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This will be a high-level talk
Nuclear Phys. News, Vol. 34, No.3 2(

Two Decades of Cold Antihydrogen

“To understand hydrogen is to un-
derstand all of physics” is an aphorism
historically attributed to Victor Weiss-
kopf. Although this of course is an
exaggeration, it is true that atomic hy-
drogen is one of the best studied physi-
cal systems, which has taught us much
about nature. We wish to extend our un-
derstanding of physics by studying
hydrogen’s antimatter counterpart, an-
tihydrogen. Our focus in on confronting
some of the most fundamental concepts
in physics, such as relativistic quantum
field theory and General Relativity, via
tests of Charge Parity Time-reversal
(CPT) invariance and the weak equiva-
lence principle (WEP) [1].

The European Council for Nuclear
Research (CERN) is home to the Anti-
proton Decelerator (AD), a unique
facility in the world that provides low-
energy beams of antiprotons, which has
now been in operation for 25 years. Sev-
eral experiments have made important
contributions to studies of antihydrogen
and antiprotons over the years, includ-
ing ACE, AEGIS, ALPHA, ATHENA,
ASACUSA, ATRAP, BASE, GBAR,

and PUMA [2]. In this article, I will
briefly recount the history of
antihydrogen research at CERN, discuss
its current status and outlook, with a fo-
cus on the ALPHA experiment, of which
I am a part. However, the views ex-
pressed are my own and do not represent
those of the ALPHA Collaboration.

Brief History

Antihydrogen atoms with relativis-
tic speeds were produced in the 1990s
at CERN and Fermilab in very small
quantities [3]. One of the primary ob-
jectives of the AD facility was the cre-
ation and study of cold antihydrogen
(i.e., anti-atoms moving very slowly).
The ATHENA experiment, which
started operation in 1999, achieved the
production of cold antihydrogen at-
oms in 2002 (Figure 1), a milestone
followed by the ATRAP experiment
shortly after [4]. Antihydrogen atoms
were produced by merging plasmas of
antiprotons and positrons in a Penning
trap. This is a highly out-of-thermal
equilibrium process; in thermal equi-
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librium the two plasmas separate and
do not interact with each other. Hence,
there had been some doubt cast
whether it would be possible to pro-
duce antihydrogen in this way. To our
surprise, it turned out that the produc-
tion rates were much higher than our
naive expectations.

ALPHA Experiment

The antihydrogen atoms produced
in ATHENA and ATRAP, although
moving slowly, annihilated on the
walls within milliseconds. In 2004,
a new collaboration, ALPHA, was
formed to stably confine antihydro-
gen and to perform precision mea-
surements (Figure 2). In 2009, after
several years of effort, ALPHA ob-
served a total of six events consistent
with annihilations of antihydrogen
released from the trap [5]. The cos-
mic background was suppressed
based on event topology, and was
disfavored by 5.6 sigma. However, a
possible source of background could
not be ruled out at that time; namely,
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Figure 1. Left: The ATHENA experiment at CERN s Antiproton Decelerator facility produced cold antihydrogen atoms in
2002. Right: The ALPHA-g apparatus took the first physics data for antihydrogen gravity measurement in 2022.
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Anti-H: bound state of antiproton & positron

Objective:
Test symmetries between art and I
at highest possible precision
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p
Quantum CPT H & anti -
[Fie d Theory}<:> \Symmetry}<:> [ H Spectra}
A CPT: Fundamental property of QF

I Theorem: atomic spectra of H & anti-H identical

General ‘L_ ; Equival : ; H & anti-
[ Relativity } L Principle } [H Free fall}
AEinsteinds Equivalence Pri
I Matter and Antimatter fall in same way

Any violation would force radical change in theory!

