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@@ BASE — Collaboration

* Mainz: Measurement of the magnetic moment of
the proton, implementation of new technologies.
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* CERN-AD: Measurement of the magnetic mome
of the antiproton and proton/antiproton g/m ratio

 BASE-STEP: Development of transportable
antiproton traps

* Hannover/PTB: QLEDS-laser cooling project, new
technologies
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Team at CERN, running 24/7 since 2013

Three experiments, 9 institutes, about 30 collaborators, 10 at CERN
C. Smorra et al., EPJ-Special Topics, The BASE Experiment, (2015)
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General: Use ultra-high precision methods to
measure fundamental constants and study
fundamental symmetries with highest fractional
accuracy

Main tools: advanced Penning trap systems

2017 pbar moment, proton moment,
pbar lifetime, proton mass
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J. A. Devlin, et al., PRL, accepted (2021)
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@@ Matter / Antimatter Asymmetry

Combining the A-CDM model and the SM, our predictions of
the baryon to photon ratio are inconsistent by about 9
orders of magnitude

Baryon/Photon Ratio 1018 Baryon/Photon Ratio 0.6 * 10°°
Baryon/Antibaryon Ratio 1 Baryon/Antibaryon Ratio 10 000

Universe Mass
Composition

.8%
Dark energy
68.3%

NASA Figure

Sakharov conditions Alternative Source: CPT violation —

adjusts matter/antimatter
asymmetry by natural inversion

given the effective chemical
3.) Arrow of time (less motivated) potential.

1.) B-violation (plausible)

2.) CP-violation (observed / too small)

Experimental signatures sensitive to CPT violation can be derived from precise
comparisons of the fundamental properties of simple matter / antimatter conjugate
systems



ﬁ@ CPT tests based on particle/antiparticle comparisons
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comparisons of the fundamental properties of simple matter / antimatter conjugate systems
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Coming soon: studies of the ballistsic properties of
antihydrogen by ALPHA-g, GBAR, AEglS.



P.@ Main Tool: Penning Trap

B 4 BASE — Multi-Trap-System
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@@ Measurements in Precision Penning Traps

Cyclotron Motion
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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.

High Precision Mass Spectrometry

High Precision Magnetic Moment

Measurements

STED
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Common to all these
experiments:

Superconducting magnets
Ultra sensitive
superconducting partice

detectors

Cryogenic operation of
experiments

Use of «complex» multi-
trap systems
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C@ Charge-to-Mass Ratlo Measurement
" takes 2405, 50 tmes faser thanin 1695 S s A WA v
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In aspects similar to G. Gabrielse, et al.,Phys. Rev. Lett. 82, 3198 (1999)



ﬁ@ BASE Measurements — Proton to Antiproton Q/M

comparisons:

Result of 6500 proton/antiproton Q/M

Rewc= 1.001 089 218 755 (69)

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

+1 =1(69) x 10~12
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20 25 30 35

Time (days) Fraction

Consistent with CPT invariance

Stringent test of CPT invariance with Baryons.

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

Self-shielding coil

' Previous Limitations:
* Systematics by resonant particle tuning.
* Accelerator imposed magnetic field fluctuations

-> Multi layer shielding systems / reservoir trap

* Intrinsic magnetic field stability limitation ->

redesign of parts of the apparatus

* Development of direct detection techniques for

lower measurement fluctuation.
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C@ The Acqwred Data Set

STEP

9 [—2014sideband — o =5.85ppb &
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* 24000 data points acquired in four
measurement campaigns and in a time
range of 1.5 years.

median day Ie-_'.,fél

 Temporal experiment stability fluctuation
due to fluctuations imposed by other
users and accelerators.
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ﬁ@ Systematic Effects and Result

