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TESTING QED AND CPT WITH
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Highly charged ions
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m,=+3/2

Highly charged ions
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G-FACTOR MEASUREMENT IN A PENNING TRAP

Larmor frequency
in a magnetic field B

Cyclotron frequency
in the same magnetic field B

L .o J

Larmor-to-cyclotron frequency ratio (I)
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Experimental Setup
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Experimental Setup (ALPHATRAP)

HC-EBIT

Laser ion
source

!'Valve

)

S A
lons from Wien filter -

Beamline

m Electrostatic lenses

uad
benders

Pulsed drift tube

7
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. /, e
AFIG
S SCHLIMMSTE AM 1 OVENMLA
gr DIE KALTE UND DIE EWSAMKEIT

cryogenic temperatures (4.2K)

F » basically no rest gas
Microwave and E b

laser incoupling ¢ .
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»  Vacuum better than 101" mbar
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A look into our toolbox - the Penning trap

ALPHA @ MITP 2025



THE PENNING TRAP

lon Electron

Trap eigenfrequencies ‘ ‘

* Reduced cyclotron ~27- 20 MHz (140Ghz)
frequency:

« Magnetron drift ~ 27+ 9 kHz (9kHz)
frequency:

* Axial frequency:

- Larmor frequency: ~ ~ 27 140 GHz

2 2 2 2
> Free cyclotron frequency (), = (W, +(_ + @,

(Brown-Gabrielse invariance theorem)

w. =1
“ m
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IMAGE CURRENT DETECTION

.

AN

Frequency

FFT

e, = 800pV/ VHz
i, < 4fA/ VHz

Cryogenic ultra low-
noise amplifier

350 MQ

Q = 43000

Rp
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IMAGE CURRENT DETECTION
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IMAGE CURRENT DETECTION
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IMAGE CURRENT DETECTION
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- Double Penning trap

Nemm n mmm e s mm s o 8 mEm R EEm 8 EEs R M 8 EEm R M 4 M R M A MEm R M A R mmm s o w oW

Capture electrodes
» Potential switching
* Dynamic ion capture/storage

Precision trap
e 18mm diameter
 Homogeneous B-field: measureT = w;/w,
» Compensation ring for PT: improved
B-field homogeneity

o Analysis trap
. e 6mm diameter
« Ferromagnetic ring electrode: spin detection

Beryllium trap

* Beions storage & detection
Microwave horn

e mm-wave coupling

e Laser access
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1--.  Double Penning trap
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Capture electrodes
» Potential switching
* Dynamic ion capture/storage

Precision trap
e 18mm diameter
 Homogeneous B-field: measureT = w;/w,
» Compensation ring for PT: improved
B-field homogeneity

o Analysis trap
. e 6mm diameter
« Ferromagnetic ring electrode: spin detection

Beryllium trap

* Beions storage & detection
Microwave horn

e mm-wave coupling

e Laser access
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E‘]s (V/m)

QED of Bound States

X
184 / a
| TRAP
» Probe validity of QED in the
strongest fields
» Precision experiment
with heavy, highly
i Charged lons
0 20 40 60 80 » Strongly coupled
Nuclear charge 2 (Za=1) electron, beyond

ot

L

up to IP ~ 150 keV ?

1012

Range accessible Range accessible .
in the Mainz HCI by ALPHATRAP the Furry picture
experiment » Extract nuclear
structure information
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QED of Bound States

1185n49+: (Za)~0.36

a Jonathan Morgner
TRAP
» Probe validity of QED in the
strongest fields
» Precision experiment
with heavy, highly
charged ions
» Strongly coupled

E1s (V/m)
up to IP ~ 150 keV ?

Nuclear charge Z _ -
Range accessible Range accessible (Za=1) elec_:tron, beyond
in the Mainz HCI by ALPHATRAP the Furry picture
experiment » Extract nuclear

structure information
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E1s (V/m)

QED of Bound States

1185n49+; (Za)~0.36

N Jonathan Morgner
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QED of Bound States

1185n49+: (Za)~0.36
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QED of Bound States
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Jonathan Morgner

% qﬁee OED g

contribution to g
1-loop binding 1 102 10® 10°
} t t } t t } T t '1 t
1

ﬁ%é: 2-loop binding | Dirac | FNS:
| Free-electron QED
Nuclear size SE
Nuclear . | | VP—EL,:UehI
Effects 1-loop BS QED 2
((.) Nuclear mass ﬁ: -
| ! ! 1 ! ! | i T | 7z 2
10° 10° 103 : 1 E 234
g-factor contribution (x10°) I 2loopBSQED 7 o+
! SESE (Za)®"
: 3-loop BS QED
Nuclear recoil
Jexp = 1.910 562 058 962 (73)stat (42)stat(910)ext GED reco |
Za _ I Hadronic
Jtheo = 1.910561 821 (299), / N/

theo.unc.  Exp. unc.*

Iiheo = 1.910 561 975 (39) !
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E1s (V/m)

QED of Bound States
1185n49+: (Za)~0.36
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Lithium-like tin 118Sn47*

