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Standard Model

Why three generations?
Mass hierarchy

Many free parameters

Baryon Asymmetry?
What about Dark Matter?
Gravity?
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Laser (Precision) Spectroscopy with Muonium

Purely leptonic exotic atom, dominated by QED effects
Measurement of hyperfine structure (MuSEUM at
JPARC) and 1S-2S transition (MuMASS at PSI)

Determine fundamental constants (1, g, /)

Test of bound-state & symmetries (—) M

Close interplay with other precision experiments, e.g.
muon g-2

Me

E(ls —2s) ~ %qeunOO (1 ) + QED + ...

my
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Standard Model and Beyond

Bosons
Fermions Antifermions

I. I1. I11. H I. I1. I11.

Quarks

Leptons

. ae . * fy LT AN
* 9 rd FNa I‘y Ty iy, hyd rogen
m-a:.tte r-\ ALPHA, Nature 621,
P : : 716-722 (2023)
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L EMING: LEptons in Muonium INteracting with Gravity

Fermions Bosons Antifermions
-ree fall of Mu . I 1m. H I. II. TIL
(O
Test of the Weak Equivalence Principle 4 u  c
by measuring the coupling of gravity to: § F—
fundamental parameters of SM; no
masses generated by QCD S iy
second generation (antiffermions of [ —
. . = H
the SM - only possible probe of this
sector
Hadron mass Muonium mass Binding 13.7 eV
~1% valence quark “ u* mass: 105.6583745(24) MeV/c
Q99 strong INteraction € Mass: 0.5109989461 (31) MeV/c?
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L EMING: LEptons in Muonium INteracting with Gravity

Free fall of Mu

Test of the Weak Equivalence Principle

by measuring the coupling of gravity to:
fundamental parameters of SM; no
masses generated by QCD
second generation (anti)fermions of
the SM - only possible probe of this
sector

Validity of WEP In higher
generations?

Possibllity to test flavour
dependent new
INnteractions

-4 E

Combined astrophysical
and terrestrial bounds

v

Muonium (free—fall)
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How to measure g for Muonium?®

Lifetime of Muonium limited by lifetime of y™: 7 = 2.2 ys

v

1,
N

1
‘\ [ Ay = Egtz < 0.5nm

» Phase sensitive approach * INnterferometry
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The need for a novel Muonium source

Interferometry not possible
with conventional Muonium

Novel Muonium source using
Superfluid Helium

Sources
Silica Aerogel SUPERFLUID
HELIUM
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.\ M Thermal N
i beam | Production |M beam i"beam | Production |M beam
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Cold Muonium Beam using Superfluid Helium
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Superfluid He 1<0.2K
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e+

N previous measurements at

PS| estapblished 4 previously

unknown physics process in

SFHe:

(1) Mu stop and recombination with high
enough efficiency

(2) Thermalization below the roton gap,
v; & 60 m/s

(3) Ballistic diffusion (no collisions),
T, ~ 1 us* to surface

(4) Ejection in the surface normal, due to

the large positive chemical potential

Surface ejection

E
_large chemical potential: — ~ 270 K

kp
- Mu are ejected from bulk SFHe with
V| & 6300 m/s gﬂd’ia;asr?:e; Sg)d E. Krotscheck, JLTP

Scattering of phonons
‘small impurity” with
effective mass
My ~ My,

- At 0.2 K phonon
density is small:

My, =2 - 10°T°/em3 &~ 10'%/cm3
unlikely to scatter at
phonons:
/7. x T =~ 5/s

Taqqu, Physics Procedia 17 (2011) 216-223,

Kirch & Khaw: Int. J. of Mod. Phys. 30, (2014)
Soter & Knecht, SciPost Physics Proceedings 031 (2021)

*other atoms don't do this. Clue for exception:
antiprotonic helium in SFHe

A. Soter et al., Nature 603, 411-415 ( 2022)
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https://www.nature.com/articles/s41586-022-04440-7

Characterisation of Muonium beam from Superfluid Helium

(A) SFHe level = 2.5 mm (B) No liquid
t=6.00 us | = Layer 1| =, Layer 1
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How to measure g for Muonium?®

