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Outline
1. Motivation: What if we are wrong 

about antimatter gravity? 
2. Why Muonium to measure gravity? 
3. How to measure gravity in 10μs 
4. Muonium: How to make a beam
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Antimatter & Gravity
CPT

earth anti-earth

g g

earth

g?

g (the acceleration of antimatter towards the earth) 
has never been directly measured!  

(only broad limits)
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Dirac-Milne Cosmology

➡ no missing antimatter! 

fits supernova data without dark energy 
➡ no dark energy needed! 

slower early expansion allows causal 
connection throughout visible universe 
➡ no inflation needed! 
➡(also solves the Age problem) 

Note! Dirac-Milne cosmology is a work 
in progress; not fully developed yet!

Type Ia supernovæ data 

High-redshift data slightly favor Dirac-Milne 
Low-redshift data favor ΛCDM (1.5σ systematic) 

Dirac-Milne cosmology assumes equal amounts of 
matter and antimatter; antimatter has negative 
gravitational charge.
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Fig. 9. Residuals of the Hubble diagram for the Dirac-Milne (a) and b)), flat ΛCDM (c) and d)), and Einstein de-Sitter (e) and f)) models. The
left column represents the residuals obtained by the minimization of the χ2 defined by Eq. (25), in which the values of the intrinsic dispersion is
adjusted so that χ2/d.o.f. = 1. In the right column, this intrinsic dispersion is fixed to 0.

It appears that sources of previously unaccounted for sys-
tematic errors (Kelly et al. 2010) are present in the nearby sam-
ple data set. To investigate this, we determined the constant off-
set to the apparent magnitude of nearby SNe Ia required for the
chi-squared for the Dirac-Milne and the flat ΛCDM to become
equal. We found that an offset of δm∗B = 0.06 mag is sufficient
to ensure that the two models are equally probable. This value
should be compared to the budget of systematics errors esti-
mated in recent studies: ∆M = 0.04 mag (Kowalski et al. 2008).
Therefore, a relatively mild systematic error of 1.5σ for nearby
SNe Ia would lead us to favor the Dirac-Milne universe over the
conventionalΛCDM cosmology in the SNe Ia analysis.

6. Other tests

A major result of CMB experiments has been the precise mea-
surement of the position of the first acoustic peak on the degree
scale, which seems to imply that the spatial curvature is nearly
zero (Komatsu et al. 2011). In the open spatial geometry of the
Dirac-Milne universe, this position would naively be expected at
a much smaller angle. The ratio of the angular distances in the
two models taken at redshift z ∼ 1100, which corresponds to the
surface of last scattering surface, is

dMilne
A (z)

dΛCDM
A (z)

z=1100
♯ 169. (26)

The value of this ratio implies that an astrophysical object at
redshift z = 1100 is seen under an angle 169 times smaller in the
Dirac-Milne universe than in the ΛCDM cosmology.

The angular position of the first peak is defined by the angle
under which the sound horizon is seen at recombination

θ =
χs(z∗)
dA(z∗)

, (27)

where χs(z∗) is the sound horizon, dA(z∗) the angular distance,
and z∗ the redshift of the last scattering surface. It is of interest to
consider the equivalent multipole ℓa ∼ π/θ. The sound horizon
is defined as the distance that acoustic waves can travel in the
primordial plasma. Taking into account the universe expansion,
this distance reads

χs =

∫ t

0
cs

dt′

a(t′)
, (28)

where the speed of sound cs = c/
√

3(1 + R), R being a correc-
tive factor caused by the presence of baryons (Hu & Sugiyama
1995). Its value can be related to the baryon to photon ratio η by
R ≈ 1.1 × 1012η/(1 + z).

The definition of the lower bounds of the integral requires
some care as we have shown previously that this integral di-
verges near the initial singularity. However, the mechanisms of
sound generation in the Dirac-Milne and ΛCDM universes dif-
fer radically. In contrast to the generation of sound waves in
the standard model where inhomogeneities are produced at the
epoch of inflation, it seems reasonable to consider that sound
waves in the Dirac-Milne universe are probably produced by an-
nihilation at the matter-antimatter frontiers. It is therefore natu-
ral to consider for this value the epoch of QGP transition around
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No Dark Matter Needed

Modified Newtonian Dynamics (MOND) 
➡ Fits rotation curves without Dark Matter 
➡ “Kepler’s law” for galaxies 

Gravitational vacuum polarization 
➡ physical mechanism for MOND
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Blanchet, Class. Quant. 
Gray. 24,3529 (2007) 

Hajdukovic, Astrophys. 
Space Sci. 334, 215 (2011) 



How to Measure 
Antimatter Gravity?