Note QED is only tested to 1blevel
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Atomic quantum sensor

Quantized angular Quantized energy levels Frequency shift
momentum — "
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E(atom) =& Nkt nEe
By ~mg ’b Q.. Qp1 M, My, Iy, e X }
NE,: due to External field, e.g B, Gravity
nEy: due to New Physics, e.g. CPV,DMFR2 ND S X

Field of unknown particles

DeMilleet al, Science857, 990(2017

Extremely high precision can be obtained in atomic system
101° or better!
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Production of cold antihydrogen, Oct 3, 2002
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Trapped antihydrogen
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Antimatter was first predicted® in 1931, by Dirac. Work with high-  octupole has been shown to greatly redug
energy antiparticles is now commonplace, and anti-electrons are  charged plasmas™. The liquid helium cryo:
used regularly in the medical technique of positron emission tomo-  cools the vacuum wall and the Penning trap
AT H E N A at C E R N A D graphy scanning. Antihydrogen, the bound state of an antiproton  measured tobe at about 9 K. Antihydrogen at

and a positron, has been produced™ at low energies at CERN (the  low enough kinetic energy can remain confi
European Organization for Nuclear Research) since 2002. rather than annihilating on the Penning elec
Antihydrogen is of inlerest for use in a predsion test of nature’s  can confine ground-state antihydrogen atomsg

fundamental symmetries. The charge conjugation/parity/time
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Dropping Antimatter with ALPHA -g: First Result
[Nature621, 716 (2023)]
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Locations of some of the clones of Isaac Newlon's apple tree &
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Image problem?

Makoto Fujiwara/TRIUMF

“Portrain of IsaaC Newton,
looking like Richard Feynman in
a modern white shirt playing the
bongos ”

m Makoto x DALL-E
Human & AT

Created with DALL-E, an AT system by OpenAl
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F = ma

F=q(E+vXB)
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TRIUMF Cyclotron
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Gravity force is given by p{ a — %
F =mg 9

g: Gravitational acceleration
(9.8 m/®)

Q
|
Q

Gravity Is universal!

m = m;

gravit inert -

Makoto Fujiwara/TRIUMF
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QR TRIUMF Test of Weak Equivalence Principle

Class Elements n Year Comments
Be - Ti 2 x 10712 2008 Torsion balance
Classical Pt - Ti 1 x 1014 2017 MICROSCOPE first results
Pt - Ti 3x10~1° 2022 MICROSCOPE full data
133Cs - CC 7x 107 2001 Atom Interferometry
Hybrid 8TRb - CC 7x107° 2010  and macroscopic corner cube (CC)
9K - ®'Rb 3x 107 2020 different elements
87Sr - 88Sr 2 % 1077 2014 same element, fermion vs. boson
Quantum  ®°Rb - 8Rb 3 x 1078 2015 same element, different isotopes
®Rb-%Rb 3.8x107% 2020 10 m drop tower
Antimatter H-H (10~2) 2023+ under construction at CERN arXiv.2211.15412

A No one has seen antimatter falls!

A Many arguments against Mattekntimatter Gravitational Asymmetty MAGA
A Strong indirect limits exist, e.g. fronf'Sorce searces

A Asymmetry is not ruled out directly at the 1% level:
A JoeLykkeret al, arXiv:0808.3929

Our ambition: to eventually match the precision of matter experiments!

Makoto Fujiwara/TRIUMF


https://arxiv.org/abs/2211.15412

,@,TRlUMF Antimatter experiment is difficult; gravity even more so!
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Trapping neutral anti-H atoms

Makoto Fujiwara/TRIUMF

/| KF NBSR LJ NIOAOf Say t Sy

Neutral s: Magneti c
Magnetic force

F 1 mdB)

m: Magnetic moment of atom

Minimum B at center A Field gradient
pushes ant-H away from walls

Magnetic force: very weak!
A Need coldest anti-H atoms
A Strongest field gradient possible



QR TRIUMF Release and detect antiH

Annihilation position in 3D  Event display: Gareth Smit
determined from trajectories

Figure: TMomose
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