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Current status

« Long standing discrepancy between theory 27—
calculation and experimental result FNAL E981
214 World Experimental Average
Ultimate FNAL Muon g-2 precision
«  Muon g-2 collaboration published Run 1 result g 5.
B. Abi et al. (Muon g-2 Collaboration) Phys. Rev. Lett. 126, 141801, 2021 § L sm
 In agreement with BNL measurement T s
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T. Aoyama et al., Phys. Rept. 887 (2020) 1-166

« Lattice QCD approach, 1.50 tension
Borsanyi et al., Nature 593, 51-55, 2021 and arXiv:2002.12347




Current status

« Long standing discrepancy between theory 2T
calculation and experimental result PNAL =28l
214 World Experimental Average
Ultimate FNAL Muon g-2 precision
«  Muon g-2 collaboration published Run 1 result g 5.
B. Abi et al. (Muon g-2 Collaboration) Phys. Rev. Lett. 126, 141801, 2021 § L sm
 In agreement with BNL measurement T s
o
: +
. . . . tUl 18_ + + SM
« Uncertainty in theory calculation dominated by ete”
calculation of hadronic vacuum polarization (HVP) | |
v Y N\ v 17 Previous SM Estimates

1003 100" 1001 1009 qp\\’ 10\3 10“»5 10“;‘ qp\q 10’9’ 10’?«3

\, J <=

« Dispersive approach, 4.20 tension
T. Aoyama et al., Phys. Rept. 887 (2020) 1-166

 Lattice QCD approach, 1.50 tension

Borsanyi et al., Nature 593, 51-55, 2021 and arXiv:2002.12347
CLFV2023, Heidelberg




Current status

« Long standing discrepancy between theory 2T
calculation and experimental result PNAL =28l
214 World Experimental Average
Ultimate FNAL Muon g-2 precision
«  Muon g-2 collaboration published Run 1 result g 5.
B. Abi et al. (Muon g-2 Collaboration) Phys. Rev. Lett. 126, 141801, 2021 § L sm
 In agreement with BNL measurement T s
o
: +
. . . . tUl 18_ + + SM
« Uncertainty in theory calculation dominated by ete”
calculation of hadronic vacuum polarization (HVP) | |
v Y N\ v 17 Previous SM Estimates

1003 100" 1001 1009 qp\\’ 10\3 10“»5 10“;‘ qp\q 10’9’ 10’?«3

\, J <=

« Dispersive approach, 4.20 tension
T. Aoyama et al., Phys. Rept. 887 (2020) 1-166

 Lattice QCD approach, 1.50 tension

Borsanyi et al., Nature 593, 51-55, 2021 and arXiv:2002.12347
CLFV2023, Heidelberg

- improve statistics & systematics
of measurement




Muon in homogeneous magnetic field

CLFV2023, Heidelberg



Muon in homogeneous magnetic field

Cyclotron Motion

centrifugal force = Lorentz force
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Muon in homogeneous magnetic field

Cyclotron Motion Spin Precession
centrifugal force = Lorentz force magnetic moment and field couple
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Muon in homogeneous magnetic field
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Relativistic muon in magnetic & electric fields
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Relativistic muon in magnetic & electric fields
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Relativistic muon in magnetic & electric fields

non-relativistic limit electron motion relativistically generated
non-perpendicular motional magnetic field
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perpendicular to magnetic field ;M =116591810(43) x 10711
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Relativistic muon in magnetic & electric fields

non-relativistic limit electron motion relativistically generated
non-perpendicular motional magnetic field

to magnetic field
proportional to electric field

cyclotron motion assumed motion
perpendicular to magnetic field aM =116591810(43) x 10711

pitch of electron disappears for y=29.3

magic momentum

p,=3.094 GeV/c
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Bound state QED calculation
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Extracting a,

Anchor B, e and m, to other high-precision measurements and calculations
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Anchor B, e and m, to other high-precision measurements and calculations

Muonium hyperfine splitting
22 ppb uncertainty
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Anchor B, e and m, to other high-precision measurements and calculations

4 )
U;;(T'r) |
pre(H)

10.5 ppb uncertainty at T, = 34.7°C
\ Metrologia 13, 179 (1977) )
4 my )

Me
Muonium hyperfine splitting
22 ppb uncertainty
Phys. Rev. Lett. 82, 11 (1999)
. J

CLFV2023, Heidelberg

We measure this ratio
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Muon Campus at Fermilab
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The superconducting storage ring

P9 = 3.0947= + 0.5%

« 3 cryostats with 4 superconducting coils (5300 A)
« 1.45 T vertical magnetic field

* 90 mm muon storage region

« 180 mm gap for vacuum chambers

« muon cyclotron period 149 ns (~6.7 MHz)
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Beam Injection
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How to get the beam onto storage orbit?

Muon injection
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How to get the beam onto storage orbit?

Muon injection
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How to get the beam onto storage orbit?

Muon injection
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How to get the beam onto storage orbit?

Muon injection

Ideal storage orbit
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How to get the beam onto storage orbit?

Muon injection

Ideal storage orbit
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How to get the beam onto storage orbit?

Muon injection
« Change field locally by 2% within ~150 ns

« 3 pairs of plates at roughly 90°
« Apply HV pulse at 4700 Ainto ~12.5 Q in 150 ns

(B) Muon g-2 Kicker B-field
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Keeping the muons stored

« At magic momentum electric fields
have a very small impact on w,
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Keeping the muons stored
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Keeping the muons stored

« At magic momentum electric fields
have a very small impact on w,
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Keeping the muons stored
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At magic momentum electric fields
have a very small impact on w,

Electrostatic quadrupoles focus beam
vertically

Electrostatic quadrupoles defocus
beam radially

Magnetic field focus beam radially
- Complex beam dynamics
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At magic momentum electric fields
have a very small impact on w,

Electrostatic quadrupoles focus beam
vertically

Electrostatic quadrupoles defocus
beam radially

Magnetic field focus beam radially
- Complex beam dynamics

Quasi-penning trap cover 43% of the
ring




Keeping the muons stored
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At magic momentum electric fields
have a very small impact on w,

Electrostatic quadrupoles focus beam
vertically

Electrostatic quadrupoles defocus
beam radially

Magnetic field focus beam radially
- Complex beam dynamics

Quasi-penning trap cover 43% of the
ring

Pulsed “electrostatic” quadrupoles
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Spin projection detection
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Spin projection detection
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Spin projection detection
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Spin projection detection
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20 cm

oAt Adodule O

Tracking detectors

8cm

Two tracking stations, each with 8 modules

128 gas-filled straws per module

Determine e+ trajectory to decay position and
extrapolate to find muon beam distribution!

