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ComparindgPropertieof Matter/AntimatterConjugates

The Standard Model: Spectacularly successful, yetincomplete:

Universe Mass Ordinary matter 4.9%

Composition « Heavy Elements 0.03%

3 Does notincorporate gravity
3 Requires26 (experimentally determined) free parameters

« Neutrinos 0.3%

HSu0o% 3 Onlydescribes ~5%o0f the Universe'senergybudget
« Free Hydrogen « (cannot explain dark matter/dark energymatter-antimatter asymmetry)
and Helium 4%
—— One Approach: Compare antiprotons/antiatoms with their matter
J 26.8% .
el ouks counterparts to probe physics beyondthe Standard Model.

BASE: The Baryon Antibaryon Symmetry Experiment

«°’ performs guantum resolved antiproton magnetometry to
EXTREME MEASUREMENT
il e limats e s Test CPTInvariance
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Searchfor Exotic Physicswith Antimatter

Help understand Matter/Antimatter Asymmetry

= explore the smallest effects symmetry with high precision — ANTI P ROTON S

unique window on KSE—E STEF_)
p A uniq d ) Br\ t-qg:i%‘

fundamental symmetries
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Experimental signatures of CPTviolation can be probed through
ultra -precise comparisons of the fundamental properties of
matter/ antimatter SyStemS : 60 Research InstitutesUniversities

350 Scientists T 6 Active Collaborations:

Spectroscopyof 1S-2S
in antihydrogent ALPHA

Spectroscopyof GSHFS
in antihydrogent ASACUSA, ALPHA

Antihydrogen

Free fallweak equivalence principle
tests with antihydrogentT ALPHA,AEQIS GBAR

Antiprotonic helium -
spectroscopy T ASACUSA AE3IS

Fundamental properties of proton/antiproton,
Testof exotic physics based on interactions
with antimatter T BASE

Antiprotons

Antiproton/nuclei scattering to
study neutron skins T PUMA

Overview Paper:
M. Hori, J. WalzPhysics at9 E A aktiproton decelerator,
Prog. Part. Nucl. Phys. 72, 20253 (2013)
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Experimental signatures of CPTviolation can be probed through
ultra -precise comparisons of the fundamental properties of

maftter/ antimatter - systems: 3 Collaborations developingtransport traps

T———
——

PUMA: Probing radionuclides
via antiproton annihilations at
ISOLDE [1]

e
——

\, : .. o &7
BASE-STEP | SN '

_
— CERNPHOTO2024123053 SN 1] AEQIS Producing isomeric HCI
' F—— i . from antiproton annihilations [2]
AESS
[ e——-

Photo: S. A. Campos;Towardsa Transportable Antiproton Tragor
Precision Metrologywith Isomeric Highly Chargedlons (2025)

BASE: Measuring
antiproton properties

in offline laboratories
Overview Paper:

M. Hori, J. WalzPhysics at9 E A aktiproton decelerator,
Prog. Part. Nucl. Phys. 72, 20253 (2013)
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[1] T. Aumann et al. PUMAantiproton unstable matter annihilation - PUMAcollaboration. Eur. Phys. J. A 58, 88 (2022) B F@E :: %E% R

[2] S.Alfaro et al. Towards metrology with highly charged isomeric ions from antiproton annihilation. J. Phys. B: At. Mol. Opt.?B§, 215002 (2025)
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DetectingStoredAnUpapRGl. YqVY Ut B

B l$lverydifferent to detection in atypical particle physics experiment:

Particle Collider Camera

Single-particle Precision Microphone

CERNPHOT0201812-329-14

r . / 4\*4;&-»/2/? [ g 1\
CE

RNPHOT9202407-16816: |
A high-energy, high-luminosity collisions A low-energy long-term trapping
A destructive trajectory reconstructions A non-destructive frequency measurements
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TheSounof Antimatter

Oscillating Particle
Superconducting Microphone
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In BASE we «listen» to the sound ofsingle protons and antiprotons to detect
exotic physics , which appears as changes in pitch / frequency beating.

