Precision Measurements 4
Electron Magnetic Dipole Moment /

and ‘ f

Electron Electric Dipole Moment .
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| am not a muon-ist \ »
Xing Fan «
Research Assistant Professor \

Northwestern University starting a new group at Harvard next year
looking for students/postdocs \

2024 Sep 3 Muon International Physics School:
Simon Eidelman School on Muon Dipole Moments and Hadronic Effects



What is Precision Measurement?

(Sl }gle i precision measurement tools X
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Precision Measuring Tools
Related Items

23/8" to @1/2°
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Displacement Indicator
(Includes Barrel Adapter)




What is Measurement?
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What is Measurement?
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Gravitational Wave Detector

two stable arms — common mode cancellation

S

light storage arm

'

test mass

light storage arm

test mass test mass

test mass

beam
splitter photodetector
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Common Mode Cancellation

» Make the system insensitive to what you do not want to see

hoht storage ar test mass

light storage arm

test.sliass

test mass

test 1»Aass

beam

laser frequency fluctuation splitter photodetector

power fluctuation
feedback loop noise ...
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Always Have Two Good Measurements

measure spin frequency
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measure cyclotron frequency
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AMO picture

electron spin

f

—clock measurement for new physics search
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Magnetic Dipole Moment (MDM)

angular
momentum L

e An electron hasaspin§ = —

N | S

g./2=1.001 159 652 180...

>13,000 Feynman diagrams
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Electric Dipole Moment (EDM)

* electron’s Compton length
A=h/mc

« EDM'’s natural size should be
d. ~Axe x 0(1)

| take the last constant to be 1/4
(will explain why shortly)

+ 50, d.=eX/4=eh/dmcXT)

|n|< 1.1%10-18 (ACME II, |d,|<1.1x102° escm)
|n|< 4.4%10-13 (JILA I, |d.[<4.1%10-% escm)
SM Prediction: |n|=10-24

unit: charge X length
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What is 1?7 Why so small?

Bohr magneton

EDM is protected by the Charge-Parity symmetry (CP symmetry)

required Feynman diagram in SM
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Electron/Muon

MDM/EDM

,°  Electron MDM \\ Muon MDM
‘9/2(theory)= 1.001 159 652 180 25(10)| g/2(theory)= 1.001 165 918 10(43)

white paper value

g/2(exp.)= 1.001 159 652 180 59(13]|  g/2(exp.)= 1.001 165 920 59(22)
A\

13 digits 10 digits

i H\—\

Electron EDM “ Muon EDM )
n/2(theory) < 102 : 4 little
n/2(exp.) < 10-18 n/2(exp) <2x107 |
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btw electron/muon
lifetime of
electron
IS
Infinite!
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Standard Model Sl e
calculation

g./2(theory)= 1.001 159 652 180 25(10)

Most precise prediction of the Standard Model

g9

QED contribution:
QCD contribution:
weak contribution:

o
B %,
= + + .. 5loop
e 2
2 +

+
a a
(—W{—) + -
T . T
fine structure constant

measured using Rb or Cs error mostly

« from a
1.001 159 652 178 526 (093)

0.000 000 000 001 693 (012)
0.000 000 000 000 031 (000)
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Two Inconsistent o Measurements

a~1(Rb) = 137.035999 206 (11)

a~1(Cs) = 137.035999 046 (27)
probably experimental reason?

S. Guellati-Khélifa (LKB, Rb) H. Mueller (Berkeley, Cs)

new projects using Sr and Yb are being prepared

(private communication, Oxford, Northwestern) ,



Electron g’s Current Situation

() 05 o Pt o5 1
g-factor 2023

g-factor 2008
SM(Rb) —_—
SM(Cs)

-2 -1 0 1 ; .
(g -2.002 319 304 361 18) x1012

XF, et al, Phys. Rev. Lett. 130, 071801 (2023)

a discrepancy contribution is negligible
In muon’s g-factor
oa,(from a) ~0.1 x 10-™
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What is an ideal g-factor

) measurement?

