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Magnetic moment and g-factor

« g-factor connects the spin (s) of a particle to its magnetic moment (u)

Magnetic
\ Field B

Spin s \
* Spin precesses in a magnetic field; larger g-factor,
higher spin precession frequency (ws)

~ 1 -
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100 years of g-factor

Studies on the g-factor have laid the foundation of the Standard Model

= 1 for classical current loop

» Stern-Gerlach (1922) and atomic spectroscopy found g, = 2

= 2 for a “free” spin-1/2 Dirac particle

* A prediction of Dirac’s equation (1928

» J. Schwinger (1947) calculated the 18t order QED correction
Quantum Electrodynamics *




Measuring the size of quantum fluctuations reveals the

particle and force content of the universe
//yk
B B

Dirac-Term
(9=2)

three generations of matter interactions / force carriers
(fermions) (bosons)
I Il 11
mass | =2.2 MeV/c? =1.28 GeVic? =173.1 GeV/c? 0 | =124.97 GeVic?
charge | %; % %3 0 0

up ' charm—J top ' gluon higgs

Quantu m EleCtrOdynam iCS ~4.7 MeV/c2 ~96 MeV/c2 ~4.18 GeVic2 0
1 s _1 0
1 d 1 S 1 b 1 y

do\&n ' straﬁge ' bottoD photon

=(0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =01.19 GeV/c? ‘

7 2 -1 -1 -1 0 , U)

% e % u % T 1 3 %
+ —+ electron | muon tau | | Zboson qu L
2z <2.2 eVic? <0.17 MeVi/c? <18.2 MeV/c? =80.39 GeV/c? | 11 %
p poo T - @ (WD | ® ([ @ |2
- al | -
- - _ LL electron muon tau <L O
Hadronic Vacuum Hadronic Light Electroweak Y | neutrino J|_ neutrino J | neutrino J | WPoSOn J (5 &

(g~10"') (g~10-)

Source: Wikipedia/Cush 4
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Parity violation

T TTTTT] T T TTTTT] T T TTTTT] T T TTTTT] T T TTTTT] T T TTTTT] T T TTTTT] ]
FNAL BNL CERN-I1II CERN-II CERN-I Nevis -
(2025) (2004)  (1979) (1968) (1962)  (1960) In weak decay
(1956)
QED (a/2m)
QED (higher) : :
----------------------------------------------------------------- I I I
HVP | 1 I
----------------------------------------------- '------------u-' I I I
HLbL [ [ [ [
[ [ [ [ . . .
W | | : | Parity violation
[ [ [ [ - T
................. , , , | mm froctonal | IN Muon decay
NP ] 1. l l l | ®@®& uncertainty and g~2
....... |. ...-I.III.II.IT ||I||| L1l l II Lol L1 |I|||||| L1 |||I|||| Lol Lederman 1957
107 10° 107> 10~4 103 1072 1071 10° ( — )

FNAL Goal = 140 ppb rraction ot a,

Is there any new physics (in the experiment) that is not in the
Standard Model (calculation)?
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We include Particle-, Nuclear-, Atomic-, Optical-, Accelerator-, and
Theoretical-Physicists and Engineers, and we combine our efforts
to measure a single value, g-2, to 140 ppb (BNL=540 ppb)! AN
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BNL ES21 : =

* 100+ theorist complile the theoretical input
and provide recommendations
(muon-gmZ2-theory.illinois.edu)

° TI White Paper 2020 ......................................................................................................................................................................................

Experiment
Physics Reports 887 (2020) 1-166 +—— TI WP (2020) Theory
¢ SNDO6
 data-driven dispersive approach from ¢ CMD-2
o(ete™ - hadrons) data from different , K:OE pabar
experiments over 20+ years ¢ BESII
HVP ete
Ve HYPEe

The here shown ranges in the HVP e*e™ section are merely
meant to illustrate the spread, they cannot be interpreted as
uncertainties with a proper statistical meaning.

