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Recent progress In
muon electric and magnetic dipole moments

Kim Siang Khaw (iF£%¥)
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A recent review on muon g-2: Nucl. Phys. B 975 (2022) 115675
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Probing BSM with muons

Apr 7, 2021

Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46 ppm

e Muon is a very sensitive probe for BSM physiCs [ e cwonias i

Published in: Phys.Rev.Lett. 126 (2021) 14, 141801 « e-Print: 2104.03281 [tep-ex]

* The Muon Trio in Precision and Intensity Frontiers
e g-2, EDM, charged lepton flavor violation (cLFV) .
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Unveil new physics




Very active research area!
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The Muon Moments: g-2 and EDM
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* g-2 can be calculated and measured to
very high precision

e SM Theory: 370 ppb BA0Z—

* Fermilab experiment: 460 ppb M ERFEE!
* Precision test of SM calculations

* Sensitive to 4-loop QED, QCD, and EW

 The difference between theoretical and
experimental values probes BSM physics

 Complementary to LHC searches
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* A search for new physics which is
essentially “background-free”

 The contribution from SM’s CKM matrix is
too small (d ~ 1042 e cm)

e Currentlimitd ~10-19e cm

* Many BSM models predict large EDMs

 Complementary to LHC searches

* Baryon asymmetry in the universe (BAU)
requires more CPV

 EDMSs are good probes of BSM CPV
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Theory Initiative White Paper: T. Aoyama et al. Phys. Rept. 887 (2020)



More on HVP contributions

Theory initiative: estimate of ~2025 to sort all this out
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CERN BNL
1960-1970s 1990-2000s
7.3 ppm 0.54 ppm

(completed) (completed)

I

2006 3080

2009-2023 S
0.45 ppm

0.14 ppm (under

construction)
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Principle of g-2 measurement

Larmor Thomas Cyclotron

Storage
Ring

Spin
— measure homogenous
momentum : . :
difference In field and
frequency precise field
precisely measurement




A grand view of the g-2 ring

1. Inject muon beam
iInto the storage ring
and store them

2. Monitor the magnetic
field with fixed and

trolley probes

3. Detect positrons with
calorimeters and
trackers

10



Visualizing the measurements

N/149.2 ns

Fermilab Muon g-2 Experiment
Combined Run-1 Data

L

|
100
Time after injection modulo 102.5 [us]

fclock (Uzln 1 + Ce =+ C + le =+ Cpa
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Details of analysis in poster session yesterday

An improved pulse-fitting procedure for calorimeter event
reconstruction in the Muon g-2 experiment at Fermilab

X ﬁ){ :ﬁ)(;j_‘i;! Cheng CHE_':‘ ‘L W Li L‘T;{_ i | Toungao Lee

SHANGHAIJ1AO TONG UNIVERSITY chencheng@2@situ.edu.ct INSTITUTE
( 1.The Muon g-2 experiment and the Kioss puzzle(11(2] )
*Principal of the g-2 experiment »The w; fitting and Muon loss  »The Kios: is used to account for the fraction of
=0 = FO) = No- Na(t)- A1) - /" lost muons due to the interaction with material
(14 A(t) - cos(w -t + B()) 10| by t
l l . O
At)=1— 1\\,;\/ L dt o
ositron eneray Mevi
v +The Kioss puzzle: unphysical “muon gain”
[ versus time
J
(" II Calorimeter reconstruction and ) IILImprovements of the pulse fitting |
the pulse fitting procedure(s) -Unifying the thresholds to eliminate the early-fo-ate effect
+The full reconstruction chain »Same thresholds for both primary and secondary pulses

+Using thresholds in MeV units by applying energy

Catormete M "
postonatcarmater | ST oz waisoms and o gain correction

Toeshls @ 20 e, Gl 1 X130 Theshold @ 20 e, o carimetrs
Pulse fiting :
Reonstructed Calibrated Reonstructed e
) )

>The Pulse fitting procedure \

»Thresholds used to avid fitting the noise A
l?{lmzﬁ ook amBIG paggac | Fse st {2 > Lowering the thresholds to recovery extra hits
/ > - »Consider the noise level of each crystal channel
X 30 of noise in each channel
20 MeV hreshald

(o) [ ovoatiwm] ) P

(&) fone more putes] s
e

»Template fitting to extract the energy/time of the crystal hits !

