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6@ BASE — Collaboration

* Mainz: Measurement of the magnetic moment
of the proton, implementation of new

 CERN-AD: Measurement of the magnetic
moment of the antiproton and
proton/antiproton g/m ratio. (RIKEN)

* Hannover/PTB: QLEDS-laser cooling project, new
technologies. (RIKEN/PTB/UH)
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@:@ The Sound of Antimatter

* Concept of image current detection e Special Relativity

* Resistive cooling changes
oscillation frequency

Image current
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In BASE we are «listening» to the sound of extremely simple, well understandable antimatter systems to detect exotic

physics , which appears as changes in pitch / frequency beating




6@ Matter / Antimatter Asymmetry

Combining the A-CDM model and the SM, our predictions of
the baryon to photon ratio are inconsistent by about 9
orders of magnitude

Baryon/Photon Ratio 1018 Baryon/Photon Ratio 0.6 * 10°°
Baryon/Antibaryon Ratio 1 Baryon/Antibaryon Ratio 10 000

Universe Mass
Composition

.8%
Dark energy
68.3%

NASA Figure

Sakharov conditions . . .
Alternative Source: CPT violation —

1.) B-violation (plausible) adjusts matter/antimatter
asymmetry by natural inversion
given the effective chemical
potential.

2.) CP-violation (observed / too small)

3.) Arrow of time (less motivated)

Experimental signatures sensitive to CPT violation can be derived from precise
comparisons of the fundamental properties of simple matter / antimatter conjugate
systems




6@ Fundamentality of CPT Invariance

* A relativistic theory which conserves CPT requires only five basic ingredients (Axioms):

symmetry
Lorentz and translation invariance READ: R. Lehnert, CPT i
Symmetry and its violation,
Symmetry 8 (2016) 11, 114
Energy Positivity

Micro Causality (Locality)

) CPT

A stable without Parameterized in the Standard Model Extension
momentum nor angular momentum o o T Gy g d
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6@ The Standard Model Extension

Which type of measureable signatures of these
«BSM» theories would be imprinted onto the
structure of the vacuum-box of relativistic
quantum field theories.

L =?

Loop-Quantum Gravity
Construct effective field theory which features:

Non-commutative FT - CPT-V
* Poincare invariance

Brane scenarios * microcausality
* positivity of energy

String theories
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Random dynamics e energy and momentum conservation

models  standard quantization methods

photon energy (GeV)

1077 1073+ 1072t 107 107 107 10-*

e SME contains the Standard Model and General Relativity, but adds

CPT violation e | B
Expectation value / Mass Scale / Coupling strength %
A —_ 1.7 x 10-° %

L' G (T) - YT'(i0)* + h.c. oo | 3

Lorentz bilinear frequency (GHz)

Kostelecky, V. Alan; Samuel, Stuart (1989-01-15). "Spontaneous breaking of Lorentz symmetry in string theory". Physical Review D. 39 (2): 683—685.



ﬂ@ CPT tests based on particle/antiparticle comparisons
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Past
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comparisons of the fundamental properties of simple matter / antimatter conjugate systems



@:@ Main Tool: Penning Trap

radial confinement: B = B,2

2
axial confinement: ~ ®(p,z) =V, (zz —%]
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6@ Measurements in Precision Penning traps

Cyclotron Motion Larmor Precession
g: mag. Moment in units of

B nuclear magneton {x_p
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S. Ulmer, A. Mooser et al. PRL 107, 103002 (2011) S. Ulmer, A. Mooser et al. PRL 106, 253001 (2011)

Determinations of the g/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



Common to all these
experiments:

Superconducting magnets
Ultra sensitive

superconducting partice
detectors

Cryogenic operation of
experiments

Use of «complex» multi-
trap systems

B




6@ BASE Trap System

Access to beamline

Particles not
continuously
available

HHI (-h.l 53 “‘

Trap for efficient
cyclotron cooling Degrader HV Electrodes

Spin flip coil  Electron gun Pinbase

Reservoir Trap: Stores a cloud of antiprotons, suspends single antiprotons for measurements.
Trap is “power failure save”.

