ /852 4+ 512 + 5112 ~ 520Hz — ;“ ~ 29ppb

* However, if we assume prospective targets:
» MuMASS (15-2S): o, /r = 1ppb = oy () = IS,V X 107° = 4.4Hz
» MuSEUM (HFS): experimental g,y = 5 Hz. — MuSEUM talk tomorrow
» Theory remainder: oy, = 5 Hz (QED higher orders refined, realistic?)

0]
0 ~+/5%2 + 52 + 442 ~ 8.6Hz — ;“ ~ 0.5ppb !

* Whilst still not as good as state-of-the-art atom-interferometry determinations, this provides
an independent measurement from muonium spectroscopy
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The PSI low energy muon beam (LEM)

. Surface muon Solid Ne/Ar . :
MCP1 , _ _
il - beam 500 nm film https://www.psi.ch/en/low-energy-muons
: =_Mirror — N =n LE;jMeV ) Surface* PAUL SCHERRER INSTITUT
r Muons
| \ ~4 MeV
q ~ 100% polarized
| <= Muon momentum — +—
=P Muon spin <+
Trigger 4’/ +—
detector ‘_
( START) /
X g | Low energy
muon beam
[ 0-30 keV
— 50
L3 E
10 = 40 AI’
UHV ~10" mbar > _
@ 3 Epithermal
3 .+ _§ component
Up to 5x10° u'/s z
v He|mh0|tz COil z
Joils L g.
w
imple ar 75 100
QTA&EF ’.S Positron counters [eV]
(STOP)

Cryostat E~1 5eV


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

2018 07/21

2019 2020

12122 6/23

1.5W UV

12/23  6/23 3/25
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11/25  6/26

Engineering M Lamb 15-25 Diffusion FA Beamtime
CW laser runs PSI Shift attempt studies 2 upgrades Beamtime
developed Pulsed.CV\/ Diffusion M Fine Hydrogen
technique studies 1 structure commissioning
developed
Cryo Target

244 nm laser
Focused p' 4 \
—  \VICP det. A \

3. 1S-2S laser excitation of Muonium: High

power UV CW laser at 244 nm, cavity-enhanced

4. Photoionization of 2S state with pulsed laser
N

1. Low energy u* beam (LEM

beamline at PSI, ~10k u*/s)
2. Muonium formation

in SiO2 target

5. Guiding ionized
muon further away

6. Muon detection in in a shielded area

MCP

7. Coincidence with
positron from decay, in
scintillators
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Upgraded 244nm laser system

eyl ( @ i e R AR 976nm light amplified to

CD TA ' .
D ETT QL = ) ((LBO) | axy test 10W via sequential TA and
P I0W W FA

AOM

Toptica DL-/TA-fiberamp-SHG/ pro
oorder  ® Freguency doubled to /W

1st order '.'.

Oxygen cylinder Of 488nm
BV A2 * Second frequency doubling
2w M 0 ~2W of 244nm within
Needle Turbo . custom made cavity with
é CLBO
V4 . * Enhanced to 30-40W
P ol e within MuMASS
ocC2 IC2 /

(on PZT3)
N Zhadnov et al, Optics Express 31, 1/(2023)
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Pulsed CWV technique

- N W A~ O
T LA B B T

(@)

N Zhadnov et al, Optics Express 31, 1/(2023)

Intracavity power, W

* 1-2W of CW 244nm light (enhanced to 30W)
is an extremely harsh optical environment

* Degrades optics, adds background

* Solution: Pulse CVWV power when needed
Previously: AOM;  Now: Pockles Cell + AOM

30

N
o
o

10+

99.2% | 99.4% Lo 100.0%

B T S (U S SR SN S EE USSR

- Can operate
* consistently for
- days, with

. occasional O2

treatment
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Mu-Mass experimental setup Zoom on Laser & arges

/

244nm (100mWwW)

SiO2 target
Internal State of M

______________ continuum

25

1S
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Mu-Mass experimental setup Zoom on Laser & arges

/ 244nm (100mWwW)
SiO2 target

1. Tagged low
energy pu*
beam (LEM
beamline) Internal State of M
______________ continuum
2S

1S
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Mu-Mass experimental setup Zoom on Laser & arges

2. Muonium
formation in SiO2
target M

1. Tagged low
energy pu*

/ 244 A <1 00mW) g
SiO2

target

beam (LEM
beamline) Internal State of M
______________ continuum
2S

1S
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Mu-Mass experimental setup

2. Muonium 3. 15-2S laser excitation of
formation in Si02 Muonium: high power UV cw laser
target at 244 nm, cavity-enhanced

1. Tagged low

energy pu*
beam (LEM

beamline)

Zoom on Laser & target

244nm (30W)
SiO2 target

Internal State of M

______________ continuum
- 25
244nm
A
244nm
1S
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Mu-Mass experimental setup

