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BASE Collaboration

A Mainz: Measurement of the magnetic moment of
the proton (Mooser, Ulmer, Blaum, Walz, Quint).

A CERMAD:Measurement of the magnetic moment
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(Ulmer, Smorra, Yamazaki, Blaum, Matsuda).

A Hannover/PTBQLEDSaser cooling projeqbspelkaus,

Ulmer)

he European Physical Journa volume 224 - number 1 - February 2015
cognized by European Physical Society

Special Topics Scale 3 Pls, 4 PG@DCS’ 5 PhD StUdentS

Institutes: RIKEN Ulmer IRU, RIKEN APL, Max Planck
Society, CERN, University of Mainz, Tokyo University,
GSIDarmstadt University of Hannover, PTB
Braunschweig

C.Smorraet al., ERSpecial Topics, The BASE Experiment, (201¢



BASE Overview

Observation of spin flips with
a single trapped proton
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ﬂpplication of the double\
Penningtrap technique

spin flip disk coil

cyclotron detection coll
and preamplifier
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measurement of the proton
magnetic moment.

Most precise
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doi: 10,1038/ nature 13388

Direct high-precision measurement of the magnetic

moment of the proton

A.Mooser*t, S, Ulmer”, K. Blaum®, K. Franke™*, H. Kracke"

proton g-factor measurment
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First direct high precision
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To be improved by another
factor of 10 to 100
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Reservow trap for antiprotons
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Idea: Enable operation witlp
antiprotons independent of

J

350+fold improvement compared
\to previous measuremery

g-factor measurment
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g/2 =2.7928465 (23)

Sixfold improvement compared tc
previous measurement

g/2 =2.792 847 344 1 (42)

Partly comparable work by J. DiSciacca, G. Gabrielse et al.. (ATRAP/TRAP collaboration)
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Tests of the Standard Model using Antlmatter

nllion years
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Standard modeis the success story of modern 7\' iy,
physics: Manyarticle physics observations are o 10 milonyear
reproduced. High predictive power for QED/BS

QED (suippt).
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(32 EORSIORIS g/2=1.001159 652 18073 (28)  pEemles
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On the other hand: SM doé@¢OTinclude, dark matter, neutrino

oscillations, anomalieis the muon sectormatter/ antimatter asymmetry.
knownSM-CP violation> factor of¢ p mTmissing

Precise comparisons of fundamental properties of matter/antimatter
conjugates providstringent tests of CPT invariance/hich is the
aY2al 7T dzysiimeétsy jhihk SM.




Tests of CPT Invariance

Red: Recent test
Purple: Past test:
Green: Planned
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sl = Improvements by the AD community
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Concept of CPT violation

. ( Q. . ([ G .
wl T 0w<0 G.)+w< G‘>+m<o G.)
A Basic idea: Add CPT violating term to a Hamiltonian based on Standard
Model and treat as a perturbation theory

=> Absolute energy chand®will be derived i

ra
energy

DE +DE
exotic

SME: (O a&| |[®r arr )y m OI

"O& ,,O S’/d) q 7 | g/dw SJ/'O coupling strength b_ (GeV)
t \ RATTSNByY( / 0a

System based on S|\/I CPT violating termp—— L, L»‘F(éc’})kv _ 7 ‘*’“< o.)
Kosteleckyet al. ]

A Absolute energy resolution (normalized tosoale) might be a more .
appropriate measure to characterize the sensitivity of an experiment W|th%H 1 o
respect to CPT violation. '
A Single particle measurements in Penning traps give high energy resolution.| _______—_ ——
Kaon Y& X Zp T X p T eV ~6*1019
pREn | e ‘pm e A clectodynamics and Penning rafbys. Rev. Bh, 056008
p-b g-factor X CZp T XpT1m eVv ~5*102° (2016).
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antiprotons
; » i prot —4— /antif conversion
-> 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 bridgel4 orders of

-> Feedback cooling> 0.000 09 eV magnitude




BASE, ATRAP,
Fundamental properties
of the antiproton

ALPHA, ATRAP,
Spectroscopy afS2Sin
antihydrogen

ASACUSA, ALPHA
WY & K N\ N Spectroscopy of GBFS in
ELENA L N \ A AN\ antihydrogen

ASACUSA
Antiprotonic helium

AD-5.3 MeV

KRN spectroscopy

(. 2 / _———  ALPHA, AEgIS, GBAR
T oI\ & \ B P Test free fall/equivalence
e (RN O WA principle with antihydrogen

M. Hori, JWalz Prog Part.Nucl Phys. 72, 20@53 (2013).
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Axial

Magnetron

Modified Cyclotron

radial confinement:  B= R E
axial confinement: F(r,z) =V,c
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Ig Main Tool: Penning Tra
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Cyclotron Frequency

Cyclotron frequency connect
measurable quantity to
fundamental properties of
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| Testing Fundamental Physics With Traps

megnetron Energyof harmonic oscillators:

. motion

E =>w,(n,+1/2) +>w,(n,+1/2) - >w (n +1/2)

Strategy:

A single particle in a Penning trap is a well understooc
simplesystem

S L

eeeeee

In. T

coupling strength b, (GeV)

Together with antihydrogen (another simple system): Most sensitive with respect to exotic interaction:

Statement:We have no idea whether we will find anything, Isuich simple systems have
highestdiscovery potential, because we understand them so well.