Precision Trap: Homogeneous field for frequency measurements, B, < 0.5 uT / mm? (10 x improved)

. Cooling Trap: Fast cooling of the cyclotron motion, 1/y <4 s (10 x improved)

.
RI I‘: N Analysis Trap: Inhomogeneous field for the detection of antiproton spin flips, B, = 300 mT / mm?
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6@ Charge-to-Mass Ratio Measurement

reservoir trap

* In BASE one frequency ratio measurement
takes 240 s, 50 times faster than in 1999

measurement
First Measurement: S. Ulmer, et al., Nature 524, 196 (2015)
park 2

reservoir trap park 1 measurement trap

tuneable cyclotron detector
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First measurement: Gabrielse et al., Phys. Rev. Lett. 82, 3198 (1999)

—Eb/mp

—Ea/mp

ion is a perfect proxy for the proton at negative charge. Inversion of trapping
potential can be avoided, which suppresses certain systematic effects by factor of 300.

ek | ogntude |

0.001 089 234 042 95 (5) MPIK
0.000 000 014 493 061 ... MPQ
0.000 000 000 803 81 (2) Lykke

2 me/mp = (0.001 089 234 042 95(5)
my: ve(HDV) vs v, (**C®*) (Rau et al., Nature585, 2020)
m,: g(**C>*) & QED (Sturm et al., Nature506, 2014)

—E4/m, = —0.000 000 000 803 81(2)
Photodetachment spectroscopy
Lykke et al., PRA43 (1991)

—E,/my, = —0.000 000 014 493 061
1S-2S in hydrogen & bound state QED
Parthey et al., PRL107 (2011),
Jentschura et al., PRL95 (2005)




P.@ BASE Measurements — Proton to Antiproton Q/M
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Result of 6500 proton/antiproton Q/M
comparisons:

Reec= 1.001 089 218 755 (69)

(g/m)p
(q/m)p

+1 =1(69) x 10~12

test of CPT invariance with Baryons.
t with CPT invariance

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

New measurement:

F — 2014 sideband o=585ppb.
6 | — 2018 sideband o=168ppb. ]

F — 2019 peak o=085p.pb.]

PDF (a.u.)

210 -1x10% 0 1108 2. =1078
o(R)/R

E5.><10'9 i
e Acquired 35000 frequency ratio measurements over 1.5 years, % oﬂ
distributed over the sidereal year. "‘

* Used two measurement methods, tunable axial detector to time (d)
suppress systematics, and a rebuilt apparatus / '

Rexp,c,lz 1001 089 218 763 (23)
Reweo= 1.001 089 218 7XX (2X)

Final data analysis is work in progress
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ﬁ@ BASE Measurements — Proton to Antiproton Q/M

* Planned Longer Term Measurements

e Constrain of the gravitational anomaly for antiprotons:

w — W, p
——=2 = —3(a; — 1) U/c?
w
¢,p
4 I
Our recent result sets tests WEPC, in
. . 0 100 200 300 400 500 600 700 -3. o5 : 02 06
an upper limit of aspects (vectors) P— B e (@)
lag — 1] < 1.9 x 10 different to WEPff
\ i ) ‘ i
apoapsis 8 _______\__. periapsis
3rd of July vy 3rd of January
Graviation Potential
A A

Distance

proton

antiproton?

* Set differential constraints on the weak equivalence

principle by measuring charge-to-mass ratio as a
function of gravitational potential at surface of earth.

* Final data analysis is work in progress.

e Direct experiments planned by Aegis, GBAR, ALPHA

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




@:@ Physics Constraints

* Minimal SME limits (CL 0.95)
Ry- < 4.2+ 107%7GeV

Sidereal frequency analysis is work in progess.

D. Antypas et al., ArXiV 2012.01519 (2020) (relaxion dark matter)

| Coefficient Unit Previous Limit | Improved Limit | Factor
P b7 GeV | <174.1077 | <6.37-107% | 2.73
* Non-minimal SME XX | <323.1074 | <7.79.1071 | 414
|f”| <3.23.1071 | <7.79-107'° | 4.4
pbar p 62Z <214.1074 | <4.96.10°1 | 431
|(CI/m)pbar| 1= o OV, b (X2, (GeV)~! | <1.21.10710 | <2.81.107!! | 43]
|(g/m),,| Vv, by ¥ 2) (GeV)™! | <1.21-10710 | <2.81-107'" | 431
p 222 | (GeV)™! | <1.21.10710 | <2.81.107! | 431
1 BEXX| (GeV)™! | <875-10-11 | <4.50.10-1 | 1.94

v v LZYY -1 g = 1n—11 1=0. 1011
A((va) _ (bpbar _ b{f) n f(cgbar' CZI;L ,b(>(+5))) |.E]:, | (GeV)~! | <8.75-10 < 4.50-10 1.94
Mpbar b7 GeV | <1.17-10710 [ <420.10-11 [ 273
X X ( - XX <1.19.1071° | <2.86.10"1 | 4.14
|{’}}Y| |w” <1.19.1071° | <2.86.10"1 | 4.14

