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A Mainz: Measurement of the magnetic moment
of the proton, implementationof new
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A CERMAD: Measurement of the magnetlc
moment of the antiproton and
proton/antiproton g/m ratio. (RIKEN)

A Hannover/PTBQLEDSasercoolingproject, new
technologies (RIKEN/PTB/UH)
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C.Smorraet al., ERSpecial Topics, The BASE Experiment, (2015)
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@@ The Sound oAntimatter

A Concept of image current detection ' A SpeciaRelativity

A Resistiveeoolingchanges
oscillationfrequency

Imagecurrent

Wa Vsl Low Noise Amp

- ‘
O | |
I 0.0f
% [l . L -0.1f
S T " — [] %4 >_4>___ — ||z
o - J[ \ S —03f
B | i 1 L
. — (T = > _04
: | ~
o Resonator EET -05
0 200 400 600 800 1000 1200
time (s)

Resonator Toroidal coil

Inductorcompensatesystem
capacitance

-----

N =950-1200
Q = 200k — 500k

caw | gx TQbr b 0d &

A Speciatelativity changes pitch

Frequency (Hz)
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CP:@ Matter / Antimatter Asymmetry

Combininghe ¥-CDMmodelandthe SM,our predictionsof
the baryonto photonratio areinconsistentby about 9
ordersof magnitude

BaryoriPhoton Ratio 1018 BaryoriPhoton Ratio 0.6 * 10°
BaryonAntibaryon Ratio 1 Baryon/Antibaryon Ratio 10 000

Sakharowonditions . .
Alternative Source: CPMiolation ¢

1.) Bviolation (plausible) adjustsmatter/antima_tter |
asymmetryby naturalinversion
giventhe effectivechemical
potential.

2.) CPviolation Ebserved too smal)
3.) Arrow of time lessmotivated)

Experimentalsignaturessensitiveto CPTviolation canbe derivedfrom precise
comparison®f the fundamentalpropertiesof simplematter / antimatter conjugate
systems




CP:@ Fundamentalityf CPT Invariance

AA relativistic theory which conserves CPEquiresonly five basicingredients(Axioms:

symmetry
Lorentz and translation invariance READR. Lehnert, CPT S
Symmetry and its violation,
Symmetn8 (2016) 11114
EnergyPositivity

) CPT

Micro Causality(Locality)

A stable without Parameterizedn the Standard Model Extension
momentum nor angularmomentum o o AR TR )
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@:@ The Standard Model Extension

A Whichtype of measureablesignatures ofhese
«BSM»theorieswould be imprinted onto the
structure of the vacuunbox ofrelativistic
guantumfield theories

Stringtheories

LoopQuantumGravity
5 fl_e
© : . :
= Non-commutative FT - C PT\/ A Constructeffectivefield theory which features
S A Poincare invariance
A positivity of energy
Randomdynamics A energyand momentumconservation
models A standard quantization methods

photon energy (GeV)

1077 1073+ 1072t 107 107 107 10-*

A SMEcontainsthe Standard Model and GenefRélativity but adds
CPT violation

Expectation value / MasScale’ Couplingstrength
A — .
c (T) - YT'(i0)* + h.c.

:) —_— VeplVes
ﬂa{ k - 1012 10—% 10 102 10° 108 108
Lorentzbilinear

2x 10712
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17 x10-*

LOIIN|OSal |RUOIDEY)

6.9 x 1074

frequency (GHz)

KosteleckyV. Alan; Samuel, Stuart (1982-15). "Spontaneous breaking of Lorentz symmetry in string theory". Physical Re8#&{2)D683,685.



@ CPT tests based on partlcle/antlpartlcle comparisofs

Recent
Past
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antihelium-3 g/m
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R.SVan Dyck et al., Phys. Rev. L5%.26 (1987.
B. Schwingenheuer, et al., Phys. Rev. Lett. 74, 4376 (1995).