Charged antimatter?  E&M forces dominate 
Neutral antimatter? 
     antineutrons   Annihilate before cooling 
Solution: cool charged antimatter, neutralize, cool more 
Options: antiprotons, positrons, antimuons

For gravity to dominate, antimatter must be 
Neutral 
& Cold
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Antiprotons+Positrons -> Antihydrogen

annihilates on contact with normal matter 
-> hard to cool

Antimuons+Electrons -> Muonium

easy to make cold

very short lived

stable

Mass dominated by: 
2nd generation antilepton 
(sensitive to a 5th force)

Mass dominated by: 
strong binding energy

direct cosmological implications if g=-g
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MAGE: The Muonium  
Antimatter Gravity Experiment

A. Antognini, I. Belosevic, A. Eggenberger, K.-S. Khaw, K. Kirch,  
F.M. Piegsa, D. Taqqu, G. Wichmann 

Institute for Particle Physics, ETH Zurich, 8093 Zurich, Switzerland 
 M. Hildebrandt, A. Knecht, A. Papa, C. Petitjean,  

N. Ritjoho, S. Ritt, K. Sedlak, A. Stoykov 
Paul Scherrer Institute, 5232 Villigen-PSI, Switzerland 

D.M. Kaplan, T.J. Phillips 
Illinois Institute of Technology, Chicago, IL 60616, USA

MAGE is still an informal Collaboration based  
upon the muCool Collaboration:

plus additional IIT Collaborators:
D.C. Mancini, J.D. Phillips, R.D. Reasenberg, T.J. Roberts, J. Terry
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Preliminary Draft

Thomas Phillips

 Duke University 5
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Scan & measure mask



MAGE Interferometer
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Figure 4: Optical layout concept of the two TFG measurement interferometers that observe the
position of grating 3: orthogonal views of one of many possible confihgurations. Light from a fiber
end is approximately collimated by the objective which, with matching lens I, produces a beam of
the correct size and convergence. Matching lens II produces the converging beam needed at the
cavity entry port (cavity mirror I). The cavity is bent and of low finesse (say 30 to 100). The 1⁄4-
wave plate and polarizing beam splitter (PBS) send the returning light to the detector, suppressing
light returning back to the fiber. Red arrows show direction of light.

silicon bench, and Cavity Mirror II. Thus, it measures the height of Cavity Mirror II with respect
to the silicon bench. The detector is shown in blue (upper left). It may be replaced by a fiber
coupler, fiber, and a detector located outside the cryostat.

For absolute alignment, we propose a unique approach that exploits the interferometer’s ability
to use soft X-rays, produced at a synchrotron radiation source (or, in the final experiment, using
a bench-top source), of similar wavelength as anticipated for the Mu beams (0.6 nm). These mea-
surements, which can be interleaved with the Mu measurement for real-time alignment tracking,
determine the absolute, zero-deflection, phase since the traversal time, hence gravitational phase
shift, of X-rays through the interferometer is negligibly small. Changes in the absolute phase
monitor the system’s drift. For measurement of the Mu gravitational phase shift, the stability
requirement is that these drifts be slow on the time scale needed to measure the absolute phase
with X-rays. In the final experiment, the TFG measures short-term variations and the X-rays pro-
vide long-term calibration. During development, X-ray and TFG measurements will be compared
to learn whether there are any significant structural distortions not measured by a small number
of TFGs. We do not expect any, but if there are, remedies include adding TFGs to monitor the
additional degrees of freedom.

