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BASE — Collaboration

Mainz: Measurement of the magnetic moment
of the proton, implementation of new
technologies.

* CERN Antiproton Decelerator:
Measurement of the magnetic moment of the
antiproton and proton/antiproton q/m ratio

 Hannover/PTB:
Laser cooling project, new technologies
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WE HAVE A PROBLEM

mechanism which created the obvious
baryon/antibaryon asymmetry in the Universe
is not understood

One strategy: Compare the fundamental
propertles of matter / antimatter conjugates
g=~3 With ultra-high precision |
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Limits on Exotic Physics

* Experiments test the Standard Model for exotic interactions

(iv#D, — m|—|a,y* — bysyH)y = 0 HYy = (Hy+ Vexoric) P

Dirac equation  CPT-odd modifications AE oxotic = (W|Vexotic|P)

—0 0 —0y 0 —0 0 V. A. Kostelecky, N. Russell
bl’}/“—>b< * >+b +b< ‘ ) o Sori
Vs o o)\ 0 o)\ 0 o 0801.0287v10 (2017).

* Boson field exclusively coupling to antimatter

— (0 0
AVipe = bz,D (0 ia'z)

Single particles in Penning traps test the SM
at an energy resolution of 10?4 to 10%® GeV

sensitive: comparisons of particle/antiparticle magnetic moments in traps
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[2i§j= Antiprotons — CERN
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-> Electron cooling -> 0.1 eV cycle of 120s + 300s of preparation
-> Resistive cooling -> 0.000 3 eV time we bridge 14 orders of
-> Feedback cooling -> 0.000 09 eV maghnitude
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g\i The BASE Apparatus at CERN
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=S Main Tool: Penning Trap

radial confinement: p= B
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Proton/Antiproton Charge-to-Mass Comparison

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



=iy " Measurements in Penning traps

Cyclotron Motion Larmor Precession
g: magnetic moment in units of
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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. 6@ @



I S= Frequency Measurements

 Measurement of tiny image currents induced in trap electrodes

o Resonator Toroidal coil
Low Noise 7 Axially excited, trapped
\/\/\ Amp 1004 antiprotons
/ ’g -105
J:ED p-m- 2
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H. Nagahama et al., Rev. Sci. Instrum. 87, 113305 (2016) @@ @



Measurement configuration

Extract antiprotons and H-ions, compare cyclotron frequencies
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Proton to Antiproton Q/M: Physics

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

* |n agreement with CPT conservation
s g : * Exceeds the energy resolution of
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* Constrain of the gravitational anomaly for antiprotons:

Graviation Potential
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BIS= Larmor Frequency — extremely hard

Measurement based on continuous Stern-Gerlach effect.

Energy of magnetic dipole in O, = —(Ll_p) . §)
magnetic field

ﬁrequency I\/Ieasuremem

Spin is detected and analyzed via
an axial frequency measurement

2
Leading order magnetic field B, = By + B, (22 — ?)

correction

> o
This term adds a spin dependent quadratic axial potential g Lol
-> Axial frequency becomes a function of the spin state % g
=2 spin up
B B L = >
pv, ez D
myV, v,

effective potential
"spin down" r‘

I hAv,=0.8neV

spin flip probability (%)

- Very difficult for the proton/antiproton system. k

B,~ 0.3 T/mm? —
. o, . . . drive frequency (MHz)
- Most extreme magnetic conditions ever applied to single

408 4 505
i effective potential
"spin up”
pa rticle — T T S. Ulmer, et al. PRL 106, 253001 (2011)
sz~170 mHZ Position (a. lin. u.)

Single Penning trap method is limited to the ppm level @@ (%

AX|gPTrap Potential (a. lin. u.)




Next Step: The Double Penning-Trap Method
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= The holy-grail: single antiproton spin flips
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The Magnetic Moment of the Antiproton

0.6

0.5

220 0 20 40

(9p~9p)/9p (PPb)

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

9p

9p

2

2.792 847 344 62 (82)

2.792 847 344 1 (42)
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2§l The Antiproton Magnetic Moment

NENM Ewain MRt

A milestone measurement in antimatter physics BAsE
Experiment of the moment

LETTER oPEN

doi:10.1038/nature24048

A parts-per-billion measurement of the antiproton e —
magnetic moment
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BASE achievements since 2011

Observation of spin flips with
a single trapped proton

u
H
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S. Ulmer, et al., PRL 106, 253001 (2011)
A. Mooser, et al., PRL 110, (2013)

Application of the double

Penning-trap technique
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Most precise proton
g-factor measurment

1972 - Winkler et al,, Phys. Rev. A 5, 83 (indirect)

& u

2014 - Mooser et al, Nature 509, 596 (direct)
e

2014 - CODATA
e, S |

2017 - This work (direct)
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g/2 =2.792 847 350 (9)

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

First direct high precision
measurement of the proton
magnetic moment.

g/2 = 2.792 847 344 62 (82)

S. Ulmer, et al., Nature 524, 196 (2015)
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G. Schneider et al., Science 358, 1081 (2017)j

Precise CPT test with baryons:\ /
comparison of cyclotron frequencies

To be improved by another
factor of 10 to 100

[ Reservoir trap for antiprotons \

v ' C.Smorra, et al., Int. Journ. Mass
¥ 7 Spec. 389,10 (2015).