Input for beam dynamics simulations
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Fitting the “wiggle” plot

Counts/149.2 ns

Time [usl
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Fitting the “wiggle” plot
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Fitting the “wiggle” plot
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Fitting the “wiggle” plot
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Fitting the “wiggle” plot
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Magnetic field tracking
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Magnetic field tracking

Trolley system
17 NMR probes
pulled through ring every ~3 days

measures spatial field dist. in storage region
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Magnetic field tracking

Trolley system Fixed probe system
17 NMR probes 72 azimuthal location (stations)

pulled through ring every ~3 days tracks field drift 24/7
measures spatial field dist. in storage region measures field differences (drift)
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%
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Magnetic field tracking
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Magnetic field tracking

Spatial distribution described

. by multipole expansion
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Magnetic field tracking
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Spatial distribution described

by multipole expansion
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Muon weighted magnetic field

« We need the field seen by the muons
« Tracking magnetic field multipole moments
« Muon distribution given by tracker data and

beam dynamics simulation

Wa fclockwaneas (1 + Ce + Cp + le + Cpa)

&y~ feativ (M (@, y, 9, v, 6)) (1 + By, + By)
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Field calibration

« Trolley is main device to measure the field
« Trolley probes based on petroleum jelly
* Needs calibration

CLFV2023, Heidelberg




Field calibration

« Trolley is main device to measure the field
« Trolley probes based on petroleum jelly
* Needs calibration

« Absolute calibrated water probe

» Cross-calibrated at Argonne National Lab test magnet

Plunging Probe
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calibration probe

calibration region

Field calibration

Trolley is main device to measure the field
« Trolley probes based on petroleum jelly
» Needs calibration

 Absolute calibrated water probe <= aluminum rod
« Cross-calibrated at Argonne National Lab test magnet

Plunging Probe

* Probe can be placed in ring by 3D translation stage 3D translation

- Swap trolley and calibration probe ten times stage

« Derive calibration constants for each trolley probe

CLFV2023, Heidelberg




Kicker transient magnetic field

Kicker used to place beam on storage orbit
Kicker pulse induces 22mT field in radial direction
Measurement based on optical faraday rotation

-0 ————TT1T——T7T "7 7T 7
- [2)
r . — S — — - — Kicker Pulse from Magnetometer Data
I"C'd:.;:t Light Polarizing Beam = ... TO Pulse ’ E
oer Splitter Cube 1 - — : Cyclotron Period
' - +
A/2 Waveplate @ 100
= L
= L
Return Light 7] L
Middle Fiber QC’ i
g 50
TGG Crystals I
0
Return Light -
Lower Fiber i
_50 | | L

Polarizing Beam -0.2 0.0 0.2 0.4 0.6 0.8
Splitter Cube 2

Time [us]




Magnetic field quadrupole transients

Pulsing electrostatic quadrupoles for beam confinement leads to magnetic field transient.

400

200

Relative Field [ppb]

-200

-400

0 20 40 80 80 100
Time [ms]

NMR probes run asynchronous with beam injection
Fast transient fields are shielded by aluminum in vacuum chambers
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Magnetic field quadrupole transients

Pulsing electrostatic quadrupoles for beam confinement leads to magnetic field transient.
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NMR probes run asynchronous with beam injection
Fast transient fields are shielded by aluminum in vacuum chambers
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Uncertainties for Run 1

ﬁ o fclockwg,neaS (1 + Ce + Cp + Oml + Cpa)

N, -

wp fcalib <M($,y,¢)w£(x,y,¢)> (]— +Bk +Bq)

Run 1 Design goal
Quantity Correction Terms Uncertainty
(ppb) (ppb) L

wg' (statistical) — 434 100 ppb ° Improve statistics
wg' (systematic) B 56 - take more data
C. 489 53
Cp 180 13 [~ 70 ppb . .
Crni -11 5 « Systematics must be improved to
}Jpa e 158 gg J achieve design goal
calib - Y. s Y - . . H
B, 27 37 - 70 ppb - Reduce systematics in operations
B, -17 92
%(?4-70)/#3 - 10 - Improve understanding of
My [Me — 20 .
g2 - 3 systematic effects
Total systematic - 157 100 ppb
Total fundamental factors — 25
Totals 544 462 140 ppb

CLFV2023, Heidelberg




Data Taking

« Run 1 analysis published
« Statistics > ~462 ppb
« Systematic > 157 ppb

« Run2/3 analysis completed
 Internal review, still blind
« New result coming soon
« Statistics > ~230 ppb
« Systematic > ~110ppb

* No negative muons

« Past design goal of 21 BNL /27.02
« Run6 focus on systematic studies
* Run 4/5/6 analysis starting

CLFV2023, Heidelberg

Last update: 2023-06-02 11:22 ; Total = 21.74 (xBNL)

- Muon g-2 (FNAL) processing,
= 201 reconstruction & data qualit
x
o analysis startin
= 157 Run-5
=
£
3
~ 10 1
> analysis done
= still blinded
x 5 ) Run-3
published

Run-2

0 £Run-1

/R'J:-es/"

WD WD A A 0 O WA oA AR ol .
0 et L e g Tyt ¢ 3N e© & o
AR QAT PAGQAITRAAT B RO (W