<« Perfect B field
very very homogeneous electron is trying to realize them
very very stable using an ion trap

isolated in free space
no movement

I
|
|
I
|
|
I
'+ Perfectly controlled particle’s motion
:
I
~ isolated from environment

________________________________
_______________________________________

" high statistics noI yet

I

i many particles, not interacting with each other long shot
. or perfectly controlled interaction (spin squeezing?) !

|

|



Principle of g-factor measurement

In free space

1.
|

In @ Penning trap

B field

N

cedy> +

cyclotron motion
v~150GHz

AE,
/
sSpin precession
energy hvg
E field
Yng |
P
¥ Q7

5;4 |
axial motion

v,~100MHz

cyclotron motion
energy hv,
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Electron’s motion

in a Penning Tra

magnetic field electric field

ﬁ\\

e

%&'

[

e.g. B=5.3T, V=33V

Cyclotron motior

Axial motion v,

Magnetron motion v,

v.~150GHz >> v,~100MHz >> v, ~50kHz

V.=V g/2 ~150.17 GHz
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Electron g-factor’s direction

1. use single electron
- Coulomb interaction is too large!

2. cool the motion as much as possible
- suppressed systematic shifts

very Atomic Physics approach
(clock-approach)

3. non-destructive detection
- repeatability, reproducibility, high duty cycle
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Electron Detection with Axial Motion
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Quantum Cyclotron Motion

v, =150 GHz
hv /kg=7.2K

Tirap=100mMK

Quantized energy levels
(Landau levels)

spin | 1> spin | >

cyclotron
anomaly
V, Va = Vs~ V¢
=170MHz
n=1  =——
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Why Measure v,, not v,?

R
G /

~1.001
% measure this &) measure this
with 1013 precision with 10-° precision

Quiz:
| am going to show you two kids.
Tell me which one is taller?
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- measure the difference
- measure simultaneously
- measure at the same location
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Disadvantage of electorn:

spin measurement

* Unlike muon, measuring electron’s spin
IS not obvious!

electron— need to detect magnetic interaction
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How to Detect Transition?

monitor
21 axial frequency v,

| > potential along z
1 ] —
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Apparatus

dil-fridge g

inserted from topf

1

titani@m
¢ champer :
N

S~ TR

NbTi Solenoid |
at the bottom

|




o o

excitation probability
o

Spectroscopy

Transition Prob. vs Drive Freq

Apply drive, measure cyclotron and anomaly transition prob.

cyclotron anomaly |4 > | 1>
. " freg;ency de(;uning in2ppb . . . fre?gency de&uning inzppb . . T
05T 7 T T T T L T T T[T T T c
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linewidth dominated by axial motion’s temperature

L. S. Brown, PRL 52, 2013 (1984), X.Fan and G. Gabrielse, PRL 126 070402 (2021) 32/74



Need ground state cooling!
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Major Systematic Error:

n Image Charge Shift

cylindrical
cavity

g Vs
2 v, +Av©

top view. positive image charge v fast v, very fast

cyclotron motion c

® |
® O—-|= o — @
¥ L=6mm
E-field L/c=0.02ns ()
v.~150GHz

Lowell S. Brown, et. al., Phys. Rev. Lett. 55, 44 (1985) 34/74



Image Charge of Image Charge...

) i Q |+ 1{_ + - Q |+
v, =cl2L Xn V. # Cl2LXn
large shift! small shift!
» Av'® depends on trap cavity’s resonance
=cavity QED

—>measure cavity resonances and correct
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Measurements at Different Fields

caV|ty resonances

\/UU \J\’U U\/U\/

....................................

& g N
x o o 1 O before image charge correction
§ 1:_ [ [} H _ @ after image charge correction
i 2 \ 0] _|
N 1_ o 7
e~ T ]
B -2 ? -
<~ 50 5 = 1 X%/ndf=13.05/10, p=0.22
8 L D
T3 3.5 4 4.5 5 5.5
~ magnetic field (T)
o

average 11 fields from 3 T to 5.5T

g/2 =1.001 159 652 180 59 (13)
ol=137.035999 166 (15)
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Reporting Precision in og or oa?

