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= BASE Collaboration

Mainz: Measurement of the magnetic moment of
the proton, implementationof newtechnologies
(seeposterMatt Bohman)

A CERMAD: Measurement of the magnetic moment
of the antiproton and proton/antiproton g/nratio
(seeposterElise Wursten)

A Hannover/PTBQLEDSasercoolingproject, new
technologies
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Observation of spin flips with
a single trapped proton
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S. Ulmer, et al., PRL 106, 253001 (2011)
A. Mooser, et al., PRL 110, (2013)

Application of the double
Penningtrap technique
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cyclotron datacdon coil
and preamplifier

QMooser, etal., PLB 723, 78 (2013)

Most precise \
proton g-factor measurment

1972 - Winkler et al., Phys. Rev. A 5, 83 (indirect)
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2014 - Mooser et al., Nature 509, 596 (direct)
——

2014 - CODATA
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2017 - This work (direct)
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9/9copara — 1 (parts per 109)

g/2 =2.792 847 350 (9)
A. Mooseret al., Nature509, 596 (2013

First direct high precision
measurement of the proton
magnetic moment.

g/2 =2.792 847 344 62 (82)

BASE achievements since 2011

/ PreciseCPT testvith baryons\

S. Ulmer, et al., Nature 524, 196 (2015)
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G. Schneider et al., Scier®s8, 1081 (2017y

Partly comparable work by J. DiSciacca, G. Gabrielse et al.. (ATRAP/TRAP collaboration)

To be improved by another
factor of 10 to 100

4 Reservoir trap for antiprotons

§ui o701l C.Smorra, et al.,

Int. Journ. Mass
Spec. 389, 10 (2015).
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H.Nagahamaet al.,NatureComms8,
14084(2017)

C. Smorrat al, Nature550, 371 (2017)

Most precise antiproton\

g-factor measurment
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g/2 =2.792 846 5 (23)

Sixfold improvement compared tq
previous measurement

g/2 =2.792 847 344 1 (42)
350+fold improvement compared

to previous measurement
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Problem: Big Bang Scenario &whseguences

1. Acosmicmicrowavebackgroundgshouldexistasa fire-ball

remnantof the Big Bang

1. 1965 Penzias and WilsathservedCMWBwith a blackbody
spectrumof 2.73(1)K )y far too intenseto be of stellarorigin.

2. UnderstandabldBig Banguucleosynthesiscenariodescribes
exactlythe observedllg elementabundancesasfound in

«cold» stellarnebulae

3. Usingthe modelswhichdescribe 1. and 2.:

TR | —

BaryoriPhoton Ratio 1018 BaryoriPhoton Ratio
Baryon/Antibaryon Ratio 1 BaryonAntibaryon Ratio  0.0001

Followingthe current Standard Model ofhe Universeour predictionsof baryonto photon
ratio arewrong by about 9 ordersof magnitude
RE




WE HAVE A PROBLEM

mechanismsvhich createdthe obvious
baryon'antibaryonasymmetryin the universe
haveyet to be understood

Onestrategy Comparethe fundamental
propertiesof matter / antimatterconjugates
with ultra high precision




Aspeciablace(inthe universe) ¢ the BASHrap

AWe have

A Avacuumof 5e-19 mbars
A comparableto pressuresn the interstellar medium

A Antiproton storagetimes of severallOyears

A Not more than 3000atomsin avacuumvolumeof
0.5l

A Order 1000 1000trappedantiprotons
A Alocalinversionof the baryonasymmetry

BASE ANTIMATTER INVERSI| |

localvolume 0.000B m3

Baryonsan localtrap volume 1.65*107 | PR g
Antibaryon inlocaltrap volume 100 | ’- - :::: === %'
Antibaryor/Baryon Ratio 5.9*108 ' ' e

Ratio Inversion 3.8*1012

With this instrument Investigatepropertiesof antimattervery precisel;@@ %



cle/antiparticle comparisons

CPT tests based
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R.SVan Dyck et al., Phys. Rev. L&%.26 (1987.

. Schwingenheuer, et al., Phys. Rev. Lett. 74, 4376 (1
H. Dehmelt et al., Phys. Rev. L&B8, 4694 (1999).
G. W. Bennett et al., Phys. Rev78) 072003 (2006
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Limits onExoticPhysicg; ONEexample

A Test the Standard Model (CPT invariance) by comparing the fundamental properties of protons and
antiprotons with high precision

1F @ Tme- Mb4 (0 & |@r @rr ) m
dMme < 4 SMge - TN Dirac equation CPTodd modifications
5 o 5 CI. 5 G! 5 CI.
OOF F W ( G.)'l_w CI. W ( G.) Photon Energy (GeV)

Pseudemagnetic field, with different coupling to
matter and antimatter, respectively

0
S
3.5+ 10 ;
’ 3 V. A.KosteleckyN. Russell, o
EAS W ( (].) 0801.0287v10 (2017). 170100 | &
6.9 =10 g
Would correspondto the discoveryof abosonfield 10F 100 10 100 100 107 10°
which exclusivelycouplesto antimatter. Frequency (GHz)

sensitive: comparisons of particle/antiparticle magnetic moments in trap@ %
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M. Hori, JWalz Prog Part.Nucl. Phys. 72, 20@53 (2013).

else Oelert, Hayand;langst Charlton et al.