New G, o
lx

R ——
s|(T(@ {t0]+ P

Ume Podestal

f@®

IV.Performance of the new fitter
22 distribution

. Koup VS energy

+Recovered low energy crystal hits and Toves
Catiiereteteri g, t
reduced corresponding X2 LT

o til

»Improved the Kicss vs energy shape
(less gradient)

Not solving the Kioss puzzle completely, we
are still investigating the possible issues

) featib { w,(x, 7, IXM(x,y,$) )(1+ By +

T
o
(o]

0.2

Relative muon intensity [arb. u.]

(1] Muon g-2 collaboration, PHYSICAL REVIEW D 103, 072002 (2021)
References 12] A. Fienberg, Measuring the precession frequency in the E989 Muon g ~ 2 Experiment, Ph.D. thesis, University of Washington (2019)
131 K.S. Khaw, M. Bartolini et.al., Nuclear Inst. and Methods in Physics Research, A 945 162558 (2019)

Pileup Background Study
with Muon g-2 Experiment at Fermilab

Yuekai Hu, Shanghai Jiao Tong University

Muon g-2 and How We Get

® The muon magnetic anomaly of ~ measured by
=—(=)(—)—)
® Four steps to get
® Convert raw data to (ET)pairs.
Reconstruct the data from the calorimeters. . i
® Apply an analysis method. e o)
.. T method: choose energy > 1700MeV.

@ Do corrections.
Pileup Correction, etc.
g
@ Fit the time wiggle plot. W]
Wwana
Basic five parameter model. v I

by Maria Corte = o+ (-l

What is a Pileup Event? Pileup Correction : Shadow Method
aicorrecons ® Build the pileup spectrums from data.
1 ® Take double pileup for instance.
® The probaiity of twe + hi

® One event that actually is consist of
two or more events.

® Caused by calo response relaxation
time or reconstruction process. I O O =0 -

® Affect the energy spectrum shape ility of finding a pil
and the phase of precession. e O (+8) [ -

+ )]

apime
\

® Choose gap time A =0
orA = / tomakethe
equations close.

® Apply the dead time scan
to find the corresponding
dead time.

Pileup ic Uncertainty on
® Pileup systematics are evaluated in many ways,
® e.g. for pileup amplitude, we calculate its value = sensitivity slope
* minimum  distance = AL )

(Here the coefficient of quadratic term for  vs. multiplier

fitting and the degree of freedom for  fitting) o
® The energy and time for the pileup doublet:
f— . AR
® The pileup spectrum is built by adding the doublet and
removing the individual * contribution:
=)= CH=- )
. 7 e ” y i ‘shadow gap time
The total pileup systematic ranges from about 30 to 40 ppb
across the 4 sub-datasets of Runl and the largest term is from
pileup time model.
Run2 & Run3 pileup systematic study is on going, preliminary
results below :

(s6T)

. 23 Trigger cluster “Shadow cluster

a2 25 [

Conclusion and Outlook

Run2/3 pileup uncertainty for  analysis is expected to be

18 ppb, reduced by 50% compared with Run1.

Other methods for pileup correction : PDF method and
Empirical method(dealing with pileup events at the

waveform level).

The bump in energy spectrum at 4000-5000 MeV after pileup =
correction indicates there might be residual contamination in
the default shadow method.

Significant i when applying re-cl
algorithm to shadow method. Will try Empirical method in
future analysis for further comparison.

Cross Terms in the Fit Function for the Precession
Frequency Analysis in the Fermilab Muon g-2 Experiment

) ’I‘E& i ‘:T P Yonghao Zeng
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\‘ 24 Parameterslt! i .

= N0 N Mo N N * A5 =

|t [ Ao At cos (o + )] £

1 Nyot) = 1 = A e ™" cos(@pot + Pepo) o

1 N0 = 1A, e cost@ot + ) v “

S oo
IS ’ 3. 1.9 MHz Puzzle N

I

2. Beam dynamicsl!l and detector acceptancel2! 5., o No significant peak at 1.9 MHz in Run-1, but not the case |
5, I inRun-2 4], !

+ Cyclotron frequency ~670MHz 'y " |

* Horizontal betatron frequency ~633MHZ o | |

« Vertical betatron frequency ~220MHz -,

+ Coherent Betatron Oscillation frequency (CBO) ~ 0.37 MHz % :

Vertical Waist frequency (W\) ~2.30MHz

Three modes

© Muon beam harmonically © Only consider detector’s acceptance

oscillates in both x and y effeciency to generate muons.
directions. © Study three oscillation modes separately.

