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Motivation & Goals

The Standard Model of Particle Physics is very successful...

... but there are still some open issues:

* gravity
et * dark matter
_ e dark energy
o o * matter/antimatter asymmetry

Content of the Universe

Today 14 billion years
Life on earth - 3

Acceleration . 11 billion years
Dark energy dominate! 2 Nt TR

Solar system forms\ = = o)

Star formation peak ‘ ~ 3 hilfion years ——

.

Galaxy formation era\ \
Earliest visible galaxie: : 700 mill.ion years

Recombination Atoms form \— “’*;400 00 years =

Relic radiation decouples (CMB) (}\’,} SZ (@) g\j} S

Matter domination 5,000 years
Onset of gravitational collapse

Nucleosynthesis ' 3 minutes

Light elements created - D, He, Li
Nuclear fusion begins 0.01 seconds

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition ===
Electroweak and strong nuclear o
forces differentiate

Inflation Ay
Quantum gravity wall hCA
Spacetime description breaks down vV V

)




Motivation & Goals

Why is there so much more matter than antimatter in the universe?
Baryon asymmetry parameter:

np —Nag _
Observed: B~ 6 x 10~
Ty

Standard Model prediction: ~~ 10_18




Motivation & Goals

Why is there so much more matter than antimatter in the universe?
Baryon asymmetry parameter:

np —Nag _
Observed: B~ 6 x 10~
Ty

Standard Model prediction: ~~ 10_18

Conditions for baryon asymmetry by Sakharovt:
e Baryon number violation
e Cand CPviolation
 Departure from local equilibrium or CPT violation

[1] A.D. Sakharov, JETP Lett 5, 24 (1967) ) B




Motivation & Goals

CPT invariance implies for a particle and its antiparticle:
* Same mass m
e Same lifetime t
* Opposite charge g
* Opposite magnetic moment

The Baryon Antibaryon Symmetry Experiment (BASE)
e Studies the fundamental properties (m, g, T, 1) of protons and antiprotons



Motivation & Goals

Charge-to-mass ratio
Vep _ (Q/m)ﬁ
Veu-  (@/m)p-

Rexp =

Lifetimer

Antiprotons stored for longer than a year

.........

Magnetic moment p

— Antiproton '

— Proton
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The Baryon Antibaryon Symmetry Experiment (BASE)
e Studies the fundamental properties (m, g, T, 1) of protons and antiprotons

[1] S. Ulmer et al, Nature 524, 196 (2015) [3] G. Schneider et al., Science 358, 1081 (2017)

[2] S. Sellner et al., NJP 19, 083023 (2017) [4] C. Smorra et al., Nature 239, 47 (2017)




Motivation & Goals

Charge-to-mass ratio Lifetime t ~ Magnetic moment p
R = Vep (q/m)p Antiprotons stored for longer than a year 05l — Antiproton
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@/ms 11 = 1(69) x 1072 69ppt [1] 75> 10.2a [2] 2 (82) 0.3pp
(@/m)p 7 =-2.792847 344 1(42) 1.5ppb (4]

The Baryon Antibaryon Symmetry Experiment (BASE)
e Studies the fundamental properties (m, g, T, 1) of protons and antiprotons

* The last antiproton campaign measured the g/m ratio and will improve the
limit by a factor 4

* The upcoming campaign will improve the antiproton magnetic moment

[1] S. Ulmer et al, Nature 524, 196 (2015) [3] G. Schneider et al., Science 358, 1081 (2017)

[2] S. Sellner et al., NJP 19, 083023 (2017) [4] C. Smorra et al., Nature 239, 47 (2017)