C E R N H. Dehmelt et al., Phys. Rev. L&B3, 4694 (1999).
G. W. Bennett et al., Phys. Rev78) 072003 (2006

ALICE

M. Horiet al.,Nature475, 485 (2011).
G.Gabrieslest al.,, PRB2, 3199(1999).
J DiSciaccat al., PRIL10, 130801 (2018
S Ulmer etal.,Nature524, 196200 (2015.

ALICE Collaboration, NatuPdysicdl1, 811¢814 (2015).
M. Horiet al., Scienc&54, 610 (2016).
H. Nagahama et al., N&@omm 8, 14084 (2017).
M. Ahmadiet al., Natures41, 506 (2017.
M. Ahmadiet al., Natures86, doi:10.1038/s41586-018-0017 (2018).

comparison®f the fundamentalpropertiesof simplematter / antimatter conjugatesystems



radial confinement:  B=RBE
a, r?
axial confinement: F(r,2) =V, xZ >
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6@ Measurements In Precisidtenningraps

Cyclotron Motion
g: mag. Moment in units of

é nuclear magneton
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S. Ulmer, A. Mooseat al. PRL 107, 103002 (2011)

High Precision Mass Spectromet
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S. Ulmer, A. Mooseat al. PRL 106, 253001 (2011)

Determinationsof the g/m ratio and gfactor reduceto measurement®f frequency ratios> in principlevery
simple experimentsc> full control, (almost) notheoretical corrections required.

High Precision Magnetic Moment

Measurements



A& Experiment

Common to althese
experiments

Superconductingnagnets
Ultra sensitive
superconductingpartice

detectors

Cryogeni®perationof
experiments

Use of «omplex multi-
trap systems




@ED BASE Trap System

Access to beamline

Particles not
continuously
available

Trap for efficient
cyclotron cooling

@
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Degratier HY ElRO0GSS, o oo coil  Blegongun  Pinbase

ResemvoirTrap Stores a cloud @fntiprotons suspends single antiprotons for measurements.
¢CN} LI Ad aLI2oSNI FIAfdzNE al gS¢ o

PrecisioniTrapHomogeneous field for frequency measurementss<B.5mT / mm? (10 xiimproved)

CoolingTrap Fast cooling of the cyclotron motion,di¢ 4 s(10 xiimproved)
AnalysisiTraplnhomogeneous field for the detection of antiproton spin flips=BBO0OMT/ mm?
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6@ Chargeto-Mass Ratidleasurement

park T measurement trap

reservoir trap park 2

z =
: = s

0.08

A In BASE onfgequencyratio measurement
takes240 s, 50 timefasterthanin 1999
measurement
First Measurement: S. Ulmer, et al., Nature 524, 196 (2015)

H™ pbar

to filter matrix
degrader

reservoir trap park T measurement trap park 2

tuneable cyclotron detector
LA !!l[!! L LAY

nutugnnni
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rf-line

inln-Lnu

axial image-current sapphnrej

detector spacer

potential (V)
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\_tuneable axial
image-current detector
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OFE electrodes

axial position (m)

A’O 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 30(C

' ‘ 5 O
a a p cg é(() (;) | O’; a Ta 0.001 089 234 042 95 (5) MPIK
O Ta ndénnn nann nmwmiMPQ
Firstmeasurement Gabrielse et al., PhyRev Lett. 82, 3198 (1999) O T4 0.000 000 000 803 81 (2) Lykke
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Photodetachment spectroscopy
Lykkeet al., PRA43 (1991)

1S2S in hydrogen & bound state QED
Partheyet al., PRL107 (2011),
Jentschuraet al., PRL95 (2005)