#(t) = xa + Ascos(2mfot + 6,) Nyeol) = No# €2(2) * €,()
o) = o+ Ay cos(2n, + 6,) - (@(0) * &, (w(1)

! 120
4. Fiting and FiT anaiysis (IR

2. Acceptance map

o Fit acceptance map with o E
© Fit with traditional form. u

polynominal function.

e(e.y) = ap + a1z + azy? « No(t) « Ny(t)

+asy* +agxy? + azeyt

+ Acpocos@2r fepot + 6cpo) | Ll
Ny(t) = 1+ Avw cos(2nfywi + vw) ‘ es torms y.#m w

+ Agy—ccos(2:

et + Guy—)

float the cross terms’ amplitude !I!
N(O)=Nos N+ N,
N. + Ny = 1+ Acnoeos(2x femot + éono)
+ Avw cos(2x fuwt + dvw)
+ Ay goos(2nfuy-ct+ buy-c)

I
I
I
I
I
I
I
I
I 0 Expand the original function and
I
I
I
I
I
I
|

+ fenolt + buy-c + bcnol

Jeno)t-+ uy-c — bcnol

The cross terms come from the correlation
between x and y in position acceptance.
The amplitudes of cross terms depend on
the strength of the correlation.

The puzzle can be resolved by floating (0" Nul0 = 1= e~ “scostos
cross terms’ amplitude in a, fitting. et (Ancos (o + ¢

[1] Muon g-2 collaboration, PHYSICAL REVIEW D 103, 072002 (2021)

2] K.S. Khaw, Phase-acceptance update: final maps, Muon g-2 docdb 23766 (2020)

[3] H. Binney, UW e, update: t clustering pileup, 2G+2D fitting, Muon g-2 docdb 25545 (2021)
[4]J. Stapleton, Run 2 Lessons from IRMA, Muon g-2 docdb 25688 (2021)

28 Parameters

N = Ny * N0 N 0 * N * Noo) * AO)
e 1= Ay A0 cos (w1 + y* 4 )|

Reference:

A Boosted Decision Tree Model for the Positron Acceptance in
4wis s  the Muon g-2 Experiment SunKalNg

TSUNG-DAO LEE INSTITUTE Kim-Siang Khaw

Measurement of Muon’s Magnetic Anomaly
Anomalous Spin Precession  e* Energy Spectrum Modulation at @, i
g Analysis

i
i
F

a, <
" =
) v :
s %= E/Emax Muon Weighted Magnetic field

Phase-Acceptance Systematic Correction to w,

Time Dependent Shift in Fitted @, Phase Phase Map Construction
T I dp_ dYews  do
wede - dt dYys

i o1
1. Time dependent beam effect — = ]
2. Dependent of phase on decay P o N ;
L ii 43 position (Phase-acceptance) By igd B°
Doy Vi) N(O) = Ng e/ [1 + Acos(agt + 6] Oecay i)

Fast Simulation of Muon Storage Ring

Geantd-based simulation

1. Muon beam & spin dynamics —— Analytical calculation or Beam Optics Simulations (eg: BMAD, COSY)
is expensive |
———u

2. Muon decay to positrons ~ ——» Geantd MuonDecayWithSpin Class
3. Positron transportationand ——> Model with Machine Learning (this work)

EM Shower Development

Energy Deposition in Calorimeters via Boosted Decision Tree Algorithm

signal :

Energy Deposition > 1.6GeV § BEEEETE
Background: Otherwise BDT Training g ,====="="""
(TMVA's .
Input variables AdaBoost) |
for training (from )
gm2ringsim 9
simulation ) i

BT response

Data Preselection Cut: Energy>1.6 GeV Performance Benchmark

without preselection with preselection

Gmzringsim

Backgrou
ckground Fast simulation &

AdaBoost application -

Model trained
at preselected

Background rejection

data have
higher area J€
under ROC y v

T == References

A Hoecker e,

curve

T Aot et . {Muon -2 Callboration) Pys. e D 103, 072002 (2021)

5702 03 04 05 08 07 0508
Signal eficiency

A search for the muon electric dipole moment in
the Fermilab Muon g-2 experiment

3 ’Ll"ti ok
. . Eal
Tianqi Hu 7 TSUNG-DAO LEE INSTITUTE

Shanghai Jiao Tong University & Tsung-Dao Le;e Institute

1. Muon Electric Dipole Moment 2. Current Research Status
In QFT, the electric dipole moment
(EDM), an analogy with the magnetic
dipole moment ji = g °-3, is given by:

There are direct and indirect limits on the
muon EDM:

e g Direct limits:
p
s |d,| < 1.8x1071° ¢ em

d,~107*2 ¢ cm (SM Prediction) [1] i
d,~10"21 — 10-27¢ em (BSM Prediction) Based on the BNL Muon g-2 experiment[3]
Indirect limit:

d=n

SM = ' BSM |du| < 1.9%1072° e cm
. " ! ‘ Based on the dy;g. deno EDM[4]
wi Aoy Hyiiig /A
. N . || :‘l—:|d,_,| <23x10727 com

Contributing processes to a lepton EDM Minimal flavor violation
are at the 3-loop level in the Standard
Model and in Beyond Standard Model
Physics (e.g. Higgs Doublet, SUSY) [2]

Any detected signal is a strong hint of new
physics.

The phase asymmetry
will be evidence of
EDM'’s existence

The precession plane
when EDM existed |

For EDM = 0, the phase OUTWARD DECAYS INWARD DECAYS

vs vertical hit position is o TN
) [PHASE L

symmetric - ;
— it P

For EDM # 0, the phase UTWARDDECAYS WO DECAYS =

vs vertical hit position is eI REE

asymmetric as the JPHASE W i . .

precession plane is tilted. Botiont: I o o

4. Calorimeter Phase Method Analysis
Reconstruct the vertical | Time spectrum for 10 F
hit versus time vertical bins

-
i
i
Fit phase v vertical
hitwith
- R
1. Muon EDM is a sensitive probe to BSM 1. Phys. Rev. D 89 (2014) 056006
physics; 2. HEP - Ph (1997) 9707544

2. A more sensitive search for muon EDM is 3. Phys. Rev. D 80 (2009) 052008
currently underway at Fermilab Muon g-2 | 4. Phys. Rev. Lett 128 (2022) 131803 l

Muon Lifetime Measurement with
Muon g-2 Experiment at Fermilab

Zejia Lu, Shanghai Jiao Tong Univers

Muon g-2 Experiment

Both muons’ momentum and spin rotate n storage + Ui calorimetens
« The energy distribution of decay positrons detect decay
depends on polarization of muons, positrons. the
‘modulation in

anomaly precession
will be seen f

i,
‘The hit time distribution of \ "4 et W“‘“‘“ g,
electrons with energy over a 1A e,
threshold has a module as. = i
wiggle + exponential decay.

Ne o[t + Acos(at + #)]

‘With smaller time bin, a wiggle
with higher frequency will be seen.
This is the rotational frequency of
muons.
Oratae = 2nR /B
R=p/ab

3.1 GeV, the lifetime h
Lorentz boosted.

Trese = Tooustealt

9755 +0.00018 s

An independent measurement of muon lifetime other than
fix target experiments. A test on general relativiy.

> 3g deviation between storage ring and fix target
experiment results. Further study is needed.

Potential precision improvement with ™ lifetime

this resul! measurement compared Lo fix target result

TP e

Uik an b e 2l ! CPT violation test.
h - s

i G e e
fast rotation analysis uncertainty
on y (Fourier Method)!'!
statistics from 7
. e e
systematics pileup
beam oscillation
total 168 155

. (1] PhysicalReview Acccleatorsand Beams 244
Uncertainties in ppm. (021 nadonn
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Run-1 result (Apr 2021
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Current status

Last update: 2022-07-19 04:31 ; Total = 19.0 (xBNL)

~~ Quantity Correction Uncertainty

— 17 .5 - (ppb) (ppb)

Z ) w, (statistical) . 434

0 Wa (systematic) , 56

x J

%1501 ¢ - = i o

> o i ~2024/2025 publication

‘.(E 12.5 feativ{wp (2, y, ) x M(2,y, D)) 56

= B, 17 92

E BL =27 37

g 1001 Zon I Run-4

—_ ge/2 - 0

-+ | Total -~ 462

7.5

3 Run-3

r 20 un- ~2023 publication 3
25 - ’/ﬁ:;]-.z i Run-6 will start this Fall

A 4 Apr 2021 publlca’uon (More stats + systematic runs)

0.0 ' T T I

. :\% \»\% A ‘-3 \ :\9 QS) «79 «L’\ A ’2,\ r?:\ o 0l

0 \ \ C < QO
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J-PARC Muon g-2/EDM