” Effect | 2018-1-5B | 2018-2-SB ‘ 2018-3-PK | 2019-1-5B ” e
statistical unveerainty | [
52 I
B -shift 0.03(2) 0.01(2) < (0.01) < (0.01) Rl ——
| B ;-shift 20.27(14.86) 8.38(14.86) 10.79(12.66) 3.75 (5.16) ' 4
Cy-shift (1.12) (1.13) (1.54) (0.76)  spectrum shift |l -
Ce-shift < (0.01) < (0.01) < (0.01) < (0.01) near costaert II ®
Relativistic 1.20(92) 0.47(90) 1.90(2.32) 0.65(94) pulling shift | g
Voltage Drift | m
Image charge shift 0.05(0) 0.05(0) 0.05(0) 0.05(0) Resanator Tuning =2
Trap misalignment 0.06(0) 0.06(0) 0.05(0) 0.05(0) T s o
FFT Distorticns
Voltage Drifts —3.35(5.12) —3.77(5.12) —0.11(11) —5.03(5.12) Menlinear coefficient
Spectrum Shift 0.37(20.65) | 16.89(46.49) 0.74(61) | —8.61(21.45) Resenater shape
FFT-Distortions (1.57) (3.48) (0.03) (1.23) o
Resonator-Shape 0.02(3) 0.02(2) < (0.01) 0.01(2) cs
o 5 o 15 20 25
B ;-drift offset < (0.11) < (0.17) < (0.04) < (0.04)
Resonator Tuning < (0.16) < (0.16) < (0.06) < (0.06) statistical Unvecertainty | [
62 I
FFT Clock
Averaging Time — — —2.87(25) - relativistic |
FFT Clock — - (3.69) - bagl —
. . Spe |
Pulling Shift _ _ 2.86(24) - o ot g
Linear Coefficient Shift - - 0.16(40) - AVE time B
Nonlinear Shift — — 0.03(2) - pulling Shift 9
voltage Drift |
Resonator Tun ng o
Systematic Shift 18.65(26.04) | 22.11(49.22) | 13.60(13.50) | —9.13(22.71) Trap Angle g
B Drift [
FFT Distortions | [ g
Nonlinear Coefficient = 1§
Rexp— Rtheo 13.02(27.12) —5.04(46.57) 7.99(18.57) 18.34(18.89) Resonator Shape
L& 2
B1
Rexpc— Riheo ~5.63(37.60) | —27.15(67.76) | —5.61(22.66) | 27.47(29.54) . ) . . . .




@@ The Result

* Most precise test of CPT invariance in the baryon sector

Campaign Reyp

2018-1-SB 1.001089218748
2018-2-SB 1.001089218727
2018-3-PK 1.001089218748

2018-1-SB 1.001089218781
Result

10712 107°

SME Limits

8w ~2R; ) exp 00 |<1.96 X107 GeV,
|

H Coefficient ‘ Previous Limit ‘ Improved Limit ‘ Factor ‘

|eXX] <3.23-1071 | <7.79.-107° | 4.14
leyy| <3.23-1071 | <7.79.1071% | 4.14
|eZ 2] <214-1071 | <4.96-1071% | 431
XX EX A | < 11910710 [ < 2.86-1071 | 4.14
|5§Y\, @YY <1.19-10710 | <2.86-1071 | 4.14

P
627),1&77) | <7.85-10°1 | <1.82-10711 | 431

|6w€ - R‘(—)'prexp

G(R )stat

27 x 10712
47 x 10712
19 * 10712
19 * 10712
1.001 089 218 757 (16)

107°

0(R)sys
27 * 10712
49 x 10712
14 10712
23 % 10712

1073

Result consistent with CPT invariance
Ding et al., Phys. Rev. D 102, 056009 (2020)
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@:@ Interpretation Bﬁ?
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» Differential test of the weak equivalence principle

R
comparing a matter and an antimatter clock e

d.) e Derived limits for global and differental
2 considerations
s
0 100 200 300 400 500 600 700 3. ; : T _7
time (d) time (d) ag— 1 < 1.8%10
agp — 1 < 0.03

apoapsis periapsis

3rd of July 3rd of January

e Constraints set limits similar to goals of
experiments that drop antihydrogen in the
gravitational field of the earth.

o

Rexp - Rtheo —

* Looking forward to these results, rapid
progress in ALPHA-g and GBAR, stay tuned
for beamtime 2022 / 2023.

Broad band time base analysis is under evaluation -> time dependen coefficients



@@ Outlook

* Using phase sensitive methods * Recent development: Two Particle Method (similar to recent

Ratio uncertainty ér

1.x1079}

5.x10710}"

1.x10710}..,

5.x107"}

MPIK-Results), moderately «simple» for Q/M ratios, difficult
for nuclear moments
Antiproton: Two particles in one trap
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* Current problem: Magnetic field fluctuations imposed by the
accelerator hall.

