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between the first and second gratings and an interferometric phase shift Φ = 2π gτ2/d ≈ 0.003 if d 
= 100 nm grating pitch is used, with ≈14% M survival and ≈10% transmission to the detector.  
The necessary gratings can be fabricated using state-of-the-art nanolithography, including 
electron beam lithography and pattern transfer into a free-standing film by reactive ion etching. 
Detection is straightforward using the coincident positron-annihilation and electron signals to 
suppress background. 12  Measuring Φ to 10% requires grating fabrication fidelity, and 
interferometer stabilization and alignment, at the few-picometer level; this is within the current 
state of the art.13  At the anticipated rate of 105 M atoms/s, and taking decays and inefficiencies 
into account, the measurement precision is 0.3g per √n

—
, where n is the exposure time in days.7 

 

Figure' 1:' ' Principle! of!Mach! Zehnder! three2grating! atom! interferometer.! ! The! de! Broglie!waves! due! to! each!
incident!atom!all!contribute!to!the!same!interference!pattern!over!a!range!of!incident!beam!angles!and!positions.!!
Each!diffraction!grating! is!a!50%!open!structure!with!a!slit!pitch!of!100!nm.! !The!assumed!grating!separation!
corresponds!to!one!muon!lifetime.!

!
!

!
Figure'2:' 'Concept!sketch!of!muonium!interferometer!setup!(many!details!omitted).! !A!≈micron2thick!layer!of!
SFHe!(possibly!with!a!small!3He!admixture)!stops!the!muon!beam!and!forms!muonium!(M)!which!exits!vertically!
and!is!reflected!into!the!horizontal!off!of!the!thin!SFHe!film!coating!the!cryostat!interior.'
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Experimental	setup	and	constraints

• Similar	experimental	set	ups	for	different	

experiments	

– example:	MACS	at	PSI	

– idea:	form	 	by	scafering	muon	( )	

beam	on	SiO2	powder	target	

• A	couple	of	“lifle	inconveniences”:	

➡ how	to	tell	 	apart	from	 	?	

– 		decay:	 	

– 		decay:	 	

– :	fast	 	(~53	MeV),	slow	 	(13.5	eV)	

➡ oscilla6ons	happen	in	magne6c	field	

– …	which	selects	 	vs.	

Mμ μ+

f f
Mμ → f Mμ → e+e−ν̄μνe

Mμ → f Mμ → e+e−ν̄eνμ

f e− e+

Mμ Mμ

Muonium-Antimuonium 
Conversion Spectrometer (MACS)

The most recent experimental data comes from 1999! Time is ripe for an update!

L. Willmann, et al. PRL 82 (1999) 49
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FIG. 2. The MACS apparatus at PSI searching for muonium-
antimuonium conversion. The signature requests the energetic
e2 from the m2 decay of M in a magnetic spectrometer in
coincidence with the atomic shell e1, which is accelerated and
magnetically guided onto a microchannel plate (MCP), and at
least one annihilation photon in a CsI calorimeter.

The experiment utilizes the world’s brightest continu-
ous surface muon channel pE5 [16] at the Paul Scher-
rer Institut (PSI) in Villigen, Switzerland. It provides
a central momentum p ≠ 26 MeVyc, a momentum bite
Dpyp ≠ 5%, and rates up to 8 3 106 m1ys. The beam
passes through a 280 mm scintillation counter and a
270 mm Mylar degrader. Muonium atoms are formed by
electron capture with 61(3)% efficiency after stopping the
m1 in a SiO2 powder target of thickness 8 mgycm2 and
supported in vacuo by a 25 mm aluminum foil with 30±

inclination with respect to the muon beam axis. Most of
the atoms emerge from the powder grains into the inter-
granular voids. Then, on average, 3.3% of them leave the
target surface with thermal Maxwell-Boltzmann velocity
distribution at 300 K [17].
When searching for M decays the energetic e2 is