(P:@ BASE Measurementgroton to Antiproton Q/Mg

- Result of 6500 proton/antiproton Q¥
comparisons:
2 Resc= 1.001 089 218 755 (69)
T of
EC:_
& 10 7 p pled pT
20 Stringent test of CPT invariance with Baryons.
6 5 10 15 20 25 30 35 | Consistent with CPT invariance
Time (days) Fraction S. Ulmer et alNature524196 (2015
New measurement: o
A Acquired 35000 frequency ratio measurements over 1.5 yearS‘;:q om
distributed over the sidereal year. w S i
A Used two measurement methods, tunable axial detector to N
suppress systematics, and a rebuilt apparatus )l | |
e Rege:= 1.001 089 218 763 (23) ® ot L e
g Z MK\ Rexp,c,2: 1001 089 218 7XX (2X) 1'X1D-Z-me.clia|1.n.ig;|htlé\;el)‘(.) o ;OO“ T '6'00 - 800' ]
0 time (h)

R R F T Y 8 Final data analysis is work in progress BASEi preparation(2021)

o(R)/R




@:@ BASE Measurementgroton to Antiproton Q/Mg

A Constrain of thegravitationalanomaly for antiprotons:|| A Planned Longer Term Measurements

T n 1T n ¥
_h 0l O | P Yiw
1 n
4 N\
Our recent result sets testsWEPCcIn
an upper limit of aspects \ectors -
|| o| 18 pm different to WEPff
\ / apoapsis g .\ __ periapsis
3rd of July 3rd of January
Graviation Potential
A A

Distance

proton

antiproton?

A Set differential constraints on the weak equivalence
principle by measuring charge-mass ratio as a
function of gravitational potential at surface of earth.

A Final data analysis is work in progress.

A Direct experiments planned by Aegis, GBAR, ALPI—"A

S. Ulmer et alNature524 196 (2015)



@:@ Physics Constraints

AMinimal SMEimits (CL 0.95) ANonminimalSMEimits
Y 18zp mm GeV

| Coefficient Unit Previous Limit | Improved Limit | Factor

- b2 GeV | <1.74-10717 | <6.37-10°% | 2.73
ANOn'mlnlmaI SME XX | <323.1071 | <7.79.10715 | 4.14
|f”| <3.23-1074 | <7.79-107%% | 4.14

L7 , , 22 <214.1074 | <496.10-1% | 431

NTa) 2 0 1 B B (X4 (GeV)™! | < 1.21-10710 | <2.81-10711 | 431

AT ) s ! e %) (GeV)™! | <1.21-1071° | <2.81.10711 | 431

bZ%2] (GeV)~! | <1.21-10710 | <2.81-10-11 | 431

0 |bZXX] (GeV)™! | <875-1071 | <4.50.-1071 | 1.94

39’ _(d') 0 fé‘*) oy o ) BZYY | (GeV)~! | <875.1011 | <4.50-10~'" | 1.94
A |5’Z b+ | GeV | <117-10710 | <4.29.10~' | 2.73

|H; IIIEN X <1.19-10710 | <2.86.10"1! | 4.14

] ] ] EYY | &Y Y| <1.19-10710 | <2.86.10"1! | 4.14
AOtherinducedoscialltorysignatures: £ 5 <7851 | < 182101 | 431
o XA i X XD (Gev) L | <242.10710 | <5.62-1071 | 431

q by YA Y Y| (Gev)! | < 24210710 | <5.62.1071 | 431

T(= o n — DZ2Z| |bsZ22) (GeV)~! | <2.42.10710 | <5.62-10711 | 431

ﬂf(?“j t) = My [1 + M gf)(?“? t)] |b2«‘~ X, |§ WZXX| (GeV)™! | < 1.76-10710 | <8.99.10- 1 | 1.94

+0 |b3” [ [B3 Y| (GeV)™! | < 1.76-1071° | <8.99.10~ " | 1.94

Siderealfrequencyanalysisis work in progess

D.Antypaset al.,ArXivV2012.01519 (2020)€laxiondark matter) Y. Ding, A. Kosteleckyal.,PRD 102, 056009 (2021)



C@ BASESTEIE C. Smorrg ER(IJnlv Mainz -
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C@ The Antiproton Magnetic Moment

LETTER

A milestone measurement in antimatter physics

OPEN

doi:10.1038/nature24048

magnetic moment
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Mainz effort started

|BASE approved -
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183 exotic atoms m ATRAP

