P RIK=N hhuis, ©
Precision Ant1proton
Spectroscopy at BASE

Jonathan Morgner
BASE Collaboration

NS

CERN
J6lu
PSAS 2026 ’
jonannes GUTENBERG C
MAINZ
UNIVERSITAT %ﬁ,ﬁﬁ

pem @B == amik PIB

18/05/2026 PSAS 2026 1




BASE - Collaboration
hhu::, P.

BASE-Mainz: magnetic moment, new
technologies.
*  BASE-CERN: Antiproton magnetic moment, J G‘ U

/antiproton g/m ratio
*  BASE-STEP: Transportable antiproton traps

«  BASE-Hannover/PTB: BASE-LOGIC / QLEDS AN
laser cooling project, new technologies

* Five experiments

* 9institutes

* ~30 collaborators

« ~10 at CERN
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*  BASE-HHU: Offline measurements with
transported antiprotons
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Matter / antimatter asymmetry >=§
( Universe Mass Ordiary matter 4.9% 7 Combining the A-CDM model and the SM our predictions of the baryon =_

\ Composition Eo - Heavy Elements 0.03% to photon ratio are inconsistent by about 9 orders of magnitude.

« Neutrinos 0.3%
« Stars 0.5%
Baryon/Photon Ratio 1022 Baryon/Photon Ratio 0.6 x 10°
« Free Hydrogen «
i i Baryon/Antibaryon Ratio 1 Baryon/Antibaryon Ratio 10 000
Dgrk matter
e 26.8%
: ’ - o -
RV — o Our Universe is dominated by matter — but why?
68.3%

Matter—-Antimatter Asymmetry
Requires New Physics
@ CP violation ”
: @ CPT violation

g Arrow of time

ey PN
>

Cosmic Microwave Background (Planck)

Baryon Asymmetry in the Universe (BAU)
A snapshot of the early Universe

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

BSE

[ Measurements of Proton/Antiproton Fundamental Constants with high precision J —_—

( Tests of CPT Invariance

)

vacuum ground state

\

( Search for DM and Exotic Interactions )
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[ Current most precise tests of CPT invariance with baryons is a BASE measurement (g/m — 16 p.p.t.) J
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Comparison of existing CPT tests

—

kaon mass

positron (g-2)

muon (g-2)

antihydrogen 1S-2S

M - htihydrogen GS-HFS

antiproton g Antiproton lifetime

antiproton g/m e 10.2 years

10'—2? 10'—24 10'—21 10'—13 10'—15 10'—12 10'—9 10'—6 10'—3 New |. Phys. 19.8 (2017): 083023

fractional precision [/ energy resolution (GeV)

High precision mass spectroscopy High precision magnetic moment measurements

BrSE

* 16 ppt antiproton-to-proton charge-mass * 1.5 ppb antiproton magnetic moment measurement
ratio measurement Nature 550, 371-374 (2017)
Nature 601.7891 (2022): 53-57. « Towards the first sub 100 ppt measurement
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The AD/ELENA-Facility @:

L
ALce Lo
< crna NP
§ ATLA s
e

ASACUSA, ALPHA —
Spectroscopy of GS-HFS in antihydrogen

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

antihydrogen

-> 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 p
-> Feedback cooling -> 0.000 09 eV magnitude

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...

antiprotons

PUMA
Antiproton/nuclei scattering to study
neutron skins

TELMAX
Experimental Area for short term

60 Research Institutes/Universities — 350 Scientists — 6 Active Collaborations \ experiments with antiprotons
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Penning trap

FFT signal (dBV)

-100¢

-110)

E and B field confine the

particle in the trap
—> Motion can be split into
three motional modes:
Ve D> v, > v
Related to the free-space
cyclotron frequency:

vé = vi +v2 + v?