detected in a magnetic spectrometer operated at B0 ≠
0.1 T magnetic field and covering 0.73 3 4p solid an-
gle around the M production target. It has five concen-
tric multiwire proportional chambers with radii of 8.2 to
32.0 cm and active lengths of 38 to 80 cm. They are
all equipped with two planes of segmented helical cath-
ode stripes for measuring radial, angular, and axial co-
ordinates. The momentum resolution at 50 MeVyc is
54(2)%, yielding a probability of 1025 for misidentify-
ing the charge of the particle. It is limited by the 2 mm
wire spacing. The chambers are surrounded by a 64-fold
segmented hodoscope. Subsequent to the m2 decay the
atomic shell e1 is accelerated to typically 7 keV in a two
stage electrostatic device. It is guided in an axial 0.1 T

magnetic field along a 3 m long transport region onto a
microchannel plate (MCP) detector with resistive anode
readout. A 35 mgycm2 magnesium oxide coated carbon
foil in front of this device provides secondary electrons
and hence yields a 4-fold enhancement of the detectors ef-
ficiency to 64(2)%. Furthermore, it reduces background
counts of low energy ions trapped in the magnetic field
[18]. The transport system is momentum selective due
to a 90± horizontal bend of radius 35 cm and a colli-
mator consisting of 40 cm long, 1 mm thick, and 9 mm
separated copper sheets which act to suppress particles
with longitudinal momenta exceeding 750 keVyc because
their gyration radii exceed 4.5 mm in the magnetic guid-
ing field. The field gradient in the bend region causes
a vertical drift for charged particles proportional to their
momenta. It is compensated for 7 keV e1 by a trans-
verse electrostatic field region preceding the bend which
also deflects low energy m1 and ions.
Positrons are uniquely identified by annihilation radi-

ation when striking the MCP which is centered inside a
barrel-shaped 12-fold segmented pure CsI crystal detec-
tor. This detector had 4.5(3) ns time and 350(20) keV
energy resolution (FWHM). Positrons were required to
deposit an energy between Eg ≠ 0.2 and 1.0 MeV and
to be detected within jtCsIj , 6 ns of a hit on the MCP.
Using e1 from radioactive sources the acceptance for at
least one of two 511 keV annihilation photons was deter-
mined to be ´CsI,1g ≠ 79s4%d for all measurements.
The transport path has 80(2)% transmission and con-

serves transverse spatial information of the decay vertex.
It can be reconstructed radially to 8.0(4) mm and axially
to 8.6(5) mm (FWHM) if, in addition, track parameters
are used from the energetic e2. The limitations on the
position resolution arise at high energies again from pro-
portional chamber wire spacing and at low energies from
multiple scattering in the 1 mm carbon fiber beam tube.
During data taking, every 5 h the M production yield

was determined at low beam rates s2 3 104 m1ysd using
a method which is based on a model established in
preceding experiments [13,17]. The number of atoms
in the fiducial volume was determined mainly from
the distribution of time intervals tdecay between a beam
counter signal from the incoming muon and the detection
of the atomic electron on the MCP (Fig. 3). On average,
5.0s2d 3 1023 of the incoming m1 were observed to
decay as M atoms in vacuo. The SiO2 targets were
replaced twice a week, since the M yield deteriorated on
a time scale of a week associated with the release of H2O
molecules from the powder.
The final search result was obtained in three data-taking

periods with a total duration of six months distributed
over four years (Table I) during which the sensitivity
of the instrument was constantly improved. In total
NM ≠ 5.6s1d 3 1010 M atoms in vacuo were investi-
gated for M decays. Two major sources of potential
background were identified: (i) accidental coincidences of
energetic e2 produced by Bhabha scattering of e1 from M

50
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between the first and second gratings and an interferometric phase shift Φ = 2π gτ2/d ≈ 0.003 if d 
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• Tuesday afternoon, 3/28:

Session Agenda
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• Muonium (M):  µ+e– atom