~ m BASE
2
= -
o E6 single Penning traps -
5
X >3000
P e BASE mult-Penning traps {=
)
54 Teached proton i (BASE Manz)
Principal Tt of current method

1985 1990 1995 2000 2005 2010 2015 2020
year

C. Smorra et al., Natugb0, 371 (2017).

— Continuous Stern
Gerlach Effect
v

Image Current
Measurements

A parts-per-billion measurement of the antiproton

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 his been with us foe moee than half o century. Whike
charge-panity (CP) vialatkm 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 feadamental churge—parity-time (CPT) 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 Experimess (BASE] m
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 Germany, the BASE 1eam measared the nsagnetic momem of
the antiprotoa with a precision 3380 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 3 multi-
Henmusg-tnp
system and
a movel

Tive moudri-
Al -

detocr the \(w‘:.m,n of sbegle trappved peotons and ansiprosoes

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 u quantum measurement scheme 1o
obeerve spin tramsitions of o single stiproeon s o ee-destructive
manner, In experimental physics. moa-destructive abservations
of quantum effects are usaally accompanied by a tremeadous
incremse In mesurement precesson. Foe example. the 2o destnuc
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 i
demolition detecthon of the spin stite, such studies during the
1990 reached i tractional sccuracy o the pares- pes-trilkon leved.
1 he liest BASE measurement folkns the sume schesne bt tar-
gels the magnetic moemnent of protoes aed anbipeokms instead of
slectrons and pasttroas. |his opens sests of CF 1 a totalty 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
LR

CERN COURIER, 3/2018.




@@ LarmorFrequency extremely hard

Measurement based ooontinuous SterrGerlacheffect.

Energy of magnetic dipole in & {6
magnetic field

Leading order magnetic field
correction

6 6 o a —
Q

This term adds a spin dependent quadratic axial potential
-> Axial frequency becomesfunctionof the spinstate
[ o)

01,1—

H

3uX

- Very difficult for the proton/antiproton system.

O X g T T TT YOt

- Most extreme magnetic conditions ever applied to singf
particle.

Ama%rap Potential (a. lin. u.)

y’ X pXT[G O(] o ;:’osi‘tionl(a.‘lin.;.)l -

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

Limited top.p.mlevel

{Frequency I\/Ieasureme\nt

Spin is detected and analyzed vz
an axial frequency measuremernt

. Ulmer, A. Moosest al. PRL 106, 253001 (2019
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P.@ BASHwo-Particlé ThreeTrapMethod

|ldea: divide measurement to two particles

b Precision trap Analysis trap
Park electrode Spin-flip coils
AV /\-O
b= B R e ARl
' “

Larmor
particle

Cyclotron detection
Axial detection system —_—
system

«hot» cyclotron particle| RI«ellePNaYalelife]s
which probes the particle to flip and
magnetic field in the
precision trap

analyze the spin
eigenstate

pay: measure with two particles at
different mode energies

win: 60% of time usually used for sub
thermal cooling useable for measurements
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@@ The Magnetic Moment of the Antiproton

BASE 2017: B= -2.792 847 3441 (42) p__

06 | 0.1 - v T v T ¥ T T T v T T T
0.5 il exotic atoms i
: c . 1 = m ASACUSA
0.4 9 U1 b pHe
. 2 1E4; -
5 0.3 o 1E-5 h
o S ATRAP e
0.2- < 1E6 _, single Penning trap m ]
c 3 g
Q 157, E
S 1E8, Bl = .
0.0'! 70 'o 0 2'0 4‘0 | = 1E—91§ multi Penning trap | = 1

(9p—9p)/9p (PPD) B0
1985 1990 1995 2000 2005 2010 2015 2020
ear
A. Mooseret al., Nature509, 596 (2014) y
— 8 first measurement :
more precise for = g
|__ 3 antimatter than for
Q matter...
?, C. Smorrat al,, Nature550, 371 (2017) G. Schneideet al., Scienc&58, 1081 (2017)
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Proton g,/2 Antiproton g,,/2 Collaboration