1 1
(o5 ~l
o o

1
[{e]
o

freq - 640 kHz (Hz)
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Non-destructive
single-particle
detection via
image-currents
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Apparatus

2T magnet
LN, tank

LHe tank

OVC - outer vacuum chamber

Axial detector
Reservoir . . ‘2_, : V=

Antiprotons
X ~

--iiu-=
| WA |

oo Al
.\ AL A A “"“""”// P
V) W Alysis Trap 114 |
| )

—~+———— §Spin Flip Coil
> B, = 300 kT/m
Cooling Trap

A

v 30
- u_a bl

FaAr % /

v AT : AL /)

Reservoir Trap ‘!
Parking | T Cyclotron Detector Cyclotron detector
10 mm i —
Electrode Precision Trap T =5K
B, = 0.05 mT/m
PSAS 2026
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Antiproton lifetime

* No observed loss of Antiprotons

- Pressure in the system < 1.04 - 1078 mbar

*  We kept antiprotons from 27" of October 2023 till the 24 of July 2025
« Trapped for 614 days > oldest antimatter ever created on Earth.

We just captured ~300
antiprotons on the 8" of May

.-\\\tl A IDC -
aw| A |poc| -

wcro | Analog rRm
£33865 kHz 144025 dB\

= Err— 4.5 months
T without loss 3\
o 18} _
8
s
o 16] > : :
S 6 antiprotons used during
H " the entire 2024 campaign
J
ol 4 months Antiproton lifetime data collected
without loss since 2014: > 55 y
o e ?gays) o Submitted, under revision
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Measurements

Antiproton Proton

Ideally © cancels out
- Limited by the magnetic
field stability

Compare Antiproton with
Proton to test CPT

BISE

— — Article | Published: 05 January 2022
S Q _ Wy, € > We — qa ﬂ A 16-parts-per-trillion meas.urement of the antiproton-

2 W; W ms q to-proton charge-massratio

Letter | Open access | Published: 19 October 2017 L
Determine Antiproton-to-proton A parts-per-billion measurement of the antiproton L .
magnetic moment charge-to-mass ratio magnetic moment
C. Smorra E, S. Sellner, M. J. Borchert, J. A. Harrington, T. Higuchi, H. Nagahama, T. Tanaka, A. Mooser, G.
— i} Schneider, M. Bohman, K. Blaum, Y. Matsuda, C. Ospelkaus, W. Quint, J. Walz, Y. Yamazaki & S. Ulmer8
bw - R‘v 'p'exPﬁwg_ ZRﬁ P ’EXpawg <1.96> 107 GeV Nature 550, 371-374 (2017) | Cite this article
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Spin state detection

usw Stern Gerlach Effect:

Force on antiproton:
F = V(up -B)

Introduce magnetic-field gradient into
the trap:
B=By+By-z*+ -

Axial frequency is Spin state
dependent:

P-p B 2

myV,

: T
In our apparatus with B, = 300000 —

Av,~170 mHz
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axial trapping potential

axial frequency - v, (Hz)

counts

<
N
L

cold particle
(50mK)

axial frequency - v_; (Hz)

counts
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1 (H2z) I

%41 spin up
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’
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g

1 : i/

A

457" 4935499957
o T T

0.8
1

hot particle
(1K)

jut Spin
inlup
in down

-0.6 -0.4 -0.2 0.0 04 0.6
l 1 ffemknmuh.lf' wizyd 1

h1gh f1 e 1ty spin s
resolution

2
qng
Cr =

2mzhw,

titea)us fidelity at 65%, not useful

for measurements

Se(wy)

We need a cold particle to resolve spin state
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Spin state detection

1 I'I -' .\ _ _
\
\\ I

* Recent game

> er
R Next goal:

" Ongoing : pl Frequency switch

------

5 , Enables to decouple the
Dipmeth [ S Sl detector during the phase EEiiis

C. Smorra t, P. Geissler, et al.)

769 (201; ISR -5 TR accumulation time

B Scatter : 17.2 mHz A

o o, @, en 5
=S, NNy - Faster state-detection
.. 2010 S by a factor of 5
(= } mu mu M 1 -04 -0.2 0.0 0.2 04 e ] oo 55 o
o Axial frequency shift ( Hz) o4 VZ-VZ,D (HZ) axial frequency shift [Hz]
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Two trap and two particle method

Analysis Trap - high B, /Cold — ®Wj (g

One cold p.q)q for state detection

. ) — Wy 2
Precision Trap - low B, / Hot ¢ One Hot py,,; for measuring the wz

1. Determine spin state of p.qig
2.  Measure w; of Py, in the Precision Precision Analysis
Trap Trap Trap
Shuttle particles |
Excite p.o1q Spin in Precision Trap
Shuttle particles