2. Muonium
formation in SiO2
target

1. Tagged low

energy pu*
beam (LEM

beamline)

3. 1S-2S laser excitation of
Muonium: high power UV cw laser
at 244 nm, cavity-enhanced

4. Photoionization of 2S state with
pulsed laser

Zoom on Laser & target

244nm (30W)

SiO2 target

Internal State of M

- = continuum

244nm

244nm

25

1S
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Mu-Mass experimental setup

2. Muonium 3. 15-2S laser excitation of
formation in Si02 Muonium: high power UV cw laser
target at 244 nm, cavity-enhanced
4. Photoionization of 2S state with
pulsed laser

1. Tagged low

energy pu*
beam (LEM

beamline)

5. Guiding ionized
u* in a “protected”
- area

Zoom on Laser & target

244nm (100mW)

SiO2 target

Internal State of M

- = continuum

244nm

244nm

25

1S
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Mu-Mass experimental setup

2. Muonium 3. 15-2S laser excitation of
formation in Si02 Muonium: high power UV cw laser
target at 244 nm, cavity-enhanced
4. Photoionization of 2S state with
pulsed laser

1. Tagged low

energy pu*
beam (LEM

beamline)

5. Guiding ionized
u* in a “protected”
- area

6. u* detection in
MCP

Zoom on Laser & target

244nm (100mW)

SiO2 target

Internal State of M

- = continuum

244nm

244nm

25

1S
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Mu-Mass experimental setup

2. Muonium 3. 15-2S laser excitation of
formation in Si02 Muonium: high power UV cw laser
target at 244 nm, cavity-enhanced
4. Photoionization of 2S state with
pulsed laser

1. Tagged low

energy pu*
beam (LEM 7. Coincidence with
beamline) positron from decay,

in one scintillator

i

5. Guiding ionized
u* in a “protected”
- area

6. u* detection in
MCP

Zoom on Laser & target

244nm (100mW)

SiO2 target

Internal State of M

- = continuum

244nm

244nm

25

1S
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800

600 -
€ 400"

200

2022 campaign

- (@)

ﬁ

40

20

* 2022 campaign (5 days of muon beam)
unfortunately did not see any signal

e Reduction of factor 7 in flux due to laser
interaction with muon trigger

* Unexpectedly short muonium formation
time lead to unoptimised timing

* These problems have been addressed since

* Pulsing scheme allowed experiment to be
operated continuously for 80 hours

* Detection scheme with pulsing reduced
experimental background to
< 1 background count per day)
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Commissioning with Hydrogen

* To optimize the experiment, we have been
doing hydrogen 15-2S spectroscopy

* Apparatus is identical
»ower laser power (No FA gain at 243nm)
»No positron detection in scintillator

« ~101® atoms/s ; Spectrum in ~ 1 hour
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Detection of Hydrogen 1S-25

HBeam 04.10.25
., 300 300
[ I Approx. Detuning 200 Approx. Detuning I Approx. Detuning
p 4
2 500+ —— 0.0 kHz —}— 50,000.0 kHz 200 1 —+— 250.0 kHz 16001 ¥ Data *
=
5 1400 A
S ™
0 . . . . 0 1 T . T 0 T 1 T . £
0 5000 10000 15000 20000 0 5000 10000 15000 20000 0 5000 10000 15000 20000 g
= 1200 A
— 300 - : : 300 4 . v '{"
=B Approx. Detuning Approx. Detuning Approx. Detuning E
2 —— -250.0kHz | 200 —+— -800.0 kHz —— 500.0 kHz i "f"
S 200 4 1000 A
= @
£ 100 1 1007 l
5 = 800 A
0 T T T T 0 T T T T 0 T T T T - E 'Il FI-'
0 5000 10000 15000 20000 0 5000 10000 15000 20000 0 5000 10000 15000 20000 3
— 300 Y 600 -
g Approx. Detuning 500 Approx. Detuning Approx. Detuning ¥
o —— -500.0 kHz —+ 0.0kHz 2007 — 800.0 kHz
S 200 ——
= 400 A ¥
2 100 A 1001 100 7 T T T T T T T T T
S -1000 -750 -500 =250 0 250 500 750 1000 OFF
Q .
SN 0 0 Detuning [kHz]
T T T T T T T T T Ll T T T T T
0 5000 10000 15000 20000 0 5000 10000 15000 20000 0 5000 10000 15000 20000
TOF [ns] TOF [ns] TOF [ns]

* We see distinctive second peak * Can measure the 15-25 spectrum of
which indicates 15-25 of hydrogen hydrogen
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Use hydrogen to optimise Mu-MASS

fRep. 3 kHz
Double pass

Pulse Energy [m]]

C : Nobeam shaping ¢ 0.33 0.56 0.67

1. Scan/Optimise experimental parameters w222 . - J :
800 1 -+- }'
‘ Q?OU' + i
2. Compare to Simion Simulations $ 500 .
2 400 A

