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The Energy Content of our Universe
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Experiments at the
AD of CERN deal
with matter /
antimatter
symmetry and tests
of CPT invariance,
antimatter gravity,
asymmetric
antimatter dark
matter couling, and
nuclear physics
questions.




Matter / Antimatter Asymmetry

Ordinary matter 4.9%:

Combining the A-CDM model and the SM our predictions of the baryon
to photon ratio are inconsistent by about 9 orders of magnitude
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Baryon Asymmetry in the Universe (BAU)

One strategy to try to resolve this problem are technology-driven high precision comparisons of the fundamental STEP
properties of protons and antiprotons.



- CPT tests based on part|cle/ant|part|cle comparisons
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Currently six active
collaborations that perform
precise tests of
fundamental symmetries
and gravity with
antiprotons, antihydrogen,
and antiprotonic helium.

AD

STED
comparisons of the fundamental properties of simple matter / antimatter conjugate systems



- Methods

e This community is performing measurements using quantum technologies at world leading precision...

0.3 ;

Innovation and Technology

e Antihydrogen traps

v, - 674855.05 Hz (Hz)

e Advanced multi-Penning trap systems

* Ultra-stable ultra-high power lasers
* Transportable antimatter traps and reservoir traps
* Non-destructive spin quantum transition spectroscopy

* quantum logic spectroscopy AEQIS

Non-destructive spin transition Sympathetic Cooling Quantum Logic Spectroscopy

spectroscopy Quantum logic inspired
sympatethic cooling of
antiprotons, Hbar +, and
positrons to laser-cooled
~170 mHz Be+ ions

* 7" spin down Improves
| * spin detection fidelity

* Resolution in test of WEP

Laser Cooled Superconductors Production of Hbar via Charge

coupled Penning traps with common SC-LC Exchange with Laser Excited PS Deep UV two photon

Ps*+p—>H +e” spectroscopy in
antiprotonic helium

I Atomic
Demonstrated reduction of SC-LC circuit | Iy | 1 i
temperature to sub-1K level ottt AR | iL¥ 1= microwave |
s 2 : i

Similar methods to be applied for clocks

T Ag production of Hbar+-ion / H2+bar

...and is a vital part of the low energy precision physics community...




- The AD/ELENA-Facility

5.3 MeV
antiprotons

3.5 GeV/c
antiprotons

-> Degrader -> 1keV

-> Electron cooling -> 0.1 eV

-> Resistive cooling -> 0.000 3 eV
-> Feedback cooling -> 0.000 09 eV

Within a production/deceleration
cycle of 120s + 300s of preparation %
time we bridge 14 orders of
magnitude

antihydrogen

antiprotons

Germany (apart from MPG)
not strongly involved in this

/" ALPHA,
Spectroscopy of 1S-2S in
antihydrogen

ASACUSA, ALPHA
Spectroscopy of GS-HFS in
antihydrogen

ALPHA, AEgIS, GBAR
Test free fall weak equivalence
\ principle with antihydrogen

ASACUSA
Antiprotonic helium
spectroscopy

BASE, BASE-STEP
Fundamental properties

of the proton/antiproton, tests
of clock WEP / tests of exotic
physics / antimatter-dark
matter interaction, etc...

PUMA
Antiproton/nuclei scattering to

program

60 Research Institutes/Universities — 350 Scientists — 6 Active Collaborations

study neutron skins

Six collaborations, pioneering work by Gabrielse, Oelert, Hayano, Hangst, Charlton et al.

AEGIS

STEP

M. Hori, J. Walz, Prog. Part. Nucl. Phys. 72, 206-253 (2013).
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- P 'O g F'ess Laser cooling of antihydrogen atoms
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D Achievements Since the Start of the Program

AEIS
CEte—.-

* Advanced charged
plasma control
techniques

* Advanced magnetic
trapping

* High power UV-
laser technology

* Non-destructive
guantum-transition
spectroscopy

* Ultra-low-noise
trapping techniques

* Sympathetic
cooling and
guantum-logic
spectroscopy

Start of antihydrogen physics

antimatter/dark matter coupling

letters to nature

Production and detection of
cold antihydrogen atoms

M. Amoretti*, C. Amslert, 6. Bonomi:s, A. Bouchta, P. Bowell,
&c-m C. L Cesar{, M. Charftons, M. J. T. Collers, M. Doser:,
V. Filippni , K.S. Fine?, A. Fontana , M. C. Fujiwarat |,