PHYSICAL REVIEW LETTERS 130, 071801 (2023)
Measurement of the Electron Magnetic Moment

1.001 159652 18059(13)  [0.13 ppt,

a,=1159 652 180 59 (13) x 10-14(0.11 ppb

X. Fan®,"*" T.G. Myers,2 B.A.D. Sukra,2 and G. Gabrielse™'

VS

PHYSICAL REVIEW LETTERS 131, 161802 (2023)

Measurement of the Positive Muon Anomalous Magnetic Moment to 0.20 ppm

g,/2=1.001 165 920 55 (24) (0.24 ppb)

a,(FNAL) =116592055(24) x 107!

(0.20 ppm),
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Why 1 chose to use g (not a)

1. fair comparison with EDM?
H=-pu-B-—d, E

é] > T] - 'Z?

— — - B — . —
“B<2“ t2° c>
1+a)é-B+2¢ E
(I+a)og-B+5 0
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Why 1 chose to use g (not a)

2. ICS directly shifts g (and not a)

ICS

g v, v, (1 B Av,. )

— = — X

2 v+ Av, s = V, Ve
\~1o-13

Ag AVICS
v l.e.
g ¢ For some effects that shift
o Ag ’ AVgCS only one of v, and vg

= using g seems more
a g—2 v, straightforward
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Able to Check Muon g-2?

Phys. Rev. Lett. 131, 161802 (2023) Physics reports 887,1 (2020)

Ag, =g, — g o= 498(96) x 1011 4.20
C white paper value

Ag. = Ag, x(m/m)? =0.12(0.03) x 102

electron g-factor: o(g,) =0.26 X 102

a factor of 5 improvement

to see muon’s discrepancy
41/74



Positron’s Measurement

g(e*) measurement at the same precision

- x30 better than ever, most precise lepton CPT test

* m,,/m,.at 10! precision
- x10,000 better than ever
- anti-gravity test at 6(g/g)~0.03 level

X
<3 @3*
(i =
A

H-H HFS
H-H 1S-2S
p-p g/m
PP g
e-e* g/m

e-et g

current CPT test precision

this proposal

m— Collab. with Stefan Ulmer
(HHU/CERN/RIKEN)

10713

10~ 107° 107”7

107° 1073 10~

relative precision 42/74



Take Home Messages

v SIMPLIFY the experiment!
v'Think how to realize the IDEAL environment

» Perfect B field } -
partially realized
 Perfectly controlled particle’s motion

* high statistics not realized yet




Electron Electric Dipole Moment

o-
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- S S S e S e E—

Electron/Muon

MDM/EDM

Electron MDM

g/2(theory)= 1.001 159 652 180 25(10)

g/2(exp.)= 1.001 159 652 180 59(13)

Muon MDM
g/2(theory)=1.001 165 918 10(43)

white paper value

g/2(exp.)= 1.001 165 920 59(22)

+~  Electron EDM

n/2(theory) < 10-24 zero-consistent |

search
n/2(exp.) <1018 (so far)

- e e o o s o o o o e O e e e e . .

-~

Muon EDM
n/2(theory) < 102
n/2(exp) < 2x 10”7
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Electron EDM is a

Zero-consistent measurement

Measuring non-zero (g-factor) Measuring zero (EDM)

answer: 42

46/74



Electric Dipole Moment (EDM)

* violates CP-symmetry, very small in SM q

* very sensitive to BSM physics ~e

BS e
CDCF" unit: charge X length
r X (e Xxcm)
o
n o« (me)2 n
— ~—|—) sin
2 m\my cP

for ®-p~1, sensitive to ~30TeV
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Principle of EDM measurement

Apply an electric field
4" AE =2d,-E = "B yE
€ or / C
Ve

Experimentally

/T\/_\

precession time # of measured spins

@'\ ______________ 96 _ hc 1
N

sSpin precession wyg
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Good Electron EDM search

1

OCET\\/N\

high statistics

on

large electric field
- does not need to be

accurate/precise _
long coherence time
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electron EDM History