= Muon g-2 e+ (Run-6 Stretch)
= Muon g-2 e+ (Run-6 Base)
54 =—— Muon g-2 e+ (Run-6 Data)

E
L

21xBNL

Fraction of BNL

o —
» f-
2+ .
systematic
1 studies
0_
< P o P .. < T
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Improvements in Run 2/3

« ESQ transient dominating systematic
inrun1 (92ppb)

 New effect (assume mechanical

vibrations of quad plates) 72.09 deg
* Spatial & time structure unknown a0 ‘ 20
» Estimated from measurements in ~20° % N — M, "‘_ ﬁ‘-" .“. A l.“, A A | - .ﬂw'\ ‘;ﬂ - ,, J', .r‘n ’,\
region : 'J' P Y rv 'n e WYY i f \n. w W e WY
« Summer 2021 measurement campaign =i -

« Measure field with PEEK NMR probe Y P e B e
synchronized to trigger

* Scan delay between trigger & NMR g pi ,i':-.ii . 1 N w ’,'
measurement (20 min) il | 'nmn|||!"!l|lll|!|ll 'uﬁllwip!!ll!iglll' o

* Measure spatial structure repeatingat & | Sk A L i ik
92 azimuthal locations - ‘ | :

-100 =50 0 50 100 150 200 250

 Total uncertainty ~20ppb azimuth [deg]
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22

BNL E821 FNAL E981
Run 1
214 l World Experimental Average
Ultimate FNAL Muon g-2 precision
Summary
= SM
i BMW
2, 194
« High precision measurements of muon g-2 stringent % + + H + »
test on SM theory ] + + Shich
17 Previous SM Estimates
» Firsttime a three-way comparison of a,, -_—
is possible, very exciting R i R it

Last update: 2023-06-02 11:22 ; Total = 21.74 (xBNL)

* Run2/3resultsoon o _ [ Muon g-2 (Pt P
« four times larger statistics z Run-6
* ~1/3 reduction in systematics g /
T ] Run-5
E
« Analysis for EDM on-going as well 3w analysis done o essing, reconstruction |
% still b“@ & data quality ready
« Reached 21 x BNL statistics and detailed systematic = 5 Run-3 o
datasets py b"Shed/ analysis starting up
Run 1
P® P A AN g
\‘\"’\‘ \Q;"\ \\\“@‘ 5 \93 r@a‘;ﬁw ri«"*"‘ 1@\%\3‘%60 'Z'v‘“@‘ 0,0\’5\)‘\@ A

* Run 4/5/6 analysis ramping up




22
BNL E821

FNAL E981
Run1
214 World Experimental Average
Ultimate FNAL Muon g-2 precision
Summary
SM
BMW

191

a, x 10° — 1165900

- High precision measurements of muon g-2 stringent b + H + SM
test on SM theory o } + +

17 Previous SM Estimates

» Firsttime a three-way comparison of a,, -_—
is possible, very exciting R i R it

Last update: 2023-06-02 11:22 ; Total = 21.74 (xBNL)

Muon g-2 (FNAL)
20 /55:6/ :

151 %

107 analysis done

 Run 2/ 3result soon
« four times larger statistics
« ~1/3 reduction in systematics

» Analysis for EDM on-going as well

processing, reconstruction |

Raw e */ cumulative (x BNL)

still b“w & data quality ready
« Reached 21 x BNL statistics and detailed systematic 5 Run-3 . .
datasets pu b"Shed/ analysis starting up
Run-1

\‘b WD ,\g rLQ‘ q{'\I \q,'\‘ N '\l I rL‘ "):L‘ \q:b‘
AN 5"‘ RN 5 N W‘ A b g\%‘i\”eo “@ e

* Run 4/5/6 analysis ramping up

Thank you for your attention! 27




Backup
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EDM with E989 A | ot = \fea? +

6=-90°

« Muon EDM leads to spin precession
as well

« MDM leads to rotation around vertical direction

« EDM leads to rotation around radial direction |

. q 3 I \BxE nq r 7 #}
_ _ 1 B — _ E X B
s m | (a“ v2 — 1) c o P 0
\ ] |\ J
| |
MDM EDM

CLFV2023, Heidelberg Rotation around vertical Rotation around radial




EDM with E989

1. Deviation in measured |w, |
» Assuming a7 — aSM purly caused by EDM results in d, = (2.3+0.3) x 10~ "¢ - cm
- Exceeds current upper limit of |du| < 1.8 x 107 e - cm at 95% C.L.

s [E + CE X B’}
2mce

MDM EDM 30
CLFV2023, Heidelberg Rotation around vertical Rotation around radial

_|_




EDM with E989

2. Observe vertical decay angle

« Measure positron momentum vector with tracker

- Determine vertical decay angle 6, = arcsin (p,/p)
EDM signal oscillates with 180° out-of-phase w.r.t w,

(0y)(t) = Ag—2 cos(wat + ¢) + Agpm sin(w,t + @) + ¢

Systematics: tracker acceptance, tracker alignment, radial magnetic field
Statistical limited in BNL measurement

Run 1 analysis nearly ready but still blinded
Limit if Azpy=0  |du| <2.0x 107" ¢ cm

. q = 1 G x E nq [z . z._ 38
— L \0,B-(a,- {E x B}
s m | (a“’ v2 — 1) c + 2me + b
l ] J
Y Y
MDM EDM
CLFV2023, Heidelberg Rotation around vertical Rotation around radial




EDM with E989

3. Frozen spin Observe vertical decay angle
« For muon g-2 we operate at magic momentum
- Idea: apply radial dipolar electric field to vanish MDM contribution
» Operate E989 with ~300 MeV/c muons, B~ 0.13T and E,~0.77 MV/m
« No spin rotation in vertical direction (frozen spin)
« Tested beam line to deliver ~300 MeV/c muons
- Simulations on-going to investigate measurement principle

=0
|
| —
L q = 1 BxXFE nq Tz . 7.3
Ve T a”B—(aM—72_1> c +2mc [E_'_CﬁXB}
\ J
' \ ' J
MDM EDM