. . : . z ZZ = eE 1011 10-11
* Other induced oscialltory signatures: S B, <TEH107H | <L821071 | 431
b A i XA | (Gevy! | <242.10710 | < 5621071 | 431
q Ib;é;;] 15, ;:‘Z'I GeV)™t | <242:1070 | <562.1074 | 431
(= n — b222|, (52222 | (GeV)~! | <242.1071° | <5.62-10~ 431

/ - N - P

ﬂf(?“j t) My [1 + M gf)(?“? t)] |b2«‘~ XL ZXX] | (GeV)t | <1.76-10710 | <8.99-1071 | 1.94
10 |bz'” B2 2Y Y| (GeV)™! | <1.76-10710 | <899.10-! | 1.94

e Nonminimal SME limits

Y. Ding, A. Kostelecky et al., PRD 102, 056009 (2021)



P.@ BASE-STEP — C. Smorra — ERC Univ. Mainz

April 2020: April 2022: April 2023:
Project start

Starting at CERN ine Operation

Magnet procurement

Commissioning in Mainz
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University of Mainz
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kBASE magnetic moment measurement

Expected delivery

* Apparatus has been developed, currently in the workshop, indow 12/21 to 03/22
winaow (o]

likely operational late 2021 / early 2022.

Image-current

Reservoir trap detectors Developed by

Smorra group

Recommended for
Approval

Cryogenic vacuum lock Reservoir trap can



C@ The Antiproton Magnetic Moment

A milestone measurement in antimatter physics

LETTER

OPEN

doi:10.1038/nature24048

Hp _ 9pep/Mp

Uy 2 ep/mp

Mainz effort started

|BASE approved
I

I
m » B ASACUSA
183 exotic atoms W ATRAP
mBASE
L L]
1E6 single Penning traps -
> 3000
BASE multi-Penning traps. -

1E9 ]

Teached proton Imit (BASE Mainz)

prinGipal il of current method

1985 1990 1995 2000 2005 2010 2015 2020
year

— 0

ho

— Continuous Stern
Gerlach Effect
v

Image Current
) Measurements

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

A parts-per-billion measurement of the antiproton
magnetic moment

C. Smorra®? S. Sellner', M. I. Borchert"?, I. A. Harrington?, T. Higuchi'®, H. Nagahama', T. Tanaka'>, A. Mooser!, 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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S. Ulmer et al., PRL 107, 103002 (2011)

CERM Swarinr  Wiaosn BHIS

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 asysmetry, amceg which are espeniments
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
of new plyysics. Moceover, experiments with antinssies systems
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 (ligare 1. Ihe resal tolkmwed the develop-
ment of 3 multi-
Henmusg-tnp
system and
a movel

Tive moudri-

eavlng -Lryy
svatean wied by BASE vo
leticy b spln-fipe of sieg e trapped protins and anniprasoes

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,

Non-destructive physics
I'he BASE resul relies oo o guantum measurement scheme 1o
observe spin trasitions of o single smtiproton is 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 entirely ditfevently. In
peactace, however. the trasster of quantum measurement methods
Erom the electron/pasitron (o the protonantipro-
08 SYSIC CONSTRINES a Conskierahk
e rc challenge oang o the
¥

CERN COURIER, 3 /2018.




6@ Larmor Frequency — extremely hard

Measurement based on continuous Stern Gerlach effect.

Energy of magnetic dipole in @y = —(ii, - B)
magnetic field

{Frequency I\/Ieasurement\

Spin is detected and analyzed via
an axial frequency measurement

. H H 2
Leading order magnetic field B, =By + B, (z* — %)

correction

I

.
> o
This term adds a spin dependent quadratic axial potential 5 spin down
-> Axial frequency becomes a function of the spin state o o
B B 3 spin up
sz~up 2:=O£p—2 © - >
myV, V, Time

) effective potential
"spin down" ,‘

60
50

o 1
404 N, 4
30 .
20 -
104 i
04

[e]
-104 J
498 499 500 501 502 503 504 505

- Very difficult for the proton/antiproton system.