M. Leonhardt
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Limits @nExaticPhysics
( )

Thefive basic ingredients (axioms) that lay the Includes the Standard Model and GeneraRelativity,
foundation of the Standard Model: but adds CPTviolating modifications :
Minimal SME:

[ ]
e e—

CPT - -
Invariance Dirac Minimal CPT-odd
Equation modifications

Project down CPTodd Operator:

b vy = b (—ax 0)+b —oy 0 +b (_GZ 0)
Anyrelativistic quantum field theory that meets these wsV>2 0 0 6. )"\ 0 o,/7%2\ 0 o,

y
five conditions must exhibit CPTsymmetry. _ . _ _
Effective splitting of proton/antiproton magnetic

Adifference in matter -antimatter pairS would queStion moments in pseudo_magnetic field with different
the conditions , violating CPTinvariance, and point to coupling to matter and antimatter .

new physics beyond the Standard Model.

[3] R. Lehnert, CPBymmetry and its violation, Symmetry 8 (2016)
[4] D.Colladay and V. A. Kostelecky, Lorentxiolating extension of the standard model, Physical Review D (1998)
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Limits @nExaticPhysics
( )

Thefive basic ingredients (axioms) that lay the Includes the Standard Model and GeneraRelativity,
foundation of the Standard Model: but adds CPTviolating modifications :
Minimal SME:

[ ]

proton antiproton
Invariance

"I’.='].,-'I.l |'"'Ll=+1."'2 :

T . h(w, + 2b3) h(w, — 2b,
Anyrelativistic quantum field theory that meets these k T
five conditions must exhibit CPTsymmetry.

Adifference in matter -antimatter pairs would question | f_
the conditions , violating CPTinvariance , and point to e "

new physics beyond the Standard Model.

[3] R. Lehnert, CPBymmetry and its violation, Symmetry 8 (2016)
[4] D.Colladay and V. A. Kostelecky, Lorentxiolating extension of the standard model, Physical Review D (1998)
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Limits @nExaticPhysics

Tests of CPT Invariance [3]

Milli -charged Dark Matter (mCDM) Search [5]

Thefive basic ingredients (axioms) that lay the MCDM patrticles transfers - ]
foundation of the Standard Model: kinetic energy that can be « }_7
observedas anomalous S
heating rates in antiproton :
spin measurements
CPT 5
Invariance g r‘
‘:: 0.0| ) ,O
-02 ,’ 1(1}20 1 §
0 50 100 150 200 250 g 100 %
attempt E:’ 10 %
= 2
s BASE2016 2
0-10 BASE2022 §
p . 0.01 ®
] Oy 50 100 500 1000 5000 1g* @
L et (8 trap electrode distance (um)
o o Record limits on mCDM parameter space at

sensitivities of 2 x10° =G&V.
[3] R. Lehnert, CPBymmetry and its violation, Symmetry 8 (2016)
[5] D. Budker et al. Millicharged dark matter detection with ion traps, PRX Quantuns.1 (2022)
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TheBaryonAntibaryonSymmetryExpermment

uses single particles in advanced Penning-trap systems to measure
proton/antiproton fundamental constants with high precision.

3) 0, Penning Trap

A Axial confinement : electrostatic quadrupole potential

A Radial confinement : homogeneousmagnetic field Brof. Stefan Ulmer: Eounder

and Spokespersonof BASE

(Invariance Theorem\
Access to 1 a
NN cyclotron  |l, = — o B
/’IZ = 680 kHZ N _' ) \frequency 2p mon J
n. =8kHz

tem  BASE MultiHrap System n, =28,9MHz

=
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TheBaryonAntibaryonSymmetryExpermment

uses single particles in advanced Penning-trap systems to measure
proton/antiproton fundamental constants with high precision.