CLFV2023, Heidelberg Rotation around vertical Rotation around radial




View inside the vacuum chambers




Laser calibration system
MI Figu;;;:edit: Andrea Fioretti

Laser
control

Laser Hut S.M. = Source Monitor

L.M. = Local Monitor

Inject laser pulses systematically also during beam operation (about 10% of time)
Long term gain changes due to temperature changes

Short term gain drops from initial beam flash at injection or consecutive hits
CLFV2023, Heidelberg




= T ]

©1.004 —

S - -

° o o §1.002_— —
Gain Stability 2 s it
£ 1= H

& - i

0.998F -

0996:— gt)=1.0-ae?" -

Long term gain changes due to temperature changes 't o = 0.062 = 6.2% :
Long term gain changes can be corrected 0.994 = 6.28 pis -
0.992 —

Short term gain drops 0.99L L e
N itial b flash ‘A : 0 50 100 150 200

Initial beam flash at injection

« Consecutive hits Time [us]

= 1.08F T T ]

5 1.005) : 104 / h demonstratgd - T 1.04F =
) i } PP S ST S batidg 1 S102:— e
e 0ty gttty i iy ' ; = 1.0z 3
5 0.995F by i 3 [ 1= :
o - ¢ ] =] C ]
£ 0.99}F boggs b Fyd E € 098 =
2 o.985} gt ; 3 = 0.96] -
O 3 pritgg 3 € - ]
o 0-98:_ . Corrected With Laser E c 094 =
£ 0.975F f ; E @ 092F a=0.113=11.3% =
E 0_975_ *  Uncorrected & _ 0_9Z 1=12.38c.t. =15.47 ns _f
= F _ .
0.965k - ' - 1 - ' - - L] 08—
L A N 0 10 20 30 40 50 60

At [clock ticks, c.t.] 47




Scaping of beam edges

« Beam dynamics could make muons oscillated into physical objects around the muon storage
area

- potential early-to-late in muon loss factor

« First apply small vertical focusing
« Edge of stored muons collide with collimators

« Second apply higher vertical focusing
« Stored muons well separated from collimators

CLFV2023, Heidelberg




Technique developed over 40 years

Goal: 100ppb statistical © 100ppb systematic uncertainty

Fermilab

BNL

CERN Il

Experiment

CERN I

CERN |

Nevis

T L | T LEREL | T LEREL | T T rrrrm
10 100 000 0000 100 1000000 1E7

o, x 10"
u
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Superconducting storage ring magnet
Muon Injection and magnetic kicker
Superconducting inflector magnet

NMR technique
Magic momentum technique

Storage ring technique to measure g-2

Measured g, from muon at rest




The "wiggle” plot

2.9 GeV

2.7 GeV

2.5 GeV

2.3 GeV

2.1 GeV

1.9 GeV

1.7 GeV \/-\NW-WV\_’\

1.5GeV ™~ — ~—~~—m—

1.3 GeV

1.1 GeV

0.9 GeV

0.7 GeV

0.5 GeV

N(t) =Ny (E)e

T-Method

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

N /149 ns
aﬂ!

— /\/\/\/\/\/\/\p
10°} A ANNVANNANAANAA
ACAAAAAA A VAR

l

0 10 20 30 40 50 60 70 80
time modulo 87 us

7 [1+ A(E) cos (wat — ¢ (E))]

e
Exponential decay from muon lifetime modulated with wq, = a,—B

my,




Beam dynamics corrections

Electric field correction
 Finite momentum distribution, not all at magic momentum

« Debunching
- determine momentum distribution
- determine equilibrium radius distribution

Pitch correction
« Vertical momentum component of muons
« Trackers measure vertical oscillation amplitude

Muon loss correction
« Lose muons due to collisions instead of decay
 Different for low and high energy muons, early-to-late effect

Phase difference depending on decay position
« Corrected from Beam dynamic simulation

CLFV2023, Heidelberg




22 parameter fit

Noe 7 (1 + A - Apo(t)cos(wat + & -dpo(t))) - Nepo(t) - Nyw(t) - Ny(t) - Nacrol(t) - J(t)

.
TCBRO

Apo(t) =1+ Ascos(wero(t) + da)e

¢nol(t) =1+ A cos(wepo(t) + ..«;aé)e—ﬁ

— I

Necpol(t) = 1+ Acpocos(wepol(t) + ¢opo)e o0

Nocpol(t) = 1+ Ascrocos(2wopo(t) + docpo)e FoEO

—_t O
Nyw(t) = 1+ Ay cos(wyw ()t + dyw)e VW ‘g“a\le’(.
—_t ec,
Ny(t) = 1+ Aycos(wy(t)t + dy)e 7 RS e.&; o0
J(t)=1- Icr...wf A(t)dt eea('(\ ne
to

wepo(t) = wot + Ae" 74 + Be 7B
wy(t) = FwcpoyV 2we/Fwcro(t) — 1
wyw () = we — 2wy (2)
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22 parameter fit

x2In.df. = 4167/4132

FFT magnitude [a.u.]
o
T
Weighted e"/ 149.2 ns
333333

20 60 80 100

05L ! 0 20
) '*|—“’ -+_—|_‘° Time after injection modulo 102.5 [us]
o
R “_g 9 «- No CBO or u*loss A
SR $  — Fullfitfunction -
: wl - N N

0.0 |5

: 1
0 0.5 1 1.5 2 2.5 3
Frequency [MHZ]

t) - Naocgol(t) - J(t)
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Asymmetry weighted method

2.9 GeV
2.7 GeV
2.5 GeV
2.3 GeV
2.1 GeV
1.9 GeV

1.7 GeV

1.5 GeV

1.3 GeV [~

1.1 GeV

0.9 GeV

0.7 GeV

0.5 GeV

« Asymmetry is energy dependent
« High energy positrons have stronger asymmetry

 Introduce weight proportional to asymmetry
CLFV2023, Heidelberg
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Ratio method

g 0
Split positrons randomly in four sets 0.2
0.4
Time shift one set by +T,/2 and one by -T,/2 Y

