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Muon g-2 and EDM

* The muon is an excellent probe for New Physics due to its enhanced sensitivity
to quantum loop effects ("heavier electron”, longer lifetime than tau)

» Both g-2 and EDM experiments test different fundamental properties (@’
of the muon:

* Muon g-2: Anomalous magnetic moment — tests loop corrections from SM and new
physics.

* Muon EDM: Electric dipole moment — tests CP violation.
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« Can be calculated and measured to high precision (sub-ppm)
* Precision test of SM calculations (at 4-loop QED, EW, and QCD)
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SM . aQED + aEW + aHVP, LO + aHVP, NLO + aHVP, NNLO ¥ aHLbL + aHLbL, NLO
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= 116591810(43) x 107", Theory Initiative White Paper
T. Aoyama et al. Phys. Rept. 887 (2020)

SM contribution on ay
-
o
©

-

9
=
=

» Powerful discriminant for BSM physics models
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Inject a spin-polarized muon beam
into a magnetic storage ring
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Measure the magnetic field
difference in of the storage ring
frequency €®
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. 14 m diameter. 1.45 T * In-vacuum NMR trolley maps field every ~3 days

» C-shaped SC magnet
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17 petroleum jelly NMR probes 2D field maps (~8000 points)

» 378 fixed NMR probes monitor field during muon
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Precession frequency measurement
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Calorimeters

high energy e* is emitted preferentially in the muon
spin direction due to parity-violating weak decay
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Additional corrections

o 107 L

Z Beam Dynamics Corrections
'%"104 E-field & vertical motion: | | Phase changes over each muon fill:
Phase acceptance, differential

eV, T Spin precesses slower
Time after injection modulo 102.5 ps [us] than in basic equation decay, and muon losses
N(7) = Nye ™" [1 + A, cos(w,t + ¢)] , | Y : \
m
AN — L —
U m
|
R S o | Transient magnetic fields:
Quad vibrations and kicker eddy current

Vertical Position [mm]
Relative muon intensity [arb. u.]
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Last update: 10-11-2023; Total statistics = 322.1 (billions)
350 \ 500

Muon g-2 (FNAL)
| Run-6
. /’Fun_ |
\.\\ Run-5

N
o
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N
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w5 statistical precision [ppb]

Analyzed positrons (AMethod) [billions]
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Fermilab director Lia Merminga

» Apr 2021: Run-1 Result (2018 data) ~ Pushed the rec button to shut

, R - the beam down (Jul 10, 2023)
""""" : * Aug 2023: Run-2/3 Result (2019-20 data)
______________________________ o T e ~2025: Run-4/5/6 Result (2021-23 data)

s s sz 2 e Regched our proposal goal for statistics (~4x Run-1/2/3)

9
a,*10 -1165900 9
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o Muon g-2 (FNAL) %k . e Damaged quad resistors fixed
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Systematic Analysis Improvements
Measurements & Studies
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Stored muon beam exhibits coherent betatron oscillation (CBO)
Coupled with the calorimeter acceptance, it distorts the time spectrum

Time since injection: 5.0 us
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Implemented a RF system to reduce
the CBO significantly.

Run-5/6 data (almost half of the entire

data) was taken with the RF system.

Electrostatic Quadrupole + RF

Normalized residual

-0.001F

-0.002F

0.003———

0.002F
0.001F

0.000
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Run-2/3 Result: PRL 131, 161802 (2023)

TABLE 1. Values and uncertainties of the R/, terms in Eq. (2), 72, B Wa B fclock w;”“ (1 -+ C@ + Cp + le + Cpa)
and uncertainties due to the external parameters in Eq. (1) for a,,. = ~y — .
Positive C; increases a,; positive B; decreases a, [see Eq. (2)]. WP(T"”) fcahb <wp (x’ Y qb) A M(J?, Y ¢)> (1 T Bk T Bq)

The @!' uncertainties are decomposed into statistical and sys-
tematic contributions. All values are computed with full precision

and then rounded to the reported digits. EXPeCted Run'4/5/6 impl’OVementS

(Estimation for systematics on-going)

Quantity Correction (ppb) Uncertainty (ppb)
W wy (statistical) 20; » ~100 (in total Runs 1-6), ~x4 stats
m : e 25 —~ . .
a ? Systematic) v » —~x10 reduction of CBO with the RF system (Run-5/6)
c, 170 10 = New signal processing algorithm
gD & —27 13 New beam-monitoring system (miniSciFi)
g“j _55 1; ~ New tracker-based analysis method
feaib + (@) (F) x M(F)) 46 — More calibrations + cross-calibrations.
Wy By el 13 Better understanding and handling of magnet drift.
B -21 20 -
: More and better measurements
pp(34.7°) [ e 22 11
m,/m, 22
ge/2 0 .
Total systematic for R 5 Surpassed the TDR systematics goal of 100 ppb.