J-PARC (MLF)

graphite
target

Goals:
g-2 450 ppb (~ BNL/FNAL run 1)

EDM 1.5x 1021 e - cm (x70 better)

14



Fermilab vs J-PARC @) puigim

J-PARC-E34

Muon momentum 3.09 GeV/c 300 MeV/c
Lorentz y 29.3 3
Polarization 100% 50%
Storage field B=145T B=30T
Focusing field Electric quadrupole Very weak magnetic
Cyclotron period 149 ns 7.4 ns
Spin precession period 4.37 us 2.11 s
Number of detected e™ 5.0x10° 1.6x10" 5.7 x 10"
Number of detected e~ 3.6x10° - -
a, precision (stat.) 460 ppb 100 ppb 450 ppb
(syst.) 280 ppb 100 ppb <70 ppb

EDM precision (stat.) 0.2 x 107" e - cm 1.5x 107% e cm
(syst.) 09 x 107" ¢-cm — 0.36 x 10! ¢ - cm

15




TSUNG-DAO LEE INSTITUTE

Current status: experimental hall

Beam power 1MW *

(400 MeV). . Tm‘— ' *_ Rep. Rate 25 Hz
."'-A—"“T—ﬁ;_:" ”- o

\ '{7
_ e A : 3
!, J, - 5 _ '*‘ e T 9 -
VL TR e SO RRRR .
= . s ’ ey e
e - ] || e -
. a eEw A

., Rapld Cycle
’ __ Syn‘ch rotron

S expenmental Facm ] Extension

¥ Main Ring (ML)~ ¢ o/ for g-2/EDM

i (30 GeV) ! —— 1 to be constructed in FY2022 il ; | |
— S | S ~ or muon cooling tests

> proton and Mu 15-25

g2 Beam delivered in Jan 2022

Hadron exp HaII

T. Mibe, Schwinger Fest 2022
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Construction of surface &% -3

muon beamline (H-line) = ik

o
to g-2/EDM

/ . areat

Beam Hl Area

H line | —~

!
[
3 s Oi N .
delivery (\E) . ' o
- & - ) : > .,'_ b i :;':un <
point L © : | Undertow "
RS2 (&) - I nd 1198/75
v £ Q 10’ ke il Pros 0 0008174
- L oaom 4 .
| © - | \\ - ;41 ' 008
C 5
o »
5 ok Y
- E ﬁ\-'-Lx.*-
| e
; b
O od 3 \'T
* 3
w | _— 1 1 PR S -
D 4 e ) J
Time [ps]

muon
production

Time (ps)

target

Intensity ~70% of expected in H1 area
with partial currents to capture solenoids

Fig.2. The H-lme layout.

Prog. Theor. Exp. Phys. 2018, 113G01
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Schedule and milestone

ext: demonstration of acceleration of p+

Production of thermal energy muonium Muonium yield measured at TRIUMF
Sifi ith . AT A B
2021 2022 2023 2024 2025 2026 2027 and el [ \'-oriom we) ] Region
(5105, 30 me/cc) 30 meV e I 10 < z < 20 (mm)
beyond ~ Efficiency % 2000 QO no laser-ablation _|
) 3 x10 vu = kg * @ v/ laser-ablated holes
. et g > 1500~ =2 -
(laser regionsmmesamm ®
KEK g 1000— w -
Budget gl n .
Q a0 9 ¢ c . " ; * . " .
o 12 ee . hd
P lakule el al, PP A03CO (200:3) 0 5 p 3 10 12
Surface * Beam at H1 area Beam at H2 are3 g I‘éﬂ S N ————- Tiio ()
— - R ufficient efficiency to achieve Aa,~450pp
muon r— sufficient efficiency to achieve Aa,~450ppb
: x Photo by S Karnal K
: - O
Bldg. and * Final design Completion = G
. “ M - _
fa CI|Ity v el=J Our version of “Steven Chu’s” experiment at J-PARC
M e 8 £ s ¢ 5 ' S
- il N/ 0aV L a8 -
uon % Jonization test @52 * |lonization tes E (O ' e . 3 ‘ _ i} = B Muonium gen.
source 8 D = 355 nm 25 355 nm - ‘ - T > Bl s an |on|zat|o (3 meV)
LINAC *|80keV acceleration@52 210 MeV EAE il
% 4.3 MeV@ H2 - PR 244 nm NS WS Electric bend ) o
(Lyman-a) | Dipole magnet {energy selection) =@
1 244 nm ‘A (momentum R —
|njection and J Completion of 1S 136 eV S : o S | onization laser lr::”.l::nt
. . 2N W (244 nm)
storage o muon Injection Muonium Mfmum = P : .
electron injection te Nl RN -
J via 1S-2P '\ via 15-25 S 2 : : . :
Storage w B-field probe —
INg done
magn et N ready € 80 keV acceleration of Mu(u'*ee’)
-b ;:; 40— ¢ RFon
Detector * Quoter vane prototype * M: * Installation o
" % grid service open g (2018)
DAQ and & ki ! : |
) * common cc : | * e
Computlng resou l'::‘ usage Ready E l "*’-.uj,' .,;. ‘ i .L * l- 4—-—-’
. : : T BT : 2000
Analysis ready As 19,080 1(2016) Tine of light <]
1(2018)
Analysis software ready % m.m,u o g:’z:; IBemonstrated acceleration of Mu-
. N
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Muon g-2 from muonium spectroscopy