Article | Published: 05 January 2022

A 16-parts-per-trillion measurement of the antiproton-
to-proton charge-massratio

M. J. Borchert, J. A. Devlin, S. R. Erlewein, M. Fleck, J. A. Harrington, T. Higuchi, B. M. Latacz, F. Voelksen, E. J. Prof. Stefan Ulmer: Founder
Waursten, F. Abbass, M. A. Bohman, A. H. Mooser, D. Popper, M. Wiesinger, C. Will, K. Blaum, Y. Matsuda, C. and SpOkespersonOf BASE
Ospelkaus, W. Quint, J. Walz, Y. Yamazakd, C. Letter | Open access | Published: 19 October 2017
Nature 601, 53-57 (2022) | Cite this article A b'“' f h H
Nature 601, parts-per-billion measurement of the antiproton
0.20 magnetlc moment
0151 spinup

= 0.10 C. SmorraE, S. Sellner, M. J. Borchert, J. A. Harrington, T. Higuchi, H. Nagahama, T. Tanaka, A. Mooser, G.

T

< 0.05 4 & | Schneider, M. Bohman, K. Blaum, Y. Matsuda, C. Ospelkaus, W. Quint, J. Walz, Y. Yamazaki & S. Ulmer &

i o :

g-o.os = | Nature 550, 371-374 (2017) | Cite this article

= A g 5 =-0.10
BREAKTHROUGH . bt o> -0.15 { Spindown
-0.20 T T T T
0 10 20 30 40

ID of the measurement (#)

Quantumresolvedantiproton measurementssensitive to potential
signatures of exotic phenomena beyond established physics.
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The/Antimatier d~actorny. CAD/EILENA)

Blessing, Curse ... and Inspiration for BASE-STEP

The AMF- Our Antiproton Source

9 E A Antimatter Factory (AMF) only
source of low-energy antiprotons .
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The/Antimatier Factony (AD/BILENA)

Blessing, Curse ... and Inspiration for BASE-STEP

The AMF- Our Antiproton Source

RF
Cavities (Stochastic Coaling)

Electron
Cooler

Antiproton Decelerator (AD)

9 EA Antimatter Factory (AMF) only
source of low-energy antiprotons .
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The/Antimatter d~actony (AD/BILENA)

Blessing, Curse ... and Inspiration for BASE-STEP

The AMF- Our Antiproton Source

The AMF- Our Frequency Modulator
QI T T

RF Pickup = - 1f
Magnet 7 n Cavities (Stncasﬂccooll) 7 Maglr\.]/let t & {} o i {] ﬁ
= = agne x " I I v “ 1-1.0 £
Magnet Elect - @ [ Ty
. fton — Vaone! T e L £
; -
M = -
Magnet aanet Ig_ 2 16 U:J
> of 1% =
Magnet o | 1720 &
¥ 1 + b 1 | b 1 o
= 02} >0 2
Magnet Magnet =2 ot 10 g
@ -0.2f {-5.0
Magnet -

0 50 100 150 200 250 300 350
Magnet Time (s)

Directly enters measurement uncertainty:

Vep _ Bo(t1)| dp/mp _ Up/Mp B tie theo
9 EA Antimatter Factory (AMF) only Ver= | Bolta)fan-/my- ap/my
source of low-energy antiprotons . vs _|Bo(ta)f8/2)p /M5 _ (&) ==

Vep |Bo(t2)] aqp/mp 2/5 HN
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The/Antimatter d~actony (AD/BILENA)