R Funakoshi1 1, P. Genova - J.slhunu n.smm

. L Watsons & D. P. van der Werfs

PARTICLES AND INTERACTIONS | NEWS

Physics World reveals its top 10 breakthroughs for 2010

20Dec 2010

ALPHA
ASACUSA

BREAKTHROUGH

Resonant quantum
transitions in Hbar

trapped antihydrogre;\
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WEP test with clocks
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ALPHA TOP 10
BASE BREAKTHROUGH
laser-cooled
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D] 2023 — AD/ELENA — Facility News

* Experiment principle: Study antimatter gravity by applying a magnetic

* Does antimatter fall up? / ) _ _
bias to the trap, and releasing the trap. Count what is being detected

* Sudied with the ALPHA-g experiment as a function of position.
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i e Such experiments were proposed already in the 1970ies.
L e * Initiative to study gravity with antiprotons failed in the 1990ies 3} =
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* Numerous cosmological models that require repulsive gravity
https://www.nature.com/articles/s41586-023-06527-1  Or no gravity ruled out by this measurement.

ay = 0.75(20) so there is headroom for anomalous gravity for antimatter — which would change our understanding STED
of physics



radial confinement: B — B2

axial confinement:
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S. Ulmer, A. Mooser et al. PRL 106, 253001 (2011)

Determinations of the q/m ratio and g-factor reduce to measurements of frequency ratios -> in principle

very simple experiments —> full control, (almost) no theoretical corrections required.

High Precision Mass Spectrometry

High Precision Magnetic Moment
Measurements



- Charge-to-Mass Rat|o Measurement

* In BASE one frequency ratio measurement

takes 240 s, 50 times faster than in 1999 =
measurement ©
o
First Measurement: S. Ulmer, et al., Nature 524, 196 (2015) 5
to filter matrix reservoir trap park 1 measurement trap park 2 +
degrader @)
Jq Q
tuneable cyclotron detector
- IXTTIEY)
£
|
a l'l'litlig"'"l'll'llli
Tﬁ"ig 3 ’m“g rfline  to filter matrix
axial image-current Apphire gold plated \_tuneable axial

detector spacer OFE electrodes image-current detector

5 v_\ m /—
10 | b1 \/ pbar
0 m m /‘
5
\/ pbar
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

axial position (m)
BASE is the first experiment which has implemented this method, now
also used by many others

e Sideband Method e Peak Method

AEGIS
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* Compare hydrogen ions to antiprotons
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In aspects similar to G. Gabrielse, et al.,Phys. Rev. Lett. 82, 3198 (1999)



GD Improvements and Acquired Data Set

Previous BASE Measurement (2015):

Rewc=1.001 089 218 755 (69) g [—20tdsiseband  —o=585pobd
§ 4:—2019 peak — o =0.85 ppb
(a/m)p 2
——4+1=1(69) x 10712 |g°*
(@/m)p e
a(R)/R (x1079)

S. Ulmer et al., Nature 524 196 (2015)

Technical Improvements:

e Systematics by resonant particle
tuning -> Tuneable Detectors

~» Accelerator imposed magnetic field
“  fluctuations -> Multi layer shielding
systems / reservoir trap

Intrinsic magnetic field stability
*  limitation -> redesign of cryo-inlay of
the apparatus

Self-shielding coil ‘

. * Implementation of direct frequency

measurement techniques for lower

e o e measurement fluctuation (work once
AD is off).