Measurements in Penninigaps

Cyclotron Motion LarmorPrecession
g: mag. Moment in units of

B nuclear magneton {‘_p
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Determinationsof the g/m ratio and gfactor reduceto measurementof frequency ratios> in principlevery
simple experimentsc> full control, (almost) notheoretical corrections required.




Frequency Measurements

A Measurement of tiny image currents induced in trap electrodes

: . . Resonator Toroidal coil
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A Measurements in thermal equilibriua® tiny volumina / homogeneous condititions



THE BASE EXPERIMENT

dedicated to the highest level of precision! This innovative experiment
can be operated with protons and/or antiprotons. It allows single particle .
control leading to the determination of the g-factor or the charge-to-mass

ratio with outrageous sensitivity. RI I{: N
=]

PRECISION TRAP

used for the determination of the cyclotron

and the Larmor frequency ANALYSIS TRAP

used for the spin state analysis
of the proton or antiproton

LED I

‘ (q/ m )5 Antibaryon Baryon Symmetry Experiment Hﬁ

RINEN (g/m)p f.




BASECERM\pparatus (approved 2013)

c . . . . .
Constructed new apparatus Integrated in a new experiment zone Timeline:
Cryostats .
- . y integration drawings |
A RIK=NH \ ’ finished vacuum chambers
Trap can N v YA start of beamiine  9€ivered

Superconducting oy : production beamline §

Magnet N/ “% installation <
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2
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Frame
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0 2 4 6 8 10 12
experiments
with pbars
development of
beam monitor commissioning
ith t
installation of cryosetup Wit profons
LA commissioning of
. . superconducting magnet first beam in
Constructed antiproton transfer line DES line

p President Funding
o . |

RIKEN Thanks to L. Bojtar, [«
F. Butin and team EE
T Erkisson and team

R. Kersevan and team

Implemented into the AD facility within 12 monthg thanks to strong support by CERN



New Concept: BASE Trap System

Access to beamline

Particles not
continuously
available

Trap for efficient
cyclotron cooling
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Degratier HY EleO0deS, oo g0 coil  Blegtongun  Pinbase

ResernvoirTrap Stores a cloud @ntiprotons suspends single antiprotons for measurements.
CNI LI Ad aLI2GSNI FIAfdz2NE al gSé o
PrecisioniTrapHomogeneous field for frequency measurementss B.5nT/ mm?2 (10 xiimproved)

CoolingTrapFast cooling of the cyclotron motion,dit 4 (10 xiimproved)

AnalysisiTraplnhomogeneous field for the detection of antiproton spin flipssBOOMT/ mm?

S. Ulmeret al.,BASE TDR, CDS (201



The BASE Reserveiap

Invented by BASESfirst exotic particle experiment using such a device
Doubles available experiment time and enables experiments at low background noise (accelerator OFF mode

10 hours CERN power cut.

days.
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S. Ulmetret al.,BASE Letter of Intent, CDS (2012
C. Smorra edal., Int. Journ Mass. Spe@&89, 10 (2015%.
S. Sellner et al., New. J. PHy8.083023 (2017).

exposure (years)

Experiment has been operated with antiprotons trapped in October 2015 until December 2016 for more than 400

Measurement provides most stringent direct limit on lifetime of thentiproton (21.7 years (status Feb. 2018))
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BASE Specialties: Fast Shuttling Technique

Antiproton
beam

VY%
o -
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structure

a  Antiproton Decelerator trigger

Measurement
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-V,
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Transport
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= Detection
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S § Detection Low-noise
i&==2 inductor amplifier

Low-noise
amplifier

Antiproton Decelerator trigger

Transport

Particle parked

Particle parked

Transport
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Axial v,

Transport
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inductor

1cm

Are able to prepare single particles upstream and
downstream of a measurement trap and interchange
the particles rapidly.

Applied scheme to perform one cyclotron frequency
ratio measurement within 4 minutes, which56 times
faster than in any previous hlgpreusmn mass
spectrometry experiment> Higher statistics, improved
precision.

Scheme can be applied to any arbitrary mass doublet
andhas thus the potentiaio improve arbitrary mass
ratio measurements.

Interesting: proton im.m.u or 3He/Tritium.

Applied this scheme to measure proton/antiproton g/m
ratio using antiprotons antlydrogen ions.

S. Ulmer et alNature524 196 (2015)



Benefits of Hons

A Slightly inhomogeneous magnetic field.

A Offset potentials on the electrodes of the
cryogenic trap.

