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What happens when

_Eptons in Muonium are

Nteracting with Gravity?

Anna Soter, ETHZ
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Precision at low energies
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» Tensions with lepton flavour universality
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Precision at low energies
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Precision at low energies

High energy
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—undamental pnysics with exotic atoms
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. : Both exotic
Negative exotic Positive exotic
particle - particle
e
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Muonium
-
Antihydrogen
T ,K ,p
* + m
c
Muonic, pionic, Positronium
antiprotonic atoms R — s —————— Neutral bound
Fundamental constants, bound-state states!
e b —estumReSENN

QED test, fundamental symmetries
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Laser Spectroscopy

Purely leptonic exotic atom, dominated by
QED effects:

» Fundamental constants (m, , py, Re)
» Test of bound-state QED & symmetries (g, /de)

» Effects on other precision experiments, e.g.
muon g-2

et st
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Muonium - probing the SM and beyond
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LeQixg Muonium - probing the SM and beyond
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Free fall of Mu

Test of the Weak Equivalence Principle by
measuring the coupling of gravity to:

» fundamental parameters of SM, in the

absence of masses generated by the strong
interaction

» second generation (anti)fermions of the SM -
only possible probe of this sector
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LeQing Muonium - probing the SM and beyond
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Test of the Weak Equivalence Principle by
measuring the coupling of gravity to:
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Le)ing Muonium - probing the SM and beyond

Bosons

Fermions

Antifermions
H L. IL IL

Free fall of Mu

Test of the Weak Equivalence Principle by

© Anti-
measuring the coupling of gravity to:

hydrogen
» fundamental parameters of SM, in the

absence of masses generated by the strong
interaction

ALPHA, Nature 621,
716722 (2023)

» second generation (anti)fermions of the SM -
only possible probe of this sector

e
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LeQ)ing Muonium - probing the SM and beyond

Bosons

Fermions Antifermions
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Free fall of Mu

Test of the Weak Equivalence Principle by
measuring the coupling of gravity to:

Anti-
hydrogen
» fundamental parameters of SM, in the

ALPHA, Nature 621,
absence of masses generated by the strong

716-722 (2023)

interaction :
Hadron mass Muonium mass Binding E
» second ggneratlon (antl)fermlons of the SM - R “ u* mass:  105.6583745(24) MeV/c
only possible probe of this sector @):tong interaction e mass: 0.5109989461(31) MeV/c2
W‘ _—w
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LeQixg Muonium - probing the SM and beyond

o

Free fall of Mu

Test of the Weak Equivalence Principle by
measuring the coupling of gravity to:

» fundamental parameters of SM, in the
absence of masses generated by the strong
interaction

» second generation (anti)fermions of the SM -
only possible probe of this sector
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» Possibility to test for flavour-dependent new interactions

L Monumepermentvieoy) |

_10F
z " Combined astrophysical
s < 0k and terrestrial bounds
O | < -
% [ _
= -0r Agl/g~0.1
Y. Stadnik PRL | 58
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LEQ)INg WEP and universality of free fall

Various experimental

Foundatl.on of.GR. Mar.iy. LABA consequences:

formulations since Galilei: lg1— go
» Universality of free fall n(1,2) =2

The outcome of any local g 181 + &2

experiment conducted in l% » Local Lorentz invariance

gravitational field (local g 1% » Local position invariance:

acceleration) must be the same than — » universality of clocks

. . % I

in an accelerating lab, where a=g. > lack of variation of

77 TITTTT7T7 7777777777 7,

Eavtn fundamental constants

Needs to be tested in different experiments sensitive to one of the above
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Foundation of GR. Many
formulations since Galilei:

The outcome of any local
experiment conducted in
gravitational field (local g
acceleration) must be the same than
in an accelerating lab, where a=g.
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WEP and universality of free fall

Various experimental
consequences:

|g1— &2l

> Universality of free fall. n(1,2) =2
181+ &2l

2 Local Lorentz invariance

» Local position invariance:
» universality of clocks,
» lack of variation of
fundamental constants