Jonathan Morgner

Dirac Electron Structure
Effect Value (x 10 )
T Dirac, point nucleus -23,181.721
Dirac, FNS 2.040(3)
one photon two photon three photon Electron structure 1,192.179 (7)
One-electron QED One-loop QED 23.977(1)
Two-loop QED -0.107(33)
% % Two-loop QED , enhanced -0.080(6)
% g QED screening -1.076(8)
one-loop SE  one-loop VP two-loop SESE  two-loop S(VP)E Nuclear recoil 0.172(1)
QED screening £.(5, 21) 2,002,319.304361
Etheo 1,980,354.769(35)

; % % s ¢ 8tneo (enh) 1,980,354.797(12)
=1.980 354 799 750(84),10 (47)gys (944) ot

SE + one photon  SE + two photon VP + one photon VP + two photon

ALPHA @ MITP 2025 -Q%\\-




A leap in precision:
FULLY COHERENT SIMULTANEOUS MEASUREMENTS

ALPHA @ MITP 2025



Coherent g.,-g, difference measurement

>
t

» Magnetic field fluctuations quickly (~ms)
render Larmor precession incoherent
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Coherent g.,-g, difference measurement

>
t

» Magnetic field fluctuations quickly (~ms)
render Larmor precession incoherent

» Crystallized ions see the identical field

» The phase difference (correlation)
stays coherent (>seconds!)

ALPHA @ MITP 2025 .\\\}}.



Coherent g.,-g, difference measurement

Coherent difference

C
N

14
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Coherent g,-g, difference measurement

,_®=49(16)° A=021(5) ,_®=30011) A=028(6) @ 5 56(16)°, A =0.32(9), dep=470um
%075 %075 o — 075
g 08 \\ / g os / \ g 05
Los F— oas \ Lo2s
0 0 0
0.1 0.1005 _ 0.101 0.7 07005  0.701 0.7 07005 0.701
Tevol (5) Tevol (5) Tevol ()
, ©=5317)° A=0.26(7) | ©=49013)° A=035(7) @ s 37(23)%, A=0.19(6), d ., = 340 pm
Z075 — 1 | Zors Z075
3 os \ / 3 o5 \ / B o5
E. 025 NG ‘E 0.25 § 025
0585 08505 0851 055 10505 1051 03 22005 2201
Tevol (8) Tevol (S) Tevol (5)
20 Neg+ 22 Neg+
Dirac value (point nucleus) 1.996445170898(2) 1.996 445 170 898(2)
Finite nuclear size, FNS 0.000000004 762(7) 0.000 000 004 596(12)
QED, one loop (a) 0.002325473294(1) 0.002325473294(1)
QED, two loop (a)? -0.000003547780(117) —-0.000003547780(117)
QED, = three loop (a)3* 0.000 000029 524(1) 0.000000 029 524(1)
Recoil
Non-QED 0.000000 146093420 0.000000 132810693
QED 0.000 000000477 954(1) 0.000000000434499(1)
(a/ TT)(me/ M) -0.0000000001132(6) - 0.000 000 000 102 9(5)
(me/ M)2 -0.000000000044 1(2) —0.000000 000036 5(2)
Hadronic vacuum pol. 0.000 000000003 36(3) 0.000 000000003 36(3)
Nuclear polarization —0.0000000000019(9) —0.0000000000020(10)

g factor total theory

1.998767 277 112(117) 1.998 767 263 638(117)

Difference (in 10 9) )
FNS 0.166(11)
Recoil, non-QED 13.2827
Recoil, QED 0.0435
Recaoil, (a/ T)(me/ M) -0.0103
Recoil, (mg/ M)? -0.0077
Deformation <0.0001

\ Polarization 0.0001(3)

Ag Total theory 13.474(11)ens

Ag Experiment

13.47524(53)51a1(99)sys €

CF
104
1076
Yb* 1S - NL
2 107
= Ne™g IS [TW]
10719 .’
|
|
101 ! | | {
w* 107* 1072 10t 10° 10* 102 10%

myg [Units of m,]|

Sets limits on scalar bosons
coupling neutrons and
electron

ALPHA @ MITP 2025
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THE ANTI/MATTER ASYMMETRY IN OUR UNIVERSE

The anti/matter asymmetry:

Far more matter than
antimatter in our universe:

Thisisus'!
Standard Model
. _ predicts ng =
Sakharov criteria: ng!
[Andrei Sakharov, A. D., JETP Letters, 51 (1967)]
=
. Baryon number non-conservation Even tiny
Il. Thermal non-equilibrium » CPTviolation
l1l. CP violation explains asymmetry

§ >
SM CP violation OR
insufficient!