Determine spin state of P14

N S s W

repeat

Cycletime between 15 to 45 min.
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Coherent spin-state spectroscopy

Lineshape parameter:

Each ,bin” is average of 20 points, single point takes 15 min

A B, kgT, al *' 3
v, =V, —
L L BO mwzz 08 r y 08 *
=086 \ ‘ " , : 6 /
T, = 85(3) K : [ } } N\ /ﬁ NN e N
v, = 636712 Hz L o4 * ] } ‘ N\, / / \f ™ I i
v, = 82.794 MHz 02} I i\, \V V. Y] e | \’H
By =1945T ool | * . A . ] oofrmdbenrtTY e
0 10 20 30 40 -10 -05 00 05 10
Rabi resonance shape: time (s) V=V (H2)
2
Pag pr (0, 8, 8) =—5- xsin? (. [0+ A7 x ¢)
ST Q5+ ° We observe a coherent spin-
Convolution with Gaussian: state with a single antiproton
_ for the first time ever!!
L(20,8,0= | Py pr(Q,A+0,0G(0:1,0)do
Nature 644, pages 64—68 (2025)
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Frequency sweep at maximum inversion (g

* At Q/(2m) = 50 mHz and a drive time of 16 s

Inversion 2016: 0.5 = Incoherent
Inversion 2023: 0.77 - Coherent

1.0
0.8
ol FWHM reduced by factor of 16
L
:% 043_ FWHM: 156(4) mHz o , , R
4T ~77(4) % spin state inversion in
FWHM: 2.5(2) Hz
ool the center
0f { 1
4 2 5 2 4
var ~ v (H2) Nature 644, pages 64—68 (2025)
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Antiproton / proton measurements

* Antiproton:
 First run: data collected between 28.12.2023 and 26.01.2024

* Second run: data collected between 22.12.2024 and 10.02.2025
* Proton: measurement carried out May to July 2023

FWHM <200 mHz
Sigma (stat) 123 mHz

L,

 Statistical line center resolution at about 100 ppt precision - 15 times better.
Systematic studies ongoing (tough at this accuracy in the AD).

- -
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Future: Fully coherent single particle measurement

Plan: Magnetic moment measurement with single antiproton / proton:
+ Phase sensitive cylotron frequency measurements:

Phase sensitive detection in the AT

 Fast particle cooling in the CT

18/05/2026

Achieved coherence time of 50.2(4.8) s

0.8
o
__—"0s

Possible based on 50s
spin coherence time
measurement

Measured subset of
2024/2025 with AD-OFF

Achieve 10 ppt precision

PSAS 2026

Inver
o
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FWHM: 20 mHz
Center: <10 ppt

0.2 04

frequency (Hz)




The big limitation

AD fluctuations for 8 months of the year

0.1F

S MMM.,W 0
o _g.1f 170

By, (UT)
NO N
=

B, (uT)
o o
e
-

=

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

0.4 350ppt - AD OFF
Pressure manifold stabilized

scatter (Hz)

2.2pph - AD OFF 2.5 ppb
-4} Pressure manifold noisy AD ON

*  While AD is running no high-precision Measurement possible. 0 5 10 15 2

- Use the upcoming long shutdown! - Move antiprotons out of the antimatter factory

Equivalent v, shift (Hz)

BISE

18/05/2026 PSAS 2026
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Charge-to-Mass Ratio Measurements F

* Next precision goal is the p.p.t. level

BASE best BASE best .
_ SREE (AD/ELENA OFF) (Offline Laboratory) Best Fenning Traps

Fluctuation 2000ppt / 60mHz / 4nT 200ppt / 6mHz / 0.4nT 200ppt / 6mHz / 0.4nT 70ppt/2.2mHz /0.13nT
(shielded)

Precision goal 2 ppt 2 ppt 2 ppt 2ppt

Measurements 1.000.000 10.000 10.000 820

Realistic Sampling 23 years 3 months 3 months 2.5 days

Total measurement > 1 lifetime of an 3 years (AD) 9 months 2 weeks?

time Exp.Phys.