Lt - 18 19 20 21
K a,-10°—1165900 7
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- First result using 5% of our full dataset | o BNLEB2l  +—a
(Run-11in 2018) Run-1 :
* In good agreement with previous results
___________________________________________________________ e
R TI WP (2020)
* First high-precision ab-initio calculations “ SND06
. CMD-2
of HVP on QCD-lattice ' S
N ¢ KLOE
\ BESII|
L X et b oot the abread thoy CARGE b6 I ot 2.
HVP ete™ uncertainties with a proper statistical meaning.
T | ol o
_’a L — BMW Collab. (2021)
: : : . HVP: latti
- in tension with the data-driven approach o

(eTe™ - hadrons) 18 19 20 21
a,-10°-1165900 8



2023: Run-2/3

* Second result using 4.6 times more data | BNLES21 - ——
(Run-2/3 in 2019 and 2020) un- —
e —————— Run-2/3 —0—
* More than a two-fold increase in precision
___________________________________________________________ S
R TI WP (2020)
¢ SNDO06
¢’ CMD-2
¢ BaBar
¢’ KLOE
\ BESII|
Y8 ¢’ SND20
A8 0| HVPete CMD-3 —+ 1l
t o HVP lattice ¢
& BMW Collab. (2021)
@ & i HVP: lattice
Muon g-2 collaboration @ Liverpool in 2023 A T S S S R BT
18 19 20 21

a,-10°-1165900 9



Two months ago:

New Tl White Paper (2025) using only
QCD-lattice based (LO-)HVP determination

All the details in TI White Paper 2025

arXiv:2505.21476

CERN-TH-2025-101

FERMILAB-PUB-25-0344-T

INT-PUB-25-015 IPARCOS-UCM-25-029
KEK Preprint 2025-22 LTH 1403
MITP-25-037 UWThPh 2025-15
ZU-TH 37/25

The anomalous magnetic moment of the muon in the Standard Model: an update
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Run-1 :
Run-2/3

EXp. average

SNDOO6
CMD-2

KLOE
BESIII
SND20

BaBar

HVP ete- CMD-3

HVP lattice

TI WP(2025)

The here shown ranges in the HVP e*e™ section are merely
meant to illustrate the spread, they cannot be interpreted as
uncertainties with a proper statistical meaning.
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Data Collection — 6 Runs over 7 Years

(2017-2023)
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April 2021: Run-1 results
August 2023: Run-2/3 results

Today: Run-4/5/6 results 2.6 times more data »
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Muon g-2 storage ring

» C-shaped superconducting magnet
* 14 m diameter, 145 T

* Designed and optimized for homogeneity
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17 petroleum jelly NMR probes 2D field maps (~9000 slides per scan)

- W > ~

840
Trolley Runs

378 fixed NMR probes
monitor the field during
muon storage at 72

/

Dipole [ppm] (blinded)

azimuthal locations | Interpolated
Field
Fixed probes 835 | | | | | |
- above/ muon 04/22 04/22 04/23 04/23 04/24 04/24 04/25

) 00:00 12:00 00:00 12:00 00:00 12:00 00:00
storage region 15
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(3) Measure the (2) Measure the

difference in storage ring
frequencies magnetic field 16
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1,296 Lead Fluorid

r

e crystals readout by SiPM

B

High energy e* tends to be emitted along the muon
spin direction due to parity-violating weak decay

E=26.4 MeV . 5 00F” ! ) 7
1.50F i Threshold energy -

dN/dE [Arb. Unit]
-
o N
o w
| [

o
~

5 Spin

0.50+ T

Momentum

0.25r

| |

0005605 1o 15 2.0
Energy [GeV]

E=52.8 MeV (a=1) 17

2.5 3.0
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Precession freq. encoded In energy spectrum
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N(t) = Noe‘t/f[l + A cos(w,t — gbo)]
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Additional corrections

WWWWMWMWWWWVWWWV\\:VVWWMM Beam Dynamics Corrections
mewmwmw\, E-field & vertical motion: || Phase changes over each muon fill:

o' VWA - Spin precesses slower || Phase acceptance, differential decay,

R than in basic equation and muon losses
I \
N@) = NOe‘”T [1 + A, cos(w,t + qb)]

Howp o} 14+ By +Bg

Counts

= i 11 1.0 *3 |

5 | / Transient magnetic fields:

Quad vibrations and kicker eddy current
>E_ 0s © Transient Field Corrections

Radial position (mm) 1 9



Final Uncertainties (stat. and syst.)