Improved measurement (2018/2019):
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D Systematic Effects and Result

| Effect | 2018-1-SB | 2018-2-5B | 2018-3-PK ‘ 2019-1-5B H
B1-shift 0.03(2) 0.01(2) < (0.01) < (0.01)
B;-shift 20.27(14.86) 8.38(14.86) 10.79(12.66) 3.75 (5.16)
Cy-shift (1.12) (1.13) (1.54) (0.76)
Cg-shift < (0.01) < (0.07) < (0.07) < (0.07)
Relativistic 1.20(92) 0.47(90) 1.90(2.32) 0.65(94)
Image charge shift 0.05(0) 0.05(0) 0.05(0) 0.05(0)
Trap misalignment 0.06(0) 0.06(0) 0.05(0) 0.05(0)
Vbltage Drifts —3.35(5.12) | —3.77(5.12) —0.11(11) -5.03(5.12)
Spectrum Shift 0.37(20.65) 16.89(46.49) 0.74(61) —8.61(21.45)
FFT-Distortions (1.57) (3.48) (0.03) (1.23)
Resonator-Shape 0.02(3) 0.02(2) < (0.01) 0.01(2)
Bq-drift offset < (0.11) < (0.171) < (0.04) < (0.04)
Resonator Tuning < (0.16) < (0.16) < (0.06) < (0.06)
Averaging Time - — —2.87(25) —

FFT Clock - - (3.69) -
Pulling Shift - - 2.86(24) -
Linear Coefficient Shift - - 0.16(40) -
Nonlinear Shift - - 0.03(2) -
Systematic Shift 18.65(26.04) | 22.11(49.22) | 13.60(13.50) | —9.13(22.71)

Rexp - Rtheﬂ

13.02(27.12)

—5.04(46.57)

7.99(18.57)

18.34(18.89)

Rexp.c - Rtheo

—5.63(37.60)

—27.15(67.76)

—5.61(22.66)

27.47(29.54)

statistical Unveertainty |
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GD The Result

* Most precise test of CPT invariance in the baryon sector

Campaign
2018-1-SB 1.001089218748 27 % 10712 27 * 10712
2018-2-SB 1.001089218727 47 x 10712 49 x 10712
2018-3-PK 1.001089218748 19 x 10712 14 x 10712
2018-1-SB 1.001089218781 19 % 10712 23 % 10712
Result 1.001 089 218 757 (16)
—-12
SME Limits 10
80F = Ry expBWF = 2R , 0,00 | <1.96 X107 GeV
H Coefficient l Previous Limit ‘ Improved Limlit Factor
XX <323-101 | <7.79-10°0 | 4.14 |
ey <323-100% | <7.79.107 | 4.14
4 <214-107M | <4.96-10717 | 431
X[ [eXX[[<119-1070 | <286-10-1L | 414 |
\cI” e, ”| <1.19-1071 | <286-1071 | 4.14
\<ZZ| & ZZ| <785-107M1 | <1.82.10711 | 431

Result consistent with CPT invariance Rﬁ,p — —1.000 000 000 003 (16) STEP

Ding et al., Phys. Rev. D 102, 056009 (2020)




@D Interpretation

» Differential test of the clock weak equivalence principle comparing a
matter and an antimatter clock

AR(I)::&GM { 1 1 J

sun (1 _
Ravg c? ( &b ) o(t) O(tp)

e Derived limits for global and differental
considerations

0 100 200 300 400 500 600 700

X)) B e ag — 1 < 181077
agp — 1 < 0.03

apoapsis periapsis

3rd of July . 3rd of January

e Constraints set limits similar to goals
of experiments that drop
antihydrogen in the gravitational field
of the earth. B'SE

* Looking forward to these results, rapid g
progress in ALPHA-g and GBAR, stay W}
tuned for beamtime 2022 / 2023.

Broad band time base analysis is under evaluation -> time dependent coefficients



GD Outlook

* Using phase sensitive methods

Ratio uncertainty ér

1.x107%}
5.x1071}"
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* Recent development: Two Particle Method (similar to
MIT/FSU experiments (Pritchard/Myers) and recent MPIK-
results (Blaum/Sturm)), «simple» for Q/M ratios, very
difficult for nuclear moments
Antiproton: Two particles in one trap

e Current problem: Magnetic
field fluctuations imposed by
the antiproton decelerator.

AEGIS

* Masterplan: Develop transportable antiproton traps and
perform offline spectroscopy e.g. at HHU Dusseldorf

Transportable

antiproton s
traps coming ( Q
soon (see also iy

' g,,,. PUMA) @i

20 p.p.t. / 24h, but only possible during accelerator sutdown



To make these experiments better....

e BASE experiments limited by fluctuations
imposed by the CERN accelerator chain

Magnet cryostat

Electronics

1.8 m

* Antiproton transport to dedicated precision
laboratory space at HHU Dusseldorf.