Transportable
antiproton

—29;

1051.x10° 0  1.x10° 2.x10°8

traps coming
AR/R

soon (see also
s PUMA)

20 p.p.t. / 24h, but only possible during accelerator sutdown




C@ 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"?, 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'
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C. Smorra et al., Nature 550, 371 (2017).

C. Smorra et al., Phys. Lett. B 769, 1(2017)
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S. Ulmer et al., PRL 107, 103002 (2011)
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Experiment of the moment

I'he enigma of why the aniverse contulns more macter than
antematter has been with us foe moee than balf o century. Whilke
charge-panity (CP) violatkm 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 asysmetry, amceg which are espeniments
that test fendamental chiurge-parity-time (CFT) 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 Experimens (BASE) mt
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 Gesmany, the BASE 1eam measared the nsagnetic momen of
the antiprotoa with a precision 380 times betier than by aay other
experiment bedore, reaching a relative precesion of 1.3 parts per

Dilixa (ligare 1. Ihe resal tolkmwed the develop-
ment of 3 multi-
Henmusg-tnp
system and
a movel

Tive moudri-

eavlng -Lryy
svatean wied by BASE vo
leticy b spln-fipe of sieg e trapped protins and anniprasoes

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 o guantum measurement scheme 1o
observe spin trasitions of o single smtiproton is o ee-destructive
manner, In experimental physics. moa-destructive abservations
of quarcum effects are usaakly accompanied by & tremeadous
increse In mesurement preceson. FRoe example. the son. destruc-
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 non-
demolition detecthon of the spin stite, such studies during the
1990 reached i tractional sccuracy o the pares- pes-trilkon leved.
1 he test BASE measurement olkmvs the sume schesme bt tar-
gels the magnetic moemnent of protoes aed anbipeokms instead of
slectrons and pasttroas. |hes opens tests of CF1 i a totaly dit-
tesent particle system, which coukd behave entirely ditfevently. In
peactace, however. the trasster of quantum measurement methods
Erom the electron/pasitron (o the protonantipro-
08 SYSIC CONSTRINES a Conskierahk
e rc challenge oang o the
¥

CERN COURIER, 3 /2018.




@@ Larmor Frequency — extremely hard

Measurement based on continuous Stern Gerlach effect.

Energy of magnetic dipole in by = —(1y - §)
oL P

magnetic field (Frequency Measu rement\

Spin is detected and analyzed via

an axial frequency measurement

. H H 2
Leading order magnetic field B, =By + B, (z* — %)

correction

t 9
-
. . . . . =
This term adds a spin dependent quadratic axial potential 5 spin down
-> Axial frequency becomes a function of the spin state T o o
(¥ -
QL .
Ay~ usz = o & c x spin up X
Z . D : .
myV, vV, - Q Time
2 o
. rre . £ 1\ effective potential (@) 50 ‘ T ‘ T T T ]
- Very difficult for the proton/antiproton system. & | \'sncowr ¥/ Fhavc0nev = ) _
£ 0 RS N -
B,~300000 T /m? 8 = J\\\
- Most extreme magnetic conditions ever applied to single Ei sictvspetana —~ B o . |
part|C|e. < o -12;,8 49.9 500 501 50.2 503 50.4 5;»5
AVZ’V 1 70 mHZ Position (a. lin. u.) drive frequency (MHz)

S. Ulmer, A. Mooser et al. PRL 106, 253001 (2011)/

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




ﬁ@ 3000-fold Improved Antiproton Moment Measurement gz

New idea: divide measurement to two particles ear __Proton s, Antproton §,.,/2__ Collaborata thod

2011 2.792 847 353 (28) 2.786 2 (83) Pask (ASACUSA) MASER / Exotic Atoms
2012 2.792 846 (7) disciacca (ATRAP) Single Penning-trap
b Spin Spin Analysis trap 2013 2.792 845 (12) disciacca (ATRAP) Single Penning-trap
Precision trap Analysis trap analysis analysis
Park electrode AV w"" g;g; Transport m 2014 2.792 847 349 8 (93) Mooser (BASE) Double Penning-trap
e -] - 2015
‘ s Feedback loop " I 2016 2.792 8465 (23) Nagahama (BASE) Single Penning-trap

