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THE WEAK EQUIVALENCE PRINCIPLE

0 Universality of free fall (UFF) established by Galileo and Newton

Weak equivalence principle (WEP)

electric field: gravitational field:

F:q'E F:m-G

Q Unigque behavior:

N\

0 Einstein Equivalence Principle:
- WEP
Local Lorentz Invariance (LLI)
L Local Position Invariance (LPI)




TEST OF THE EEP

Q EEP is the “heart and soul” of General Relativity (GR):
- EEP valid — gravity is governed by a“metric theory of gravity”

R. Dicke, Les Houches Summer School of Theoretical Physics: Relativity, Groups and Topology, pp. 165-313, CNUM: C63-07-01 (1964)

C. Will, Living Rev. Relativity 17 (2014)

Q EEP extensively tested experimentally:

Isotropy of atomic energy levels: §

Gravitational red shift:
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WEP FOR ANTIMATTER: THE CURRENT PICTURE

Q Some arguments would suggest the WEP holds for antimatter

Q Strong theoretical arguments only apply to the idea of antigravity
* Morrison (1958), Schiff (1958), Good (1961), etc...

- none of them necessarily requires m{"t—matter — yymatter

g

0 On the experimental side:
QO neutrinos detected from Supernova 1987A R e

« Shapiro delay of relativistic particles not a test for the EEP

C.S. Unnikrishnan and G. T. Gillies, Class. Quantum Grav. 29 (2012)

Q p — p cyclotron frequency comparisons: (w, — @.)/w, <9 -107*

G. Gabrielse et al., PRL 82 (3198) (1999)

 Model dependent, CPT assumption, absolute potentials, ...

d and others...but none of them is conclusive




WEP FOR ANTIMATTER: WHY T0 TEST IT?

a Our attempts for a quantum theory of gravity typically result into new
interactions which violate the WEP (ex. KK theory)

Int. J. Mod. Phys. D18, 251—273 (2009)

QO Some open questions (like dark matter and baryogenesis) could
benefit from a direct measurement Astrophys. Space Sci. 334, 219-223 (2011)

JHEP 1502, 076 (2015)

Q Because it’s possible and no direct measurements are available

Q Previous attempts: A

1967: Fairbank and Witteborn tried to use positrons

Phys. Rev. Lett. 19, 1049 (1967)

1989: PS-200 experiment at CERN tried to use (4 K) p

Nucl. Instr. and Meth. B, 485 (1989)

Both unsuccessful because of stray E and B fields

2013: ALPHA experiment at CERN set limit on m,/m; for H

Nature Communica tions 4, 1785 (2013)

* my/m; > 110 excluded at 95% CL




GRAVITY MEASUREMENT WITH AEgIS EXPERIMENT

a Main goal of AEgIS: a direct measurement of the Earth’s local

gravitational acceleration g on a “cold” beam of H atoms using a
moiré deflectometer
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Q For H at very low temperature a precision of the order of few percent
could be reached




ADVANTAGES
- Large cross section O « (nps)*
- Narrow and well defined band of final

states (NG = +/2nps, with a rms of few
units)
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Positronium

et 4+ e — Ps Ps)®

Positronium [o0-Ps] formation through a nanoporous silica target

Ps production efficiency =~ 2/7%
Mariazzi et al. Phys. Rev. Lett. 104, 243401 (2010])

e* implantation energy =~ 5 keV
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Fig. 6. Mechanism of pore formation in PS. Random pore initiation on the Si surface (top panel), formation of depletion
layers and directional growth of pores (middle panel) and dissolution advance only at the pore tips (bottom panel).
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Positronium: Ps & Ps™ excitation and detection (B=1T)

before: SSPALS (100’s of shots)  now: photo-ionization (few shots)
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Positronium: optimization (direction, velocity)

MACOR
screen -

Doppler selectivity in Ps; velocity vector

electrode

Tune UV laser central wavelength (fired at different times) €. ,
such that the intersect does not move with time, and Ps* L /
propagates in the direction of the antiproton cloud fieldof view === - -

Final tuning: select laser firing time to maximize
the fraction of useful (v, < 10° m/s) towards p

Final tuning: select IR frequency to maximize
cross-section & minimize field ionization of Ps*
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Ps* velocimetry
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DATA COMPARISON BETWEEN n=10 and n=50

() =R 219 105m/s

cm

2n,

S

|
L
*
*
o
+*
o
+

10° 1072
" [eV]

FIG. 3. Charge-exchange cross section o as a function of the P,
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Recent developments on this topic:

D.Krasnicky, G.Testera and N.Zurlo 2019 J. Phys. B: At. Mol. Opt. Phys. 52 115202
Comparison of classical and quantum models of anti-hydrogen formation through charge exchange

CLASSICAL CALCULATION RESULTS ARE FULLY COMPATIBLE WITH QUANTUM MECHANICAL
RESULTS, (APART FOR VERY LOW n’s OBVIOUSLY, where classical limit is not USABLE), ESPECIALLY
FOR WHAT CONCERNS THE SCALING LAWS!

H. B. Ambalampitiya, D.V. Fursa, A.S. Kadyrov, |.Bray and |.l.Fabrikant, J. Phys. B: At. Mol. Opt. Phys. 53 155201
Charge transfer in positronium—proton collisions: comparison of classical and quantum-mechanical theories

QUANTUM MECHANICAL CROSS SECTION IS SMALLER THAN THE CLASSICAL ONE FOR n=4 and n=5,
BUT THE EFFECT IS NOT LARGE

NICOLA ZURLO
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H detectors: scintillating slab array (mips), FACT (vertex tracken)
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Protocol for pulsed antihydrogen production

control signal control
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Amesler, C., Antonello, M., Belov, A. et al. Pulsed production of antihydrogen. Commun Phys 4, 19 (2021).



https://doi.org/10.1038/s42005-020-00494-z
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Conclusions

Pulsed production of antihydrogen established

Major advances in techniques but much remains to be done:
temperature, rate, beam formation; modifications ongoing

Radical improvement in the apparatus : geometry, Ps/Ps*
converter efficiency,...

NICOLA ZURLO
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