SUPERFLUID
HELIUM
5
@ Mu from SFHe
7, /
E L
S T
o |
- N
Iy =
o
" 50 K
=
_ /300K
Llillll 11 1 1 lll llll 1IJ_11
0 25 5 75 10 125 15 17.5 20

Velocity[km/s]

M
i"beam | Production |M heam

New:
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How to measure g for Muonium?®

G G2

SUPERFLUID 5 [ TSSOSO [ B
HELIUM - L R I

M
Production

Horizontal
M beam

v

Interferometry |

1 heam
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trackers

How to measure g for Muonium?®

vY

G G2 M

SUPERFLUID 5 TSSOSO 1 1. B
HELIUM - e R I

e detector
Coincidence
measurement

"
""""""" without gravity
. M Horizontal : v
W beam | Production |M beam| Interferometry Detection
Ag ~ 1 d ((?jrf?gg Erir)bd Ag
D4AT? C‘\//N@g_(;@ —~ 1% sensitivity possible; At
. o \ Loss factor g P . . .
nteracton ime: =03 05 w2 PSl, world’s highest intensity cw
A Atoms from source ( ) MUONS
Contrast ( )
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Beamtime 2023 - Horizontal Muonium Beam

Reflection

Necessary for the
intertferometer

Hugely influencing
the yield (decay
losses)

Microfluidic grating

14
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Horizontal Muonium Beam - Concept

— Gratin
TN o )
Iw (g) Integrated

Source

SFHe

7

__»—S3N4 nanoscopic
grating

J

Si support

>

x— Si support
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@
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rti on surface
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Horizontal Muonium Beam - Microfluidic Target in Action

Capillary eftect (with acetone) Drying out
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Horizontal Muonium Beam - Measurements

(A) Layer 4 coincidences (B) Target facing coincidences
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Clear emission of Mu from the microfluidic target

Stopped muon to vacuum muonium conversion efficiency
seems ca. 1/2 of the free surface emission

—ffected by background, further studies are needed
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Ongoing Developments - Cryogenic detectors

Atomic ¢~ Detector Positron Detectors

| ﬁ,-; Et':"-l:‘ U d t k
. Challenging due to low pgrade trackers

energy of electron and
poresence of superfluid

Maximize solid angle coverage

Cryogenic Silicon Strip Detectors

helium
Perovskite nanocrystals 1284
CsPbBr shows remarkable scintillation properties at cryogenic
temperatures (. s. myknaylyk et al., Nature 10, 8601 (2020) - Cryogenic Si tracker
: : : , 7 —— prototype
CsPbBr has higher light yield than EJ-204 at cryogenic 000 LN \/
temperatures . perovskite i 7
og| x FE-204 £
Low voltage onset, 3+ kV  ° P
= f 7
so7 ¢ | 7
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Ongoing Developments - Interferometer

Scanning, stabilization, calibration

Optical bench and
X-ray tests 012
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» Monitoring

Z displacement (mm)
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alignment with b
Fabry-Perot (~10 pm y

» Vertical scanning
(~pm) with piezo
actuators
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X distance [um]
o

» Calibration sources: ol
X-rays and UV laser 04
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Fabrication

M scanned

Mono-crystalline
Si raft

I

[T

Free standing

SizNy

e Si3N4
SiOy
Si

e-beam
litography
+RIE

Structuring
carrier (DRIE)

Oxide removal

» Fabrication of mono-crystalline Si raft and free standing
SisN, grating separately
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Outlook on Spectroscopy

Possible improvements on Precision Spectroscopy

We are producing the same amount of Mu compared to room
temperature sources but in a small, directed beam 2G-20P

Potential collaboration with MuUMASS for 1S-2S spectroscopy

Increased statistics > 1 OM (compared to previous MuMASS
source)

ml
reduced atom velocity v 4' k’ 3
Mu-Mass 1S-2S

Reduced transit-time broadening ~ 1/3:

v
Av ~ 0.4— | with w the waist size
w

Reduced second order Doppler shift ~ 1/10:

2
"
Av & — yy— , with 1y = 2.46 - 101> Hz
2c2
correction via lineshape modelling if velocity distribution

Known
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Low velocity

Large density
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Thank you for your Attention!

21