10_10 L LU B L L L L 107 =
atoms | =
-11 -22 =102
10 <+— molecules 10 i
-12 ® — -23 -
10 : 10 E
1 0—13 * bt (] :. 10—24 /E\ —= 10_1
%() -
- ° 25 — —_
107" 1078 - >
=107 . JILA 102E  F1E
. . molecullar — 5 X
-16 ° ° . — 7 E
10 ion 10°% E =
10717 o ® 1022 e F10
ACME .
-18 29 .
10 neutral ° o 10 -
1071 molecule 1070 =107
oo _
10—20 PR TR T N T R SR R N S TR SR RN N SRR S TR SN NN TR SR T T NN T T S T N TR T T 0—3 e'
1960 1970 1980 1990 2000 2010 2020 2036
year Dcp
r X

Science 343, 269 (2014) Phys. Rev. Lett. 119 153001 50 /74 e
Nature 562, 355 (2018) Science, 381,46 (2023)



EDM Experiment using Atoms

laser
state
readout —

B-field change when flipping E-field
— mimics EDM signal

- v’ leakage current

v’ charging current

v imperfection of reversal
v Berry’s phase

v" motional E-field

etc...

laser
state
preparation

TI (EDM sensitive atom)
Na (co-magnetometer)

Phys. Rev. Lett. 88, 071805 51/74



* Applied electric field: 100 kV/cm
» effective electric field in TI: 60 MV/cm

electron cloud

/

effective electric field inside TI

polarized Tl works as an electric field amplifier!
Gain ~600
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Molecule

Thorium Monooxide (ThO)

* Applied E-field: 100 V/cm
@ . effective E-field in ThO: 80 GV/cm
t e gain ~10°

remember:
on « 1
7 Et \/N
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How did you choose?

* many many details...

1 2
H He
Hydrogen Helium
3 4 5 6 7 8 10
Li Be B C N/ O Ne
Lithium Beryllium Boron Carbon Nitrog4g Oxygen Fluorine Neon
1 12 13 14 15 16 17 8
Na Mg Al Si P\ S Cl/Ar
Sodium  Magnesi... Aluminium  Silicon  Phosph... Sulfur ing Argon
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 . 36
K Ca Sc Ti  V Cr Mn Fe Co Ni Cu Zn Ga Ge As
Potassium Calcium Scandium Titanium Vanadium Chromium Mangan... Iron Cobalt Nickel Copper Zinc Gallium Germani... Arsenic  Selenium Bromine electro_
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | negative
Rubidium e 8 Zirconium  Niobium Molybde... Techneti... Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony  Tellurium lodine
56 57 74 75 76 77 78 79 80 81 82 83 84 85 86
Ba La W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium  Lanthan... Hafnium Tungsten Rhenium  Osmium Iridium Platinum Gold Mercury  Thallium Lead Bismuth  Polonium  Astatine Radon
87 88 89 104 105 107 108 109 110 m 12 13 114 115 116 17 118
Fr Ra Ac Rf Db Bh Hs Mt Ds Rg Cnh Nh FI Mc Lv Ts Og
Francium Radium Actinium Rutherfo... Dubnium . Bohrium Hassium Meitneri... Darmsta... Roentge... Coperni... Nihonium Flerovium Moscovi... Livermor... Tenness... Oganes...
59 61 62 63 64 65 66 67 68 69 70 7
Pr Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Cerium Praseod... 0 .. Prometh... Samarium Europium Gadolini... Terbium Dysprosi... Holmium Erbium Thulium  Ytterbium Lutetium
90 91 2 93 94 95 96 97 98 99 100 101 102 103
Th Pa/U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Thorium Protacy#”.  Uranium Neptunium Plutonium Americium Curium  Berkelium Californi... Einsteini... Fermium Mendele... Nobelium Lawrenc...

electro-pasiti oy 1



Measurement of the Electron’s
Electric Dipole Moment

ores | Vita
O R R
Lo entia | latuy [

OKAYAMA UNIV.

