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Muons & magnetic moments

g determines spin precession
frequency in a magnetic field

Torquein B-field = Magnetic Moment
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Muons & magnetic moments

g determines spin precession
frequency in a magnetic field

Torquein B-field = Magnetic Moment

S . e =
ixB pg=g5=5

2m
* Forapure Diracspin-’%charged
g=2 V% g > 2 fermion, g is exactly 2
* Interactions betweenthe muon and
K K 1L virtual particles alter the value: X &Y

particles could be SMor new physics
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Standard Model components of g,

Dirac  ‘harged.
MR sSpin’
B
Y
m m
S M *2

11/03/2024 4



Standard Model components of g,

Charged,
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Standard Model components of g,

. Charged, . . Up to 10th
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Standard Model components of g,

. Charged, . . Up to 10th
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Standard Model components of g,

: Charged, : : Up to 10t
Dlrac spin Kingshita Order QED
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Standard Model components of g,
Charged, Up to 10th /&\ /yé;\
Order QED
+12671

M — 00233183620(86)

Hadronic
Schwmger / /‘é\ RN
R LA —_000232 /A\
27
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Muon g-2 Theory Initiative

Dirac

_ Hadronic Hadronic Vacuum
Equation QED Electroweak Light-by-Light Polarization
Y
Y Y
i W y
W

* SMyvalues taken from the Muon g-2 Theory Initiative

 Consortiumof100+ theorists who compile the
theoretical inputs and provide recommendations
« Last compilationin 2020:

White Paper: Phys. Rept. 887 (2020) 1-166
https://doi.org/10.1016/j.physrep.2020.07.006

https://muon-gm2-theory.illinois.edu/

Tlin Bern, September 2023
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The muon anomalous magnetic moment

Define the quantity a, : muon
anomalous magnetic moment

Gu — 2

a, — 9

a, arises due to higher-order
mteractlons/loop
contributions

All SM particles contribute

Calculate & sum all sectors of
the SM

11/03/2024

ai QED + CL + aHVP + a}I;ILbL J
aiM portion 5aiM portion
1-loop 2-loop
Perturbative ~ 99.99% ~0.001%
QED /&\ N /& * (Known to five-loop)
QED dominates
the value
! Perturbative ~ 1 ppm ~0.2%
EW i SN A (Known to two-loop)
o v Z H
Non-perturbative ~ 59 ppm ~84%,
HVP y ) (Data-driven & lattice)
Non-perturbative ~ 1 ppm 16%

(Data-driven & lattice)
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Hadronic Vacuum Polarisation (HVP): dispersion relation

U had,LO
Au
had.

@[ e
ad.

Dispersion Relation
follows from causality

had.

Optical Theorem

follows from unitarity
of scattering matrix

2
2 Im = Z ﬁ(I) ‘W‘
had. had.
2 oo

™m 1 ~
had,LLO U
Y = —— ds —K(s)o S
H 1273 J, s (8)0naa(s)
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« 1/sweight — low energies most important

Cross section [nb]

Need to know total hadronic cross-section g, _4(s)

10°

10°

10

10"

Cross section data used inT1 2020 a//"* prediction
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_ 4 OLYA * BESIII -
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- * CMD-2 06 s+ DM1 ]
B o CMD-2 03 v DM2 _
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3 s KLOE 10 ° BABAR -
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- T -
= w1 { s %@4 3
: ] l”*”i‘ :
- ) ..§4 _
_ e'e -t ’*i‘ + 'ﬁ:} +"}~+__
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\s [GeV]

Davier et. al, Eur. Phys. J. C. 80 (2020)
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Hadronic Vacuum Polarisation (HVP): lattice approach

* Firstprinciple calculation to predicta

* Numerical integration on finite space-time Dispersive
lattice — very computationally expensive a1 from: (T12020)
4 Aubin et al. 22—I - II I lAI I II - ]
First prediction Lehner, Meyer 20} 4 -
o with <1% BMW 201 | |
L X uncertainty by '
BMW Mainz/CLS 191 4 .
v FHM 19 = .
—> g PACS 19| 3 -
ETMC 19 o -
« Latticeresults notincluded in Tl 2020 white paper duetolow  RBC/UKQCD 18- : & .
precision R-ratio- — ] .
* Sofar, nootherhigh-precisiona, from different group ,
* Ongoi -checks by many groups at different energies Pxperiment], MM . B ., ..
ngoing cross-c )y many group . ’g 5 s ; 5
* Preliminary agreementin‘intermediate energy window (aM — qo) . 1010
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FNAL Measurement; status in 2021