18/05/2026 PSAS 2026
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BASE-STEP apparatus

Sensor Readout Electronics
Magnet Cryostat

Particle
Detection

1.65m
Trap Biasing ——

Superconducting
Magnet Coil (1T)

Trap Chamber

UPS (750 Wh)

Diisseldorf

Transport antiprotons from the
only available source

Use in offline laboratories to
multiply experiments on
antiprotons

Crucial technology, not only for

antiproton transport but also for
future spectroscopy of H; .

€

&, ‘::érc hhu

Ny ."

Christian Smorra

Heinrich Heine
Universitat
Diisseldorf [ ]

18/05/2026
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BASE-STEP apparatus

Open system for injection

and ejection while
keeping good vacuum

Multi-trap-system for

controlled separation

 First proton transport in 2024 (Nature 641, 871-875 (2025))

= =

_*  ® OpenSireatMan coninbutors

PSAS 2026 1
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BASE-STEP upgrades in 2025 (g

December 2024 to February 2025

HHU Disseldorf

0.15[| BASE-STEP operation at CERN while the AD is on

Single-Proton
Precision Measurement

BASE-STEP operation in the HHU laboratories

500 1000 1500 2000 2500
Time (s)

0.00
0

—
0 A \ © OpensStreetMap contributors

> BASE-STEP transported to Diisseldorf Clear potential for considerably improved

experiments in the offline laboratories at HHU

April to August 2025: System Upgrades
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BASE-STEP capture B'SE

* 100 keV antiprotons from ELENA
are injected into BASE-STEP

* Degrader reduces kinetic energy to

14.10.2025: STEP connected
the keV range

to Beamline

« Capture at these low energies by
pulsing electric confining

2 Month of commissioning poten tials

and beam steering

December 2025:

First antiproton
capture in BASE-STEP

No observed vacuum-related antiproton loss in 2025
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First Antiproton Road Transport

92 antiprotons were
successfully transported

Not a single antiproton lost
Excellent vacuum conditions

- No losses observed in the
last half year

18/05/2026 PSAS 2026
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First Antiproton Road Transport
24th of March 2026

« Transport took place around the CERN
campus

* Took in total ~3 hours
* Liquid Helium cooled
« Connection to a cold head during

transport planned in the future for long
distance transport

18/05/2026 PSAS 2026
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« BASE-CERN - offline laboratory?!?

 BASE-HHU:
*New generation of Penning-Trap
experiments in commissioning

1400 mm

Interface for ion

/ sources and
transportable trap

' Experiment

Cryostat

Vertical 7T
superconducting

77K thermal shield magnet with cold bore

2600 mm

Magnet Coil 200mK Penning trap

Multishims and > Frequency tuneable
local magnet detection electronics §

Microwave and Laser access

Superconducting
Seismometers

k r" In-situ 3He
u servo system

18/05/2026 PSAS 2026

Antiprotons on the road 2027 and beyond (g
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too:4 § Hannover




: o~
—ﬂﬂﬂnnnuﬂﬂnﬂnﬂv o

E= T
[EERRRE. N

=
=

PSAS 2026

for your attent

Thanks

18/05/2026




18/05/2026 PSAS 2026 28



Summary of SME limits by BASE

* Magnetic Moment Measurements

2022 Charge-to-Mass Ratio Measurement

b? < 1.8-1072* GeV : : — —
53] ‘ Coefficient Previous Limit | Improved Limit | Factor
bXX + bYY <1.1-1078 Gev!
i o | 105 ey XX <323.10 U] <779-10° 1% | 4.14
1557 | S y 244 <323-100% | <779.107" | 4.14
by’ <3.5-107** GeV e <2.14-1074 | <4.96-107 | 431
by + by | S 74l MGy GG X < 11910710 1< 2,86 1071 414
b7z | <2.7-1078 GeV~! [a? |”*YY\ <1.19-1071° | <286-10"1 4.14
Gl | <ot | <umot | 4l
oerricien 1mi
b¥ <9.7-107% GeV
By <97.10-25 GeV 80E — R, expBWE = 2R 1, o, 80 |<1.96 X107 GeV,
2 .
by — b)Y | <54-107° GeV!
b;** <3.7-107° Gev!
byY% <3.7-107° Gev!
et <27-107° Gev!
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