Total external parameters 75 ~ And possibly even smaller for Run-4/5/6!
Total for a,, 622 215 12
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approach experimental avg. —a—
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whlte.paper
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BaBar | . ::
O CMD-3
KLOE A
Tau
I I I I
180 190 200 210
au x 10™° — 11659000
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Data-driven | " ‘;:,”D
approach Sy IR
- BESIII
E C F— ~ CLEO
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360 365 370 375 380 385 390
™ (0.6 <\s < 0.88 GeV ), 10™"°

» Large discrepancy between experiment and WP
(2020)

 New results since WP 2020

« BMW (swapping HVP from WP with their value)
falls in between WP (2020) and experiment

« CMD-3 in tension with other ete- machine data
(data-driven approach)

 Many parallel efforts are underway to resolve
the theoretical ambiguity
“The muon g-2 theory puzzle”.

* An update is expected in 2025, many more years
to resolve this new puzzle

* An independent experiment at J-PARC to
provide another experimental input
(Suzuki-san) 13
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BNL+FNAL 2021 H®H
SM (BMWc-lattice) @

SM (R-rat10)

1S,/
=0
Ground-state HFS theory
Rydberg gonstant fine-structure
R = a“m.c/(2h) tant
i nonrelativistic Fermi energy
5 from Hypg
16(1+a )me R..co [1_|_5 ]
1% = = , =
HF'S 3 n7m, (1+me/m#)3 HF'S
electron-_muon O (a) S
mass ratio Z-exchange .
—65Hz [CODATA 2018 + refs therein]

5HFS — 5Dirac T 5rad + 5rec o R 5rad—rec T 5weak + 5had — hadronic vacuum pol.
— 237.7(1.5) Hz

relativistic radiative radiative-recoil )
(exact) known up to O(Za‘d') eEoi] known up to O[(m,/m,)a”] |
including ¢ known up to dominanted by (yet) uncalculated QED
'€

, \3 corrections at three-loop order
antimuon charge Ol(me/my.)(Ze)7]

7 =1 [Eides-Shelyuto IJMPA 2016]

12 14 16 18 20 22 24

a,x10°=1165900
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Phys. Rev. Lett. 127 (2021) 25, 251801

A value of a;\,flu at O(1ppm)

Is not competitive to current
spin-precession measurements

However, it may help to understand
the origin of the ~ 2ppm difference
between (R-ratio) SM and experiment

1S-2S theory

nonrelativistic energy
(including recoil)

3 R c

vacuum pol. ——
known up to

Ola(Za)"]

relativistic relativistic-recoil
(exact) known up to electron self-E

Ol(m, /m,,)(Za)"] Ola(Za)] known

— (’)(az) correction

V1g—28 = 4 (1—|—fm,€/m,/_t) [1 oy 518—28]

2+3 photon exchange
known up to O[a’(Za)"]

518—28 — 5Dirac £y 5rel—rec TIF 5eSE £ 5VP T 527 23 537 £h 6rad—rec T 5/.LSE

radiative-recoil
known up to

0[(771@/'m,l)af(ZO“)s] from (yet) uncalculated QED (rad-rec)

[CODATA 2018 + refs therein]
rescaling hydrogen formulae
with the muon mass and removing
nuclear finite size and pol. effects

muon self-E

corrections at three-loop order 1 4
[Karshenboim et al. PLB 2019]




BSM searches (EDM, CPT/LI, DM)

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

> The spin precession plane is tilted in the » w, modulated at the sidereal motion freq.

presence of the EDM. » Run-2/3 analysis In review.
» Run-1 analysis in review, Run-2/3 analysis > Current limit (BNL): 1.4 x 107** GeV —
in progress Projected limit (FNAL Run-2/3): 0(107%°) GeV
> Current limit (BNL): 1.8 x 107 e - cm
— Projected limit: 5 3 x 107*% e - cm - Ultralight Muonic Dark Matter (scalar)
N » w, modulated at the DM Compton
dy ~ 107 ¢ cm frequency.

» 1 (18 .
o= tan (2727) » Run-2/3 analysis in progress.

