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Outline

1. Motivation: What it we are wrong
about antimatter gravity?

2. Why Muonium to measure gravity”
3. How to measure gravity in 10us

4. Muonium: How to make a beam



Antimatter & Gravity

g (the acceleration of antimatter towards the earth)

has never been directly measured!
(only broad limits)



Dirac-Milne Cosmology

Dirac-Milne cosmology assumes equal amounts of
matter and antimatter; antimatter has negative
gravitational charge. Type Ta supernove data

= fits supernova data without dark energy

= slower early expansion allows causal
connection throughout visible universe
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= Note! Dirac-Milne cosmology Is a work
In progress; not fully developed yet!

Benoit-Levy & Chardin, A&A 537, A78 (2012)
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No Dark Matter Needed

NGC 1560

x Modified Newtonian Dynamics (MOND)
= ts rotation curves without Dark Matter
= “Keplers law” for galaxies

Sessess . . Blanchet, Class. Quant.
x Gravitational vacuum polarization  Gray. 243529 (2007)

= physical mechanism for MOND HAIGUROUIG ASHOD Y S
Space Sci. 334, 215 (2011)s



How to Measure
Antimatter Gravity?

For gravity to dominate, antimatter must be

Neutral
&

Charged antimatter?
antimatter??
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Antiprotons+Positrons -> Antihydrogen

stable

Mass dominated by:
strong binding energy

direct cosmological implications: if g=-g

Antimuons+Electrons -> Muonium

easy 10 make cold Mass dominated by:
2Nd generation antilepton
(sensitive to a 5th force)



MAGE

A. Antognini, |- Belosevic, A: Eggenberger, K.=S. Khaw, K. Kirch,

MAGE: The Muonium
Antimatter Gravity Experiment

IS St

Jpon the ir
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UCool Collaboration:
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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

DM Kaplan,: [:d. Phillips
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Mu Detector

I Mask
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Outer Lithographically Mirrors for Position
Frame Micro-machined Measurement
Flex-hinges
Grating
Frame

Solid

Channel \
Nano-
\ .\ fabricated

Grating

Piezoelectric
Actuators

MAGE Interferometer
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Detector MatchingLens | Fiber Connector

PBS :
. 1/% Wave Plate Objec'?vj %:
I 1 MatchingLens Il + Cavity Mirror|

Color key:

1, 1 Orange and yellow: silicon
Green: glass
Blue: detector
Red: laser light path
(one TFG only)

Frames and Grating
(one of three sets)

Plcometer-scale Measurements
using SL-TEGS
(Semiconductor-Laser Tracking Frequency Gauges)
to track the position of the Mask (3") grating
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Making Cold Muonium

Muoniurm ejected @ 6:3mmy/us: -

» 1 stop in SFHe and thermalize
= |t combine with free electron to form muonium
= muonium which diffuses to surface is gjected

= negative affinity -> high velocity, perpendicular
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Thin SFHe Film Mu Source

Requires cold p* beam

(MuCool) to efficiently stop

N thin film. ~50% Of VU |——m—m" 00 i siaae o dwion reftgerater
diffuse to upper surtace plastic scintleiors
and are ejected into copper absorbers

VaCU U m a.t 6 . 8 I}quur:jlﬁgﬁam

electrostatic
conical lens

o Extraction into
Longitudinal vacuum &

compression re-acceleration

/. electrostatic
muCool beam A mirror grid

Surface y* beam
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MuCool Concept

Extraction into

SRR ~ O /0 CONVersion
to Mu with

westboull — thin-film SFHe

109 pt/s
E~10 keV

< 1 mm beam size 1 OO% acceptance
in interferometer

10'° phase space compression
103 efficiency
Taqqu, PRL 97, 194801 (2006)
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Thick SFHe Film Mu Source

Muonium ejected @ -6.3mmi/Lis

Surface electron pool

Surface electron pool creates an electric field

field draws 80% of pt from ionization trail; u* drift to surface

muonium Is formed near the surface

Preliminarzestrrates.

®x ~5% of a surface muon beam can be converted to Mu
= - 100x more Mu produced

x ~25% of Mu accepted in interferometer

Taqqu, Phys. Proc. 17, 216 (2011)
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Beam Time for 5-0 g Sign
muCool (Thin SFHe) —-Field (thick SFHe)

Days of beam to get 5-0 Sign Determination, muCool SFHe Hours of beam to get 5-g Sign Determination, TE5 SFHe

grating separation (m) grating separation (m)

Months of beam to get 5-c Sign Determination, 300°

thermal Mu

grating separation (m)

17




Muonium Detector
Concept

UV layers cross exactly once
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MAGE Status

® Steady progress on muCool at PSI
> next beam test this fall
> Robust Swiss support
> see lvana Belosovic's talk for details

= Preliminary work on interferometer at [T
> SL-TEG work:at |1

> grating development at the Genter for Nanoscale
Materials at Argonne National L.ab
> No NSE funding yet
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New Muonium Source
Potential Applications

x (Gravity

x (g-2) (J-PARC method)

x Mu hyperfine measurement
= Mu 1s — 2s transition energy

®  Muonium-antimuonium conversion



Conclusions

e Antimatter gravity Is an important experimental guestion
(may already have evidence that it Is repulsive)

 MAGE collaboration is working towards this measurement
using muonium

= also sensitive to possible 5th forces
= peam development at PSI
= Interferometer development at Il T

= seeking funding to conduct the experiment
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FunDAMENTAL FORCES

< |

THERE ARE FOUR
FUNDAMENTAL FORCES
BETWEEN PARTICLES:
(1) GRAVITY, \JHICH
OBEYS THIS INVERSE

(2 ELECTROMABGNETISM
WHICH OBEYS 7HIS
INVERSE-SQUARE LAW:

-k A%
/ Fsmac' e 4%

AND ALSO

MAXWELLS

EQUATIONS
)

(3) HE STRONG MULERR
FORCE, \JHICH DBEYS, VH...
\

.. WELL, UMM...
I

...[T HOLDs PROTONS AND
NEUTRONS TOGETHER.

)

I SEE.

AND () THE 4IEAK FORCE. IT
(MuMGLE MUMBLE] RADIOACTIVE
DECAY (MUM3LE MUMBLE )

THATS NOT A SENTENCE.
YoU JUsT SAID ‘RADIO—

— AND THOSE ARE THE
FROUR FONDAMENTAL
FORCES!

\ .

Mouseover:

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