 Firstannouncement of the FNAL experiment
using Run-1(2018) data in April 2021

« UsingtheTI(2020) value for the SM
comparison (data-driven HVP only)
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175

BNL g-2 r'
FNAL g-2 + °
< 420 '>
¥
SM
o
Standard Model
180 185 190 195 200 205 210 215

9
a,*x10 —1165900
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FNAL Measurement; statusin 2023

* InAugust 2023, FNAL published updated result
using Run-2(2019) and Run-3(2020) data

A BNL
« >4xhigher statistics than the Run-tresutt | ...
_ . . : FNAL Run-1

« Excellent agreement with Run-1and BNL e ENAL Run-2/3

o— FNAL Run-1 + Run-2/3
« BNL, Run-1and Run-2/3 statisticsdominated |

& — Exp. Average
* Assume 100% correlated systematics | | | | | |

20.0 20.5 21.0 21.5 22.0 22.5
9

« World Average dominated by FNAL a,%10 -1165900
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Comparison with the Standard Model

« Tensionbetween dispersive and lattice

< 5.00 >
approachesto HVP —eo—t
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
* Latticeresult needs independent confirmation < 570 >
. +—eo—
] ) ] SM: e+e- HVP World Average
 Long-standingtension between experiment T.I. White Paper (2023)
_ _ (2020)
and dispersive result approaches 5o
!
New results in tension
« New cross-sectionresults from CMD-3 with White Paper (2020)
makes the dispersive situation quite puzzling
®
SM: et+e- HVP
« Verydynamic situation: huge effort to using only GMD-3

data below 1 GeV

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,%10° - 1165900

reconcile differences and tensions
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The CMD-3 result

In WP2020

p; Plot by F. Ignatov
E - ? 1 « 50
- — -— : / before CMD2 w u . CMD-2
- i i i i 7 i - = BABAR
E /1 . | oMbz ) a5 b
- 5 : - . SND2k
el | S - Bs
F | ; ; KLOE comb - * KLOE10
= i E E ] 35 . KLOE12
:-— : I—I-—l : : HAHAH : n - CMD3
E | ———— . BES 30f
F\,_ ———=- . = CLEO J S~
C : : . : : 25— A |
:-[ e . . SND2k | ] - & *Eg
= : : = =N T R B R B B - -
| 2 : . —=— CMD3 | 2868 07 072 o074 076 078 08 08 084
N T Y A T T I T e Vs, GeV
360 365 /370 375 380 385 390
a™™ (0.6 <{s <0.88 GeV ), 107"
« SND2kand CMD-3released 2 new results for
2 new HVP LO results af”_ since the theory combinationin 2020
since WP2020 e Detailedviewofete™ - ntn~ shows CMD-3 as

outlier, but it agrees with lattice
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The Fermilab g-2
Experiment

1111111111



The FNAL Muon Campus

Recycler
Ring
(8 GeV)

Beam Transport
& Delivery Rlng/

/M5
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Recyclerring: 8 GeV protons

« 102 protons/bunch; 10k stored muons

/bunch
 8GeV protons - pion production target

* Pions - deliveryring - decayto u*and
momentum-selected

+ 3.09GeV u* > g-2 storage ring magnet
« Beamarrivesin120 ns wide bunches

 Eachbunchcorrespondstoa“fill” > 1ms

10 ms 197 ms

ADC counts

1500

1000

500

0

-500

-1000

-1500

—2000

RMS = 31 c.t.

integral = 236909 ADC c.t. E
mean time = 24937 c.t.

i
24800 24900 25000 25100
ct. = 1.25ns

1063 ms

1
25200 25300

N
W
N

A\

A J

A

Cycle length 1.4 sec
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The Storage Ring

ftherma_l
Dl — top hat £ ,J’,‘.‘“’F‘?FP?)
s
wedge
polg piece "\ outer coil
edge >
shim odo
muon N
region , g > fixed NMR probes B
jpurface :
corregtion coil L/ outer coil

]
|
C{:} —
s O
inner coil tophat

Cross-section slice of magnet
1.45 T vertical B field in muon region
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Injecting and storing the beam

Beaminjected through
inflector magnet - cancel
main magnetic field

11/03/2024 21



Injecting and storing the beam

11/03/2024

Beaminjected through
inflector magnet - cancel
main magnetic field

g

L B e I e e
— Kicker Pulse from Magnetometer Data |
----TO Pulse T
- Cyclotron Period

Iy

=}

=}
T

Intensity [arb. units]

5.
o
T T T

—|||I|||I|||I|.|I...
3 0.0 0.2 0.4 0.6 0.8

Time [us]