- M-M̄ oscillation search

- M precision spectroscopy

- M antimatter gravity

• Fermilab advantages

• Discussion

Nutshell Summary
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• Muonium (M):  µ+e– atom

- M-M̄ oscillation search

- M precision spectroscopy

- M antimatter gravity

• Fermilab advantages

• Discussion

Nutshell Summary

{ Double CLFV; differently sensitive 
than Mu2e to CLFV new physics 
New experiment due
Goal: 10–3–10–4 x PSI 1999 MACS limit
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Alexey A Petrov (U of South Carolina) Future muon program at Fermilab, 
Caltech, 27-29 March 2023

Muonium	oscilla6ons:	just	like	 	mixing,	but	simpler!B0B̄0

★	Lepton-flavor	viola6ng	interac6ons	can	change	Mμ → Mμ

• Such	transi6on	amplitudes	are	6ny	in	the	Standard	Model	
– …	but	there	are	plenty	of	New	Physics	models	where	it	can	happen	

– theory:	compute	transi6on	amplitudes	for	ALL	New	Physics	models!	

– experiment:	produce	 	but	look	for	the	decay	products	of	Mμ Mμ

Pontecorvo (1957) 
Feinberg, Weinberg (1961)

∼ (μ̄Γe) (μ̄Γe)

effective operator

18

Clark, Love; Cvetic et al,  
Li, Schmidt; Endo, Iguro, Kitahara; 
Fukuyama, Mimura, Uesaka; …

Petrov: M-M̄ mixing

• Illustrative 
diagrams  
of NP models  
contributing to  
M-M̄ mixing
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Alexey A Petrov (U of South Carolina) Future muon program at Fermilab, 
Caltech, 27-29 March 2023

1

Conclusions	and	things	to	take	home

• There	is	no	indica6on	from	high	energy	studies	where	the	NP	show	up			
– this	makes	indirect	searches	the	most	valuable	source	of	informa6on	

• Muonium	is	the	simplest	atom:	atomic	physics	
– level	splinng	(Lamb	shie):	probe	NP	w/out	QCD	complica6ons	

• Muons	are	ideal	tools	to	probe	fundamental	physics		
– flavor-conserving	quan66es	(g-2,	EDM)	
– flavor-changing	neutral	current	decays	
– flavor	oscilla6ons	(muonium-an6muonium	conversion)			
– muon	transi6ons	already	probe	the	LHC	energy	domain	and	can	do	beger!	

• New	experimental	facili6es:	MACE	at	CSNS	
– similar	domes6c	experiment	at	SNS	(Oak	Ridge)?		
– possible	muonium	oscilla6on	experiment	at	J-PARC	(Japan)?

MuSEUM experiment (J-PARC)

Snowmass2021 Whitepaper: Muonium to antimuonium conversion 
A.-Y. Bai, …, AAP, …, arXiv:2203.11406 [hep-ph]

Prospects for precise predictions of  in the Standard Model 
G. Colangelo, et. al., arXiv:2203.15810 [hep-ph]

aμ

Petrov: M-M̄ mixing
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Zhao: Proposed M-M̄ exp’t

2023-03-28 Shihan Zhao (Sun Yat-sen University)

MACE:  Shed light on new physics

• MACE: The first proposed 

muonium-to-antimuonium 

conversion experiment since 1999, 

we plan to improve the sensitivity 

by more than two orders of 

magnitude.

• Together with other flavor and 

collider searches, MACE will shed 

light on the mystery of the neutrino 

masses.