. Correction Uncertainty
Huantity (ppb) (ppb)
wg' (statistical) 114
wy' (systematic) 30
Ce 347 27
C, 175 9
Cra -33 15
Cad 26 27
le 0 2
(W, x M) o 48
By -37 22
B, 21 20
Hp/ LB 4
My, /Me 22
Total systematic for R, e 76
Total for a,, 572 139

) A d A R

) TSUNG-DAO LEE INSTITUTE

w, Map.

Cug w, calib.

TDR systematics goal : 100 ppb v
» “Evenly” distributed
* No dominant source

 Further improving would require reducing
IN many categories 20
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Muon g-2 at Fermilab

n | | | | | | | | | | | | | | | | | | | | | | | |
» Measurinp—= aale tha narticla |
o Physical Review
th e u n |Ve &QI?S Jouymals All Journals Physics Magazine Search n Article Lookup 2 MyAccount~v | ‘ ................. l
‘1 2 : | '\“\:\-\A A ny B
Physical Review Letters P T o2 >
e 4 «O\ f'\ \‘_ “"
\ -
- - ) 3 e
Highlights Recent Accepted Collections Authors Referees Press About Editorial Team RSS 3\ o
ACCEPTED PAPER Th e O ry
. Most Measurement of the positive muon anomalous magnetic moment to 127 ppb L O-HVP e+e-
ost prec
Come (1 2 D. P. Aguillard et al.
¢ Be n Ch m DOL: https://doi.org/10.1103/7clf-sm2v
° More to C .......................................
Abstract
« EXxperimr | N | . .
A new measurement of the magnetic anomaly a_ of the positive muon is presented based on data taken from 2020 to 2023 by the Muon g -2 Experiment at Fermi National
Accelerator Laboratory (FNAL). This dataset contains over 2.5 times the total statistics of our previous results. From the ratio of the precession frequencies for muons and
® Th eo ry protons in our storage ring magnetic field, together with precisely known ratios of fundamental constants, we determine a =116 592 0710(162) A(-12) (139 ppb) for the new
datasets, and a = 116 592 0705(148) A(-12) (127 ppb) when combined with our previous results. The new experimental world average, dominated by the measurements at the spread of
proces FNAL, is a(exp) = 116 592 0715(145) -12 (124 ppb). The measurements at FNAL have improved the precision on the world average by over a factor of four. le interpreted as
ted from WP 2025.
e+e- da - _ | | |

17 18 19 20 21
a,-10°— 1165900 21
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Spin-Field Interactions

R Testing SM prediction
Spin s and searching for BSM
(Quantum Effect) with the muon spin!

Magnetic Dipole Moment

B-field B

Fermilab Muon g-2, J-PARC Muon g-2/EDM

Electric Dipole Moment

d = ds

E-field E

s
.\'

§

PSI muEDM

Ultralight Bosonic DM

« Scalar DM with muon Yukawa coupling
« ALP DM with muon EDM coupling

« ALP DM with muon wind coupling

« Vector DM with muon gauge coupling

DM-field

Spin Precession
(Amplltude + Frequency Modulatlon)
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BSM searches (EDM, CPT/LV, DM)

Muon Electric Dipole Moment (EDM) CPT and Lorentz Invariance Violation

_ _ o _ * w, modulated at the sidereal motion freq.
* The spin precession plane is tilted in the

presence of the EDM * Run-2/3 analysis in review.

 Current limit (BNL): 1.4 x 1072* GeV —

* Run-2/3 analysis to be announced soon! Projected limit (FNAL Run-2/3): 0(10~25) GeV
» Current limit (BNL): 1.8 x 107 ® e - cm
— Projected limit: ~ 0(107*% e - cm) Ultralight Muonic Dark Matter (scalar)
. * w, modulated at the DM Compton frequency.
. e » Run-2/3 analysis in progress.
RS- (E) [MC_data]wa time series data

> 1.44 x 10°-
X __ 1.43975x 1071
- % 1.4395 x 10°1
-_— © 1.43925 x 10°; .
T 1439 x10°
3 1.43875 x 10°{
1.4385 x 10° -

1.43825 x 1091, . : . _ _ . . .
1.58283 x 10° 1.58283x10° 1.58284x10° 1.58284x10° 1.58284x10° 1.58284x10° 1.58284 x 10°

Time [s] 23
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Motivation for EDM searches

* Electric dipole moment (EDM) violates time-reversal symmetry and charge-
parity (CP) symmetry, assuming CPT invariance.