' , 200 A [}

3. Select optimum parameters for muonium = wi{®
HBeam L3=3000 kV 06.10.2025 Pulsed laser setting / 1000

L1 Voltages
—}— L1=1500 V, N=245
—}— L1=2000 V, N=382
—}— L1=2500V, N=555
—— L1=3000 V, N=685
—}— L1=3500V, N=784 600

—f— L1=4000V, N=821

Lo - - - - . - - - 500

>

u .

| 400
0.0 610.0 627.0 643.0 681.0 688.0 723.0 603.0

i

|

300
(1] 696.0
200
° K. ° K WO o

T00

Counts / [50.0]

Target Voltage [V]

= Lrh o” R 2 ¥ -1.'; 1’.’:’ > 22 ..;f" &
= :}41 Lol Grid voltage [V] 100

TOF [ns]
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Beamtime Nov 2025

le—7

* We return in less than a month! AT 73 cpunts | Lo
* Improvements since 2022

* More laser power z |

* Faster laser pulsing £ 1o

* Active beam stablisation f

 Optimised setup via hydrogen | ~3cou‘r2ts

Detuning [MHz]

* We only have /7 days of beam + 3 of setup

* We expect ~ 10 counts per day

* Goal — observe on/off resonance comparision
* Ask longer beamtime 2026

* Long shutdown mid 2026
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What next!?

* Beamtime in November this year, °Z
* Next year ect B
* Improved muon rates: HIMB 1
* Better phase-space beams: g T Eu —
> MuCOOL (muon beam phase-space T == :E i L
. Of | (B of el
compression) of| i a0
> SFHe sources (smaller initial M phase- B N =
x [mm] x [mm]

space, Landau critical velocity: mono-

energetic to the ~5% |eve|> Fig 2 from “Phase space compression of a positive muon

beam in two spatial dimensions”, Antognini et al. 2024

* Alternative spectroscopic technique:

Ramsey spectroscopy

A. Soter, A. Knecht SciPost Phys. Proc. 5, 031 (2021)
A. Soter, Physics of fundamental Symmetries and Interactions (2025)
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SFHe Targets & Ramsey Spectroscopy of M

A
Cavity mirrors / \ .
* Two interaction regions '
separated by longer free
evolution P e
, C §§ ? i Photoionized p*guided
° —|aS beeﬂ dOﬂe Wlth '?aFrHth I 2 ___é\ towards the muMCP
9 M = .+ as in the existing
'\Yd rogen Zone 11 Free Zonel 2 . H Mu-MASS setup
_ , evolution -
* For classical Ramsey, mono-
energetic atoms, requires 5
SFHe Input coupler - = 355 nm laser
Output coupler (2S—photoionization)
on a piezo

Javary, E,, Thorpe-Woods, E., Cortinovis, Mahring, M., de Sousa Borges, L., Crivelli, P. Eur. Phys. |. D 79, 15 (2025)
A. Huber, B. Gross, M. Weitz, and T. W. Hansch, Phys. Rev. A 58 (1998)
Soter, A. Physics of fundamental Symmetries and Interactions (2025)
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Simulated Ramsey Spectroscopy of M

Edward Thorpe-VWoods; Mainz 2025

* Monte Carlo simulation using 1.75 52 —
expected parameters L so. + f Mean 25 probability
* Result: Ramsey fringes with e | | f L
~120kHz linewidths ! i | |
£1.00 | i 1
e ~1kHz statistical uncertainty in S o7s: | 4
10 days of measurements R * f
* Reduced AC Stark (Ramsey) 2] x \ " J
0.00- z >< x
~0.4 -0.2 0.0 0.2 0.4

Detuning [MHZz]

* Reduced 2™ Doppler (SFHe)
Javary, E,, Thorpe-Woods, E., Cortinovis, Mahring, M., de Sousa Borges, L., Crivelli, P. Eur. Phys. |. D 79, 15 (2025)
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Summary & conclusion

= Spectroscopy of M provides an independent route to measuring alpha

= Currently: multiple orders of magnitude less precise atom-interformetry
» Limited by muon-electron mass ratio - improved in future by Mu-MASS

* Future spectroscopy results could determine alpha at a similar level

* We are currently commissioning Mu-MASS with hydrogen

* Planned Mu-MASS beamtime for this November — on/off resonance

» Spectrum planned for future beamtime

* Following HIMB upgrades, Ramsey methods can 15-25 spectroscopy
precision even further
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Thank ou fo

. % listening!
PART OF THIS WORK IS SUPPORTED BY an ERC consolidator grant
&IC (818053 -Mu-MASS) and by the Swiss National Foundation under the grants 197346

European Research Council
""""""""""""""""""""""""""""" 2194805, I_I Swiss National

Science Foundation
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Appendix Slides

Extra Slides
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