The BASE experiment

The BASE apparatus at CERN’s Antiproton Decelerator is a system of
cryogenic Penning traps

downstream cryostat upstream cryostat
cam c am cryo
LN, LN,

superconducting magnet

4K filter annealed
segment copper rod
= antiproton
14 B | “beam

77K heat Jgate valves

shield . ;
detection Penning trap turbo molecular
systems chamber pump




The BASE experiment

The core of the experiment is the Penning trap

Radial confinement: § — 802

2
Axial confinement: d(p,2) =V,c,| 2° —'07

640kHz
Magnetronv. 6kHz
Modified 23.9MHz
Cyclotron v,

cyclotronV,




The BASE experiment

The core of the experiment is the Penning trap

Radial confinement: § — 802

» Brown-Gabrielse
Axial confinement: D(p,z) =V,C,| 2° 5 Invariance Theorem

Ve =V 2+ v 2+ 2

640kHz
Cyclotron Frequency
Magnetronv. 6kHz
1 q
. e vV, = ——
Modified 23.9MHz ¢ 2mm
Cyclotron v,

Brown, L. S., and G. Gabrielse,
Phys. Rev. A 25, 2423 (1982)

cyclotronV,




The BASE experiment

How do we measure the frequenciesv,,v, and v_?

* axial motion v, induces tiny image currents (1fA) in the trap
electrodes, can be measured with an image current detector

Resonator Toroidal coil —>

:m Penning trap

resonator

L amplifier

Ro G

— %7 to FFT
analyzer

Q =200k — 500k ‘

Rp>1GQ — partICIe -_

L=2-3mH

N =950-1200




The BASE experiment

How do we measure the frequenciesv,,v, and v_?

* axial motion v, induces tiny image currents (1fA) in the trap
electrodes, can be measured with an image current detector

Resonator Toroidal coil —>

:m Penning trap

N =950-1200
Q = 200k — 500k
L=2-3mH
Rp>1GQ -_

resonator

amplifier

oS gt

N— %7 to FFT
analyzer

particle £ ‘

Amplitude (a. u.)
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The BASE experiment

How do we measure the frequenciesv,,v, and v_?

* axial motion v, induces tiny image currents (1fA) in the trap
electrodes, can be measured with an image current detector

* radial motions v, and v_can be T _
measured by inducing Rabi '
oscillations with the axial mode by
applying the appropriate RF drive

Amplitude (a. u.)




The BASE experiment

How do we measure the frequenciesv,,v, and v_?

* axial motion v, induces tiny image currents (1fA) in the trap
electrodes, can be measured with an image current detector

* radial motions v, and v_can be

measured by inducing Rabi
oscillations with the axial mode by
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Vy =Vpr TV TV, — 7,

Amplitude (a. u.)




The BASE experiment

How do we measure the frequenciesv,,v, and v_?

* axial motion v, induces tiny image currents (1fA) in the trap
electrodes, can be measured with an image current detector

* radial motions v, and v_can be L
measured by inducing Rabi 2ol |
oscillations with the axial mode by  helicalcoil ,, Muchnarrowersignall. = ore
applying the appropriate RF drive | f\e/fatte:jattgcs
Vi = VRF + Vi + Vi — Vg | excitation

| energy

* v, can also be detected by the Peak
method: excitation makes v, visible ~ 5% &% 5% 0%
directly on a cyclotron detector “—— 05 04 02 00 02 04 06




Results of the last antiproton campaign

Extract an antiproton and an H ion from the reservoir and alternatingly measure
the cyclotron frequency of the antiproton and the H ion

Downstream Retarvoi R = VC'T) — (Q/m)ﬁ XB/ZT[ I\/Iagnetic field
park electrode trap VC,H_ (q/m)H— B/ZT[ Cancels out!

Upstream

park electrode

The theoretical ratio is then
Riheo = 1.001 089 218 754 2(2) because

me E, E; @poin-Bj
mH—=mp(1+2 e_ b _ 2 4B 0)
mp, mp Mmp my

Low-noise
amplifier

Inspired by work of TRAP collaboration

antiproton H ion (G. Gabrielse et al., PRL 82, 3199(1999).)




Improvements compared to the run of 2015

Results of the last antiproton campaign
e Stability: The apparatus was rebuilt to improve the ' ZWM%JL;’D‘:
magnetic field stability, a system of superconducting | |

self-shielding coils!!! was installed to shield external oot e
magnetic field changes
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\\\\Q =20 -10 0 10 20
N Bvelve (ppb.)