25,/ - F=1
=0
-
© | p =1
15.,
=0

Ground-state HFS theory

Rydberg constant fine-structure

2 VYT
R-x = e/ [2'2] constant o _
nonrelativistic Fermi energy
o frem gy

VHpy = 1:;3 (-l + (})#) ., R ca )3 [] 4+ (SHPS]

My (14+m./m,,

electron-muon

Y ¢v) correction
mass ratlo Z-exchange ¢ (_a)
—65 Hz [CODATA 2018 + refs therain]

OHFS — 5Dirau: + (5rud + 51‘(:(: + (Srud roc T 5\&'{:;11{ —+ 6hnd hadrenic vacuum pol.
= 237.7(1.5) Hx

relativistic radiative radlatlve-recc?ll. o
(exact) knownupte O(Za')  recoil known up to O|im, /m,ja” '
including & " knownupto dominanted by (yet) uncalculated QED

T (s, fm ) Zu{}"’: corrections at three-loop order
d';:"_"‘jo"“ uge [Eides-Shelyuto IJMPA 2016]
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Phys.Rev.Lett. 127 (2021) 25, 251801

Muonium ongoing F———————————————— I Avalue of a, * at O{1ppm)

ultimate =———— IS I:'IOt compettltlve to current
spin-precession measurements

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

BNL+FNAL 2021 HeH
SM (BMWc-lattice) @

SM (R—ratio)

1

12 14 16 18 20 22 24

a,x10”=1165900

1S-2S theory

nanrelativistic energy Of 2, :
: : - Vv | correction
(including recoil) )
3 Rx c [COD?TP 20_1,8 :- iefs t{ﬂer?in]
VJ.‘D‘*‘)S = - : rescaling hydrogen farmulas
D4 4 (1+m,,

with the muon mass and removing
nuclear linile size and pol. eflects

2+3 photon exchange
7 3 \"l
vacuum pal. known up to D)o (Z)
known up to

-, e
Q w(Zex)

018_28 = (-S’T)ir'd(: + arel—re(: + beSF} T (-S’VI_’ + 537 + éi’r‘y + ér:—xd—re(: + (j;}.SF}

muon self-E

radiative-recoil

relativistic  relativistic-recoil known up to

A electronself-E N rer 3
(exact) known up to 0[(:‘{:20:');] T— \)[';-'“c,"'f"'.,,‘”‘ﬁfl ) ] from (yet) uncalculatad QED (rad-rac)

™ (oanm e .
(2 (nng /g M Aae) corrections at three-loop order
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BNL/Fermilab Muon EDM search

* Three approaches from BNL/FNAL experiment:
» Vertical Angle Oscillation (Tracker)

» Vertical Position Oscillation (Calorimeter)
 Vertical Phase Gradient (Calorimeter)