BASE, ATRAP,
Fundamental properties
of the antiproton

ALPHAATRAP,
Spectroscopy a1S2Sin
antihydrogen

ASACUSAALPHA
Spectroscopy of GBFS in
antihydrogen

ASACUSA
Antiprotonic helium
spectroscopy

ALPHA, AEgIS, GBAR
Test free fall/equivalence
principle with antihnydrogen
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radial confinement: B = B B
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|g Main Tool: Penning Trap

B

F(2)

/Invariance -Relation \

=7 +h %

|

Cyclotron Frequency

p= L G g
2p mon

!

Cyclotron frequency connects
measurable quantity to
fundamental properties of

\trapped charged particly
RE

\%4




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

-
‘ (q/ m ) 5 Antibaryon Baryon Symmetry Experiment H ﬁ

RIN=N (@/m), g




BASECERN\pparatus (approved 2013)

Constructed new apparatus

Cryostats

2

RIKEN

Trap can

Superconducting
Magnet

25m
Frame

4.0 m
1.5 m

Constructed antiproton transfer line

ﬁ President Funding
0 gk

RIK=N

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

Integrated in a new experiment zone Timeline:

integration drawings

finished vacuum chambers
start of beamline delivered
i (]
production beamlne &
installation g
()
cabling ©
P
. ()
infrastructure b=
T . s
I N T N T N T N T N T N T
0 2 4 6 8 10 12
experiments
with pbars
development of
beam monitor commissioning
. . with protons
installation of cryosetup
commissioning of
superconducting magnet first beam in
DES5 line

Thanks to L. Bojtar,

F. Butin and team @D

T Erkisson and team
R. Kersevan and team
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The BASE Trap System
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Access to beamline

Particles not
continuously available

Trap for efficient S. Ulmeet al.,BASE TDR, CDS (201.
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12_ _~-onep mcle lost by cleaning ' two particles extralcted -
ResenvoiriTrap Stores a cloud afntiprotons suspends single antiprotons for 14 w%ww T
measurementsTrapA & o L2 g SNd @I At dzNB al @S g v - - - -
PrecisionTrapHomogeneous field for frequency measurementss B.5nT / mm? E 2 one et it 1O PRI PT —f one e e
(10 Xl“ﬁmfm) . E Z: no particle in trap X-MAS break particle ‘AT [
CoolingTrap Fast cooling of the cyclotron motion,gi¢ 4 S(10 xiimproved) s - - - R
AnalysisTrap Inhomogeneous field for the detection of antiproton spin flips=B * 5 P o AT |-
300mT/ mm2 o o particle : Trap

-20 (I) Zb 4IO 6I0 8I0 160 1é0 1;10 1(I50 1£ISO 200
2045/11  206/01 2016/07 2017/01 2017/07 Time (h) 2018/01
[ . | 1 I ] 0 |
online shutdown

software integration p.m. software integration l p.p.b. offline S. Sellner, New J. PhgS, 083023 (2017). @@ TC LTS
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Proton/Antiproton Chargéo-Mass Comparison

S Ulmer,et al.,Nature524, 196(2015) @:@ ‘%



Measurement configuration

Extract antiprotons and Hbns, compare cyclotron frequencies

Park Precision Park Reservoir
electrode trap electrode trap

Measure’ &’

R —

Measure’ &' t

] (e O

a ad p ¢ , , , Comparison oH-/antiproton cyclotron frequencies:
a a a a : : .
One frequency ratio per 4 minutes with ~ 6 ppb
Ry, = 1.001 089 218 754 2(2) uncertainty

inspired by GGabriesleet al., PRB2, 3199 (1999). @:@ ‘%



Proton to Antiproton
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Q/M: Physics

- P p(@d pTm

A In agreement with CPT conservation
A Exceeds the energy resolution of

previous result by a factor of 4.
S Ulmer.et al.,Nature524, 196(2015)

A Constrain of thegravitationalanomaly for antiprotons:
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A Conclusion:
Matter and Antimatter clocks run at the same frequency
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- Progress towards a better g/m measurement
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@ Future Perspective -

AReached ratiouncertaintyof order 10 p.p.t. to 20 p.p.t. 300 p.p.t. scatter (1205 cycle)

@
AWhatwould be the next step? ) e $P s
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AStartedpotjectto transport antiprotons out of the AD hall
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The Antiproton Magnetic Moment

A milestone measurement in antimatter physics

LETTER

OPEN

doi:10.1038/nature24048

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

C. Smorra®? S. Sellner!, M. I. Borchert"3, I. A. Harrington?, T. Higuchi'®, H. Nagahama', T. Tanaka">, A. Mooset!, G. Schneider"®,
M. Bohman'4, K. Blaum?, Y. Matsuda®, C. Ospelkaus®’, W. Quint®, J. Walz®?, Y. Yamazaki' & S. Ulmer'