Kicker magnet applies fast radi
magnetic field on first turn

al

/
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Injecting and storing the beam

Beaminjected through BT e vom it \
inflector magnet - cancel s +~yslten Pors :
. . . KAkl ] ] i ] N
main magnetic field >
s |
2 50

Y TN T (NN SN TN W NN TN T T S T A N T T
0.2 0.0 0.2 0.4 0.6 0.8

Time [us]

Kicker magnet applies fast radial
magnetic field on first turn /

B

Bom s

Quads pulse throughout muon fill >
vertical focusing
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Injecting and storing the beam

Beam injected through / R ] \
inflector magnet - cancel N N
main magnetic field S
gsor

—|||I|||I|||I|.|I-..
3 0.0 0.2 0.4 0.6 0.8

Time [us]

Kicker magnet applies fast radial
magnetic field on first turn /

Y (mm)

i ‘\\" ] E A : < =T
F i \ 1 -0. 3
y / g \ . - 79 1 v
7 ’/' / 5 | . > BAN\? V& - A L
; L 1 B-1.0
_qu ‘ ] run 29709 :: Dipole
P R S R B 4

20 0 20 54 ; ¢ RMS:17.4 ppm, peak-to-peak: 114.6 ppm, avg: 51.036 kHz
Magnetic field map measured “ ;’f‘f \/\/\J\*A\n/ W"ﬂw ¥ f\»\/\/ W [\\ ,
every 3 days, changes \ Quads pulse throughout muon fill >
monItOI'Ed ContanOUSly 0 50 100 150 200 250 300 350 VertlcalfOCUSIng
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Injecting and storing the beam

Beaminjected through
inflector magnet - cancel
main magnetic field

Straw trackers measure beam
profile at 180°and 270°

~

(ppm)
€ R H
é 1 1.0
> 1
3 Pos
,j f 0.5 A\
| W10 | 7
| E ' run 29709 :: Dipole
I I_20I 20 - 54 ¢ RMS: 17.4 ppm, peak-to p ak: 114.6 ppm, avg: 51.036 kHz
X (mm) ¥ \W'\
. g =% HYW A
Magnetic field map measured {_| ‘/\/ M/ W”ﬂw / /\»\/\/ /[\’\/B
every 3 days, changes a
monltorEd ConthOUSly 0 50 100 150 200 250 300 350

azimuth [deg]
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?15{] LN B S s S Sy S B B
= I — Kicker Pulse from Magnetometer Dats
5 -...TO Pulse

. - Cyclotron Period 1
-2100— i ] i P
2

w L

c =

2

b= 50

—|||I|||I|||I|.|I...
3 0.0 0.2 0.4 0.6 0.8

Time [us]

Kicker magnet applies fast radial
magnetic field on first turn /

Quads pulse throughout muon fill >
vertical focusing
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Calorimeter detectors

 Positive muons, 3.09 GeV/c, injected into Storage Ring in 125 ns bunches
* Muons orbitinside storage ring, spin precesses about vertical B field

» Decayto positrons - lower momentum - spiralinto centre of storage ring

11/03/2024

Each calois a 6x9 array of PbF,

crystals
« 25cmx25cmx14cm (15X;)

Readout by SiPMs to 800 MHz
WFDs (1296 channels in total)

26



Spin Precession in the Storage Ring

Muons orbit the ring with cyclotron frequency w_

Spin precesses with frequency w_ —
Both spin and cyclotron frequencies are proportionalto B

Spinrotates ahead of momentum as the muon orbits the ring /

Difference frequency w, is proportionaltoa, and B i (@)

[ MOMentum e |

Measure

. /|
AAB ns 149 n> \\ //
eb | ,

Wa =Wy

|| Spin —s [

 Ifgwereexactly?2, w,=w.andw_ =0
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Spin Precession in the Storage Ring

Muons orbit the ring with cyclotron frequency w_

Spin precesses with frequency w_

Both spin and cyclotron frequencies are proportionalto B
Spinrotates ahead of momentum as the muon orbits the ring
Difference frequency w, is proportionaltoa, and B

Measure

\
138 ns 149 ns eB
Wa =@

If gwere exactly2, w,=w_andw_ =0

11/03/2024

5(®

Momentum s
SpIN e
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Measuring w,

* Highest energy e* preferentially emitted in direction of

over time.

muon spin
* Oscillationin number of emitted decay e* vs time 2.00 1
directly proportional to decay asymmetry 1751 i
« CountN(t) =number of e*above an energy threshold 1501 ' Threshold energy -