Needs to be tested in different experiments semsitive to one of the above

Torsion pendula

Original setup of Edtvos Most recent (Eot-wash
(1910, Hungary)

m

group, Washington, US)
e e

n(Be,Ti) =[03+1.8] x 10713
S.Schlamminger et al, Phys Rev Lett 100 (2008) 041101

Anna Soter 07.06.2024

Satellite experiments

M d

MICROSCOPE

experiment
m

N(Ti,Pt) = [1 £ 9(stat) + 9(syst)] x 10715
https://doi.org/10.1103/PhysRevLett.119.231101

Tests on the largest and smallest scales

Lunar Laser
Ranging
Experiment

(@) k2 (b)

I7Rb

Atom 1 - o
interferometry - -
lst

» J - Ohk

-2hk

N(85Rb,87 Rb) = [1.6 + 1.8(stat) £ 3.4(syst)] x 10-12
https://doi.org/10.1103/PhysRevLett.125.191101



L]EENg The challenges ot measuring Mu gravity

Not possible with
conventional Mu
SOUTCes

Anna Soter 07.06.2024

Mu lifetime of 2.2 ps

L 5
szagt < 1 nm
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Not possible with
conventional Mu

SOUTICes

Why it might be
possible with
L EMING
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The challenges of measuring Mu gravity

Mu lifetime of 2.2 ps

novel Mu beam

1 2
Ax =—gt* <1 nm
2
>
Superfluid : :
He : A :,..':Y>
o : - We developed a

B B B B .
.
Y

amenable to

interferometry
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» Muon beam p ~ 13 MeV/c,
bent in 30° angle downwards

> Dilution fridge T ~ 170 mK
now updated, large MXC
plate T ~ 10 mK

» Cryogenic tracker and low-
threshold detectors

Anna Soter 07.06.2024

The experimental setup(s)

(@)

Entrance detector

Hell target

Beam entry
with Ti foil

z \ o
X
VBL Vacuum :
mm chamber .

10



Le(Jine  First synthesis of superthermal muonium from SFHe

We demonstrated 4 previously unknown
physics process in SFHe:

pt (1) Mu stop and recombination p =~ 70 %
13 Me\\

0.Tmm

Superfluid He 1<0.2K

Anna Soter 07.06.2024
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Le(Jine  First synthesis of superthermal muonium from SFHe
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Superfluid He 1<0.2K
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physics process in SFHe:

(1) Mu stop and recombination p ~ 70 %
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Le(Jine  First synthesis of superthermal muonium from SFHe

We demonstrated 4 previously unknown
physics process in SFHe:

ut (1) Mu stop and recombination p ~ 70 %
13 MeV/c
(2) Thermalization below the roton gap, v; =& 60 m/s

0.1 mm
2 \

Superfluid He T<0.2K
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Le(Jine  First synthesis of superthermal muonium from SFHe

We demonstrated 4 previously unknown
physics process in SFHe:

pt (1) Mu stop and recombination p =~ 70 %
13 MeV/c

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

o k (3) Ballistic diffusion (no collisions), 7, & 1 us * to surface

0.1 mm
2 \
\y

Superfluid He T<0.2K

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

A. Soter et al., Nature 603, 411-415 (2022)
Anna Soter 07.06.2024 11



https://www.nature.com/articles/s41586-022-04440-7

Le(Jine  First synthesis of superthermal muonium from SFHe

We demonstrated 4 previously unknown
physics process in SFHe:

ut (1) Mu stop and recombination p ~ 70 %
13 MeV/c
(2) Thermalization below the roton gap, v; =& 60 m/s

(3) Ballistic diffusion (no collisions), 7, & 1 us * to surface

+
Q (4) Ejection in the surface normal, due to the large

positive chemical potential

0.Tmm

Superfluid He T<0.2K

*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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Le(Jine  First synthesis of superthermal muonium from SFHe