=N—"S o7
’ ps W, ¢
ch 44 W 3 : \gv ,

Uy
J
SN
N
@)

° I I PRD 89 (2014) 056006
Standard Model predicts small EDMs for fundamental particles PRL 125 (2020) 241802

» CKM contribution: d;*" ~ 107* e - cm, hadronic long-range effect: d//*% ~107°%e - cm
» Current experimental limit ;™" < 1.8 X 107*? e - cm (95% C.L.) PRD 80 (2009) 052008
» EXxcellent probes for new physics since it is essentially “background-free”

* Any observed EDM signal is for sure BSM physics!

» May shed light on the baryon asymmetry in the universe as new sources of CPV are required
A.D. Sakharov, JETP Lett. 5, 24 (1967) 54



Aa, [1077]

PRD 98 (2018) 113002

Muon specific 2HDM

d, [107% e-cm]: my = 650 GeV, Amy = 300 GeV
4000+ sor\S TOTeV' ' lﬂl';??""""'-"-',:-_;..:z_ .__,:._»_:_‘_;t:::} \ i
[ " 0

3500 -

3000
Q -
" 2500/

2000/

1500

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

D)
o

i 5

Radiative muon mass model

8so. ,V;// 'H
Aa, 20 S i
800 LS |
‘ H
[ | I
750" i
— - |
= ,
[0, Y, |
+§ / ||||!
S /. |
650 ‘Qﬁ°5\ ,,,,,,, |
/ Q
600 -
e YA A | g
550 600 650 700 750 800 850
m,, [GeV]

[ Interesting parameter space: s ~ 0.35, tanf3 ~ 3700

PLB 831 (2022) 137194

JHEPO02 (2023) 234 (4)

Strong motivation to go beyond FNAL/J-PARC goal of 10?1 e cm!

25
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The “frozen-spin” technique

* Developed in 2004 for the muon EDM search rrL 93 (2004) 052001

* Freeze g-2 component by applying a radial E-field of ~ aBcy?
— NOo anomalous precession in the storage plane
— EDM causes an increasing vertical polarization

:: moSlE'_enntum :: momentum
= spin

Sx
& - | |
B-field ‘ %_ 0.5 A Sz
- S - ' time (s) %107 26
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Principle of the FS-EDM measurement

» Up-down asymmetry measured using upper and lower detectors

Upper detector

1= I ndf 133.1/147
- Prob 0.7877 2
- P, =100%, N =5.0x10° A 0.1666 = 0.0010 d _ h y a[l
- du = 1.8)(10-17 ecm o, 0.1896 = 0.0011 0- u -l e—_—_—
0 5__ ¢, -0.006392 = 0.004494 2 P E f\/ N ‘V‘[ u a

P :=initial polarization
- Electric field in lab
o] VN := number of positrons

o .
[ [ [ I

I A(t) = Aesin(wet + @e)

Ly
[

Asymmetry A®)=(N, (t)-N (H)/AN, (i)+N (1)

= lifetime of muon

-10—_|III&'|>II||1|OIIII1IE>IIII2|0|_||125 a := mean dECayasymmetry
Lower detector Time [us]

T




The PSI muEDM collaboration @®) tuismim

~ 30 active members from 6 countries

C&d4 UNIVERSITY OF

b UNIVERSITAT technische universitat 3 Th ’
e Cockcroft Institute aa
u BERN dortmund ¢> of Accelerator Science and Technology (s LIVERPOOL

Technical
University
of Munich

MANCHESTER

1824
The University of Manchester

UNIVERSITA
DI P1SA

SAPIENZA

UNIVERSITA DI ROMA

ﬁ Universitat H SIVA - I I I’I
) Zurich 2 5 ”




Superconducting Solenoid

Entrance
Trigger

- Nu+Nd

. h__dA |\
1 = 2¢BBaP di

. Muon enters the solenoid
through a SC injection channel

. Magnetic pulse kicker stops the
muon’s longitudinal motion within
a weakly focusing field where it
IS stored

. Radial electric field ‘freezes’ the
spin so that the precession due
to the g-2 is cancelled