K. Blaum, Y. Yamazaki
J. Walz, W. Quint,
Y. Matsuda, C. Ospelkaus

2011 2.792847 353 (28)  2.786 2 (83) 0.002 4 (29) Pask (ASACUSA)
RI |,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(BASEJiiSciacca (ATRAP)

2016 2.792 847 349 8 (93) 2.792846 5 (23) 0.000 000 30 (82) Mooser/Nagahama (BASE)

2017/1  2.792 847 349 8 (93) 2.792 847 344 1 (42) 0.000 000 002 0 (36) Mooser/Smorra (BASE)

2017/2  2.792 847 344 62 (82) 2.792 847 344 1 (42) -0.000 000 000 P15)  Schneider/Smorra (BASE)

MAX-PLANCK-GESELLSCHAFT
7 J.diSciacca et al., Phys. Rev. Lett. 2012 b 2
I i |
JG ‘ U = J.diSciacca et al., Phys. Rev. Lett. 2013 = 013
jonannes GUTENBERG J. diSciacca et al., Phys. Rev. Lett. 2013 - ] 2014
AT MAINZ T F 1 7]
UNIVERSITAT A. Mooser et al., Nature 2014

N A. Mooser et al., Nature 2014 N

—— 2016

(‘ ’ 1 H. Nagahama et al., Nat. Comms. 2017 b
- 1 7 -

A. Mooser et al., Nature 2014

_x . S - | ] 4 4 N
% "J_{ j( ? C. Smorra et al., Nature 2017 ] " ] 2017

THE UNIVERSITY OF TOKYO

C. Smorra et al., Nature 2017

0 ] N R ]
E 5 ][ G. Schneider at al., Science 2017 ] ] - 2018
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C@ Timebase Analysis and Antlprot@:xlonConstramts

Lo = —fq()‘ 00,0 — 17 sz G + (qrildgr, + grillgr)
A Axion/ fermion coupling: b (@) 190~ (1 m ane™ + e
+ 3 3;2@3,,@“" (or Laet) (19)

7 ‘
i pv
T+ Co~yry 3972 Fem LV Fem + Lie ptons,f

J. Kim, GCarosi https.//arxiv.org/pdf/0807.3125.pdf

| @OSNE aaAYLI Aad0AO¢é (NI yaf laxidndisfocigatds tpll K
photons which interact with SMNjarticles.

A Cold dark matter igravitationally bound to galaxie A
A¢KSe LINERdzOSO H ¢ HRBdAR KN
comparable to diffuse Ilght which oscillatestla¢
Comptonfrequencyh O agf 7 |

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

95 experimental limit

This type of interaction would
f221 A1 Snagnetia LI&
field which leads to frequency
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ﬁ@ ConstrainingAxionPhoton Coupling s face e

Letters.126,041301 (2021).
A Axions at the right Comptoinequencywould source a radlefrequency5|gnalthat could

be pickedup byour singleparticledetectionsystems

A Importantfeature: cold axions andxionlike
particlesoscillateat their Comptonfrequencies
o d OTQ
A In astrongexternalmagneticfield axionscan
convertinto photonsvia the inversd’rimakoff
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@@ Future Projection

AWith a purposebuilt experimentwe should
be able toimprovesensitivityconsiderably
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6@ Summary and Outlook

A Reportedon statusof improvedproton/antiproton chargeto-mass

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

ratio comparison 1 IO
Almprovedthe magneticmomentof the proton by afactorof 11 and ¢ =~ {

measuredhe antiproton magneticmomentwith 1.5 ppbprecision  £: ... = 1.1

whichimprovesthe momentCPTtest by a factor of >3000. e
AUsedantimatter asan antennafor darkmatter searches o
ASu_mmarize@tatusof usingsingleparticledetectorsasantennasfor >

axions 303
ADevelopment of a transportableap for antiprotons(BASESTEP). || A T
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