Mainz effort started
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C. Smorra et al., Natukb0, 371 (2017).
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Experiment of the moment

I'he ensgma of why the aniverse contuias more matter than
antematter has been with us foe moee than half o century. Whike
charge-parity (CP) violatkm can, s peisciple, scooust for the
exisience of such i lenbaliince, the obecrved matter excess s about
nine onders of megnitude lurger than whe i expected fromknown
CP-violating sources within the Standard Moded (SM). This strik-
ing discrepancy lmspires searches foe additional mechanisms foe
the universe's baryon asysmmetry, amdeg which are espeniments
that test fendamental churge—parity-time (CPT) lnvariance by
comparing matter and antinetser with great precision. Any mees-
ured difference hetween the two would constitiee a dranses sign
aof new plysics. Moceover. experiments wih tler systems

CERN's Ansiprevene Dvvelovaro.

Tie BASE se

two-particle measurement method and, foe 4 shost perkod, rep-
resented the first time that areimisier had been measured more
precisely than mentes,

o
3

provade anague tests of hy pochetical processes beyoed the SM that
cureot be uncovered with andisary muties sysienms.

The Baryoa Antibaryon Symanetry Experimess (BASE] m
CERN, in additice to severul other collubaruticas o the Anti-
proton Decelerator (AD), probes the universe theough exclusive
antineeter “microscopes” withever higher resclution. In 2017, 5d-
kewing many years of effoct i CERN and the Universiy of Makee
in Gesmany, the BASE 1eans measared the msagnetic momem of
the antiproton with a precision 380 times betier than by asy other
experinent bedore, reaching a relative precesion of 1.5 pars per

Dilixa (Hgare 1. The resal tolkmed the develop-
ment of 3 mult-
Henmueg-tnp
system and
a monel

T i
Pesvtng-trap
syt aesed by BASE 10
ettt spln- e of siegle trapyped protins and anniproees

»
L4 ""'
-~

I'he BASE resuls relies o quanium measurement scheme 1o
observe spin trassitions of o single stiprooa s o e-destructive
manner, In experimental pliysics. noa-destructive abservaticas
of quarcum effects are usaally accompanied by a tremeadous
increise In mesessrement preceson. Foe example. the soo-destnuc-
tive oteervitos of electronic trunsitaons in oo of kes ledsothe
development of aptacal frequency stundands thet achieve Enctional
preckacas on the 10 leved. Anceher example, albowing one of
the maex precise sests of CPT imvariance g dite, i the compar-
soa of the electron and positron 2-faceoes. Based oo quanium non-
demolition detection of the spin stute, such studies during the
190U reached o tractional sccuracy o the pars pes-trilboa leved

1 he Lsest BASE measurement Jolkms the sime scheme bt tar-
gels the magnetc moenent of protoes and anbipeotons instead of
slectrons and posttroas. 1hes opens tests of CF 1 a totalty dit-
fesent particle system, whuch couk! behave entirely ditderently. In

practace, however, the trasster of quantum measurement methods
trom the electron/pasitron to the protonantipro-
10 SYSIE CONSERINES 3 ConsKierahke
> - ‘r-‘ challenge owng to the
~

CERN COURIER, 3/2018. ﬁ
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Image Current
Measurements

C. Smorrat al., Phys. Lett. B 769,(2017)
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LarmorFrequency extremely hard

Measurement based ooontinuous SterrGerlacheffect.

Energy of magnetic dipole in B ffg

(
magnetic field Frequency Measuremen
Leading order magnetic field 5 =& & ¢ M Spin is detected and analyzed vjc
correction ‘ G an axial frequency measuremernt
N
This term adds a spin dependent quadratic axial potential § <pin down
-> Axial frequency becomesfunctionof the spinstate 8 o
[ 0 0 E spin up
X —_ — n >
s d" 1 H z Time
= effective potential
e : & | \"spindown” Ihsz=0.8neV —
- Very difficult for the proton/antiproton system. g | g . j
& x g 1T 1T ¢ YOI 2 ’ E%J\\\
- Most extreme magnetic conditions ever applied to si Eglle e e s ) _ |
part|C|e . r , é I I I I I I_ I I I I -1298 499 500 501 50.2 503 50.4 505
y X pXT[G OG Position (a. lin. u.) drive frequency (MHz)
Single Penning trap method is limited to the p.p.m. level S. Ulmer, A. Mooset al. PRL 106, 253001 (2013
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Antiproton gfactor results; single trap

Performed G_armorresonance and 12 cyclotron resonance scans

Measurement

e Six fold improved uncertainty of the
{ Ql;rc C& QRS l'lJ L8 (p)-q antiproton magnetic moment

Earlier work: JDiSciaccat al., PR1.10, 130801 (2013).

and Penning traps$hys. Rev. P4, 056008 (2016).
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Respective limits on SME coefficients for CPT violation improved up to a fa@@@

H.Nagahamaet al., Nat. Comm. 8, 14084 (201



