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The Energy Content of our Universe
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Ordinary matter 4.9%:

Matter / Antimatter Asymmetry

Universe Mass Heavy Elements

Composition

FFFFFF Combininghe ¥-CDMmodelandthe SMour predictionsof the baryon
‘ to photonratio are inconsistentby about 9 ordersof magnitude
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CP violation

NASA Figure

CPT violation
Arrow of time

BaryonAsymmetryin the Universe(BAU)

Onestrategyto try to resolvethis problem are technology-driven high precisioncomparisonsof the fundamental U4y
propertiesof protonsand antiprotons.




WD) CPT tests based

on partlcle/antlpartlcle comparisons
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- The AD/ELENPacility ™«

5.3 MeV
antiprotons

3.5 GeV/c
antiprotons

-> Degrader -> 1keV Within a production/deceleration
-> Electron cooling -> 0.1 eV cycle of 120s + 300s of preparation %
-> Resistive cooling -> 0.000 3 eV time we bridge 14 orders of =
-> Feedback cooling -> 0.000 09 eV magnitude
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program

antinydrogen

antiprotons
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- BASE Penning TrapsAntiprotons Ra:.

radial confinement:

axial confinement:
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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




- BASE Measuremengd?roton to Antiproton Q/M

PR Result of 6500 proton/antiproton
£ X . _
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A Final data analysis is work in progress.
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- 3000fold ImprovedAntiproton Moment Measurement

Newidea divide measurement to two particles

-0.2

Axial detection system

particle
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proton 2017

antiproton 2005
antiproton 2017

Proton g, proton g,,... ollaboratio od
2011 2.792 847 353 (28) 2.786 2 (83) Pask (ASACUSA) MASER / Exotic Atoms
2012 2.792 846 (7) disciacca (ATRAP) single Penning-trap
2013 2.792 845 (12) diSciacca (ATRAP) Single Penning-trap
2014 2.792 847 349 8 (93) Mooser (BASE) Double Penning-trap
2015
2016 2.792 846 5 (23) Nagahama (BASE) Single Penning-trap
2017 2.792 847 344 62 (82) 2.792 847 344 1 (42) Schneider / Smorra (BASE) Double Penning-trap / TTM
proton 2005 [

win: 60% of time usually used for stheermal cooling

useable for measurements

BASE 2017: 1 = -2.792 847 344 1 (42)
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TomaketheseexperimentetterX.

ABASExperimentdimited by fluctuations
Imposedby the CERIEcceleratorchain

Magnet cryostat

Electronics

—
CERN
\
vy

1.8 m

AAntiproton transport todedicatedprecision [ =
laboratoryspace at HHU Dusseldorf. :

A New chair to support BASE Physiatedat HHU in 2022 clearlong-term perspective of BASE Physics programSidg
A SFBTR (DFGYyith severaBASHEelated projectsinvolved in preparation(HHU/Mainz).



Overviewg PUMA Collaboration

A General:Lowenergy antiprotons to probe the
neutron-to-proton content of the radial density
tail of stable (ELENA) and unstable (ISOLDE) nuclei =«

A Main tools: transportable Penning trap and time
projection chamber for tracking of charggtbns ®

@ Captured

antiproton

|

Decay:

Auger electrons

100keV pbar Pulsed Drift Tube Transportable @) Pion er_nission“ and X rays
from ELENA decelerator ~4keV PUMA frame (electric charge conserved)

® [ } ‘ ® | L ] ® ® i ® ‘ ® :

— TERTT Sl

QI: - = 3 - \ " ‘ cryostat (50 K)

1 = \ | cryostat (4 K)
— : : .. ® ball transfer unit
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c . B P P Nl 1= s e S
| | ] s —— N = 1 . = &
—— | ——— — — e
" v

| T | ® e = - : cylinder shutter collision trap storage trap
— . = - 1
1

Offline ion-source =———— 1

gate valve

conductance reducer

turbomolecular pump

rotatory motion feedthrough

A ADUChopes to see trapped antiprotons in PUMA in
the 2024 run.