<10 . 35 ¢(y), Fitted Phase vs. Vertical Position
=) Chi2 / ndf =393.7 / 396 E = 200 Chz ndt= 139178
£ ‘2000 N  =0.0001701+ 3.96%-06 Z 34 - - | 4, =-335.9 = 5.948
2 0.4/ Ag2  =2.029e-05: 5.617e-06 & Lh - = op | E,= 1629 202572 |
v phi =1918L 0 B 1 E_ G, = 6.006 » 0.2573 0 b
L | || _Aedm = 4.549¢-06+ 5 455¢-08 = 32 _ L ’ o | Lyi=-0.06236 - D.94BI I—
= 0.3 ® - '
g | . * ~ i (TR T = 311Ny [ \ ' i
3 } l I ‘ JO | 1 4
R AT AT LT
: 29 .
' I | | 28 ’ I\ !I
| 27
26—
'0'1 i l. 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 25T P | | N L
0 500 1000 1500 2000 2500 3000 3500 4000 45000 50000 55000 60000 65000
Time module precession period [ns] ns
f(t) =K+ [G’a’z Sin(th+ C,ocos(wt) | + ¢~/ 7cpo)
0(t) = M + A, cos(wt + D) +@EDM sin(wt + (I’) X | Scpo sin(@wepp(t — 1) + Pepo)

+ CCBU COS((,()CB()(t - IU) -+ (DCBO)] + 1‘46’_“/7“)
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Can we going beyond 10-21 e cm?

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

* For an EDM below 10-21 e cm, it will be very challenging to measure this
small angle (multiple scattering effect + systematics like alignment)

1 0-1 7
lBailey et al. J. Phys. G4 (1978)

10-18 L
1 Bennett ef ai. PRD &0 (2009)

10“9;
- : O ~ mrad for
107 = | dy~ 10" e cm
- Fermilab/J-PARG l : 3
w4k  eemesieeses : B '
E = cubic ; § =tan! (—27’ )
s 1075 S e | ; a A new idea is needed!
- 3 -
%00 g =g : >
= - og & S X
- 5 = = 0 8
10 4§_C8 quadrati g g %'5' < S
= @[T 2 = 2 S & O
1 = 8 Y = I 5 w ;5
- 9 3 ~ =
1025 5 5 § =
= d 2 5 o 3
| 5
10 2 __".!'.'??-". g .:::!_ 3 21
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The “frozen-spin” technique

Wa : g-2
 Developed in 2004 for the muon

* Freeze g-2 component by applying a radial E-field of ~ aBcBy?
— Nno anomalous precession in the storage plane

— EDM causes an increasing vertical polarization Sy
S momentum , , . _\X .
| | ‘ % 05} S,
71 vV + | + P ):
0 l : , ,
p 0 1 2 4
= < time (s) %10 22



Putting everything together

=yVxB+E, E=yvxB+

E,

g-2 configuration frozen ' frozen & EDM
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Principle of the FS-EDM measurement

* Up-down asymmetry measured using upper and lower detectors

Upper detector

¥° / ndf 133.17 147

f——

~ 1
E—- — ro . 2
% | P,=100%, N=5.0x10° Z” 016662(7::) . fl}’ au
;-— - d,=1.8x10"" ecm @, 0.1896 + 0.001 1 O-(du) -_—-— -
.,;‘:-:: 0.5 ¢, -0.006392 = 0.004494 ZPEfV N ‘yru a
L, P :=initial polarization
*g A(t) — Aegsin(wet + o) + Ef - Electric field in lab
<05 VN := number of positrons
T, := lifetime of muon
b T '2|0'_' 25 a = Inedn decay asymmetry
Lower detector s
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muEDM at PSI with the FS approach
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MPbmmE®M search at PSI will commence in two phases:

Phase 1 @ 28 MeV/c

Top View s Scintillator . Front View
/ + . ,
pay e ~._ . (zoomed)
PSC solenoid "~~~ Ground ~.__ ™/
. 7 // /,
Correction
— £ 7 i o
| o] ‘ﬁ U// B ! CO”S
n v 4
— ) ..l /
% £ X A 0
— /‘B ) /’;a.‘ ‘ \‘\\‘\O
P s
g \‘\\\@9
\\\\‘\')@
\'¢
Magnetic pulse v

coil

HVY electrode ' (28 MeV/c

d~10-21 e cm by 2026

Phase 2 @ 125 MeV/c

cellimaho
Chiari Le

d~10-22 e cm by 2031 25



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

EE—— Neutron spallation
W= source SINQ

lon source CE
test facility

O —

e ———————

— € ULrON guides

Morpheus
WBGA — NAA . e 'R
PNA

L DMC
—' :.:
Eiger Neutron
experimental hall

Cockcroft-Walton
870 keV

Neutron

generator » PIE1.2

Secondary
| beam lines

S

.

ree Injector |l = y AN ' : " :
| 92 MeV I Isotope - A ' _ PiM3.2 PM33 *
production -~ iaaihalil ~ | R - —

Ring cyclotron
590 Mev

d"