2018-2019: M AD on: 1.4(1) p.p.b.  2014: M 5.9(1) p.p.b.
AD off: 1.5(1) p.p.b.

Kapton sheets j 68 mm
PTFE tapes

[1] J.A. Devlin et al, PRAppl. 12, 044012 (2019)




Results of the last antiproton campaign

Improvements compared to the run of 2015

=
o

N

Magnetic field (uT) o
o
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e Stability: The apparatus was rebuilt to improve the 00 0 ¥
magnetic field stability, a system of superconducting &3.L I~~~ jtoF
self-shielding coils!! was installed to shield external 0ot s ke 0
magnetic field changes o

* Systematics: Tuneable detectors reduce the s |
dominant systematic correction of 2014, no longer £, M |
need to adjust the trapping voltage to o0l ——ontifililiiee |
accommodate the mass difference! Bvelve (b

. . . (q/m)l_o 2018-2019: l—lﬁg g?f 1;8% ng 2014: M 5.9(1) p.p.b.

Resulting in a factor 4 improvement of '

| (q/m)p’
(to be published soon)

[1] J.A. Devlin et a/, PRAppl. 12, 044012 (2019)




Results of the last antiproton campaign

Differential measurement!

21 March

The cyclotron frequency acqwres a redshift in
the gravitational potentiallll

GM
U=——
r
It could be that antimatter feels a different
gravitational couplm and sees a slightly
different potential . This would imply a
cyclotron frequency dlfference
a)c - (L)C 2 AU —10 . .
— 3(a — 1) U/c — =3 X 10719 during orbit
W, 9 c

Valug for U at the Earth’s surface (U/c? = 3 X
still critically debated in the scientific
community

[1] R.J. Hughes et al., PRL 66, 854 (1991)



o
~

Differential measurement!

21 March

Rexp - Rtheo

3 January

0 100 200 300 400 500 600 700
time'(d)

apoapsis ., periapsis

3rd of July g 3rd of January

23 September

2 _3x10-10 during orbit

c2

()

Rexp - Rtheo ~—

Constrains a, to a few %!
(to be published soon)




Results of the last antiproton campaign

We have very sensitive detectors at BASE, so why not use it also to
search for dark matter!il...

Axion-like Particles (ALPs): . °

* Pseudoscalar bosons weakly interacting with %
matter motivated by many beyond the O 1o
Standard Model theories =

* Coupling to photons by derivative interactions
Jay through e.g. inverse Primakoff Effect 10 109 107 105

* Massm, < leV LA EW

[1] ). A. Devlin et al., PRL 126, 041301 (2021)



Results of the last antiproton campaign

e Any low mass ALP would form a classical field NbTi housing—__ B8 o _
oscillating with frequencv
2 Inductor
~ myc</h

Penning trap

* Coupling ALP field to E and B fields: , BT s
La»Y — —ga,ya(x)E(X) . B(X) g _Antiproton

* The oscillating ALP field sources an oscillating
magnetic field:
OE __ 0
V xB —1u§ = —ga,YBea‘:
Ba — _Egafy f\/ pahCBe¢

where p,hc is the local ALP energy density, r is the : 110} S
radial distance from the axis of the toroid

Frequency (Hz)

PTFE former
Copper wire

Sapphire spacers

[1] ). A. Devlin et al., PRL 126, 041301 (2021)



Results of the last antiproton campaign

10—12 |

10°13 i it & i :

10~" 19~ 10°° 40® 10" 10°% 40
ma (eV/c?)