. Up-down detectors measure the
asymmetry of the muon decay

29



MUEDM Phase | and Phase |l

Former Injector 1 Area

Generator

PK-1
[ o
| Proton Beam Line
2.4mA =>1.4MW

PKCO
PiM3.1

Phase 1:

e Negative helicity (95%)

e p=28 MeV/c

e B=3T

o Flux: O(10° pt/s)

e Storage rate: O(10? put/s)

o y=1.04

e Sensitivity/year < 3x102! e-cm

: - 1

Phase 2: K 2cBBaP yr 4N

e Positive helicity (95%)

p=125 MeV/c

B=3T

Flux: O(108 u*/s)

Storage rate: O(100x103 u*/s)
y=1.56

Sensitivity/year < 6x1023 e-cm

30



Overview of muEDM Phase |
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4K cryo head
Vacuum TN
cross for ‘

oy SC storage
services magnet

(AT Iill‘;;\‘.wl‘\\\lllﬂﬂ)}))

|| Tlanql HU
| (= "E f H
T iﬂa] ; /

1
Magnet lifter ——__, &5

‘/f

+

U

A “tabletop” experlment

31



Overview of mMmuEDM Phase |

Inside the storage solenoid

Magnetic Water-cooled
kicker correcting colls

SciFi ‘
Tracker '
BT [ E I I
|

Trlgger |
HV electrode |\ GND | detector
f Y ' electrode Magnetic
ocusing col steel tubes
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Muon trigger detector

Beam spots on AA
= — 16
E 60—
” B 2 —14
40—
- Water-cooled B * 3 )
Magnetic _ , 20— o = =
Kicker correcting coils - | 7| Optimized detector
o ‘-, s | geometry to maximize
e .' s | storage muons
B e P
~40}— “;‘ Scan
_________________ y | ‘ B >
o \‘ ------------ Trlgger -_ Q‘i _GOL—! l ot e l b pead | ! | el ot | l et et | [ R 1 11 1 l L1 1 l L1 1 l L1 1 l 1 o
HV electrode Weakl GND detector ‘ ' . -440 -420 -400 -380 -360 -340 -320 -300 -280 Z_[zrr?r?]]
focusing 3(':0“ electroac | Magnetic

: steel tubes

-

5-10 mm thick scintillators

Provides trigger signal of storage
pulse kick

* Fast detector

* Only does so for storable muons
* Rejects out-of-acceptance muons

Lrtrance scrtiiator

Active aperture 7

o NOMmMie muon Precise hole drilling using CN
20-100 um thin scintillators  trajectory machine at the TDLI muon lab
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Fast trigger for kicker colls

Fast electronics design to satisfy stringent timing requirements

Magnetic .| Watercooled | . ) - To WaveDAQ
kicker | correcting coils L . 0

SiPMs 10 ns
; iscrimi <70ns 30
(Entrance Scint.) Discriminator -

Anti- HV Transmission line

coincidence Switch and coil

SlAE - Discriminator 10 ns

(Active Aperture) 10 ns

%

R Y

%

o
s

o

| . Trigger | )

| HV electrode | Weakly GND detector § i _ On PCB inside vacuum (5 ns)

A 1 electroae 1 /% Magnetic

focusing coil = steel tubes = To WaveDAQ Total delay < 140 ns

Gate SiPM Electronics Readout DC-DC Setup Converter

_%_

5-10 mm thick scintillators

z 10k s.giAteox 10nF g l E
2Ly, I
@ b4 l Gate SiPM 0X 3| §
£ LMH6629M :
§I : Trigger L "%% SHDN £ %: “gé
= = Threshold ) VIN
il -25V >
g & ‘ MRB0540 SiPM_HV
2 22uH gl
Aperture SiPM Electronics Readout
19
SiPM Anti-Coincidence Circuit
Gate SiPMO1 Trigger —
Gate SiPMO02 Trigger — SN74LVC1G11
Active aperture Aperture SiPM SN74AUC2G08
Trigger  Gate SiPMO03 Trigger —]
. AND AND
nominal muon Gate SiPMO4 Trigger —]
Threshold SN74AUC1G08 To
- 1 i 1 . Aperture SiPM Trigger __| Kicker
90-100 um thin scintillators  trajectory . 34

SN74AUC2G00



Storage pulse kicker

Magnetic
kicker

HV electrode Weakly

Water-cooled
correcting coils

focusing coill

- Trigger i

GND
electrode

4

= 1
. ‘ : =
A ~ g \
\ ey = { )
_— e
AN - —
Y“"v
if -n
|

g )

detector

[/ 7%= Magnetic
(i steel tubes =%

=

Insulator: PET 2mm

Conductor: Cu 100pm

Pulse
Generator

200A pulse of
35ns FWHM

: ;) &
et/ TSUNG-DAO LEE INSTITUTE

100

501

rrent /A

0

S0k

Pulse shape

-100

0 50 100 150 200

time /ns

To WaveDAQ

SiPMs
(Entrance Scint.)