MACE: Muonium-to-Antimuonium Conversion Experiment

MACE

8

• Proposal to Chinese SNS:
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2023-03-28 Shihan Zhao (Sun Yat-sen University)

• Motivation

• Conceptual Design of MACE

Muonium Production: Simulation and Optimization

Drift Chamber Design and Simulation

Offline Software R&D

• Preliminary analysis

• Summary

Content

9

Solenoid/Magnet

Drift Chamber

Shield Solenoid

Collimator

β-Selector
Acc. E field

Shield

MCP

EM Calorimeter

Target

Zhao: Proposed M-M̄ exp’t
• Proposal to Chinese SNS:
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• Muonium (M):  µ+e– atom

- M-M̄ oscillation search

- M precision spectroscopy

- M antimatter gravity

• Fermilab advantages

• Discussion

Nutshell Summary

{Precision QED test (strong, finite-size): 
M 1S-2S, hyperfine, Lamb shift 
New experiments in progress:  
(MuSEUM, Mu-MASS) @ (J-PARC, PSI)

World-leading sensitivity with AMF
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Kawall: M spectroscopy

Muonium Spectroscopy, D. Kawall, UMass Amherst Workshop on a Future Muon Program at Fermilab, Mar 27-29 2023, Caltech 2

Muonium Energy Levels
<latexit sha1_base64="Ec1Aa6zGOO2wSc219Y6+9Pdc6dM="></latexit>

• Hydrogen-like, but purely leptonic,

free of nuclear size e↵ects

• Can produce nearly 108/s

• Live 2.2 µs, linewidth 145 kHz

• Amenable and interesting for

precision spectroscopy

• Extract important constants

• Test bound state QED,

search for new physics
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Muonium Spectroscopy, D. Kawall, UMass Amherst Workshop on a Future Muon Program at Fermilab, Mar 27-29 2023, Caltech 23

Mu-MASS: Measure 1S-2S interval to 10 kHz, determine mµ/me to 1 ppb

Kawall: M spectroscopy

• Technique:  Make M inside microwave cavity, or probe with lasers
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• Muonium (M):  µ+e– atom

- M-M̄ oscillation search

- M precision spectroscopy

- M antimatter gravity

• Fermilab advantages

• Discussion

Nutshell Summary

{ Never measured; 5th-force search, test of GR
New experiments in progress/proposed using 
SFHe M production: (LEMING, MAGE) @ (PSI, FNAL)

World-leading sensitivity with AMF
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Future	Muon	Workshop	|	Muonium	Gravity										3/28/23D.	M.	Kaplan,	IIT /21

• Some important feasibility questions:

1. Can sufficiently precise diffraction gratings be fabricated?

2. Can interferometer and detector be aligned to a few pm 
and stabilized against vibration?

3. Can interferometer and detector be operated at cryogenic 
temperature?

4. How determine zero-degree line?

5. Does SFHe M production work?

13

Muonium Gravity Experiment

Figure 1: Principle of muonium
interferometer, shown in eleva-
tion view (phase di↵erence�� =
⇡ shown for illustrative pur-
poses); Mu-decay detectors (bar-
rel SciFi positron tracker and
electron MCP) shown at right.

While most physicists expect that the equivalence principle applies equally to antimatter and to
matter, theories in which this symmetry is maximally violated, e↵ectively giving antimatter negative
gravitational mass, are attracting increasing interest [18–27] as potentially providing alternatives
to cosmic inflation, CP violation, dark matter, and dark energy in explaining the great mysteries
of physics and cosmology. While perhaps a priori unlikely, an antimatter gravity experiment
could show that our universe is described by “Dirac–Milne” [24, 28] or lattice [27] cosmology,
containing equal parts matter and antimatter that repel each other gravitationally. This would
explain the mystery of the missing antimatter without the need for additional CP violation. With
a net gravitational mass of zero, the universe would be flat and expanding linearly, which fits
the Type Ia supernova data with no need of dark energy [27–29]. The slower initial expansion
allows the visible universe to be in thermal contact, resolving the horizon problem with no need for
inflation [27,28], and the age problem with no need for dark energy [28]. Having both positive and
negative gravitational mass results in gravitational vacuum polarization [22, 30], which provides a
mechanism for Modified Newtonian Dynamics (MOND) [31, 32], and fits galactic rotation curves
with no need of dark matter. In addition, oppositely signed gravitational masses for matter and
antimatter would cancel virtual particle-antiparticle-pair contributions to gravitational mass, thus
evading the indirect limits on antimatter gravity even for H.1 That a single measurement might
explain multiple mysteries, with no need to introduce the new physics of non-standard model CP
violation, cosmic inflation, dark energy, and dark matter, amply motivates MAGE.