— We demonstrated 4 previously unknown

physics process in SFHe:

pt (1) Mu stop and recombination p =~ 70 %
13 MeV/c

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

(3) Ballistic diffusion (no collisions), 7, & 1 us * to surface

0.1 mm
W
m

(4) Ejection in the surface normal, due to the large

ositive chemical potential
Superfluid He 1<0.2K X P

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

A. Soter et al., Nature 603, 411-415 (2022)
Anna Soter 07.06.2024 11
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LE?Ng Characterisation of the superthermal Mu beam

LF LN o d RN RF
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E- 20 - E 0
E 3
N 15- . N 5_
> Lowest velocity Mu source v~ 2175 m/s
10 A i 10 -
» Narrowest longitudinal distribution: o, ~ 70 m/s
5 X 5 1
N » High yield similar to the best 300 K N
+ — T T T T T
20 -15 -10 -5 0 5 10 15 20 sources R(/“l 7 Muvac) =10% -20 -15 -10 -5 0 5
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» Model: using mutual intensity functions
from statistical optics

» Calculations assume a Gaussian Schell-
model beam

wo ~ beam width (aperture)
Lo ~ transverse coherence length

o relates to the angular spread (a) of the atoms

(via the Cittert-Zernike theorem) as:
A 1.6 nm

a 50/2200

nm

a ~ 22 mrad, and £9 ~ 70 nm - close to the

grating pitch size

» Contrast=0.3

» Given there is enough high quality Mu
atoms, might be feasible!

model based on: McMorran et al., PRA 78 (2008)

Anna Soter 07.06.2024
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Amenability of the atomic beam for interferometry
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SFHe

\

Horizontal cold Mu beam

Atomic mirror / Microfluidic
target
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Overview of LEMING
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Horizontal cold Mu beam

Atomic mirror / Microfluidic
target
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SFHe
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Horizontal cold Mu beam

Atomic mirror / Microfluidic
target
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SFHe

Horizontal cold Mu beam

Atomic mirror / Microfluidic
target
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SFHe

Horizontal cold Mu beam

Atomic mirror / Microfluidic
target
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SFHe

Horizontal cold Mu beam

Atomic mirror / Microfluidic
target
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LeQixg Overview of LEMING

et trackers
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LeQixg Overview of LEMING

et trackers
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LeQixg Overview of LEMING

et trackers

o
N
=

G

T T PP - s

SFHe

Y

ut —> (. / .
E field
(—
\ e
New: IAX
Horizontal cold Mu beam Interferometer Detection
Atomic mirror / Microtluidic G1 G2 and mask M ot e- detectors
target
Sensitivity  Ag ~ > 1T2 Y c; = ioo m T 1% sensitivity
T 3, —(t 2T ~ S At PSI, world’s highest
C\/N()Eﬂ € L = 10 mm intensity cw muons
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LEQ)INg Novel source concept - microfluidic grating

Gratlng SFHe suspended by the capillary force,
Integrated between support bars behind the first SizNy
Source membrane

vertices on surface
« vertices A close to symmetry plane S
vertices B close to plane p FH e

—S3N4 nanoscopic
grating

surface

Si support
grating

p\ Si support
’ Si trench
| | wall

/

s

Anna Soter 07.06.2024 15
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‘Microfluidic gre

Prototype made by Konstanins Jefimovs, LNQ, PSI
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T
T

» Clear emission of Mu from the microfluidic target

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

» Effected by
background further
studies are needed

C

Target facing coincidences
x10°

0,05:- ~—— with SFHe

0.04_— Jrv. ‘,.IJ‘*‘H*‘#@}%ILP,W%-{;TJEl
f Urk

u

o ¢
o
]
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i Late/Early Fraction:
| with SFHe: 0.87 = 0.02
%% ¢ Preliminary

norm. counts / exp(-t/ t ) / 200 ns
o
o
w

I e e e P e P
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Target facing
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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

» Effected by
background further
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tine  Projected sensitivity with high intensity muon beams