Build the ratio

r(t) = luy (1) — vy (2)] + [u_(2) — v(2)]
[, () + 01 ()] + [u_ (r) + vy(1)]

Gets rid of exponential decay and any slow drift

0) = Acos (@f1-+9) g (1) + O((T./tars,))

I55I||

|
60




X
_'—L
1<

I L TN NN R PN B RN TN N N ML N R
F . . b | h 12 —— Without time randomization 3
I n Ite e a l I l e n gt 11 m | —— With time randomization
) 10 E l (BT —]
L B
© 9H E
- : o o o =
» Individual calorimeters see has oscillation 5 8 il =
with frequency w, caused by bunch g 74 =
distribution o gt 3
5
- Add time offset uniformly distributed 5 . . | | | | | | '
between -T /2, T./2 28 30 32 34 36 38 40 42 44

Time [us]

« With time bunch decoheres because of
momentum spread of initial beam

Arbitrary Units

» Used to calculate momentum distribution
—> corresponds to equilibrium radius

« Used to calculate electric field correction

Equilibrium Radius [mm)]




Electric field correction

e Off-center beam sees electric field

- Correction given by

2 (mg)

Ce=—-2n(1—-n)p 72
0

* ngiven by ESQ HV settings

* B known from magic momentum

. e
Wa =— |a,B
m

* Ry nominal orbit radius

Arbitrary Units

0.6

0.8—

0.4/

0.2
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-+ Runia
= Runib
« Runie
= Run 1d

e \m e .
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Pitch correction

« Muons have transversal momentum (pitch)

« Vertical beam motion simulated by three
different beam dynamics simulations

Time since injection: 5.0 us

80 100 _305
 Using tracker beam distribution as input and sl Eeo
cross-check -
5’20;;5_ 60 ;‘}10?
« Correction given by mean acceptance- . o £
corrected vertical amplitude LB
A i 0 S0
n : o 2%

Cp = 17 (A?) R R I o N R
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Lost muons

» Beside decay muons get lost by interaction with
obstacles or collimators

p2) 10_3L‘ I rrT T T T T
. 57 Fe ¢ 1500w =
« Lost muons pass through several calorimeters = [ % t  1/5high -
2 L'V .. g
. . . < -4 "Vvy —
« Deposited energy of a MiP with ~170MeV < 107 AL P
. . . u .;xiv _
 Successive calorimeter hits separated by 6.15ns 1075 '“;,h -
: : . - 73y E
« Require measurement in three successive Josl *y m?y 1
calorimeters to reduce random coincidences ¢ {**Tm m+
« Monitors rate up to overall factor 107L t *
« Low momentum muon lost faster N &
- Early to late effect 10750100 150 200 250 300 350

Time [ps]
« Needs to be corrected e

59
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Finite Calorimeter Acceptance

- Since finite calorimeter acceptance we are sensitive to muon decay position

Vac
Decay electron Yum
Y cha’"ber

Traceback chambers

Calorimeter active volume Calorimeter active volume

Muon spin has precessed a bit further

CLFV2023, Heidelberg




Phase acceptance

y [mm]
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4
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Depends on energy and time
Beam profile must be well-understood during measurement period
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Phase acceptance
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il . ©
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o - 3
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§ =1 5]
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- . ©
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difference
Depends on energy and time

Beam profile must be well-understood during measurement period
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Calorimeter requirements

Fraction of positrons above a threshold energy in a calorimeter is given by

f () / T Noe N (E)[1+ A (E) cos (wat — ¢ (E))] dE

Ethresh

But can be written as an effective function

f (t) X N()(Z_WLT [<N>thresh + <A>thresh COS (wat o <¢>thresh)]

Any remaining time dependence of <¢>threshwill bias w,!

08 (at = (¢} (1) ~ o | (100 - {d <¢g;resh}) = (@ (0)

Early to late effect




Calorimeter requirements

Assume two energy bins

N(t)= Nig(Er)e 77 [1+ Ay (Br)cos (wat — ¢ (E1)))

+ N2,O (E2> e 7272 [1 + A, (EQ) COS (Wat — ¢ (EQ))}

Phase of summed signal

tan (¢Sum) _ Nl,O (El) e WltTl Ay (El) sin (¢ (E1>) + N2,0 (E2> e 72t72 Ao (E2) sin (Cb (E2)>
N1 o (Fh)e mm Ay (Ep)cos(¢(Er)) + Na o (Eo)e 7272 Ay (Es)cos (¢ (E2))

Any differential change between both energy groups will bias the frequency if it is time dependent!
« different storage times for different muon energies, phase-space dependent loss rates
- Detector gain change: A, , are energy-dependent

- Detector pile up: wrong energy reconstruction




Pitch correction

Muons have transversal momentum components

- € > B\ 5
AWab,pitch — _a,um ('Y :|y_ 1) (5 ' B) 6

Transversal component oscillates with Wy = \/ﬁwc

Effect mainly averages out to first order, but second order effect is

<Awa>' __ W) _ n)

Wa 2 - 2R8

Introduces always a negative bias
Correction can be derived from measurements of the muon beam distribution




Muon beam dynamics in storage ring

 Electrostatic quadrupoles imprint harmonic potential around their central position

« Muon storage close to central position
 Perturbative approach

« Newton's second law and Lorentz force
dp -~ du =
— =e| K+ — x B
e )

dt
« Three differential equations
« Harmonic oscillator in vertical direction Wy = V7we
» Harmonic oscillator in horizontal direction . = /1 — nw,

CLFV2023, Heidelberg




Muon beam dynamics in storage ring

 Electrostatic quadrupoles imprint harmonic potential around their central position

« Muon storage close to central position
 Perturbative approach

« Newton's second law and Lorentz force
dp -~ du =
— =e| K+ — x B
e )

dt
« Three differential equations
« Harmonic oscillator in vertical direction Wy = V7we
» Harmonic oscillator in horizontal direction . = /1 — nw,

n depends on quadrupole HV settings

CLFV2023, Heidelberg




Muon beam dynamics in storage ring

» Electrostatic quadrupoles imprint harmonic potential around their central position