B,~300000 T /m?

- Most extreme magnetic conditions ever applied to single
particle.

I hAv,=0.8neV

Limited to p.p.m level

spin flip probability (%)

effective potential
"spin up™

Av,~170 mHz Position (a. lin. u.)

Axial Trap Potential (a. lin. u.)

drive frequency (MHz)

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

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




Precision trap Analysis trap
Park electrode Spin-flip coils
AV /\-O
b= B R e AR L

Larmor
particle

Cyclotron detection
Axial detection system
system

«hot» cyclotron particle
which probes the
magnetic field in the

precision trap eigenstate

—

P.@ BASE Two-Particle/Three Trap Method

|Idea: divide measurement to two particles

Transport| || |

Larmor
particle

VL"

Analysis trap

Precision trap

particle

iy

Cyclotron

|

«cold» cyclotron

particle to flip and

analyze the spin-

890 s

pay: measure with two particles at
different mode energies

spin flip probability

win: 60% of time usually used for sub-
thermal cooling useable for measurements

o
o

nd
o
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o
~
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o
w
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o
N
L

o

o
5]

spin flip probability

T T T T T T
-0.002  0.000 0.002 0.004 0.006 0.008 0.010 0.012



@@ The Magnetic Moment of the Antiproton

[
Q.
L
[%2]

o

m
o4

178

0.6~
0.5-
0.4
0.3
0.2-
0.1-
0.0+

~40

~20 0 20 40
(9p—9p)/9p (PPb)

A. Mooser et al., Nature 509, 596 (2014)

% = 2.792 847 350 (9)
9p
= 2.792 847 344 1 (42)

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

BASE 2017: B= -2.792 847 3441 (42) p__
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single Penning trap m M
ESd —
multi Penning trap | u 1

1985

first measurement
more precise for
antimatter than for
matter...

! T T T ; T g T T T T T T
1990 1995 2000 2005 2010 2015 2020
year

Ip = 2.792 847 344 62 (82) &

G. Schneider et al., Science 358, 1081 (2017)



R

Proton g,/2 Antiproton g, . /2 CPT |gp/gz7| -1 Collaboration

K. Blaum, Y. Yamazaki

2011 2.792 847 353 (28) 2.786 2 (83) 0.002 4 (29) Pask (ASACUSA) J. Walz, W. Quint,
Y. Matsuda, C. Ospelkaus
-QI I/: N 2013 2.792 846 (7) 2.792 845 (12) 0.000 000 4 (49) diSciacca (ATRAP)
2014 2.792 847 349 8 (93) 2.792 845 (12) 0.000 000 8 (43) Mooser(BASE)/diSciacca (ATRAP)

2016 27928473498 (93)  2.792 846 5 (23) 0.000 000 30 (82) Mooser/Nagahama (BASE)

2017/1 2.792 847 349 8 (93) 2.792 847 3441 (42)  0.000 000 002 0 (36) Mooser/Smorra (BASE)

2017/2  2.79284734462(82) 2.7928473441(42) -0.000 000 000 2 (15)  Schneider/Smorra (BASE)

MAX-PLANCK-GESELLSCHAFT
7 J.diSciacca et al., Phys. Rev. Lett. 2012 b
I i |
JG ‘ U = J. diSciacca et al., Phys. Rev. Lett. 2013 = 2013
jonannes GUTENBERG J. diSciacca et al.,, Phys. Rev. Lett. 2013 - ] 2014
AT MAINZ 7] ! ! ]
UNIVE RSITAT A. Mooser et al., Nature 2014
=1 A Mooser et al., Nature 2014 ! = , N 2016
b H. Nagahama et al., Nat. Comms. 2017 b
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C@ Time-base Analysis and Ant|proton Axion Constramts

Ly = —fqd 00,0 — 17 Qcir G + (qrilqr + qrillgr)
» Axion / fermion coupling: b @00 ma — (a1 m ane + b
7,
+ e3 39, 2G‘ﬁ,,(““” (or Lget) (19)
0
1 iy
J. Kim, G. Carosi, https://arxiv.org/pdf/0807.3125.pdf RRARET P 3952 Lomuv iR + Lieptons.o

A very “simplistic” translation of this “derivative interaction”: the axion dissociates to
photons which interact with SM-particles.