Precision trap

> ’ L Y Y. 2017 2.792 847 344 62 (82) 2.792 847 344 1 (42) Schneider / Smorra (BASE) Double Penning-trap / TTM

Transport
proton 2005 [ h :
Cyclotron detection

Axial detection system E ﬂ Park trap proton 2017 I
svstem i i X

\@
w0 antiproton 2005 ?\Y [1’
antiproton 2017

win: 60% of time usually used for sub-thermal cooling N ' e ——

Cyslotron
particle

1012 10° 10 103 1
fractional uncertainty

useable for measurements a0
g' my 0| al .
c o 6w f(r)»-f[fl cos(Qgqt + a) + Blsin(w,t)
O
BASE 2017: y = -2.792 847 344 1 (42) o ° a
0.1 '}2 8
0.01 exotic atoms .E +
c "1 . = ASACUSA © o Frequency (Hz)
S "1 pee pHe s E a 10110 107 10%® 10° 10% 10° 102
o 1= = 200 1001 Combined limits
s "1 ATRAP = 8 g 100
§ e et ) } T 50 % g5 experimental limit
=y .
S 1E74 Y o o o]
00" 40 20 0 20 40 E 1gg] muppeming bap g 10 =
(95-Gp)/Gp (PPD) e85 1900 1995 2000 2005 2010 2015 2020 "E °
year © 10% 107 10% 10° 10* 10° 102 1022 1021 1020 10~ 10-18 10-17

Frequency (Hz) Axion mass (eV ¢ 2)

first measurement more precise for antimatter than for matter...
Smorra et al. (BASE), Nature 550, 371 (2017) Schneider et al. (BASE), Science 358, 1081 (2017) Smorra et al.(BASE), Nature (575), 310 (2019)



Error Budget

@@ Systematic Limitations of 2017 Measurement

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
Relativistic shift 0.03 0.003
Magnetic gradient 0.22 0.020
Viagnetic bottle 0.12 0.009
Trap potential -0.01 0.001
Voltage drift 0.04 0.020
Contaminants 0.00 0.280
Drive temperature 0.00 0.970
Spin-state analysis 0.00 0.130
Total systematic shift 0.44 1.020

Limited by magnetic bottle strength of 2.7(3) T/m?

New trap layout with increased distance
between analysis trap and precision trap.

Upstream Downstream
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Recent magnetic field measurements:

Property Value 2021 Value 2017
By 0.0270(7) T/m  0.0712(4) T/m
By 0.1298(8) T/m?  2.7(3) T/m?2

B1 improved by factor of 3.
B2 improved by factor of 20.

I

g-factor target precision of order 100 p.p.t.

at much higher sampling rate in reach (so far

no show stoppers identified).

%



@@ New Experiment, New Inventions

* Implement the best trap experiment we are able to build at the moment.

* Many new components

Property Value 2021  Value 2019 .

Resonance Frequency 29.64 MHz 29.64 MHz d eveloped In 2020 d nd
Tuning range 4.3 MHz 1.5 MHz 202 1 .

Inductance 1.52 uH 1.68 uH

Capacitance 2.72 pF 2.63 pF

FreeQ @ b K 1250(150) 196(8)

Detection Resistance @ 5K 376 kO 61k

* New trap system

- 50F

-50; cooling trap 1 _ssf @naysis trap * New electronics Iayout
-55F Q=25800 S g Q=23500 .

_ 60; T ot * New axial detectors

First full 4-trap stack s 65 i s - . _
. » L ] - F p .

operated in BASE 10 N M S r , | New degarder interface
_75L e - ] -80F Lo .

—— g e k| a5t Y , Ty * Improved cryogenic RF

. | 620000 620500 621000 621500 657000 657 500 658000 658 500

frequency (Hz) froquency (Hz) noise suppression system

degrader hotder | * New magnet shim system

degrader flange /
g N g degrader‘chamber i

* Phase sensitive detection

mesh-like support copper foam absorber

Although everything else looks promising, problems with antiproton
catching in 2021 (stray fields, misalignment, diagnostics, etc.).




System running successfully in persistent
mode.

Able to tune the B2 coefficientto 0
within uncertainties of 0.00006T/m?