NS
(Active Aperture)

To WaveDAQ

Discriminator

Discriminator

10 ns

<70 ns
Anti- 5 ng HV
coincidence Switch
10 ns
10 ns

30 ns

10 ns Transmission line

and coil

On PCB inside vacuum (5 ns)

Total delay < 140 ns

Short trigger delay necessitates internal latency of pulse generator to < 60 ns

250 300

350 400

Coil guadrants generating pulsed longitudinal
Kick to store muons

Technical requirements:
 large amplitude

* rapid triggering of short-duration pulsed

magnetic field, with strong tail suppression 35



Frozen-spin electrodes

Radial electric field applied by two concentric electrodes enclosing muon orbit

PulseCoil : Alu,10 X 10mm?, IR = 40 mm
GND : Alu/Kapton 30 nm

+HYV : Alu/Kapton 100 nm

Current solution:

« 25 um Kapton films

« Strip-segmented
~30 nm Al coating

. -
.
%

e 2.2 mm pitch
Technical requirements:
 Precise alignment with muon storage plane Strip-segmented Alu-Kapton film approach
« Heat dissipation suppresses Eddy current damping, without

» Minimal multiple scattering for positrons compromising electric field uniformity.

» Suppress Eddy current



Double barrel SciFi tracker

Measures longitudinal asymmetry of positron

Bundles of fibers with good timing and position

resolutions

» transverse and longitudinal fibers

Optical photons x position

50|
40
30|

201

Az ~ 100|um

pOS_X

Entries 660
Mean 0.9824
Std Dev 5.828
%2 / ndf 126.7 /193
p0 2.054 £0.152
p1 0.01754 = 0.01013
p2 -0.005411+ 0.001452
p3 48.82 £ 7.26
p4 -0.2814 = 0.0116
p5 0.1075 £ 0.0129
p6 33.08 £5.38
p7 1.698 £ 0.016
p8 0.1264 = 0.0168

Longitudina positon [mm]

-10

Longitudinal position vs time

50 |-

401
30

20

101

h_t
Entries 5081
Mean x 4.388
Mean y 22.02
Std Devx 2.575
Std Devy 17.31

At < 2 ns

_20 1 ! A ) 1 | e | | N B | | DI | 1 11 1 1 1 ) I | —

t [ns]

—60

40

30

20

10

) i d AR

5
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A A
0.25 mm

Fibers layout

0.75 mm

/

«— 94 % —>

\32 mm

<€<— 98 % ——>

<« O.ZT mm —>»

* Photon time and position s
(longitudinal info on internal
barrel)

« Large number of readout
channel a challenge

« Considering other possible
geometries
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Annual beam tests at PSI

2020

Phase 1 @ ntE1
28 MeV/c, ~106/s

PIE 1 (SEK.-STRAHLEN)

age nach H‘H KOMP . -BEZEICHNUNG MIT VER1
Paul Scherrer Institut

Characterisation of Study multiple scattering of e* at Characterization 01_’ pot_ential electrode
potential beam lines low momenta material with
etand u*

2024

Performance test of prototype entrance  Aligning muon beam with centre axis Positroetection efficiency,
detector and TPC tracker of injection channel muon trigger detector 38



MUEDM Phase-l timeline

2025: Demonstration of

critical methods and techniques

— Preparation of magnetic field

— Preparation of kicker field (preliminary)
— Preparation of cryogenic injection

— Preparation of positron detection

— Preparation of TPC injection tracker

— Preparation of FRES DAQ system

2026: Prepapartion and demonstration of
g-2/muEDM measurement

B Design (Concept and technical)
B Procurement and manufacturing
B Assembly

] Commissioning

B Measurements

) e d R

%/ TSUNG-DAO LEE INSTITUTE

2025

2026

Support Rig (detectors & electrodes)

Magnetic field coils (WF, CC)

Field mapper (in air)

Automatic field mapper (in vacuum)

Pulse coil (test load for KIT)

Pulse coll (in vacuum)