* Cold dark matter is gravitationally bound to galaxies.
Frequency (Hz)

.|011|0'8 19‘7 10‘6 19‘5 19‘4 19‘3 102
100 Combined limits

* They produce an “oscillating background field”,
comparable to diffuse light, which oscillates at the
Compton frequency v,~m,c?/h

95 experimental limit

This type of interaction would
look like a “pseudo”-magnetic
field which leads to frequency
modulations in the antiproton
Larmor frequency.

_ Cym,aylv,
Swf () ~ -2 }”' i g cos(Q, 4t + a) + Blsin(w,t)
d

1022 102" 1020 10'° 108 107
Axion mass (eV c2)

C. Smorra, Y. Stadnik, Nature (575), 310 (2019)



https://www.nature.com/nature

J. Devlin et al., (BASE

ﬁ@ Constraining Axion/Photon Coupling s, sscarseries

Letters. 126, 041301 (2021).
e Axions at the right Compton frequency would source a radio-frequency signal that could

be picked up by our single particle detection systems

—gol
* Important feature: cold axions and axion like o5l .
N particles oscillate at their Compton frequencies
NbTi housing—__ 2 : i
Vg = MgCi/h o ~100p <
Inductor . pe . §
, * In a strong external magnetic field axions can % _1051
Penning trap B . . . . <
o convert into photons via the inverse Primakoff 2
NbTi wire : =
@ Antiproton PTFE former EffeCt’ 1 'g -11og
Copper wire Ba = - Ega]/r paCOhBeeqb e
Sapphire spacers 674800 674850 674900 674950

Frequency (Hz)

T
* Axion Signal: Vo = Egayva\/ pahicy * Q+f (v, Q, p)KNT(rZZ - le)Be

* Noise-Floor: Vn=\/e,%Av+4kBTZRpT(v,Q,p)K2Av

The most important parameter to derive appropriate limits is the
resonator temperature T,

674.85 T

0.5
—2.1(2)K

=0.4 —4.1(4)) K
= —5.7(4) K

gay <1071 Gev?

674.844

10 10
2790627908 2791 2791227914 107" 107'° 10° 10°® 107 10°® 10'5
674.83
ma (neVic?) m, (eVic?)
674824
Limits Hints
674814 g
3

Axial frequency (Hz)

[l SN-1987A [ Cavities M CAST MADMX-SLIC W FERMI-LAT X Excess y-rays
4 60 8 100 120 B HESS. WSHAFT N BASE W ABRACADABRA Pulsars

0 2 4 6 8 10 12

Axial energ! Number of measurement
oz K

Possible factor of 1000 of improvement in the 1neV to

Penning trap: calibrated by single particle quantum thermometry 1ueV mass range



@ Future Projection ’ W
: : : 5. o
* With a purpose-built experiment we should 5 o0
be able to improve sensitivity considerably g e
V. T f(Q) c?.oz 003 004 005 006 007
7: x Egay,/vapahco * \/4k3g(TZ) J, =1, +1)3%B, o Toroid Radius (m) -
Laboratory SN
Temperature 5.5 K 0.05K — 0.1K > 3 10° |
Q 40 k 160 k >1.4 "T; 10710 Helioscopes (CAST)
€n 1nV/VHz 0.1nV/VHz >3 &G_D; a7
B, 1.8T 7.0 T 3.9 S 107
Geometry 1 16 16 107 l
S
Peak Sens. 1 > 260 J 107°
i Bandwidth-gain currently under development (F. Voelksen) 1018 e : :
i 10" 10 10 10° 10° 10 10 10° 100 107 10°
# Recent lab result: 600 kHz tunability achieved (x 3000) ma(eV)
Technologies available to build such an experiment / discussion with IAXO started



6@ Summary and Outlook

* Reported on status of improved proton/antiproton charge-to-mass o

BASE 2017: j = -2.792 847 3441 (42) _,,,

ratio comparison. e |
* Improved the magnetic moment of the proton by a factor of 11 and 5 |~~~ '
measured the antiproton magnetic moment with 1.5 ppb precision, &2.... — |.
which improves the moment CPT test by a factor of >3000. i el i
* Used antimatter as an antenna for dark matter searches. *
* Summarized status of using single particle detectors as antennas for ~_°¢
axions. = o
« Development of a transportable trap for antiprotons (BASE-STEP). ol L

(9p=9p)/9p (PPDb)
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