A
@/ ALPHA @ MITP 2025



LABORATORY SEARCHES FOR CPT VIOLATION

-

(a1
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T 9
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cQ 0O
SESS
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S5 ES
Sd T«
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St O
<2

o g-factor: >50x

10°1° 10712 10°° 10 1073 10°
Fractional precision

10—18

107"
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LSYMo. Lepton Symmetry experiment

Electron in magnetic field

A
é — —
T 4,2) T,1)
L] anomaly
..... By
T,0
wcle_ | )
. -2 qe-
|‘l’10> “\wa,e —gz mee_B
(e~
-= 1 B
Wc e M-
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LSYMo. Lepton Symmetry experiment

Energy

Compare electron and positron spin
precession simultaneously in the

same trap
Electron Positron
I, 2) IT,1) 1, 2) IT,1)
e GONETENt difference
LY 1,0 14,1) 7,0)
11, 0) 11, 0)
q
Wy e~ — ~ Ege -
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TRAPPED POSITRON ENERGY LEVELS

11,7)
R A —
10, T)
|1’ l> ................................................. \
> ho,,
08 J
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Q)

TRAPPED POSITRON ENERGY LEVELS

|1,T)
....................... |2’l)m
0,71
| 1, J,) ;D relativistic
............................................. S FEATISHE e
0, )
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TRAPPED POSITRON ENERGY LEVELS

2.0) 11,T)
10, T)
ST R— L
10, 1)
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Q)

TRAPPED POSITRON ENERGY LEVELS

2.1) 11,T)
0,7 T
|1, 1) _ __|_>;> relativistic #p QED
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0 ) e [V
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TRAPPED POSITRON ENERGY LEVELS

11,T)
12, 1)
............................................................ S
—
0, T)

> relativistic
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TRAPPED POSITRON ENERGY LEVELS

11,T)
12,1)
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y B
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cavity
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TRAPPED POSITRON ENERGY LEVELS

11,7)
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THE LSYM TRAP STACK

y » v‘ ‘ .. ‘




Q)

IV‘ 4 %_.‘j/}.
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3He sorption
cooler (300mK)

Superconducting
magnet (5T)

Trap chamber

(300mK)

THE LSYM SETUP

Room-
temperature
electronics and
feed-troughs

Liguid nitrogen

(77K)

Liquid

helium(4.2K)

microwave
inlet




LET'S TRAP POSITRONS

Positron dip

28.80 28.85 28.90

28.75

—85 1

T T
=} wn
T T

(wgp) |2A9] sioN

=100

28.95

Frequency (MHz)
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SEQUENCE

Step i+1

Step i
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QED CONTRIBUTION

*He

e

(33)

Contribution Electron Ag /
Dirac value 1.999 857 988 825 25 (4) 2.000 000 000 000 00 -0.000 142 011 174 75 (4)
Nuclear size and structure 0.000 000 000 002 28 (4) 0.000 000 000 000 00 0.000 000 000 002 28 (4)
1-loop QED (za)’ 0.002 322 819 465 77 (35) 0.002 322 819 465 77 (35) 0.000 000 000 000 00 (0)

(Za)* 0.000 000 082 462 19 0.000 000 000 000 00 0.000 000 082 462 19

(Za)* 0.000 000 001 976 70 0.000 000 000 000 00 0.000 000 001 976 70

(Za)®®  0.000 000 000 037 84 (5) 0.000 000 000 000 00 0.000 000 000 037 84 (5)
2-loop QED (za)’  -0.000 003 544 604 50 -0.000 003 544 604 50 0.000 000 000 000 00

(Zo)*  -0.000 000 00O 125 84 0.000 000 000 000 00 -0.000 000 000 125 84

(2a)* 0.000 000 000 002 02 0.000 000 000 000 00 0.000 000 000 002 02

(Za)*  0.000 000 000 000 03 (10) 0.000 000 000 000 00 0.000 000 000 000 03 (J#f (3)
23-loop QED (za)’ 0.000 000 029 497 83 0.000 000 029 497 83 0.000 000 000 000 00

(za)® 0.000 000 000 001 05 0.000 000 000 000 00 0.000 000 000 001 05

(Za)”  0.000 000 000 000 00 (5) 0.000 000 000 000 00 0.000 000 000 000 00 (5)
Recoil 0.000 000 029 167 89 (5) 0.000 000 000 000 00 0.000 000 029 167 89 (5)
Hadronic 0.000 000 000 003 47 (3) 0.000 000 000 003 47 (3) 0.000 000 000 000 00 (0)
Electroweak 0.000 000 000 000 06 0.000 000 000 000 06 0.000 000 000 000 00
Sum 2.002 177 406 712 04 (38) 2.002 319 304 362 63 (35) -0.000 141 897 650 59 g (10)

[B. Sikora priv. comm. (2023)]
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POSITRONS IN TH

E GROUND STATE

T T T T T T T T

Cyclotron Light positron
T
________________________________________ Axial: tank circuit + adibatic
''''' relaxation \l/
T
.2 [ d (] [ d L]
8 2l ] large relativistic shifts
E o n,=1 causes a 109 shift
= Targeted temperature range d cooling
=t . C .
S o1l Aol cavity sideban o Even n,= 1 shifts 10-13!
©
Q
1
o6 | » Cool cyclotron AND axial to
ground state !

0 0.5 1 1.5 2 25 3 3.5 4
Cavity temperature in K

:\i%i:: ALPHA @ MITP 2025 <>
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CavityTrap

Piezo actuator for fine adjustment

Flexure for zero tolerance adjustment

Coarse adjustment screw

otron frequency ~140 GHz

Sideband cooling

Larmor frequency

50 MHz U 150 MHz

)
%
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