Comet
250 MeV

——

Ultra cold neutron
source UCN

WSGA

PSI Experimental Hall

AR T
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EEE EEE
]| =we=""top scintillator

+ Aradial magnetic field pulse stops them within  scitiators .7 | —
a weakly focusing field where they are stored 1 =

~ bottom scintillator

The general experimental idea

Solenoid

- Muons enter the uniform magnetic field

g
TIeY
“:“éL”!J 1\

s

HV-MAPS
pixel detector

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

/] = HV electrode
*/ T~ e’-tracker
—ground electrode

SRR EER

<1m

SC channel -
<

¢, Injection
% channel

By=3T1

detector weakly focusing field

Solenod
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PSI Beam Test 2019
Characterization of potential beam lines
* PSI Beam Test 2020
Study multiple scattering of positrons at low momenta
* PSI Beam Test 2021

Characterization of potential electrode material with
positrons and muons

« PS| Beam Test 2022

* Performance test of entrance/collimating channel

* Performance test of TPC muon tagger/tracker



Projected Final Sensitivity of 10-22 e cm

Key parameters Symbols Phase 1 @ Phase 2 @

yP y 28 MeV/c 125 MeV/c
After collimation _ 1x 106 s1(e=50%) | 1.2x 108 s1(=0.5%) scinhilletor _
After beam injection _ 3 kHz (¢=0.3%) 480 kHz (e=60%) P — .

sl B "_ bl ‘ .i
co |
3 il
Electric field 0.3 MV/m 2 MV/m ke begr@h
=,

' & reoftat
rositron 0.5 kHz 80 kHz w
detection rate
Muon decay
asymmetry hy au
a(du) =
— 2PERN y7,

e -
oy

- v -

e B S S

— o
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Collaboration activities

selected for funding. L
A The muEDM - collaboration Fonds national
T suisse

L s

* A. Adelmann,'” M. Backhaus,' C. Chavez Barajas,’N. Berger,* T. Bowcock,* A. Bravar,” C. Calzolaio,”

Chislett,” A. Crivellin,«*'Y . Dutsov,” M. Iﬁi)a\.,'“,-' M. Fertl,'' M. Giovannozzi, "

W.C. Grifiith, '# G. Hiller,'? G. Hesketh,” M. Hildebrandt,” T. Hume,* A. Keshavarzi,'*K.S. Khaw, ' K. Kirch,
A. Kozlinsky,* A. Knecht,? M. Lancaster,'” B. Markisch,'® F Meier Aeschbacher,? F Méct,'” A. Papa,??
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Schedule and milestone

Phase | (precursor) Phase |l (final)
Year| 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031
Simulations general '

Instrument concept a - A > Simulations
_ Magnetic field Conception/Design
9 Magnetic pulse :

S | SC shielded channel Prototyping
£ High voltage Acquisition/Assembly
Detectors Tests/Measurements
Data acquisition
EDM measurement
— ,

Imuiations genera :
~| Dedicated Magnet 1 Full proposal for both phases to CHRISP committee
2 Magnetic pulse 2/la Magnet call for tender / precursor design fix
S| SC shielded channel b Precursor ready for assembly/commissioning
2 High voltage 3/c Technical design report / frozen spin demonstration
D Mu‘?n detectors d First data for precursor muEDM
+ Positron tracker
S i M t delivered, characterized and accepted
2 Data acquisition 4 aghc ’ P
§ Commissioning 5 Successful commissioning / start of data taking

EDM measurement | a 6 End of data acquistion for mueDM
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Rich physics program connected to muon g-2

CERN
Fermilab, N”I\‘/?S‘gl‘:”@q:f'z”,
CMD-3, BaBar, J-PARC, PSI Muon-philic ermiia
BES-III, Belle-ll MuonkE gauge boson
scarchces
Low-cnergy |
ote— colliders Muon EDM
Muon g — 2 | |
theory and e ReteC  Muon collider  VETY aCtive
experiments CAPCLLTIEILS field now!
Muonium ,
Muonium TRU
J-PARC 15 —25 " PIONEER@PSI,
MEG I, MuZe, PIBETA/PEN@PSI
Mu3e, MuMuBar
MuMASS@PS3SI,
J-PARC

Many interesting and high-impact experiments for young students and postdocs! 32



ONE THING |S FOR SURE: THE HUNT IS ON, AND

NEW D le\covER ES ARE ON THE HORIZON,

Muonium 1S-2S

Muon g-2