Reduces the dominant systematic
uncertainty of the previous magnetic
moment measurement by more than a
factor of 10000.

B, (mT/m?)
2 &

:

-300 -200 -100 O 100 200 300
Current (mA)

2016 measurement (PT) 2022 measurement (CT)

detector temperature 12.8K 4.2 K
Demonstrated in 2022 a 200mK detection Q 450 1250
L ,Ai particle preparation time of <10 R, 75.000 Q 360.000 Q
= minutes (60 fold improvement) pickup length (Day,) 515 mm 43 mm
thermalization time 380s 3.2s
Feedback cooling heralds
further improvement by a Transport time 78s 46s
factor of 4. in time, 200mK in Readout time 120's 10

2.5 min.

200 mK preparation time 15h 8 min



considerably accelerated by inventing a method beyond resistive cooling

Method proposed by Wineland and Heinzen: Couple
particles in different traps via image currents.

One of the particle types: Laser cooled species
Transfer particle temperatures from one trap to the

other.

First proof of principle demonstration successful!!!

Demonstrated proton temperature reduction by

about a factor of 8.

New trap geometries under development for more

efficient cooling

Amplitude (dBV)

-110

-115

L
N
o

|
-
N
w

Laser-cooled Be* ions

Single proton

@@ Recent Achievements — Sympathetic Cooling

* Magnetic moment measurements are limited by particle temperature and would be

TOP10

BREAKTHROUGH

313 nm J
cooling laser A%
—% Id =5mm
P o
B Ty

Be* trap

———————————

9cm Proton trap

G5lm

Cryogenic LC circuit

&

—————————————————————————————————

___________

_________________________________

Frequency v - v, (Hz)

Simulations: Optimized procedures will enable 20 mK temperatures in 10 s.

0 50

100 150

Be* dip width (Hz)

200

Bohman et al., Nature 596, 514 (2021)



@@ The single spin flip 2022

* With I \ Status 2016 run with 600s
» dedicated cooling trap implemented 3 cooling in the PT
o . < 05} at a cyclotron temperature of
* optimized fast particle transport = 13K
» optimized detector/particle coupling E |
. . . . g 02f
-> prepare d part|C|e W|th >90% Sp|n State deteCt|On 3 Status 2022 run with cooling S~
. . . . . \\ for3sintheCTanda T
fidelity in 10 minutes (still some headroom)... 0.1} 1\ cyclotron temperature of 4.2 k T
B S S e
. time (h)
- * Current experiment:
.q e considerably improved particle cooling, thus much higher
» 19 G sampling rate
§ * Double trap measurements possible now -> reduced
S systematics

»'.\

||I“ I\

Frequency Shift (Hz)

e Ultra homogeneous magnetic field
e Ultra stable experiment magnet
e Coherent methods and phase methods

04

Very optimistic to improve the antiproton moment measurement by >factor of 5



@:@ The «Perfect» Penning Trap Experiment

* Vision: Build at new HHU-D labs a world-leading Penning trap laboratory which features
all essential aspects of all lessons learned in the last 10 years, supplied by BASE STEP.

4 1400 mm Quantum 4\ beam
< > Interface for ion _ " - Eesa
/ sources and logic trap bt/ SR
transportable trap
3 _. g precision
Beam tube Experiment Q £ trap
Cryostat S _
Vertical 7T co:lpllng
. rap
, superconducting f,
77K thermal shield ‘ l— : fa
! B | magnet with cold bore __

fluorescence

2600 mm

Universitat
Hannover

102
109:4

i | Leibniz

~_Penning trap

Frequency tuneable A
detection electronics @@=

Magnet Coil

Multishims and
local magnet

= Josephson

‘ Standard

sJsase| dwnd ag
Jo Judwanoisduwi [esduad mojje ||Im siudwdojanaq

Superconducting
Seismometers

uoisidaad *3d-d-gns 03 s1939wo4323ds deusj Suiuuad




@@ summary

* Talked about recent precision measurements in BASE, with the flag-results 16ppt
measurement of the antiproton/proton charge-to-mass ratio, and a 1.5ppb
measurement of the proton magnetic moment.

* Some searches for more exotic physics.