Blessing, Curse ... and Inspiration for BASE-STEP

( ] Reservoir TrapT The BASE Life Insurance
Status: 16 ppt resolution (420, Hz line-center) Allows continuous operation, independent of AMF operation:
. . - Reservoir - .
Next goal: ppt level resolution R A Ultra-low consumption rate:
AME ON AMF OFF : "“"’“ &S ~ down to 3 particle per year
S L A Record antiproton storage
- . MiAAR e B~ —
F|UCtuat|0n 60 mHZ ( ) 6 mHZ il —— . \ﬁ :;Ja(;?er for > 600 days
. . , A 18
10 mm Electrode J. Jaeger et al., Antiproton Trappingfor 614 days (2026)
Data sampling 23 years 3 month https://www.researchsquare.com/article/rs -8497454/v1
(*) with superconducting self -shielding system - ! | ' ' | | ' . 2
s ‘ two particle extracted to PT _g B 8‘
v " . m S |3
= AMF OFF g g1 L W i
E = A [y S g 12 or{partlcle extracted to PT/ “m s B
S— . c T : T T T :
& 00 Q@ one particle - e
% % oL one partif:le two particles inserted in PT —’|/ evap%ratted g_ ~ %
& -02 o 4| inserted in PT\f_ " ||“| ‘ § g;
0‘-“5.-“.1})““1‘5-.‘-20 O——— 1 1 1 i -
. 0 20 40 60 80 100 120 140
time (h) time (h)
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https://www.researchsquare.com/article/rs-8497454/v1
https://www.researchsquare.com/article/rs-8497454/v1
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The/Antimatter d~actony (AD/BILENA)

Blessing, Curse ... and Inspiration for BASE-STEP

(

] Reservoir trap allows precision measurements when

Status: 16 ppt resolution (420, Hz line-center)

Next goal: ppt level resolution

AMF ON AMF OFF

6 mHz
2 ppt (50, Hz)

Fluctuation 60 mHz (*)
Precision goal 2 Ppt (50, Hz)

Data sampling 23 years

(*) with superconducting self -shielding system

3 month

the AMF is offline (typically for 2 13 months per year):

Time (month)

= 02 AMF OFF
s 3 A

— P

@ O0.0f#=

£ o=

S

@ -0.2

Problem: Not pessilile: toaptimizeddeyonddl O0pph levek|
due to background neise: ati @xpenimenttlooation:.
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The/Antimatter d~actony (AD/BILENA)

Blessing, Curse ... and Inspiration for BASE-STEP

Status: 16 ppt resolution (420 _ Hz line-center) Improving Magnetic Field Stability

Next goal: ppt level resolution
Fluctuation 60 mHz (*) 6 mHz
Precision goal 2 Ppt (~50, Hz) 2 PPt (=50, Hz)
Data sampling 23 years 3 month

(*) with superconducting self -shielding system

N
J

Very expensive

N\ (
ANVAN

= 55 AMF OFF ~ o
X A
& 00
% Problem: Not pessihie: toaptimizecbeyonddl O0ppblével
@ -0.2 due to background neise: ati @xpenimenttlooation:
o 5 10 15 20 Our Solution: Move antipratenss to a laberatary,

time (h) outside: of the AntimatterrHFactory!
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SymmetryTest inExperimentsaitiPortable /Anitiprotons

Autonomous, open, transportable Penning -trap system to move antiprotons
to dedicated high -precision offline laboratories.

Transportable Antiproton Traps

Development of New Technologies that
Benefit Wider Community

Expand Antiproton Research to

Dr. Christian Smorra: Precision Laboratories Across Europe

BASESTEP Project
Leaderand Deputy
Spokespersonof BASE

Allows New Types of Antimatter
Experiments Beyond AMF Program

Parallel Measurements of Antiproton
Properties Across Laboratories

BISE -Ridy

N N ([ )
U Y Y .

|
:
. 2
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The BASESTIEPApparatus

Compact footprint and low weight ( ca. 850 kg) allows handling by forklift,

pallet truck or overhead crane:

Lashing P0|nts/7 Lifting Points jK_\Lashlng Points

1.65m

BASESTEP: Transporting Antiprotons in an Open Autonomous Penning Trap System

HHU Disseldorf

2\)&“‘ Germany

750 km /

France

PR ) R

%witzerlandL\ :
SN0
Antimatter FaCtOry(GERN © OpenStreetMap contributors

3 Example of a future antimatter transport route

BI\SE =k,

M. Leonhardt




The BASESTIEPApparatus |

Compact footprint and low weight ( ca. 850 kg) allows handling by forklift,
pallet truck or overhead crane:

UPS (750 Wh) _

Sensor Readout Electronics BASESTEP Main Components
Magnet Cryostat p <

T = Transportable Superconducing Magnet
\ J
Particle | "l (/] e r : : N\
Detection . Multi -Penning Trap System |
[ Cryopumped Trap Chamber (<1016 mbar) j
1.65m [ Non-destructive Particle Detectors j
Trap Biasing —— [ Open Transfer Channel for Ejection j
Superconducting r - ,
Magnet Coil (1T) ~— | . LHe Buffer Tank and UPS Batteries |
Trap Chamber ——
Trap System \

) 4

BISE -k
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Transporntalle SuperconductingMagnet |

Custom -made transportable cryostat, housing a superconducting magnet
operated at 4.3 K in Persistent Current Mode:

Magnet Power Supply
() : :
) Adjustable field up to 1T:
: A 993 mT catching field
Vacuum Chamber PCS Heater A 136 mTtransport field

®
50 K Shield ’
- 3 ! 5 Support structures enable

4 K Shield —\V\VW— * transport with fully-charged

Superconducting PCS . superconducting magnet:

L § .
— '{ . & " W}‘ Specified for +1g in all

e B | Superconducting Magnet Coil directions and 6 ° tilt
4K Magnet Bore | :
g | Cryostat

: g \
Vacuum chamber withlow-carbon steel shielding: ==\ | =
Stray magnetic field below 0.5 mT (5 Gauss) B F@E:i%;-
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Transporntalle SuperconductingMagnet |

Custom -made transportable cryostat, housing a superconducting magnet
operated at 4.3 K in Persistent Current Mode:

Hybrid Cryocooler/ LHe cooling system:
Cooler [ on | OFF J on )

Vacuum Chamber

o
o

50 K Shield
Restart Spike =————p

4 K Shield

Magnet temperature (K)
Ul
w

B
W

Time (hours)

N
| = BISE iy

m— |
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Transporntalle SuperconductingMagnet |

Custom -made transportable cryostat, housing a superconducting magnet
operated at 4.3 K in Persistent Current Mode:

7.4 1 . " °
o Preliminary
g 7.2 1 ,//
Vacuum Chamber <
0] o7
' Rl N - e
50 K Shield © .
© %
Q o7
- 6.8 -
4 K Shield 5 &
+— s Boundary condition (marker)
g ," ® H2open2h
op 661 i B Heater2W 3h
© | 2 A Charged
= /' & fieatgr 1W2h
==+ Linear fit
6.4 1 95% Cl
6I4 6'6 6'8 7'0 7|2 7'4 7l6
50 K shield temperature (K)
Problem: After 4hoursthe 50 Kshield warms up )\

to 90 K,this will triggera >8 Krestart spike B F@Eif%_.
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Transporntalle SuperconductingMagnet |

Custom -made transportable cryostat, housing a superconducting magnet
operated at 4.3 K in Persistent Current Mode:

Solution: LHeheaterincreasesgasflow, improving
heat transfer in exhaust-line heat exchangers

Vacuum Chamber

50 K Shield

4 K Shield

“} ‘, ‘
|
i;.‘.‘; = ‘Hl b

4K Magnet Bore | |

2 Wheater trade -off: Systemheatload at ca. 3.7 W, —\ e

| | : - A = STEP

. 1 45I1/hLH loff | <5hLH Kk — ==
075 m 5 I/h LHe boiloff rate, allows < 5 e tank operation BI’\SE __Q-E
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