A Change of polarity leads to position shift of
the particle.

A Systematic uncertainties due to the particle
position are large (~19

A For protons (polarity inversiom{=10V))
much larger as for Hons @V=0.005V).
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|>§ Measurement nZ =n? +n? +n?

AD cycle
>
a Antiproton Decelerator trigger Antiproton Decelerator trigger
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Measurement cycle is triggered by the antiproton injection into Al

One BASE charge-mass ratio measurement is by 50 times faster thaahievedin previous
proton/antiproton measurements.

First highprecision mass spectrometer which applies this fast shuttling technique




BASE Measurementd’roton to Antiproton Q/M

a Result qf 6500 proton/antiproton M/
comparisons.
o 1 Rewe= 1.001 089 218 755 (64) (26)
T of
3 7
& 10 —5 P pPled pm
20 Most precise test of CPT invariance with Baryons.
O 5 10 15 20 25 30 35 0 005 0.1

: . Consistent with CPT invariance
Time (days) Fraction

Graviation Potential

A Constrain of theyravitationalanomaly for antiprotons:

Distance

~
Our 69ppt result sets
a new upper limit of

proton

antiproton?

| p| 87 pm
\' | )

S. Ulmer et alNature524 196 (2015)



| Sidereal Variations (LV)

- 1)/10°
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A Understanding: cosmologicaltbackgroundield may couple
to particles-> Sidereal variations could be observed.
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A Set limit of sidereal (diurnal) variations in proton/antiproton
chargeto-mass ratios to < 0.72 ppb/day

.

Invitation:

We have higkresolution /
high sampling rate
antimatter dataavailable
(13000 frequency

measurements in 40 days)

Do our best to squeeze thej
maximum out of our data
but our group is small and

our timeis limited

In case of ideag contact us!

We are open to share ideas

data sets, etc...

J




§= Future of BASECharge to Mass Ratio
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TRAP Collaboration _

effort stopped _

effort started

1E-11 4

1E-12 4

Achieved Fractional Precision

feasibility demonstrated

phase sensitive detection

1990 1995

2000 2005 2010 2015 2020
year

A Limits: Background fluctuations induced by the accelerator (5.5
ppb linewidth)-> Magnetic shielding system has been developed
for improved stability.

A Next limit: Voltage stability in sideband measuremer#sDirect
cyclotron frequency measurements.

A Next limit: Magnetidrifts during phase evolutior>
Measurements with simultaneously trapped particles.

AStatus 2017 / 2018 run
-90 +
N 0.4
I ~ -95
~ =
& 0.3 B 100- 1
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8 0.2 E” -105 4
.g n -110 -
= 0.1
ilq_—, -115 -
0.02L - - - - L 00 _ ) , \ » | | | | |
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Frequency (Hz)

Clear plans and potential to improve the current limit by twice a factor of 5 and mayb
additional 2 within three years.



ﬁZE The Mass of the Proton

A Collaboration of BASE and Max Planck Institute for Nuclear Physics

Electron Creation
Gun

Trap Reflector

year

2005

2010 -

2015

% // D k |3 %' // /
Bergstrom et al. [4] 1ot CODATA 1998
: / ODATA 2002

Solders et al. [5]
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Position (mm)
1995DFlpn (1 /// M
etal. [1] . .
/ / Measurement:Compared cyclotron frequencies of higitlyarged
2000

carbon and single protons (using the BASE shuttling method in a ver

advanced Penning trap experiment (designed by S. Sturm and K.
Blaum))

Gy MOPOHTTCC @Y @ pHOG dz

F. Heisset al., Phys. Relett.119, 033001 (2017)



HOW MAGILTIC
IS THE ANTIPRBION?

»

The most difficult
experiment in

' precision Penning
g trap physics

Parts-per-Billion &
Measurement

of the Antiproton R
Magnetic Moment
Pages 30 & 64
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C. Smorraet al., Phys. Lett. B 769,(2017)
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Magnetic Moment Measurements

Measurement based ooontinuous SterrGerlacheffect.

Energy of magnetic dipole in B t8

magnetic field ﬁequency Measuremeiyt
Leading order magnetic field 5 5 & & M Spin is detected and analyzed v
correction . C an axial frequency measureme
. | o | o
This term adds a spin dependent quadratic axial potential G | spindown
-> Axial frequency becomes function of spin state g d
) t o) 0 % spin up .
> a o d° 1 H_ ] Time -

effective potential
"spin down" ;‘

- Very difficult for the proton/antiproton system.

I hAv,=0.8neV
O X o 1t 1T T YEOm

- Most extreme magnetic conditions ever applied to si
particle.

|4

—

effective potential
"spin up"

Axial Ty Potential (a. lin. u.)

Yy x pxmd "0
Position (a. lin. u.)

. ] o kUImer, A. Moosaat al. PRL 106, 253001@/
Single Penning trap method is limited to the p.p.m. level