Jan

Kicker PS (beam time 2025)

Kicker PS KIT (final)

Cryostat for SC channel

SC channel

Steel channel

Final Electrodes and HV PS

Mar

May | Jul

muon detector upgrades

muSR postiron detector

CHeT positron tracker

TPC muon injection tracker

DAQ first set for 2025

DAQ second batch final

Slowcontrol MIDAS

FullmuEDM assembly

Sep

Nov

Jan

Mar

May | Jul

Sep

Nov

Beamtime 2025 (4 weeks)

g-2/muEDM measurement (7weeks)

39
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Summary and outlook

* Muon g-2 at Fermilab
* Final results released, reached 127 ppb uncertainty!
* In good agreement with TI WP 2025 (HVP based on LQCD)
 However, more work is needed to understand the data-driven approach versus LQCD
 BSM searches ongoing: EDM, CPT/LV, Dark Matter
* Muon EDM at PSI
» Aiming for sensitivity 1023 e-cm using the frozen-spin technique.
* Phase | progressing well: Beam tests since 2019, first measurement expected by 2026.
» Sensitive to new CP-violation sources, complementary to Muon g-2
 BSM searches to be performed: Muonphilic Dark Matter

£ Muon experiments continue to be a powerful probe for new physics —testing
quantum corrections (g-2), CP violation (EDM), and Muonphilic Dark Matters!
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Why the muon?

mass
charge

spin

I

~2.16 MeV/c?
23

» U

~4.7 MeV/c?
-1

I1

~1.273 GeV/c?

~93.5 MeV/c?

I11

~172.57 GeV/c?

up ' charm l top |

~4.183 GeV/c?

=14

Muons ~ 200 times heavier than electrons

» Electron g-2 is ~1,000 times more precise, but
muon’s sensitivity is ~40,000 times greater to
gquantum loop effects

d b
ﬂJ Sti@ ‘EﬂJ Relatively Iong lifetime of 2.2 us

~0.511 MeV/c?
-1

x (B

electron

<0.8 eV/c?
0

» Ve

electron
neutrino

=~105.66 MeV/c?
-1

. (M

muon

<0.17 MeV/c?
0

. Ol

muon
neutrino

~1.77693 GeV/c?
-1

% L

tau

<18.2 MeV/c?
0

w VT

tau
neutrino

* |t can be produced copiously and stored

Muon spin is self-analyzing

» Decay positrons are emitted primarily along the
muon spin direction.

42
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Simplest fit model captures exponential decay & g-2 oscillation
N(t) = Nge /" [1+ Acos(w,t — ¢py)]

2 = o
S 108 -4 2 3
3 " E = 9 6000 -
© B _ % OOOE ]
107 & - © 000 .
10° = — i -
: - — 3000F - :
— — Q] B i
: : -8 B " W m o
10° = - g 2000 Ig +8 " 8 = _
- 1 o S g L | R
— ] i O = > —
o - __ 10005— = I§ = s :>:§
E | I A A E 0 }.. ..... e
0 20 40 60 80 100 0 0.5 1.0 1.5 2.0 2.5 3.0
Time [us] mod 100 ps Frequency [MHZz]

Larger statistics reveal even more prominent
frequency components. 43



CBO biases w, measurement

« Stored muon beam exhibits coherent betatron oscillation (CBO)
» Coupled with the calorimeter acceptance, it distorts the time spectrum

Time since injection: 5.0 us

(0
o

Number of over-threshold positrons

60__ } .". .-."': . . - ) 250 ONV ------------------------------------------- .
2 ¥ - --.'-: -.. s . - -..-l:: ) 14 -
L ; :
gL LAt _ 3 1208 -
1y "t ._ 100f :

O ORI e -

; LA 603— U \ J

100 :

tion [mm]

higher ac

720 i e

/ e L T it r - R 20 —
- T e el o 50 :
Calorimeter F TR EENA LT o sy
0L LI 0 5 10 15 20 25 30 35 40
- __I_ S ) time [us]
-80 L1 1 | L1 1 | L1 |"|' 1%| ] | | ||1.| Il | | L1 1 | L1 1 0

-80 -60 -40 -20 0 20 40 60 80
Radial Position [mm]

N(t) =Nge V" [1+ Acos(w,t — Py)]

Fitting with this simple function

BRI will lead to a wrong w,,.
44
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Ultralight Bosonic DM