The TFGs will track any mechanical drifts in the support structure but not drifts or distortions
of the gratings within their frames. While the X-ray interference pattern will measure and track
these, it will be important to minimize them. Heating from muon decays, piezo actuation, and the
X-ray beam will all be negligible (the X-ray intensity will be limited to a sub-microwatt level in
order to avoid excessive detector deadtime).
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Picometer-scale Measurements
using SL-TFGs  
(Semiconductor-Laser Tracking Frequency Gauges) 
to track the position of the Mask (3rd) grating
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Mask grating 
is scanned



Current SL-TFG Performance
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Making Cold Muonium

μ+ stop in SFHe and thermalize 

μ+ combine with free electron to form muonium 

muonium which diffuses to surface is ejected 

negative affinity -> high velocity, perpendicular
13

Superfluid 4He 
0.2 Kμ+
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Muonium formationMuonium 

 diffusion

Muonium ejected @ 6.3mm/μs
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μ+

plastic scintillators

1 μm layer 
liquid helium

2 cm thick  
copper absorbers

thermal shields

B

100 mK stage of dilution refrigerator

electrostatic  
mirror grid

electrostatic  
conical lens

Mu

Figure 8: Side view of the setup for the test of muonium production in a thin superfluid helium
layer with a low-energy muon beam. The entrance detector will be mounted further
upstream. For more details see text.

12 mm can be expected [31], it would be below 1 mm with the muCool beam.

For such low-energy muons the entrance detector cannot be a simple plastic scintillator. In

the LEM beam line a carbon foil of a few nanometer thickness is employed for that purpose.

As the muon passes through this foil a few electrons are ejected and accelerated onto a mi-

crochannel plate providing the entrance signal. For the muCool beam line we would employ a

similar system.

The detector setup around the helium cell will be the same as in the previous section to

determine the muonium yield and the properties of the emerging muonium beam.

2.3 Importance and impact

Fundamental precision measurements with muons are at the core of two long-standing puzzles

in particle physics: the anomalous g � 2 of the muon with its 3� deviation from Standard

Model predictions [33] and the proton radius puzzle [34]. In that sense, the precision mea-

surements with muonium described in Sec. 2.1 also o↵er the chance to surprise. Especially the

measurements of the gravitational interaction of muonium will be a world’s first and very com-

plimentary to the large e↵orts ongoing at CERN with antihydrogen. As with all fundamental

physics measurements that explore previously untested areas the impact of a discovery that
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Thin SFHe Film Mu Source
Requires cold μ+ beam 
(muCool) to efficiently stop 
in thin film. ~50% of Mu 
diffuse to upper surface 
and are ejected into 
vacuum at 6.3 mm/μs.

!
B

!
E

!
E

Transverse compression Longitudinal 
compression 

Extraction into 
vacuum &  
re-acceleration 

Surface µ+ beam 

muCool beam 
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muCool Concept
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B
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E
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E

Transverse compression Longitudinal 
compression 

Extraction into 
vacuum &  
re-acceleration 

Surface µ+ beam 

muCool beam 

1010 phase space compression 
10-3 efficiency

105 μ+/s 
E~10 keV 
< 1 mm beam size 

~50% conversion 
to Mu with  

thin-film SFHe 

100% acceptance 
in interferometer
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Thick SFHe Film Mu Source
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Superfluid 4He 
0.2 Kμ+

+ Muonium formationMuonium 
 diffusion

Muonium ejected @ 6.3mm/μs

-

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Surface electron pool

- - - -

Muon drift
E field

Surface electron pool creates an electric field 
field draws 80% of μ+ from ionization trail; μ+ drift  to surface 
muonium is formed near the surface  
Preliminary estimates: 

~5% of a surface muon beam can be converted to Mu 
➡~100x more Mu produced 
~25% of Mu accepted in interferometer

Taqqu, Phys. Proc. 17, 216 (2011)
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Muonium Detector 
Concept

UV layers cross exactly once 2cm ID 
704 1mm fibers

multichannel plate at end to detect  
the electron and calibration X-rays
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MAGE Status
Steady progress on muCool at PSI 

next beam test this fall 
Robust Swiss support 
see Ivana Belosovic’s talk for details 

Preliminary work on interferometer at IIT 
SL-TFG work at IIT 
grating development at the Center for Nanoscale 
Materials at Argonne National Lab 
No NSF funding yet
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New Muonium Source  
Potential Applications

Gravity 

(g-2) (J-PARC method) 

Mu hyperfine measurement 

Mu 1s − 2s transition energy  

muonium-antimuonium conversion
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Conclusions
• Antimatter gravity is an important experimental question 

(may already have evidence that it is repulsive) 

• MAGE collaboration is working towards this measurement 
using muonium 

➡ also sensitive to possible 5th forces 

➡ beam development at PSI 

➡ interferometer development at IIT 

➡ seeking funding to conduct the experiment
21



“Of these four forces, there’s one we don’t really understand.” 
“Is it the weak force or the strong—" “It’s gravity.”
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