* Muon storage.close to central position 058’? \ \\ 2w=1
» Perturbative approach '

« Newton's second law and Lorentz force

> = 4

W_. (E 0 E) e

« Three differential equations 0-40

« Harmonic oscillator in vertical direction Wy = V1We 015
» Harmonic oscillator in horizontal direction . = /1 — nw, '

« ndepends on quadrupole HV settings
« Resonant condition for

MVX—|—NVy:P withM,N € Zand P € N 0.25

V,
0.80  0.85 090  0.95 1.00 %

0.30

« Avoid w, interference




Spatial dependence of B-field

B(r,0)=

By

\_

Phys. Rev. A 103, 042208 (2021)
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CLFv2023, Heidelberg 2D B-field contour map can be described by the terms in a multipole expansion




Magnetic field stability I
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Magnet insulation

f=

Upgrade Air Conditioning System

Hall temperature changes
caused field changes

32 4 F32

Run 1 Run 2 Run 3

030- F30
See diurnal field variation - "
Influences magnetic field ~ R /‘/,V‘/v [

systematic

24 4 24
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Effect of Magnet Cycling

| I | | i [ .
501 ’ il | |
C | | ||
= 40 - | | | ’ N
§ | | i | " | || =
v 30 - | . I | 0 &
O = | | o
£ | | | | ¥
£ 20 “ | 1 i il ) 1l A
F | | Ll | —2
T L 1 | | | " il il o i |
B | nn i —4
0 | il i I | B .* | | | |
5 100 150 200 250 300 350

Azimuth / deg

- Magnet cycling while operation necessary for cryo-maintenance, repairs, special studies, ...

« Special study: Ramp magnet on purpose, perform trolley measurements for 60 h
- Azimuthal resolved sync offset always w.r.t. the last trolley run

- Effects at 12 yoke boundaries visible

S Timeidependence of magnetic field visible




Sync offset / ppm

Field at Yoke Boundary B/C

Di Di
p 60 p
| 4
50 50 + |

£ = 2

- 40~ S 407 | £
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Increased and time depended sync offsets at yoke boundary region

Characteristic shape of untracked field changes

Untrracked field changes get smaller over time



Field at Yoke Boundary B/C

Dip 60 Dip at B/C yoke boundary
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£
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>
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« Fitting amplitude of effect with exponential function

 Time constants of ~20 h




calibration probe ... otion region

Trolley Probe Calibration

Absolute calibrated water probe

Cross-calibrated at Argonne National Lab test magnet

<= aluminum rod

Plunging Probe

Probe can be placed in ring by 3D translation stage

Swap trolley and calibration probe to get calibration constant

Derive calibration constants for each trolley probe sD t":"slatim
stage

Improvements

« Study of temperature effects

« Calibration twice a year with automated procedure
CLAV2023, Heldelbdrg CONSIStent results




Muon weighted average magnetic field

Using tracker profiles and beam dynamics simulation

1.0
=Field homogeneity [ppm]
Time since injection: 5.0 us 4 1.5
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- Better placement of beam, due to replacing broken resistors
- Better placement of beam, due to stronger kick
CLFV2023, Heidelberg « (CBO reduction due to quad RF (run 5)




Trolley Footprint Removal

Electronics,
Microcontroller,
| Communication |

Positon of NMR probes

- trolley electronics disturbs field (footprint)
« veto measurements
* interpolate from neighboring probes

CLFV2023, Heidelberg

Relative m; (ppb)
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Phys. Rev. A 103, 042208 (2021)
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Tracking Uncertainty

» Fixed Probe drift: Random walk
« End point known: Brownian bridge model

(T —t2)ty
T

O’(tl,tz) =M

no second
Trolley run

41

L L M L M L
0 20 ETi] &0 1] 100
Time [hrs since tralley run)

CLFV2023, Heidelberg Uncertainty vs time

Improvements

« improved position determination
« continues azimuthal treatment
(virtual trolley, Fourier method)
« improved trolley footprint removal
« more trolley runs
« improved field stability
by temperature regulation







Nuclear Magnetic Resonance (NMR) technique

Material in external magnetic field

Bo I 1 thermal equilibrium

Spin up polarization: ~ 10

RF pulse perpendicular

Bo I % to main field close to
p RF pulse Tre proton Larmor frequency
1

tilts the p spin

|
—&— Free precession Tiree Pick up induction signal
of precising magnetization

= with the excitation coil

CLFV2023, Heidelberg



NMR technique

« Lamor precession frequency
wp = —yB
with gyromagnetic ratio y

« Gyromagnetic ratio of free proton is
2.6752218744 -108Hz/T ?
»

¥

- Reference gyromagnetic ratio of
pure water in spherical sample

« Two types of probes

 Ultra pure water in cylinder volume for calibration
« Petroleum jelly in cylinder volume for normal measurement

CLFV2023, Heidelberg

‘ Uh20

Plunging Probe

macor support

aluminum shield

PT1000 macor support

plastic support

RF coil  water sample

electronics RF coil support

254 mm

100.00 mm
Serial inductor coil

Base piece w.
double crimp connection

End cap with tapped hole

Petroleum jelly volume

Inner conductor of capacitor
PTFE tuning piece with slof




Free Induction Decay z [/ ETR

S 1.0F =

g = 3

§ 0.5 o

« At 1.45T field proton spin precession frequency if o F :

about 61.79 MHz = 00F E

§ -0.5F =

« Mixed down frequency to ~50kHz for digitization 1.0F =

00 25 50 75 100 125

- Free induction decay signal oscillates at Lamor Time (ms)

frequency

— r ]

E - ]

. = 25001~ -

« Decoherence of spins in sample lead to envelop s i .

decay @ I i

O= i

j— - | [ I | 1

 Using Hilbert transformation to extract phase E 0.001~ ~

- Frequency is given by slope of phase at time t=0 s . 023 Eg;[jnomial . i

. . & 0.02——— .