N
John Doyle

David DeMille Gerald Gabrielse

-

Xing Wi Zhen Han Maya Watts Ayami Hiramoto Koji Yoshimura

L4

Peiran Hu Siyuan Liu Takahiko Masuda Satoshi Uetake Cris Panda

GORDON AND BETTY

MOORE

FOUNDATION

Collin Diver

(ST Alfred P. Sloan
")) FOUNDATION
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ACME Collaboration

Thorium Monoxide: ThO

» E=80 GV/cm
» very easy to make = high N
> 3\, state : long t and B-insensitivity

A
5d, =
@ ¢ 2ET+N
t e

@ E~80GV/cm

56/74
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Molecule Axis Reversal

GOOD SWITCH!!

E. R. Meyer, J. L. Bohn, and M. P. Deskevich, PRA 73, 062108 (2006)
D. DeMille, et.al., AIP Conference Proceedings, 596, 72 (2001)

£\

. @ can select direction by
Ty laser frequency detuning
~100V/cm @

aligns molecule
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The ACME Experiment

magnetic shield

e .

é)ﬂ%cp[%{ s %»%»%%\%% J

spin preparation spin readout
laser laser 59/74



Newly Constructed Beamline
at Northwestern Uniyv.

[ )




Magnetic Field Control

_2(de-E+p-B)
B h

Beartn=500mG «<n=10-"3
(target: n <10-19)

*ThO 3A, state and switching help a lot

» 3-layer magnetic shield
» 3000 Ibs = 1500kg
» 3,600 wire connections

Bl ' <30uG without active cancellation
i v <5uG with active cancellation
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fluorescence collection lens
>30% solid angle!
\ /A
W2
E-field plates T Bagheas A\ A
v’ ITO-coated fused silica i ¥ < > <
v" low non-reversing E

v low mounting stress
v' non-magnetic




The Whole Beamline

Cryogenic
Buffer Gas Source

molecule pulse spacial length ~1m
63/74



Dominant Systematic Errors

1. Imperfection of laser polarization
~ imperfection of E-field reversal

~ imperfection of laser beam shape

2. imperfection of laser frequency detuning
x imperfection of magnetic field gradient
x imperfection of electric field gradient

ALWAYS unexpected higher order coupling!
make everything perfect!
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muon EDM limit from

electron EDM

Phys. Rev. D 98, 113002
Phys. Rev. Lett. 128, 131803

CT oo ¢ The most stringent limit on y EDM
is currently from the electron EDM
U
E d,(BNL) <1.8x10% ecm
PTEP 2019 (5), 053C02 d,(ThO) <2x1072° ecm

Muon g-2/EDM Experiment at J-PARC d’u( H fF+) < 1x 10—20 e C m

with Ultra-Cold Muon Beam

d,(FNAL) <~1x107*' ecm ]
d,(J-PARC) <1.5x107%! ecm [projected
d,(PSl) <6x10723 ecm

arXiv:2201.08729
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Many New Devices

signal in the new beamline!

. 2x30 higher than the previous generation!

—
o
|

O
o
|

photo-electron (count per ns
|

ACME 3 Dlan to DUblISh a new eEDM resul
within 2 years

A d VY IRTI IWWALGL W TIW W TIWINA e e e T T— - _ -
= — B BUCESCIES

t




Future EDM proposals

Nick Hutzler Ronald Garcia Ruiz

- laser cooled and trapped molecules
SrOH, YbOH, RaOH

John Doyle

David DeMille

- cryo-assembled molecules
FrAg

Xing Fan  Stephan Malbruno* Kja Boon Ng f Eric Comell

) [
A

- trapped molecular ions

232ThF+and 227 ThF*
nuclear EDM

- molecules in a cryomatrix

iy

Eric Hessels Amar Vutha

Europium
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Take Home Messages

* Make the signal large!!! (large E)

* prepare good switches to isolate what
you want to see!

* make everything perfect! systematic
errors are always from higher order
couplings!