X [MC data] w; time series data

1.44 x 10°
. 1.43975 x 10°1
% 1.4395 x 10°
© 1.43925x10°{ | :

1.43825 x 10° 1, : : : : ' . : : 1 5
1.58283 x 102 1.58283x10° 1.58284x10° 1.58284x10° 1.58284x10° 1.58284x10° 1.58284 x 10°

Time [s]




Motivation for EDM searches

 Electric dipole moment (EDM) violates time-reversal symmetry and charge-parity (CP)

symmetry, assuming CPT invariance. " i
: o
- e g p,w,cbi o
d=n——s:s £ e
{ 2mc W W 2 e

« Standard Model predicts small EDMs for fundamental particles

» CKM contribution: d;*" ~ 107*2 e - cm, hadronic long-range effect: d/** ~1073%e-cm  PRD 89 (2014) 056006
PRL 125 (2020) 241802

» Current experimental limit ;™ < 1.8 x 107" e-cm (95% C.L.)  PRD 80 (2009) 052008
» Indirect limit from heavy atom EDM searches |d,| < 2x107°°e-cm  PRL 128 (2022) 131803

» EXcellent 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)

16
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d, [107% e-cm]: my = 650 GeV, Amy = 300 GeV
N DA MRS R UMD e e L I
1 Te \‘x\," ﬁ'\'{::g-‘ \‘:’\;,‘ T
N

0.0

0.1 0.2 0.3 04 0.5 0.6 0.7

Radiative muon mass model

Aa, [1077]

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

PRD 98 (2018) 113002

PLB 831 (2022) 137194

d, [107° e cm] (Oppys = 1)

: '''''''''''' Uy l/ : : ‘I
. ™’ g |
[ Aay, 20 Vi / A1
I / y |
[ (/) 7 |
[ )7 /! I
el
4 s ||l
i©
Y H
/ : r
i |
A ; w
7 |
% 1
7% |
7 N i i
, ,//(M |
<(\&'\ l
L1 |'U| .7.0104. ............ :
550 600 650 700 750 50
m,, [GeV]

JHEPO2 (2023) 234 (4)

Strong motivation to go beyond FNAL/J-PARC goal of 1027 e cm!

17
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Going beyond 10%' e cm?

 How can we improve the sensitivity of the muon EDM search?
* In the parasitic g-2 approach, the tilt angle is the limiting factor

* For an EDM below 102" e cm, it will be very challenging to measure this small
angle < yrad (multiple scattering effect + systematic effects like mis-alignment)

O ~ mrad for
dy~ 1019 e cm

.- mB
= (zau)

SJISV C€

X> :
Straw trackers Silicon Strip Detector
FNAL Muon g-2 J-PARC Muon g-2/EDM

18
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Wa : g-2 wn: EDM

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

* Freeze g-2 component by applying a radial E-field of ~ aBcpy?
— NO anomalous precession in the storage plane
— EDM causes an increasing vertical polarization

3 momentum
spin

:: momentum
spin

B-field
only

s (H)l/ls
=
&)

19
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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

o .
[ [ [ I

P :=initial polarization

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

[ AW = Acsin(uct + 6 E¢ := Electric field in lab
05 VN := number of positrons
7, := lifetime of muon

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



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
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) Zurich 2 5 >




Superconducting Solenoid

Entrance
Trigger

. 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

22



MUEDM Phase | and Phase |l

Former Injector 1 Area

Phase 1:

Negative helicity (95%)

p=28 MeV/c

B=3T

Flux: O(10° ut/s)

Storage rate: O(10?% u*/s)
y=1.04

Sensitivity/year < 3x102! e-cm

1

Jd

Phase 2: “ 2c¢BBaP yra/N

Positive helicity (95%)

p=125 MeV/c

B=3T

Flux: O(108 put/s)

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

Sensitivity/year < 6x1023 e-cm

23
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Overview of muEDM Phase |

i
,’\

4K cryo head

cross for < SC storage L Cryostat in vacuum

services magnet

Magnet lifter —__ Off-axis Injection tubes

+

f
p y
Y S N—— ! \‘ 1) =
— ¢ - ; o o
f ] \ (N " o
4 ¥y (¥- ] \ ‘
D 1 » . \ ‘ ~
o AT A W e )
e 2 PY - == —
o | n p ® i = 4
{ e —— Y
i — = e e . AN V;

A “tabletop” experiment

24



Overview of mMmuEDM Phase |

Inside the storage solenoid

Magnetic Water-cooled
kicker correcting coils

\ , 7 . +
Trigger Fo u

GND detector N
* steel tubes
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Muon trigger detector

Beam spots on AA
- —16
E 60—
= C 2 —14
40—
- Water-cooled B * 3 )
Magnetic _ , 20— o = =
Kicker correcting coils - | | Optimized detector
o ‘-, s | geometry to maximize
Tracker ool .' 6 Storage muons
I Gsniien (a
~40|— “;‘ e
______________ B >
------- Trigger \;E{.{\i‘::w{ —GOL—! l et e l e e ! | ol pee l =t | [ R B 1 1 1 l Ll 1 l . ) l | bS] BN | l 1 | o
HV electrode GND detector | & -440 -420 -400 -380 -360 -340 -320 -300 -280 Z_[260]
N f mm
! focVLYseiigl}(/:oil electrode I

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

| i// €. ;;