New chair to support BASE Physics created at HHU in 2022 — clear long-term perspective of BASE Physics program
SFB-TR (DFG), with several BASE-related projects involved, in preparation (HHU/Mainz).

AEGIS




- The Antiproton Magnetic Moment

LETTER

A milestone measurement in antimatter physics

OPEN

doi:10.1038/nature24048

magnetic moment
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C. Smorra et al., Nature 550, 371 (2017).

—9 Continuous Stern
Gerlach Effect
147

Image Current
Measurements

A parts-per-billion measurement of the antiproton

C. Smorra®? S. Sellner!, M. I. Borchert!3, I. A. Harrington?, T. Higuchi'®, H. Nagahama', T. Tanaka">, A. Mooset!, G. Schneider"°,
M. Bohman'4, K. Blaum?, Y. Matsuda®, C. Ospelkaus®’, W. Quint®, J. Walz®?, Y. Yamazaki' & S. Ulmer'

C.Smorra et al., Phys. Lett. B 769, 1(2017)
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BASE

Experiment of the moment

I'he enigma of why the aniverse contulns more macter than
antematter has been with us foe moee than balf o century. Whilke
charge-panity (CP) violatkm cas, s principle, scooust for the
exisience of such me levhaliince, the obeerved matter excess is about
nine anders of megnitude lurger than whis isexpectad from known
CP-violating sources wihin the Standard Moded (SM). This strik-
ing discrepancy lmspires searches foe additional mechanisms foc
the universe's baryon asyemetry, amceg which are esperiments
that test fendamental chiurge-parity-time (CFT) invariance by
COMparing matter and antinatser with great precision. Ay mees-
ured difference hetween the two woukd constinuge a dranses sign

The BASE sexup ar CERN's Ansiprevewe Dvcelovany.

two-particle measurement method and, foe 4 shost perkod, rep-
resented the lirst e that areimitter had been measured more
precisely than meier,

of new plyysics. Moceover, experiments wih uler SySIens
provade unague tests of hy pochetical processes beyoed the SM that
cunsot be uncovered with ondisary muties systems.

The Baryoa Antibaryon Symeetry Experimens (BASE) mt
CERN, in additice to several other collubarutions it the Anti-
proton Decelerator (AD), probes the universe theough exclusive
antimeeier “microscopes” withever higher rescdution. In 2007, 5d-
korwing many years of effoct i CERN and the Universiy of Makee
in Gesmany, the BASE 1eam measared the nsagnetic momen of
the antiprotoa with a precision 380 times betier than by aay other
experiment bedore, reaching a relative precesion of 1.3 parts per

Dilixa (lgare 1. The resah tolkmwed the develop-
ment of 2 multi-
Henmusg-tnp
system and
a movel
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Noy physics
I'he BASE resul relies oo o guantum measurement scheme 1o
obeerve spin tramsitions of o single stiproeon s o ee-destructive
manner, In experimental physics. moa-destructive abservations
of quarcum effects are usaakly accompanied by & tremeadous
increse In mesurement preceson. FRoe example. the son. destruc-
tive obeerviton of electronic Lrumsataons in seoms of kes led s the
development of optacal frequency stundands thet achieve frctional
preckacas on the 107 leved. Anceher example, allwing one of
the moet precise sests of CPT invariance to date, is the conspert-
soa of the electron mnd positron 2-faceoes, Based oo guaniunm non-
demolition detecthon of the spin stite, such studies during the
1990 reached i tractional sccuracy o the pares- pes-trilkon leved.
1 he test BASE measurement olkmvs the sume schesme bt tar-
gels the magnetic moemnent of protoes aed anbipeokms instead of
slectrons and pasttroas. |hes opens tests of CF1 i a totaly dit-
tesent particle system, which coukd behave erirely ditferently. In
practace, however, the tramster of quantum measurement methods
Erom the electron/pasitron (o the protonantipro-
00 SYSIEm CONKRINSS 3 conskierahke
>~ - [ challenge oang o the
.