A Rich physics program beyond LS3 o | i STE
explainedin detail by NorbertPietralla




- Laser spectroscopy of antiprotonic/pionic heliun

b c
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e nema i: E EEE = % 7 ; 2003: Laser spectroscopy with 80 keV beamediofrequency quadrupole deceleratBRL91, 123401 (2003)
gt —_— = Ty =JE”38 2005: Synthesis of coldvo-body Rydberg antiprotonic helium ions PRL94, 063401 (2005)
He 3ol - ;: " < 36 2006: First accelerator experiment to ts@tosecond optical frequency comb PRL 96, 243401 (2006) ,
EE -4 - 2011: FirstsubDoppler twephoton laser spectroscopf/antiprotonic atom Nature475, 484 (2011) =%
=" ": 33 Neutral fHe 2016:Gas buffer coolingf two billion atoms an@ntiprotonto-electron mass ratio  Science854, 610 (2016)
"_ 32 2020: First laser spectroscopy of an atom containingson pionichelium atoms  Nature581, 37 (2020) _
31 . . ' 2022:Narrowingof spectral lines of antiprotonic atoms in superfluid helium Nature603, 411 (2022) Y= P
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2023:Dedicated groupstablished in Mainz and Imperial College London to carry out research to &@iind



WD) Short/medium term goals

A Usecooledantiproton beam dELENA instead

of uncooledbeam ofRFQD o , ,
A Determine the antiproteto-electron mass ratio

1836.1526734 (15).
A TestQED of antiprotons witd00x higher o 1%}

precision than before.(trap precision level) =
A Determine upper limits on beyond Standard$ Eovationdn,

Modelfifth forcesandspindependent forces € 7 }
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- L | i “j i l"'-l
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AntihydrogerProduction andrapping

NestedPenningTrapwith
A Antiprotons and
A Positrons

trappedclose toeachother.

Differentantiproton/positron
injection methods

QO Amoretti et al., Nature 419 (2002) 456
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ALPHA collaboration: Natudé8, 673 (2010)



- ALPHA 152SSpectroscopy

Spectroscopydea: Annihilation as dunction of laserfrequency

a 1.2
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Table 1 | Antihydrogen atom counts
b Atoms lost
Atomslost  during
Laser during microwave Initially
detuning, Number laser exposure, Surviving  trapped
D(kHz) of trials exposure,L M atoms, § atomns, N, >
Setl 200 21  7:7 38323 504-25 894435 + L5
-100 21 22+9 415+£24 494124 931435 QJ —
= 0 21 264+24  423+24 217+16 904+38 —
a +100 21 75+14 411+£23 424+23 910435 : j
2 Set2 200 21 26+9 394423 466=24 886+34 <
N -25 21 113+£16 423+24 326+20 862+35 w Q_
E 0 21 219+£22 390+23 269:18 878137 —
g +25 21 173£20 438124 296+19 907+37 -U -
= Set3 -200 23 8+7 354+£22 479124 841433 O
5 0 23 303+£26 454:25 248:17 1,005+40 — (Q
@ +50 23 17620 390+23 33920 905+37 O
+200 23 3611 446+24 459+23 941435 —t CD
Set4 200 21 7+7 525+26 541+25 1073+37 :
-50 21 86+15 475+£25 495+24 1,056+38
0 21 274+£25 4B0+25 275+18 1,029+40
+25 21 202+£21 b5le+2e 305+£19 1023+38
0.2 L I L 1 Total 344 1991 6917 6,137 15,045
=300 -200 -100 100 200 300

Detuning, D (kHz at 243 nm)

f, , =2.466,061,103,080.3(0.6) kHz

TestshydrogeriantinydrogenCPT invarianceith a fractionalprecisionof 2 p.p.t.
Future perspectivel.asercoolingof antihydrogenjust demonstrated

STEp

ALPHA collaboration, Nature 592, 35 (20