With Amy = 1.6 nm (SFHe beam) Lg=3 Sensitivity over time

. Optimizing the length mm, L=10 mm, d=100 nm, C=0.3 e ——
=R | | I e e—— (Lt = d2/A = 6 ym), n=0.3, e=0.7 s No = 5e-+06 —| -
<b]o d =100 nm — " No = le4+06 —| |
S d =150 nm — |- . 10% E No = 5e+05 — |
g d=200nm |/ - : L - No = le+05 :
© d — 300 nm Determining sign of g: g No — 50404
E 1.5 less than a day with Mu source S No = le+04
.% of Ng > 5-105/s,C > 0.3 = 1071
z 1 =
& BE
g SFHe source @PSI: = I
= 0. — 5/c _106 : n _
= 0.5 No=5-105/s 105/s -10¢/s depending on 102
c C=0.3 muon beam scenarios :
% 0 | | | | | | |
@) 2.5 5) 7.5 10 2 | ~ n3.5 — — -

Interaction time [us] (P)~p 10° 10' 10° 10°

z Ap/p (FWHM) ~ 0.03 -0.1 Measurement time [days]

» AE/E ~ 0.06 - 0.2

Aerogel, SFHe source,
back implantation front implantation 12.5
23 MeV/c (3%) MeV/c (10%)

Yieldind =

1.75x108 2.6x106 1.1x106~

Anna Soter 07.06.2024 18



LeQing LEMING plans

' ' ce

Assuming success in 2024: Soul

Grating period . ,
\> (

~100 nm o detecto

Ag ~ +

2717 Y e By
1 || e'\'
Contrast Loss factor
C=A /Ag~0.3 Atoms from source to=0s (1)

No> 105/s

+ racke!
el €

» The test beamtimes are reaching a conclusion
» Experimental layout taking shape, and a full

TDR is possible |
» Emphasis expected to shift towards the Tests TDR Construction
interferometer o | 205 | 200 | 207 | 208 |

Anna Soter 07.06.2024 19



LE‘I’Ng Plans 1: Cryogenic detector and source

Positron tracker ' Electron counter

» 1 Ktemperature, limited
cooling power

2 low threshold (~keV)

2z 0.1 K"wet"” environment

» low noise, decoupled with SFHe film

preamplifiers
T e

x  perovskite i
x  E)-204 ;

o
©

o
~
M
e
M

et trackers

charge (a.u.)

- 4| Perovskite
Nanocrystals

o
(o)}
%
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Scanning, stabilization, calibration

Interferometer prototyping

Fabrication -
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» Monitoring

alignment with
Fabry-Perot (~10

pm)

» Vertical scanning
(~pm) with piezo
actuators

» Calibration sources:
X-rays and UV laser
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Cold Mu atoms

Laser
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Impact beyond gravity, spin-oftfs

2.2+0.1 km/s

> Low velocity

» Large density
phasespace
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LEQ)INg Impact beyond gravity, spin-ofts

Cold Mu atoms ‘

2.2+0.1 km/s

Laser

» Low velocity

» Large density

phasespace
1S-2S Laser Spectroscopy
25-20P A 365nm
Possibility for sub-kHz (~10-12)
spectroscopy
_— N 3 244 nm
> Statistics ~ X 10 15-25 o
> Transit-time broadening ~ 1/3
, |J+ Mu
» Second order Doppler shift ~ 1/10 \
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LEQ)INg Impact beyond gravity, spin-ofts

Cold Mu atoms ‘

2.2+0.1 km/s

Laser

1S-2S Laser Spectroscopy

Possibility for sub-kHz (~10-12)
spectroscopy
> Statistics ~ X 10°

> Transit-time broadening ~ 1/3

> Second order Doppler shift ~ 1/10

> Low velocity

» Large density

phasespace
25-20P A 365 nm
1526 244 nm
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500 mW

High brightness muon beam

Muon colliders

Sustainable, precision HEP

‘TI_LLJ_I

Alternative to ionization cooling (MICE),

Nature 578 (53-57) 2020

Solid state physics, muon EDM

X X X X X

X X X X X

X X X _X X

Muon spin
resonance
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