CERN COURIER, 3 /2018.
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Larmor Frequency — extremely hard

Measurement based on continuous Stern Gerlach effect.

Energy of magnetic dipole in ®y = —(1, - B)
magnetic field

2
Leading order magnetic field B, = By + B, (22 — 7)

correction

This term adds a spin dependent quadratic axial potential
-> Axial frequency becomes a function of the spin state

MPBZ L & the curse (and blessing): 1000 times

myV, ' p Vv, harder than electron experiments

Av,

- Very difficult for the proton/antiproton system.
B,~300000 T /m?

- Most extreme magnetic conditions ever applied to single
particle.

1 effective potential
] "spin down"

hAv,=0.8neV

effective potential
"spin up”

Axial Trap Potential (a. lin. u.)

Av,~170 mHz

Position (a. lin. u.)

Single Penning trap method is limited to the p.p.m. level

/Frequency I\/Ieasurement\

Spin is detected and analyzed via
an axial frequency measurement

(&}

spin down

>

axial frequency

spin up

Y

Time

60
50

40 o%
30 .
20 .
10 -
04

Q
-104 ]
49.8 499 50.0 50.1 502 503 504 505

KJ)
>
Q
£
Q
o
o
o+
©
Q
=
=
i

spin flip probability (%)

drive frequency (MHz)

\ S. Ulmer, A. Mooser et al. PRL 106, 253001 (2011)/




- Multi Penning-Trap Methods

analysis trap (AT) precision trap (PT)

Invented by H. _ N - g
Haeffner, in £ /\M‘m‘“ Bopr=0.1Tm"2 g .
group of G. & et £ ,
Werth also hlghly - Sm' w, detector w, detectorqa ©OO OO OO ,, detector % ol ]
relevant in ![ H / y . | e
electron mass | /
g- r 054
2 . E
messuemets RN o e e e e s o o s e G
and tests of BS g Ly £
QED (Blaum / - ) a i
Sturm et al-) m,m 0002 0000 0002 0004 0006 00 O ™
= AEGIS
N ferromagnetic electrode ®® ® ® ® ® ® e
. self shielding coil

1.) measure cyclotron v,

Initialize the spin state ) : . o
P 2.) drive spin transition at vy |

~ particle transport
analyze the spin state —

Single spin flip resolution Sub-thermal cooling

°
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spin down

|
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|
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. co 0o
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highly in
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&
o
o
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[ measures spin flip probability as a function of the drive frequency in the homogeneous magnetic field of the precision trap I




The «holy-grail»: single antiproton spin ftlips

(a)

c -g c c _g'_J = 0 3
5 S S g —
T ¢ % g I 3 .
G S8 5 N 0.2]
Vit 2 I Vi1 Viz I Vi1 E .
. ; s spin up
%s 45 96 %s . 96 time E 0.1t ]
(b) S — 0 |
: \
: < 0.0 . ~170 mHz
30 F Lo
E Tp]
25? g -0.1 .
o N { spin down
€20 © |S
N . -0.2
f - (
10 — | _03
st ! i
| ,/ 3
0-0.4 -0.2 0.0 0.2 0.4 C. Smorra et al., Phys. Lett. B 769, 1 =

Axial frequency shift (Hz)

[—

* First non-destructive observation of single-antiproton spin-quantum transitions. [EiSd
* This is one of the hardest measurements you can do in a Penning trap!

* Double trap method ultimately requires single spin-flip detection with high
fidelity.




D First Ingredient: Single Spin Flip Resolution

* Multi trap: Need to be able to identify the spin state in one N3]~ y X TR
single measurement attempt. & . :
< 3 - a ' -
. . . . S 151 x k: . :
* To identify spin flip: Cannot accept more than 2 cyclotron >* 0] ]I e 2
! s .- " = ° \ | » 4
o o . . o o N . e O ] Y ‘5 - - - "' ] 23
quantum jumps in a spin state identification cycle (4 min). %o.g: )l S0 g (e W
> T Y T T T v T - T
0 20 40 60 80 100
7, = q S (w.) a.) number of measurement
s Zmﬁh N 18 r 0] £ . . . . T . g
. X
e N/ 1 1 r—
cold particle (50mK) hot particle (1K) Particle at 0.1K cyclotron § Zg“ i \Egls
o By ) temperature allows for o ] ] L
L I | (X B (R spin state detection with - é
e L LT OO EARATA & -l T WP AR 90% fidelity 0-
£ £ NNH‘V L : 10 20 30 40
s g ! Parti i b.) d lot E /k, (K
L - 2] spndown article preparation by mod. cyclotron energy E /k, (K)
CT e ) T measvemen ) resistive cooling —
Took in 2016 about 15h to _ o o N
% prepare such a cold particles with single spin-flip resolut|
‘ antiproton | are in this temperature range