Active aperture

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

Water-cooled

: . To WaveDAQ
correcting coils

Magnetic
kicker

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

Anti- HV Transmission line

coincidence Switch and coil

SiPMs
(Active Aperture) 10 ns

Discriminator 10 ns

5 Trigger ©

Rk e (B R\ a
HV electrode .-er..akl n GND | detector _ On PCB inside vacuum (5 ns)
SR akly - o glectrode 8= Magnetic
- focusing coilf__ W steel tubes To WaveDAQ Total delay < 140 ns
Gate SiPM Electronics Readout DC-DC Setup Converter

5-10 mm thick scintillators

_%_

1
—]
10uF

SiPM_HV

10uF
}
_10nF
R
wn
L
Qo
4

1l
10nF

Threshold

=
= ‘ MRB0540 SiPM_HV
22uH 7
Aperture SiPM Electronics Readout
SiPM Anti-Coincidence Circuit
Gate SiPMO1 Trigger —
- Gate SiPM02 Trigger — SN74LVC1G11
Active aperture Aperture SiPM SNFAUC2GO5
Trigger  Gate SiPMO03 Trigger —
. AND AND
nominal muon : Gate SIPM04 Trigger —
Threshold SN74AUC1G08 To
- - - . -2.5V = Aperture SiPM Tri ] i
90-100 um thin scintillators  trajectory pere P T Kicker
5V —

SN74AUC2G00

27



Storage pulse kicker

. Magnetic |

klcker

HV electrode

Water-cooled
correcting coils

- SciFi |
Trecker

| Trigger =

GND
electrode

Weakly
focusing coill

detector

@8 Magnetic &
| = steel tubes =%

o

F

Insulator: PET 2mm

Conductor: Cu 100pm

Pulse
Generator

200A pulse of
35ns FWHM

Pulse shape

0 50 100 150 200 250 300 350 400

SiPMs
(Entrance Scint.)

SiPMs
(Active Aperture)

To WaveDAQ

Coil quadrants generating pulsed
longitudinal kick to store muons

10 ns

Discriminator

Anti- 5 ng
coincidence
10 ns

Discriminator

On PCB inside vacuum (5 ns)

To WaveDAQ

<70 ns
HV

Switch

30 ns

* Technical requirements:

10 ns Transmission line

and coil

10 ns

* large amplitude

* rapid triggering of short-duration pulsed

Total delay < 140 ns

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

magnetic field, with strong tail suppression

28



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

¢ 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 29
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Positron detectors for EDM signal

 Double barrel SciFi tracker

* Measures longitudinal asymmetry of positron

» Bundles of fibers with good timing and position

resolutions

» fransverse and longitudinal fibers

Optical photons x position Longitudinal position vs time
L pPOS_X 3 =
[ Entries 660 | E SO0
B Mean 0.9824 = =
Std Dev 5828 | B 40F h_t
AZ ~ 1 O O ﬂm x* { ndf 1267/193 | & : Entries 5081
c p0 2054+0152 | © = Meanx  4.388
p1 0.01754 £ 0.01013 § 30 - gzag y 22.02
B p2 -0.005411£0.001452 | 2 - td Devx 2575
s p3 4882:726 | S 20 StdDevy 17.31
i pa -0.2814  0.0116 =
B » p5 0.1075 + 0.0129 10E
L | ) p6 33.08 + 5.38
p7 1.698 + 0.016 B
p8 0.1264 + 0.0168 0 At < Z ns
= > i i
_20 __l 1 1 l 1 1 1 l 1 1 1 l 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 l 1 1
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t [ns]
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A A
0.25 mm

Fibers layout

0.75 mm

/

\32 mm

€—— 94 % —>

<€<——98 % ——>

< O.ZT mm —>»

 Photon time and position i
(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

2019 2020

Phase 1 @ nE1
28 MeV/c, ~108/s % S

Characterization of potential electrode

Characterisation of Study multiple scattering of e* at : )
potential beam lines low momenta material with
e*and u*

2022 2023 f 2024

» 5347018,

Performance test of prototype entrance Aligning muon beam with centre axis Positr detection efficiency,
detector and TPC tracker of injection channel muon trigger detector 31



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
BT Assembly

] Commissioning

B Measurements

) e d R
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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 coil (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)

32
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Summary and outlook

 Muon g-2 at Fermilab
» Data-taking completed in 2023, Run-2/3 results published, Run-4/5/6 analysis ongoing.
* Met TDR statistical and systematics goal, final uncertainty goal: < 140 ppb by 2025
 BSM searches ongoing: EDM, CPT/LV, Dark Matter

* Muon EDM at PSI
* Aiming for sensitivity 103 e-cm using the frozen-spin technique.
* Phase | progressing well: Beam tests since 2019, first measurement expected by 2020.
» Sensitive to new CP-violation sources, complementary to Muon g-2

€ Muon experiments continue to be a powerful probe for new physics—testing
quantum corrections (g-2) and CP violation (EDM).
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