* Subtract template - measure field differences 1 e 3
5

N P IR P B
0.0 2.5 5.0 7.5 10.0 125
Time (ms) 79
CLFV2023, Heidelberg




Shimming trolley

- 25 NMR probes on movable platform
« Used to measure field while assembly

CLFV2023, Heidelberg
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s thermal
innercoil = top hat = InSU|atI0nj

CE [

Getting a homogeneous field ..m———
edge (B outer coi

shim 000
muon N fi
region 6 : fixed NMR probes

Second top hats and wedge shims or .
“ﬁ‘i iyl outer coil
Top hats gap changes effective permeability in the magnetic circuit — e B
Radial position of wedges to adjust dipole and compensate quadrupole ] E<—p=7112mm
ige, conl | top hat G
1600 L
T p' | rEr | rEr e T T T T T T g-2 Magnet in Cross Section

0 50 100 150 200 250 300 350
0 [deg]

®
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016




Getting a homogeneous field

Add IR laser cut iron foils

+25 ppm homogeneity field (passive)

Additional 200 coils at pole surface to correct gradients (active)

Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016

CLFV2023, Heidelberg




Blinded results from 4 data periods

T « Correction factors and analysis depend on
kicker strength and ESQ HV settings (beam
o tune)
o 3.707305 4 ‘
§ (+0.530
o (+0.120 ¥ -  Four different settings in run 1
13
"'33 3.707300 -
- T « Results consistent with x2/ndf=6.8/3 P(x2)=7.8%
-1.860
3.707295 4 v
« Result still hardware blinded

Runla Runlb  Runlc  Runld

CLFV2023, Heidelberg H




Blinding of master clock

... by Greg Bock and Joe Lykken in 2018 (no members of Muon g-2 collaboration)

w, reference clock supposed to be at 40 MHz but slightly detuned

& fclock aneas (1 + Ce + Cp + Oml + Opa)
o’

P N fcalib <M($,y,¢)w5,($,y,¢)> (1+Bk+Bq) n




Hardware blinding of master clock

... by Greg Bock and Joe Lykken in 2018 (no members of Muon g-2 collaboration)

w, reference clock supposed to be at 40 MHz

ﬁ . fclock ;neas (1 +Ce +Cp+cml +Cpa)

Wy,  feativ <M(x,y,qﬁ)w;(x,y,¢)> (1+ B+ By)




Hardware blinding of master clock

... by Greg Bock and Joe Lykken in 2018 (no members of Muon g-2 collaboration)

ke LA b
*riﬂ.ﬁ S0 e TNFAL % X PR

q'@‘m A :
-mﬁw Iim 'T“‘*‘”
miﬁé@ 5! ™ .}} L2 i“f‘nl -

w, reference clock supposed to be at 40 MHz

ra _ fclock ;neas (1 +Ce +Cp+cm[ +Cpa)
p o Jearn (M (2,9, o)wy,(7,y,9)) (1 + By + By)
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Hardware blinding of master clock

... by Greg Bock and Joe Lykken in 2018 (no members of Muon g-2 collaboration)

SHBE - ™ e
1o LERID . |

‘

w, reference clock supposed to be at 40 MHz but was set to 39.997 844 MHz

ﬁ o Ifclocklfdaneas (1 + Ce + Cp + le 4+ Opa)
(I);) fcalib <M(37aya¢)w}'9($,y,¢)> (]. ‘|‘B[€ —|—Bq)
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Hardware blinding of master clock

... by Greg Bock a ation)
| ' BNLg-2 — Py
FNAL g-2 4 ®
< 4 2a )>
¥
SM

& : @

Standard Model Experiment
Average

w, reference cloc 175 180 185 190 195 200 205 21.0
9
E”X'ID -1165900

(I);) ; fcalib <M(IE, Y, 9’5)@;9(%,?;, ¢)> (]. + Bk —+ Bq)
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Dynamic theory situation

discrepancy SM(2020) and experiment

E F. Ignatov et al, arXiv:2302.08834
= -— : before CMDE
E = | CMD2
E KLOE comb
E = BABAR |
E . | BES
E SR S CLEO
. = SND2k
E . ——. CMD3
" ' A BT A T AT A A A |

360 365 370 375 380 385 390
a™™ (0.6<s<0.88 GeV), 10"

A new experimental input to the SM
prediction was recently released!

A. El-Khadra, P5 town haIII, 21-2{1 Mar 2023

compiled by M. Hoferichter

[ RBC/UKQCD 2022
—a— ETMC 2022
=== ! ETMC 2021

—e— BMW 2020

- i REBC/UKQCD 2018
e R-ratio data [Colangelo et al, arXiv:2205:12963]
| L | L I
230 235 240 245
|:’!LI‘I.’F‘. win w lnltl

Huge progress in ab-initio calculation of
hadronic physic contributions using lattice QCD




Three lepton processes: Naive scaling

— 2
N2 md

dl oMy

BV( — 1X) o (my)°
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Dispersive approach

The diagram to be evaluated:

had.

pQCD not useful. Use the dispersion
relation and the optical theorem.

~@~= [ ﬁlm ~@~ Follows from causality > analyticity
had.

had.