equen

high-fidelity spin
state resolution

fidelity at 65%,
not useful for
measurements

Cyclotron frequency measurement in double trap cycle heats the

[

cyclotron mode of the particle STEP



TTM —Triple Trap Method — Divide and Conquer

A

Precision trap

Analysis trap
Park trap

Spin
analysis

890 s

Transport
Transport

Spin
analysis
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-BOOO-foId Improved Antiproton Moment Measurement

New idea: divide measurement to two particles ar__Proton, Antproton 8,/2__ Collaborati thod

2011 2,792 847 353 [28) 2.786 2 (83) Pask (ASACUSA) MASER / Exotic Atoms

2012 2.792 846 (7) diseiacca (ATRAP) Single Penning-trap
b . Spin Spin Analysis trap 2013 2.792 845 (12] diSciacca (ATRAP) Single Penning-trap
Precision trap Analysis trap analysis analysis
Park electrode ANV Spin-flip coils <’ g ;% Transpor |—||—I 2014 2.792 8473498 (93) Mooser (BASE) Double Penning-trap
- - LT o 2015
L b8 - S509, Feedback loop " ll 2016 2.792 846 5 (23) Nagahama (BASE) Single Penning-trap

Precision trap

: ¢ L Ve Ve 2017 2.792 847 344 62 (82) 2.792 847 344 1 (42) Schneider / Smorra (BASE) Double Penning-trap / TTM
i |

proton 2005

Cyclotron
particle

! Cyclotron detection 1em ’I
Axial detection system —_— Park trap proton 2017 I
svstem i —

890 antiproton 2005
antiproton 2017

win: 60% of time usually used for sub-thermal cooling — e ——————

1012 10 10 103 1
fractional uncertainty

useable for measurements a0
= i) C_maaolval .
3 Swf (t) = %[A cos(Qg4t + a) + Blsin(w,t)
C
BASE 2017:jy = -2.792 847 344 1 (42) ., ) g a
- exotic atoms 42 g
c 0.014 . R = © - Frequency (Hz)
S ™1 b pHe s € 10110% 107 10% 10° 10% 10° 10°
o ety v v 200 1oL Combined limits
L es ] c
a 1 _ ATRAP = O ®© 100 —
§ 1E-6- Single Penning trap R -8 3 g s = gp experimental limit BL\i‘
S 1E74 ‘1_ 1 n = =3 e h
g 1E-8 4 ] = -8 % 20 o
0.0 : £ it = oS 2 >
-40 -20 0 20 40 159 T ey ta AR g 10
- 1E-10 . : - - T T }
(95—9p)/9p (PPDb) 1985 1990 1995 2000 2005 2010 2015 2020 ) ° R
year % 10% 107 10% 10° 10* 10° 102 1022 102! 1020 101 10-18 10-17

Frequency (Hz) Axion mass (eV ¢=2)

[

. ) ) STE
first measurement more precise for antimatter than for matter... —

Smorra et al. (BASE), Nature 550, 371 (2017) Schneider et al. (BASE), Science 358, 1081 (2017) Smorra et al.(BASE), Nature (575), 310 (2019)

%




Dominant Systematic Trap — Uncertainty

thermal Ve v
coupling

Designed and developed
in the BASE e-laboratory

3 System running successfully in persistent
mode.

Able to tune the B2 coefficient to 0
within uncertainties of 0.0006 T/m?2

= Reduces the dominant systematic
uncertainty of the previous magnetic
== moment measurement by more than a
factor of 10000.