68/74



Nuclear Electric Dipole Moment

quark

quark

CP-violation in Hadronic Sector

69/74

proposed work




22TThF*: Combining

Best & Best & Best & Best & Best

Pear-shape Nuclear: >103 enhancement to Hadronic GP effect

227 +
ThF 2. Molecule’s internal E-field
1. Pear-Nuclear
5
X1 03 N /
227Th2+ G

3. EDM-state is the ground state!
4. insensitive to B-field fluctuation
5. Spectroscopy is done already!

Stephan Malbrunot Kia Boon Ng g Eric Cornell
(TRIUMF) ~» (TRIUMF) ‘ (CU Boulder, JILA)

» can improve the current limit (=8q¢p limit)
with 1 molecule and 1 day of measurement
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Same Spectroscopic E-reversal

3A4 (J=1), ground state

F= F1+ ||: F1:J + ITh

? p = 1/2

—

3/2
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Beamline Schematics

1. 227Th* loading tra el = IMUZEIEIE]R fr;eEaES)Mement
' g trap creation rotational cooling o

( [ L
\ K /
%‘ EL X

ll‘—IT' / — \

/ 7 : :

4K heliurm buff rotating E-field

ablation CF,4 gas ~10-1 Torr ISIIM BUTIEN98S  non-destructive
Th*+ CF4 —ThF* ~10= Torr detection

acknowledgement: RIKEN-Harvard partnership
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Sensitivity

Figure thanks to Garcia Ruiz, DeMille, Hutzler, Jayich, ... P5?
T : T T Y . d T : : o T ” ’
104; Known CP violation CKM ; ﬁ
S 1ig* _ * 227ThF* pear-shape & molecule _ .0’
& F A 199Hgatom t=10's, N=100, 7 days *
" i ® neutron il
)] 2
s 0k ®  225Raatom |
'E : B 129Xe atom =105, N=1, 7 days *
& [ <> 205TIF molecule within 5 years
g =f A -
Z . . 7 A ° - ]
i ,[/LHC Direct Search Limits oA i . ) Ongoing Experiment
o 107k o (Projected) =
8 ; (X AA ]
g 10-1 L (e o <> b 4 u] "
2 : o = :
T . @] x
2 10-25 0 4 E
10‘3 ' . ® I ; | : ] ; ; | /}
1960 1980 2000 2020
year
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Summary: Probing BSM

|
I — electron EDM 1 |
| |
e’ I e- [
I I
B : ;
\ | I
Most stringent : Sensitive probe of :
test of SM e- | lepton £P physics e :
1 |
|

lon Trap

Sensitive probe of
quark £P physics

Lo Molecule



starting at Harvard 2025 July
Looking [or Students/Postdocs!

’lgot ajob"

xing.x.fan@gmail.com
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Nuclear Electric Dipole Moment

quark

quark

CP-violation in Hadronic Sector

79/74

proposed work




22TThF*: Combining

Best & Best & Best & Best & Best

Pear-shape Nuclear: >103 enhancement to Hadronic GP effect

227 +
ThF 2. Molecule’s internal E-field
1. Pear-Nuclear
5
X1 03 N /
227Th2+ G

3. EDM-state is the ground state!
4. insensitive to B-field fluctuation
5. Spectroscopy is done already!

Stephan Malbrunot Kia Boon Ng g Eric Cornell
(TRIUMF) ~» (TRIUMF) ‘ (CU Boulder, JILA)

» can improve the current limit (=8q¢p limit)
with 1 molecule and 1 day of measurement
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Neutral vs Ion

neutral
large N
clock
electron
EDM J
232ThO
proposed:
225RaOH
nu0|ear 225Ra0OCH;
EDM etc

lon

| long 7 Sw

TIGHTENING

BOUNDS

180HfF+
232ThF+
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Same Spectroscopic E-reversal

34 (J=1), ground state

F= F1+ ||: F1:J + ITh

? p = 1/2

—

3/2
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Beamline Schematics

: 2. 227ThF+ 3. multipole trap
227Th+
Lo = (@il Ul creation rotational cooling

/
/ 7
_ CF, gas ~10-10 Torr 4K helium buffer gas
ablation Th*+ CF. —ThF* ~10 Torr