Recent work [34–36] on a possible standard model extension emphasizes the importance of
2nd-generation gravitational measurements. Should an anomaly be observed in the gravitational
measurement of Mu or H, sorting out its nature will require results of the other measurement; and it
is theoretically possible for one measurement to yield the expected result while the other discovers
new physics. Given the short lifetimes of 2nd- and 3rd-generation particles, Mu may provide the
only experimentally accessible direct measurement of gravity beyond the first generation.
Results from Prior NSF Support: The Kaplan group’s e↵orts on the Muon Ionization Cooling
Experiment (MICE) at Rutherford Appleton Laboratory (U.K.) were supported by PHY-1314008,
Collaborative Research: Muon Ionization Cooling Experiment (2013–14), $52,000. Intellectual

Merit: The goal of MICE is to demonstrate the feasibility and characterize the performance
of muon ionization cooling—a key enabling technology for future neutrino factories and muon
colliders. We worked on detector construction and calibration, experiment operations, development
of controls and monitoring system, simulation and reconstruction software. Data-taking has ended,
analysis continues, several papers are published and more are in preparation. Broader Impacts:

Three graduate and, unusually for accelerator R&D, seven undergraduate students (including one
minority) of whom three went on to graduate work in physics, took part in the research. MICE
has 6 published journal articles [37–42], with 4 currently in preparation [43–46] and more planned,
plus many IIT-authored proceedings, colloquia, and seminars.

1
We already have evidence that virtual particles do not contribute to gravity, for if they did the cosmological

constant would be 120 orders of magnitude larger than observed [33].

2
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between the first and second gratings and an interferometric phase shift Φ = 2π gτ2/d ≈ 0.003 if d 
= 100 nm grating pitch is used, with ≈14% M survival and ≈10% transmission to the detector.  
The necessary gratings can be fabricated using state-of-the-art nanolithography, including 
electron beam lithography and pattern transfer into a free-standing film by reactive ion etching. 
Detection is straightforward using the coincident positron-annihilation and electron signals to 
suppress background. 12  Measuring Φ to 10% requires grating fabrication fidelity, and 
interferometer stabilization and alignment, at the few-picometer level; this is within the current 
state of the art.13  At the anticipated rate of 105 M atoms/s, and taking decays and inefficiencies 
into account, the measurement precision is 0.3g per √n

—
, where n is the exposure time in days.7 
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SFHe!(possibly!with!a!small!3He!admixture)!stops!the!muon!beam!and!forms!muonium!(M)!which!exits!vertically!
and!is!reflected!into!the!horizontal!off!of!the!thin!SFHe!film!coating!the!cryostat!interior.'
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between the first and second gratings and an interferometric phase shift Φ = 2π gτ2/d ≈ 0.003 if d 
= 100 nm grating pitch is used, with ≈14% M survival and ≈10% transmission to the detector.  
The necessary gratings can be fabricated using state-of-the-art nanolithography, including 
electron beam lithography and pattern transfer into a free-standing film by reactive ion etching. 
Detection is straightforward using the coincident positron-annihilation and electron signals to 
suppress background. 12  Measuring Φ to 10% requires grating fabrication fidelity, and 
interferometer stabilization and alignment, at the few-picometer level; this is within the current 
state of the art.13  At the anticipated rate of 105 M atoms/s, and taking decays and inefficiencies 
into account, the measurement precision is 0.3g per √n

—
, where n is the exposure time in days.7 

 