= ot — -y~ |

Yet open: B1 coil below expected limits... (16mT/m)

)

R N oA O
.o 3 3 3

2

B, (mT/m

V-
= —i'j'l.'r" +_|_ —Eﬂi-'r": Pl
v

®
3

5 A
g2

4m*mov? By

Dominant shift from trap systematics at our
current magnetic field properties:

L By r — —235015) %

Need to get rid of this scaling in future runs ->
local tuning magnets need to be implemented.

AEGIS

-300 -200 -100 O 100 200 300
Current (mA)



GD The single spin tlip 2022

* Current experiment:

* considerably improved particle
cooling, thus much higher
sampling rate

* Double trap measurement
cycles demonstrated -> reduced
systematics

* Ultra homogeneous magnetic
field

e Ultra stable experiment magnet

* Coherent quantum
spectroscopy methods and
phase methods available.

* Successful detection of
spin transitions with
99.95% detection fidelity

* Much faster experiment
cycles possible.

e Threshold initialization
not required anymore.

10 ° -

1000} .
— rf-traps other Penning traps
£ 100}
A
= 10}
S
% T 2016

0.10 § E \.

this run ~L
0.01} o
50 100 500 1000 5000 1¢*

trap electrode distance (um)

Error rate (%)

AT freq. scatter:
0.010 Hz

' 0.020 Hz
s (0,030 Hz
— (0,040 Hz
R

0.050 Hz

5

é}.UU

0.05 0.10 0.15
Spin-state determination threshold (Hz)

counts

Very optimistic to improve the antiproton moment measurement by >factor of 10

Possibilities: Direct measurement of 3He2+ / 10 fold improved limits on MCP / 20neV absolute energy resolution

wi 2016/2017

—

== 48.1(1.9) mHz

0.0 0.2 04
Axial frequency shift (Hz)

-0.4

30F
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20¢
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GD Recent Achievements — Sympathetic Cooling gt

BREAKTHROUGH

* Magnetic moment measurements are limited by particle temperature and would be
considerably accelerated by inventing a method beyond resistive cooling

MethOd proposed by Wineland and Heinzen_ COUple a Laser-cooled Be* ions Single proton Cryogenic LC circuit
' J
particles in different traps via image currents. SBong seF _AMJ .m«L_ E%
:’——%Id=5mm % [d=9mm ’
. . B 'vaw Fll 5 7 F
One of the particle types: Laser cooled species - = cotor i
Transfer particle temperatures from one trap to the b § e e S e et e S S e e
other. oo | T
| | |
' Lge Tee | 1 To=T,
First proof of principle demonstration successful!l! R o
| | |

____________________________________________

Demonstrated proton temperature reduction by

about a factor of 8. | “

= o WWK Mﬂh ,H!'YH MY' |
New trap geometries under development for more  ; - A m;/w.\ - W W\M\W
efficient cooling % n'kﬁWhﬂ'\” L ‘H‘”“)‘W

-100 -50 0 50 100

Frequency v — vy (Hz) 0 50 100 150 200 =)
Be* dip width (Hz)

Simulations: Optimized procedures will enable 20 mK temperatures in 10 s. Bohman et al., Nature 596, 514 (2021)




@D Summary

» Talked about recent precision measurements in BASE, with the flag-
results 16ppt measurement of the antiproton/proton charge-to-mass
ratio, and a progress towards a considerably improved measurement
of the antiproton/proton magnetic moment.

fractional precision

0.1

BASE 2017: 1 = -2.792 847 344 1 (42) s,

0.01
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1E-10

exotic atoms i
® ASACUSA

pPb pHe

ATRAP

Biﬁ !

single Penning trap

multi Penning trap

b qo110® 107 10% 10° 10 107

1985 19|90 19|95 20I00 20I05 20'10 20I15 2020
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Frequency (Hz)
1072

* Some searches for more exotic physics. o e —
* Future plans: :
108 107 10° 10° 10¢% 10° 102 1022 102" 1020 101? 10-'8 10-V7

Frequency (Hz)

e Considerably improved measurement of the antiproton moment in reach —
excellent progress

Axion mass (eV ¢

* Improved measurements by developing transportable antimatter traps
* Improved measurements by implementing new technologies

Promising future experiments possible
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ALPRA THE ALPHA COLLABORATION

Thank you very much for your attention
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