* Future plans:

* Improved measurement of the antiproton moment — excellent progress
* Improved measurements by developing transportable antimatter traps
* Improved measurements by implementing new technologies

Promising future experiments possible



@@ Summary of SME Limits by BASE

* Magnetic Moment Measurements

B + 57
77|

=
by

T+ XX 7 +xYY
byXX 4 biYY |

T *xZZ
by |
b:X
=y

bp

*xXX _ xYY
by** — by |
T +%XZ

bP
T+YZ
bp

-+ XY
bp

< 1.8-1072* GeV
<11-1078Gev~?
<7.8-107° GeV~1
< 3.5-1072* GeV
<74-107° GeV!

<2.7-1078 GeV1

<9.7-1072° GeV
<9.7-1072% GeV
<54-107° GeV~!
<3.7-107° GevV~1
<3.7-107° GeV~!

<2.7-107° GeV~1

B SE

2022 Charge-to-Mass Ratio Measurement

STEP

[—

Coefficient Previous Limit | Improved Limit | Factor
B <323-107% | <779.107" | 414
244 <323-107% | <779-107 | 414
622 <214-107% | <496-1071 | 4.31
XX e XX | <1.19-10710 [ <2.86-10711 | 4.14
'?’Y\ |5*YY| <1.19-10710 | <286-1071 | 4.14
|cZZy \a*ZZ| <7.85-10711 | <1.82.1071 | 431

Work in progress, to be finished within
the next 3 months.

* Time-base Charge-to-Mass analysis ongoing
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. . . . J. Devlin et al., (BASE
@@ Constraining Axion/Photon Coupling s, sscarseries

Letters. 126, 041301 (2021). %
e Axions at the right Compton frequency would source a radio-frequency signal that could

be picked up by our single particle detection systems

—gol
* Important feature: cold axions and axion like o5l .
N particles oscillate at their Compton frequencies
NbTi housing—__ 2 : {
Vg = mgycy/h S _100[ -
Inductor . pe . §
, * In a strong external magnetic field axions can % _1051
Penning trap B . . . . <
o convert into photons via the inverse Primakoff 2
NbTi wire : =
@ Antiproton PTFE former EffeCt’ 1 'g -11og
Copper wire Ba = - Ega]/r paCOhBeeqb e
Sapphire spacers 674800 674850 674900 674950

Frequency (Hz)

T
* Axion Signal: Vo = Egayva\/ pahicy * Q+f (v, Q, p)KNT(rZZ - le)Be

b) 107
* Noise-Floor: V, = \/e,%Av + 4kpT,R,t(v, Q, p)K?Av 1o
>
The most important parameter to derive appropriate limits is the g 107
resonator temperature T, § o2
0.5 T ga < 10711 Gev~?
Z0.4 ke eres 1072 - 3
= — 5.7(4) K

Axial frequency (Hz)

10
2790627908 2791 2791227914 107" 107'° 10° 10°® 107 10°® 10'5
674.83
ma (neVic?) m, (eVic?)
674824
Limits Hints
674814
3

[l SN-1987A [ Cavities M CAST M ADMX-SLIC B FERMI-LAT X Excess y-rays
4 60 8 100 120 B HESS. WSHAFT N BASE W ABRACADABRA Pulsars
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Axial energ! Number of measurement
oz K

Penning trap: calibrated by single particle guantum thermometry
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* With a purpose-built experiment we should
be able to improve sensitivity considerably S

Devlin et al., BASE,

Vo T f(Q) @
— o 5 Yay VaPalCy * \/ (ry -1, + 7‘1)3/ ZBe Phys. Rev. Lett. 126, 041301
Vn 2 4kBg(TZ) 10% : .
orameter | curent | New | Factor
10°
Temperature 5.5K 0.05K - 0.1K > 3 Laboratory
10°®
Q 40 k 160 k > 1.4
=~ 10710 Helioscopes (CAST)
en 1nV/VHz 0.1nV/VHz >3 S 107
By 1.8T 7.0T 3.9 & 00
Geometry 1 16 16 - l
10
Peak Sens. 1 > 260 o
10
3 ‘ Bandwidth-gain: x 3000 0T 100 107 10° 100 107 10 100 105 107 0]
*“t | Technologies available to build such an experiment / discussion with IAXO started A

Frequency (Hz)