4. EDM
measurement

trap

rotating E-field
non-destructive
detection

new and exciting developments!
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Sensitivity

Figure thanks to Garcia Ruiz, DeMille, Hutzler, Jayich, ... P5?
T : T T Y . d T : : o T ” ’
10°} Known CP violation CKM . ﬁ
S 1ig* _ * 227ThF* pear-shape & molecule _ .0’
& F A 199Hgatom t=10's, N=100, 7 days *
" i ® neutron il
)] 2
s 0k ®  225Raatom |
'E : B 129Xe atom =105, N=1, 7 days *
& [ <> 205TIF molecule within 5 years
g =f A -
Z . . 7 A ° - ]
i ,[/LHC Direct Search Limits oA i . ) Ongoing Experiment
o 107k o (Projected) =
8 ; (X AA ]
g 10-1 L (e o <> b 4 u] "
2 : o = :
T . @] x
2 10-25 0 4 E
10‘3 ' . ® I ; | : ] ; ; | /}
1960 1980 2000 2020
year
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ve shift (Hz)

Toward muon g-2 sensitivity

Image Charge Shift

R. S. Van Dyck et. al.,

Phys. Rev. A 40, 6308 (1989) Penning trap 1D electron chain

image charge g V,
- 2 v+ Ay e

Will improve electron’s g-factor
xd within 5 years
check muon g-2 in electron g-2

measured g-factor
A

New ldea

Ca*ion

Nat Commun 4, 2571 (2013)

0
O 200 400 600 800 1000 t“;et Ll
number of ions g-tactor 1 2 3

N of électrons 85/74



Earth-Sourced

Axion-Nucleon-Electron Coupling

causes spin rotation
near heavy block earth-source

axion

/5,

L > g,¢pNN + ¢, -

nucleon fermion

much larger nucleon source
how to separate from static B?

Prateek Agrawal, et. al., Phys. Rev. D 108, 015017



Penning Trap

Particle anti-particle Switch

XF and Mario Reig, arxiv:2310.18797

+\ —

e* B Ws wtot(e )_ Wg — Waxion
e wtot(e_) = Wg T Wayion
@ e* e switch

e isolates axion effect from B-field

10~16 10~13 10-10 1077
mg (eV)



How to Detect Transition?

]

€|

.
]

monitor

axial frequency v,

>
-

Vo

potential along z

% eleé‘ic
Nickel potential

B(z) = B, + B,z?

Fourier spectrum
of axial oscillation

A

power

\

axial frequency

>

Phys. Rev. Lett. 59 (1987) 26.

V(z) = eV,2% + B2

A n.=0

n=1
magnetic
potential

<
Mot N >
< 2 1 *—n,=
T . .
) v. drive applied|
i c
S~
1 <—nC=1
&
<
(%)
=0 «—n.=0
| |

o

time (s)

20 40 60 80 100 88/74



Cryogenic ‘He NMR Probe

X.Fan, et al., Rev. Sci. Instrum. 90, 083107 (2019)

* Much faster/easy way to measure
magnetic field/homogeneity

@ Water-NMR probe does not work in the
LHe-bore magnet

® invented a cryogenic 3He NMR probe!

@ large signal with no optical pumping!

— allows measurements of g/2 at many fields

Free Induction Decav suznal

: Wi
H“"H) it

L1 L1 vl by
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 041
time (s)



Future

ldeas
v'Using an open endcap trap
v'external focusing antenna

v'trap n,=10 (or more) electrons
and look for one cyc. excitation

frequency (GHz)

_ 1 10 10? 10° 10* 10°
108 IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIIIo T IIIIIIII0 T IIIIIIII0 T
N
107° (00\0%
S
N
10710 0 SO/
| %
X 107"
K=10°, N=10
10-12 T=1 year
107 — demonstrated
Haloscopes expected
10—14 1 IIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 L1 1111l
10°® 107° 107 107 107 107" 1

my (eV)
Also designing an experiment for an axion
can reach QCD axion at “meV, but only Aw/w~10°

open endcap trap

I |
| o |
I 1

« 50cm -

external conversion plate
enhancement factor K ~10°

-0 nh.=0
nc=0 nc—O C
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Why Measure v,, not v,?