DM is manifest locally as a AC classical background field | |
A Scalar DM Precession Signal

(/b(t) — CbO COS(mdmt) Scalar DM ¢ of mass m, with a muon Yukawa coupling:
£ (rb B PHYSICAL REVIEW D 102, 115018 (2020)
D Y Qi
102teV  101ev  10*teV= 9 »
i . 107 eV = Ya . ] Muon g-2 and EDM experiments as muonic dark matter detectors
=1 year = fill rate  bunch duration DM background field is: .
Ryan Janish®"" and Harikrishnan Ramani ™™
2 d 1Deparnnenr of Physics, University of California, Berkeley, California 94720, USA
— E m §7:h€0r€rl:(‘al Ph_v.w:('s Department, Fermi National Ac‘F’elel'at()r' Laboratory, Batavia, ['Ilino'is 60510, USA
026y 107t 10Ny e 102 &V B(E) = 4/ Tng c08 (mg) R
DM mass: —> % . . ® (Received 8 September 2020; accepted 19 November 2020; published 10 December 2020)
S . i - - DM field generates a time-varying muon mass and
| | MDM:
<€ ———————— > —
— m(t) = m, + yo(t)
o | 7 — 9§
DM field is static over each bunch, but oscillates = 2m(t)
many times over the lifetime of the experiment.
A DM EDM Signal . Muonic V r DM
ALP-Muon Wind uonic vecto
Pseudoscalar DM of mass m, with an EDM interaction:
rali vector manifests as a local dark electric an
r 9. a iV Ultralight vector DM fest local dark elect d
o \ . D gova s p e fiald:
LD —igafioasyspF . , magnetic field: 5 _ 5 ;
; dm = V2pdm €08 (Mdm?)

In the rest frame of the muon: H D gVa- S

Bd = VdmE
- ime-varyi . : : o m dm~dm
DMfield generates an time-varying EDM forthe muon. The 4,5 shin precesses about the relative velocity of DM, which is

recession frequency is: N : - : : "
) & i Four distinct contributions to precession —the dominant one is

essentially the muon velocity. =
Fa = WsmB + Wy cos (Mmqt) (13 " B) . ) ) the component of E,,, transverse to the orbital plane:
We = WsmB + wgm cos (Mmgt) ¥

= — Y9dm ;7 o
— de'm w — 9 U >< E
Wi Znga v, B Wam = 9/ 20am dm mu'YQ dm 4 5
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The detection of ultralight dark matter through interactions with nucleons, electrons, and photons has -
been explored in depth. In this work we propose to use precision muon experiments, specifically muon g-2 -15¢
and electric dipole moment measurements, to detect ultralight dark matter (DM) that couples predomi-
nantly to muons. We set direct, terrestrial limits on DM-muon interactions using existing g-2 data, and
show that a time-resolved reanalysis of ongoing and upcoming precession experiments will be sensitive to L
dark matter signals. Intriguingly, we also find that the current muon g-2 anomaly can be explained by a spin L
torque applied to muons from a pseudoscalar dark matter background that induces an oscillating electric A DR i v R el st e e e S -1 NS-NS [Dror et al, 1909.12845]

dipole moment for the muon. This explanation may be verified by a time-resolved reanalysis. | 3 4 |
TR I | TR TR L L L
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Measuring the spin precession frequency

Simplest fit model captures exponential decay & g-2 oscillation
N({t)=Nge t"[1+ Acos(w,t — ¢py)]
Must account for beam oscillations, muons losses, and detector effects

[TYT | T 1 ) 1 | LB B | | | L
-

3 9
S, 6000~ « =
Example: s ;
. . o 000 :
Beam dynamics modeling, such as CBO " a0l
- [
° "~ L :
If not accounted for: ~800 ppb effect L 30001 - ;
without the additional RF g 2000}, 5 - 8§ |,
F< || S g VT | g
- |If not accounted for: ~80 ppb effect ~ 1000% 5 it A0 | 6
with the additional RF A T
0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency [MHZz]

Final fit functions include 40+ additional
parameters to model these effects! 47



Phase Acceptance C,,

* Detector Acceptances x Beam Motion

Differential Decay Cy,

 Momentum-dependent muon lifetime x

phase-momentum correlations

* Muons scattered out from the storage ring
* Negligible in Run-4/5/6
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