Limits Hints

B SN-1987A W CAST W ADMX-SLIC Excess

WHESS mMBASE M ABRACADABRA||™ v rays

B Cavities | SHAFT B FERMI-LAT Pulsars

[1] ). A. Devlin et al., PRL 126, 041301 (2021)



Results of the last antiproton campaign

Plans for a dedicated ALP experiment

bandwidth tuner of

i

51 upstream resonator
,. :
. upstream resonator

10 0™y 50 MHz — 200 MHz
L oo 300k
‘T downstream resonator
500 kHz — 1 MHz amolifier
%’ 1 0_1 1 ; band:vidth tuner otf i R':;pstfel:m ;
ownstream resonator andwidth tuner o
g central resonator
= magnetometer
ctg . bandwidth tuner  capacitive tuning bank
10712} 1070
RF amplifiers
tuningbank ~ downstream 1 0—10 |
1077 T | T e —" S Ao < 107"}
10" 107" 107 10™ 10™" 10™ 10 > 0
107 '“}
ma (eVIc?) <
e ta : © -13}
Limits Hints % 10 . M Central resonator
B SN-1987A B CAST B ADMX-SLIC < Excess 1074} :Downstream resonator
Upst t
WHESS. MBASE M ABRACADABRA||" v rays 10—
M Cavites W SHAFT B FERMI-LAT Pulsars 10010710 10 10 107 10

[1] ). A. Devlin et al., PRL 126, 041301 (2021)




Outlook on the next antiproton campaign

— Antiproton
— Proton

We are developing a new antiproton magnetic moment experiment: n?jj
* Especially designed cooling trap to cool the cyclotron mode oo | |
(F-2)/63) (ppb)
Co'(%gr?]r}g;"e hot particle (1K)
Reservoir Parking Precision Analysis  Cooling ;'fm ' g_'m : H TU lﬂ .W lwrﬂ‘
Trap Trap Trap Trap Trap 2. i down 3 o

spin down
5 E) & £ & o
measurement

counts
counts

Precision Trap: Homogeneous field for frequency measurements, B2< 0.5 mT / mm2.

Analysis Trap: Inhomogeneous field for the detection of antiproton spin flips, B2= 300 mT / mm2.
Cooling Trap: Fast cooling of the cyclotron motion. high-fidelity spin state fidelity at 65%, not useful
Reservoir Trap: Stores a cloud of antiprotons, suspends single antiprotons for measurements. resolution for measurements

oo .. ) 04 06 :X-}
frequency shift (Hz)




Outlook on the next antiproton campaign

— Antiproton |
— Proton

We are developing a new antiproton magnetic moment experiment: n?jj

* Especially designed cooling trap to cool the cyclotron mode ‘

0.0+ :
0 40

40 20

0 S 2
(r-3)/) (ppb)

* Magnetic shimming coils developed to homogenise the magnetic field in the

precision trap to reduce systematics cold partle hot particle (1K)
* New degrader to connect to ELENA g ] W I
P 0 S N Y NG
Reservoir Parking Precision Analysis  Cooling ;fm s a ) ] grm : H Tv lﬂ J IH e
Trap Trap Trap Trap Trap 8 spin down [ spin down ]

R B P
g

= | - N 10
e e e —]

counts
counts

Precision Trap: Homogeneous field for frequency measurements, B2< 0.5 mT / mm2. o L _
Analysis Trap: Inhomogeneous field for the detection of antiproton spin flips, B2= 300 mT / mm2. frequency snift (fz) frequency snift (4z)
Cooling Trap: Fast cooling of the cyclotron motion. high-fidelity spin state fidelity at 65%, not useful
Reservoir Trap: Stores a cloud of antiprotons, suspends single antiprotons for measurements. resolution for measurements
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Outlook on the next antiproton campaign

We are developing a new antiproton magnetic moment experiment
* Especially designed cooling trap to cool the cyclotron mode

* Magnetic shimming coils developed to homogenise the magnetic field in the
precision trap to reduce systematics

* New degrader to connect to ELENA

We are planning to take beam this week!




Conclusions

Last campaign:

* We have improved our antiproton-to-proton charge-to-mass ratio
measurement by a factor four

* We have tested the Weak Equivalence Principle for clocks
* Results will be published soon
* We have done a search for ALPs coupling to photons

New campaign:

* We are ready to take beam to start a new magnetic moment measurement
with a goal of improving to better than 0.3pp

* Simultaneous development of dedicated ALP experiment