g
2
20,001

~1. 001
% measuring th|s ) measurlng this
at 10713 precision at 1019 precision
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Broad eEDM limit

experimentally excluded JILA 2023 Standard Model

BEERE ACME ACME 2018 Generic Models
- 2014 Pre-LHC SUSY

LHC era SUSY

Compactified
M theory
High Scale Standard
Flavor Violation Model
Alignment

. Seesaw Neutrino Yukawa Couplings

. Approx.  Minimally
Universality Split SUSY

Minimal Flavor Violation
GUT Scale<------ >Weak Scale

105 10% 107 10 102 103 103 1032 103 103 10%
d,(ecm)
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electron EDM History

-10 21
10 -|----|----|----|-|---I|--I--|---- 10
1 atoms molecules 2
10 |—> 10
10712 I 102
[ ] [ I
10—13 ° e 10—24 g
1 0—14 ° 10—25 &3
=107° . JILA 107 E
1 0—16 L4 ® 10—27 g
107" 1028
-18 29
10 / / ° 10
ACM E co
1 0—20 AR R N T NN TN SN TN SN AN AN TN SN TN NN SN N S Lo 1 60—31
1960 1970 1980 1990 2000 201 O 2020 203

year

Science 343, 269 (2014) Phys. Rev. Lett. 119 153001
Nature 562, 355 (2018) Science, 381,46 (2023)

1072

107"

M, (TeV)

10

102

Dcp
r X
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Molecule & Pear Nuclear

= Best & Best

effective E field 10 kV/cm
E
EDM size by Bqcp (excm)  5x1020 x Bqcp
A
spin precession time 150 s

T

N of count per second 1012
N

» can improve Oqcp limit

66QCD X

~ GV/cm
2x10_16 X GQCD
10s - 1000s?

1-1007?

x10°

x103

O(1)

1
l?/lz“vqg

molecule
enhancement

pear-shape
enhancement

research [ on trap

topic

with 1 molecule, t=10 seconds, and 1 week of measurement

- vy



One More Best:

Magnetic Field Insensitivity

want to make this small

/ Developed and successfully used
> B 30 B in eEDM.
H=—p-B—-d,-E called 3A1 state
2.002
—eh /
p=—-— (L+gs$s)

2m
choose a statewith L = -2 and § = +1
— >100 suppression of u - B

Only two known

ground-state 3A1 molecules
ThF*and WC

E. R. Meyer, J. L. Bohn, and M. P. Deskevich, PRA 73, 062108 (2006)
Leanhardt, Aaron E., et al. J. of Mol. Spec., 270 1 (2011)
D. DeMille, et.al., AIP Conference Proceedings, 596, 72 (2001)




Possible States to Use

there are 72 states in 3A, : Use F,=J + |,=3/2, F = F+ [ =1

.. >
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Toward muon g-2 sensitivity

Superconducting amplifier

» Reduce thermal linewidth by x10
» ongoing in the Gabrielse group

Microstrip SQUID

frequency detuning in ppb
-2 0 2

stat.

0.029 X 1012

sys. (temperature)

0.094 X 1012

sys. (microwave cavity)

0.090 X 1012

frequency detuning in ppb
-2 0 2

-6 - 6 -6 - 6
05 T I T T T | T T T | T T T T T T | T T T | T T T I T 1 T | T T T | T T T | T T T T T T T T T T T T | T
0.4 — 0.8 —
cyclotron anomaly
c
o
B 03 - 06 _
g
:5 °
2
S 0.2 ] 04 —
x
® ° .. —
01 /\\\'M - 02f .
[ I PO/ EPRPET SRR Bhdihe o o el RN PR - | I
0 -1

1

-08 -06 04 -02 0 02 04 06 08 1

Toafoo (kHZ)
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2299ThF™ structure
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