Figure' 1:' ' Principle! of!Mach! Zehnder! three2grating! atom! interferometer.! ! The! de! Broglie!waves! due! to! each!
incident!atom!all!contribute!to!the!same!interference!pattern!over!a!range!of!incident!beam!angles!and!positions.!!
Each!diffraction!grating! is!a!50%!open!structure!with!a!slit!pitch!of!100!nm.! !The!assumed!grating!separation!
corresponds!to!one!muon!lifetime.!
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Figure'2:' 'Concept!sketch!of!muonium!interferometer!setup!(many!details!omitted).! !A!≈micron2thick!layer!of!
SFHe!(possibly!with!a!small!3He!admixture)!stops!the!muon!beam!and!forms!muonium!(M)!which!exits!vertically!
and!is!reflected!into!the!horizontal!off!of!the!thin!SFHe!film!coating!the!cryostat!interior.'
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Kaplan: Muonium Gravity

• Atom-beam 
interferometer 
for ~ pm 
precision

• Techniques 
seem feasible 
based on past 
experience

• Need SFHe M 
production:

- thick SFHe film 

→ higher rate 
than PSI thin-
film approach

- needs R&D
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• Muonium (M):  µ+e– atom

- M-M̄ oscillation search

- M precision spectroscopy

- M antimatter gravity

• Fermilab advantages

• Discussion

Nutshell Summary

{ R&D possible with existing 400 MeV Linac

Possibly competitive with PSI for e.g. M gravity

World-leading sensitivity with AMF
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• MTA beamline installed for µCF experiment (µ–); also transmits µ+

• Available for R&D until long shutdown (FY27)
15

Fermilab | FNAL-LDRD-2021-028 - High-Intensity Multi-slice Target Development

The Beamline – installation complete

2/27/20238

Johnstone: Low Energy Muons at Fermilab
in Muon Test Area off 400 MeV Linac
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• Stopped µ+ → 
M ~100% 
efficient in SFHe 
@ T ≤ 0.8 K

• Makes quasi-
monoenergetic, 
low-divergence 
beam in vacuum

• Ideal for M 
gravity

• Game-changer 
for other 
meas’ts too?

• Needs R&D

- uses QIS 
technique of 
electrons on 
SFHe surface

16

Phillips: Muonium in Superfluid Helium

T.J Phillips   IIT   Workshop  Future Muon Program @ FNAL  3/28/23

• Mu produced with high efficiency for 
T < 1K

• As a light isotope of hydrogen, Mu 
does not dissolve in SFHe   
(calculated potential: 270 K)

Anna Soter 13.02.2018

Preliminary results from μSR measurement

14

 Temperature dependence of 
Mu production efficiency: high 
(>70%) production rates were 
found at T=0.26 K

 Electric field dependence of Mu 
production rates: Mu production 
can be prevented by applying 
fields of E~0.6 kV/cm 
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Abela et al. JETP Letters 57, 157 (1993)

✦ if Mu reaches surface it is 
ejected perpendicular to 
surface at 6.3mm/µs

✦ nearly mono-energetic 
and uni-directional!

Saarela and Krotscheck, 
J. Low Temp. Phys. 90, 

415 (1993)

 X
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• Muonium (M):  µ+e– atom

- M-M̄ oscillation search

- M precision spectroscopy

- M antimatter gravity

• Fermilab advantages

• Discussion

Nutshell Summary

{ Can SFHe M prod. improve oscillation, spectroscopy exp’ts?

Possible to seek rare double-CLFV decays: M → 𝜈𝜈̅, e+e– ?