2

21m “’.“"z > ﬁq) “"‘ Follows from unitarity of scattering matrix
had. had. |
2 fo's) . . . 4
aﬂad’LO _ mf;; s EK(S)crhad(S) Weight quctlon K(s). from loop integral [ d*q
1273 J,, s Low energies more important
Credit: Thomas Teubner T ContrlbUte /3% to LO

need to know total hadronic cross-section o;,,4(S)



Dispersive approach

10000

: v(ses) |
Non-perturbative | er v(2s) . Perturbative
1000  (Experimental data, - : (pPQCD) .
isopsin, ChPT...) E E
100 ! ! -
0 | Non
- : -perturbativg)/ :
T EerturbatiweL i
1 L | (Experimental data, : il
: pQCD, :
o l . BreitWigner..) .
1 10 100
Vs [GeV]

« >100 datasets from e*e- > hadrons in > 35 final states

« Data from BELLE-II, BES-III, KLOE, BaBar, SND, CMD-3 and KEDR

CLFV2023, Heidelberg

O BES Il

e'e” -> hadro

A CMD2,SND
+ MEA

®7y2

v DM2, BABAR

O Crystal Ball
APLUTO
& BESII

X MD-1
¢ DHHM

A DASPII, CLEO, CUSB,MAC, CELLO,MARK J

_ 5.4%  0.1%

syst. errors

0 12

36




Lattice approach

» First principal calculation by discretizing Euclidian space-time

« BMW is presently the only sub 1% (HVP) lattice calculation in the full kinematic region
« Cross-checks recently performed but only in limited (30%) (distance) region.

H. Wittig @ Lattice 2021
1 m-__\
A
) |1
& r II", Lattice data
0.6 | |
[}
04 b \
0.2 | "-..
[:l i i i i L
i (L5 1 1.G 2 256 A
t [fm]
CLFV2023, Heidelberg

-2 RBC/UKQCD-22
— —— Mainz/CLS-22
(o))
=
0
o —— ETMC-22
—— BMW-20
—e@— cte-data

Intermediate window (u,d) only

197.5 2000 2025 2050 207.5 210.0 2125 2150

a,x10"




Dispersive vs Lattice Approach

« Implication of BMW results is that there are issues with KNT-19 -

the e*e- measurements (below 0.7 GeV) or s e dae

a flaw in the e*e- or lattice theory
. If this is true then is affected and so are the e *

global EWK fits since they use e*e- data Latice BIW-22 —
 Tension in SM My, M, vs measured M,y, M Latico BMW-21 ——

HVP from
50 -40 30 -20  -10 0 10

« The analysis of e*e- data can be made to match the a)~a, x10"

BMW lattice prediction if the measured cross 80.40 - : : , -

sections below 0.7 GeV are shifted by 7%. 80.39

- In this region there is data from 9 independent .

experiments: the most precise experiments : 03]
(KLOE, BaBar, CMD, SND, ....) 8036 BMWe (M)
guote cross section uncertainties of 0.5-1%... 8035}

80.34F

80.33 - +
260 265 270

CLFV2023, Heidelberg
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A new era of a, comparisons

Discrepancy is large

Ay 2020 — Ay dispersive ~ 1.7 Ay weak

Measurement Naive NP scaling Mggy < 0(2.1 TeV)

Hard to accomodate with LHC and DM
constraints

BSM models tend to be in non-
traditional parameter regions

Dispersive
calculation &
e+/e- scattering
data

Ab-initio
lattice QCD

calculations

CLFV2023, Heidelberg




Muon g-2 in SM

SM . SM .
a, portion da, portion

Perturbative 0 0
~ 99.99%  ~0.001%
QED /&\ ¥ /&\ T (Known to five-loop) ’ ’
; Perturbative 1 0
~ 1 ppm ~0.2%
EW " ol A /)\ (Known to two-loop) ’
Vu Z H
Non-perturbative ~ 59 ppm 84%
HVP J M{} (Data-driven & lattice) ’
Non-perturbative ~ 1 ppm 16%
Hl bL /&\ (Data-driven & lattice) ’
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Muon g-2 in SM

Perturbative
Q =1 ¥ ¥ 7 (Known to five-loop)
SM theory
contribution error?
’ Perturbative
EW ; il i A /}\\ (Known to two-loop) ‘@
Vi VA H
Non-perturbative
HVP y . (Data-driven & lattice)

HVP
Non-perturbative
HLbL (Data-driven & lattice)

CLFV2023, Heidelberg

® QED

@ EW
HVP

® HLbL




Beyond Standard Model Physics

 Extra contribution to anomalous magnetic moment
a;,, = AQED + Qweak + Ghadron + ABSM
 Naive scaling
2
gesm  (leptonmass)

AaPM
! 1672 (new particle mass)®

« Comparison with electron g-2

2 2
my, 105 MeV p——
= ~ 43000
( Me ) ( 0.5 MeV

* Muon g-2 is ~43000 more sensitive to new physics compared to electron g-2
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Lattice approach o e

T | a 0 O
620 rrrrr . A rrrrrrrrrrrrrrrr o A

SRHO(>0.4fm) —&—

E’«? o0 "'snno@'A’éf”')ﬁﬁ'fgﬁg’ffmg o ]
« BMW?20: First sub% calculation of HVP contribution ol 1 - ~ none —A— |
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se0f ot — B g ~
AN : : A
540 [t e s e f
 Calculation of “1 particle Irreducible diagrams” sookisoiooksok 0 0005 001 0015  0.02
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208 [ E_E. + + ™N SRHO improvement B
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La tti Ce a p p rO a C h Isospin symmetric
O O O O O

connected light connected strange connected charm disconnected
634.6(2.7)(3.7) 53.393(89)(68) 14.6(0)(1) -13.15(1.28)(1.29)

QED { ( ) Strong isospin-breaking
g isospin-breaking: DO O Oy O

valence connected disconnected
connected -1.27(40)(33)  disconnected -0.55(15)(11) 6.59(63)(53) -4.63(54)(69)

OO0 w OOOCO e

bottom; higher order;

O
O @ isospin-breaking: O Q @ perturbative

sea 0.11(4)
connected 0.42(20)(19) disconnected -0.047(33)(23)
QED Finite-size effects
isospin-breaking: Q@ O isospin-symmetric
mixed | 18.72.9)

isospin-breaking
0.0(0.1)

10"%%a, 0" = 708.7(2.8) sta1(4.5)sys[5.31cr

connected -0.0095(86)(99) disconnected 0.011(24)(14)

44
CLFV2023, Heidelberg BMW20 [Borsanyi et al, arXiv:2002.12347, 2021 Nature]
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