. Idea: Enable operation with
i~ . antiprotons independent of

& partde mumber

accelerator run times. )

Partly comparable work by J. DiSciacca, G. Gabrielse et al.. (ATR r

Most precise antiproton \

g-factor measurment

H. Nagahama, et al., Nature Comms. 8,
14084 (2017)

C. Smorra et al., Nature 550, 371 (2017)
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g/2 =2.792 846 5 (23)

Sixfold improvement compared to
previous measurement

g/2 = 2.792 847 344 1 (42)

350-fold improvement compared
to previous measurement
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Planned Developments — Sympathetic Cooling of pbars

f New Method \

Couple protons/antiprotons
sympathetically to laser A .
cooled °Be* ions and imprint 2 B
Doppler temperatures to the § .

antiproton

Potential Depth (a.u.)

Distance (a.u.)

Was demonstrated
Publication: K. R. Brown, C. fOI" 9Be+ iOﬂS il’l pau|

Ospelkaus, Y. Colombe, A. C. t . | t
Wilson, D. Leibfried, D. J. raps —impiemen

Wineland, Nature 471, 196 (2011). | Same in Penning
traps

Current Time Budget Laser Time Budget

preparation time and particle mode temperature

* Expect: With traditional methods another 50-fold improvement is possible,
afterwards: limit of traditional methods will be reached!

-\\33- Effort at University of Mainz @

5 trap design implemented and "
simultaneous detection of °Be*ionand ¢
proton in common endcap trap was
demonstrated.

e Current antiproton magnetic moment measurements are limited by particle P-I-B

The Vision

000000000000000000000000

\» %/

\C. Smorra, A. Mooser, M. Bohman, M. Wiesinger et al. /

strB Effort at University of Hannover and PTB

Lot 1. Recent dramatic progress:

% . % ¢ Detection of a single laser cooled

= %# °Be* ion, in a Penning trap system

= 3 : whichisfully compatible with the

1 T BASE trap system at CERN

\ M. Niemann, J. M. Cornejo, C. Ospelkaus et al. )

>100-fold improved

antiproton cooling

time seems to be in
reach

BE



Summary and Outlook

BASE 2017: = -2.792 847 344 1 (42)

AAAAAAAA

Performed a 69 p.p.t. - test of CPT invariance with baryons by
comparing proton/antiproton charge-to-mass ratios

fractional precision

Performed the most precise measurement of the proton
magnetic moment with a fractional precision of 0.3 p.p.b.

* Performed the most precise measurement of the antiproton iy
magnetic moment with a fractional precision of 1.5 p.p.b. E‘g::

* Feasibility to improve Q/M comparison by factor of 5 to 10 o A WL
demonstrated. (9955 (PPb)
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What inspires experiments with antimatter?

1. Big Bang scenario supported by

1. Hubbles law

Discovery of CMWB with a black body spectrum of 2.73(1)K, by far
too intense to be of stellar origin.

3. BBN scenario describes exactly the observed light element
abundances as found in «cold» stellar nebulae.

2. Using the models which successfully describe 1., 2.and 3.:

brediction | Wobservaton |

Baryon/Photon Ratio 1018 Baryon/Photon Ratio 10°
Baryon/Antibaryon Ratio 1 Baryon/Antibaryon Ratio 10000

Following the current Standard Model of the Universe our predictions of baryon to photon
ratio are wrong by about 9 orders of magnitude while our baryon/antibaryon ratio is
wrong by about four orders of magnitude. 6@@




Antimatter and Dark Matter

. . At
* Given our current understanding of the o [E’;;':g
Universe there are several problems - 71_4%3'
ar
Matter
_ 24%

* Energy content of the universe has yet to be

understood.
* We even do not understand why these 5% of

baryonic matter exist. TODAY

Search for time-base signatures in

COUld these prOblemS be related? antimatter data, mediated by axion /

antiproton coupling:

Cpag
Hin(t) = 2‘” sin(mqt) o5 Pa

DE
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B Single Trap — Double Trap — Triple Trap

spin flip probability

spin flip probability
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10 mm Cyclotron detection

Time Budget Double Trap

A

Time Budget Two Particle

|
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Systematics

Table 1 | Error budget of the antiproton magnetic moment
measurement

Effect Correction (p.p.b.) Uncertainty (p.p.b.)

Image-charge shift 0.05 0.001 calculate
Relativistic shift 0.03 0.003 measure T / calculate
Magnetic gradient 0.22 0.020 measure / calculate
Magnetic bottle 0.12 0.009 measure / calculate

Trap potential —0.01 0.001 measure / calculate
Voltage drift 0.04 0.020 measure / calculate
Contaminants 0.00 0.280 measure / constrain
Drive temperature measure / constrain
Total systematic shift 0.44 1.020

The table lists the relative systematic shifts (column 2) by which the measured magnetic-moment this dominant error is not

value was corrected; column 3 is the uncertainty of the correction. Details of these systematic
effects and their quantification are given in Methods.

present in double trap
measurements.

classical trap shifts shifts induced by 2 particle approach Has been estimated with the