(µw cavity?)
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Letter of Intent: Muonium R&D/Physics Program at the MTA

C. Gatto,5,6 C. Izzo,2 C. J. Johnstone,2 D. M. Kaplan,∗ 3,4 K. R. Lynch,2

D. C. Mancini,3 A. Mazzacane,2 B. McMorran,7 J. P. Miller,1 J. D. Phillips,3†

T. J. Phillips,3 R. D. Reasenberg,8 T. J. Roberts,3,4 J. Terry3

1
Boston U.,

2
Fermilab,

3
Illinois Institute of Technology,

4
Muons, Inc.,

5
INFN Napoli,

6
Northern Illinois U.,

7
U. Oregon,

8
U. California San Diego CASS

∗ Spokesperson †Also at Zurich Instruments

December 5, 2022
1 Introduction

There is a need for a high-e�ciency source of muonium (M ⌘ µ+e�, chemically a light isotope of
hydrogen), traveling as a beam in vacuum, for fundamental muon measurements, sensitive searches
for symmetry violation, and precision tests of theory [1]. Currently PSI in Switzerland is the world
leader for such research. With PIP-II Fermilab has the potential to eclipse PSI and become the new
world leader. It is prudent to begin the R&D now in order to be ready when PIP-II comes online.
Fermilab’s MeV Test Area (MTA) at the 400 MeV H� Linac has a low-energy muon beamline
suitable for this R&D, with the potential to compete with PSI for this physics in the pre-PIP-II
near term as well.

Key muonium measurements include the search for M-M conversion, precision measurement of
the M atomic spectrum, and the study of antimatter gravity using M. Furthermore, the J-PARC
g�2 experiment proposes to use a low-energy µ+ beam produced by photo-ionizing a slow beam of
muonium, but the needed high-intensity muonium beam has yet to be demonstrated. The technique
we propose may form a suitable muonium source for such a g� 2 measurement as well as for other
applications of slow muon beams.

M-M conversion is a double charged-lepton flavor-violating (CLFV) reaction, allowed (albeit at
an undetectably small rate) via neutrino mixing. It may be no less likely—and in some models,
more likely— than µ to e conversion [1]. Thus in a thorough CLFV research program it should be
studied as well as Mu2e. The best current limit, PMM  8.3⇥10�11 (90% C.L.) in 0.1T field [2], was
published over 20 years ago and, given the technical progress since then, is ripe for reexamination.

As a pure QED bound state of two point-like particles, muonium o↵ers a more direct test of
theory than hydrogen, free of hadronic and finite-size e↵ects. Precise predictions and measurements
have been made of its 1S–2S [3] and hyperfine [4] splittings (to 4 and 12 ppb, respectively), again
over 20 years ago, and experiments are now under way at PSI and J-PARC to improve them.

Antimuon gravity has never been measured but its measurement now appears feasible, thanks
to the new approach [5] described below. While the weak equivalence principle (WEP) of general
relativity implies that all forms of matter should act identically in a gravitational field, and pre-
cision measurements supporting it have been made using torsion pendula, the Earth–Moon–Sun
system, and levitated cylinders in earth orbit [6], it has been argued that the WEP may not hold
for antimatter [7]. Moreover, in theories that assume maximal WEP violation by antimatter (in
which the gravitational acceleration of antimatter on earth, g, satisfies g = �g), major puzzles of
cosmology can be resolved with no further assumptions and no need of the as-yet-unobserved dark
matter and dark energy [8]. Or a 5th force coupling non-universally to leptons, as suggested by
muon g � 2 and B-decay anomalies [9], might cause g and g to di↵er slightly.

2 Approach

Our method (proposed by PSI’s D. Taqqu) relies on the e�cient conversion of positive muons
to muonium atoms in superfluid helium [10] combined with the predicted expulsion of muonium

1
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Kaplan: Overview

• More 
collaborators 
welcome! 

• Hope for 1st 
(~10%) 
gravity 
meas’t as 
well as R&D
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In Summary,
• Stimulating session!

• New ideas raised: 

- applying SFHe M production to M-M̄ mixing, M 
spectroscopy?

- detecting rare M decays?

• Great promise for M physics at Fermilab

- hope to follow up with further discussions!

- please contact us if interested:  kaplan-at-iit.edu, awje-at-bu.edu
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