* Higher fraction detected above threshold when e*
emitted parallel to muon spin

0.75| Spin

0.50F #

Momentum

dN/dE [Arb. Unit]
=
o
o
T

 N(t) depends on anomalous precession frequency w,

momentum spin

000055065 10 15 20 25
Energy [GeV]
¢ T Frequency of oscillation = w,

Highest-energy configuration
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Measuring muon spin precession

* Number of high energy positrons oscillates as a function of time as muon spin points
towards/away from detector

« Count positrons above an energy threshold

« Counts oscillate at frequency w_ > extract from time spectrum

*
'y
(=]
[
X
'y
=
™

> 60007 = 50% Real Data
= [ Energy Spectrum S F Time Spectrum
2 5000 =
S - A 40 —
(=] — 175} —
O L = C
(- 3 35 -
4000 S F
i 30F
3000 25—
H 200
2000H- -
L 15—
i 10
1000 H- =
B . 5
0 B L 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 | 1 E | i | ! I I ! | i 1 f 0 :I 1 1 | 1 1 1 | 1 1 1 | 1 L L ‘ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
0 500 1000 1500 T 2000 2500 3000 32000 34000 36000 38000 40000 42000 44000 46000
Energy [MeV] Time [ns]

Threshold Energy
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Entries / 149.2 ns

Extracting w_: 5-parameter fit function

10

Running time 00H : 00M : 00s

1 M”lv.

| I
'I\'.

|
| II}
100

J\I

20 40 80
Time % 100 [us]
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— 100 <t<
—200<t<
300 <t

— 400 <t <
500

— 5 <«t<100

200

300

400

500

<t <800

Five-parameter fit function

N(t) = Nge t/*[1 — Acos(wyt + @) ]

Time-dilated Precession
muon lifetime frequency
Number of e*
vs time Asymmetry
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Fitting the wiggle

X */ndf = 51530/4150

Five-parameter fit function g - R
T 07
N(t) = Noe‘}/r[l _ACOS(T)at +¢)] % VMWWVMWWW\M
Time-dilated | P i g WAV
\ S e | e WWAWWNWW
e etime . Asymmet AN .
vs time symmetry 10 AN YAVAVAY
- W\/\/\/\/\/\p\/\f\/\/\/\/\/\/mf\/*
IRTAVAVAYAYAVAVAY
. . . O b e e L xR
« Simplest 5-parameter fit function captures ’ “ * ® Time modulo 102:5 s e
exponential decay and the g-2 oscillation only g B
* Not sufficient - large spikes in residuals FFT 2
* Needto measure and account for additional 1o
termsinthe fit o
e
AL
0 L ) RPN T PR PP RIVIT TSR S W FPTr

11/03/2024 0 05 ! 5 2 25 e MHZ] 32



Tracking detectors: measuring the muon beam

v

Straw trackers: two stations located at 180° and 270° Tracker Module
One station = 8 modules |

v

v

One module =128 Argon-Ethane gas-filled straws

v

Fittracks and extrapolate to muon decay point

Section through storage ring

VVacuum Chamber

-----
[
..........
L
Nyy

Calorimeter \\ ‘
\

Calorimeter
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Tracker measurement of the muon beam

Time since injection: 5.0 us

N
[=]

—
[=]

Mean Rad. Pos. [mm]
> o

N
[=]

150

(%2}

100

o O

w
(=]
[=]

w

RMS of Rad. Pos. [mm]

_||||||||||-|-"l|-.|.-'|-|...|.||.||.||'|||.||||||| v e e L b b L L L
808 0 40 20 0 20 40 60 80 ° 107 156 20 25 80 35 40 45 50
Radial Position [mm] Time [us]

o
ol

 The mean and width of the muon beam distribution varies as a function of time
» Average radial and vertical position vary around the ring > measure at two locations

* Frequency of beam oscillations must be measured - affects w_, measurement
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Fitting the wiggle

x?/ndf = 4086/4138

N(t)=Ne "™ [14+ A- cos(w,t — ¢+ dppo(t))]-

. (1 + ACBO COS(QJ(;Bot — @cgo)e_TCBO ) :

Counts/149.2 ns
>
\

. (1 +AVW COS((.UVWt — gbvw)eﬁ) . 105?\/\/\/\J\/\/\A/\A/\/\/\A/\\/>/\\/M\/\A/\/\/\/\/
¢ S7/\/\/\/\/\/\/\/\/\/\/\/\/\/\ VW
: (1 + Ascpo COS(wchot - ¢2€Bo)6 T%‘BO) : 10 A\ AN \/\/\/\/\/\/\f\/\/\,
(14 Ay cos(ewyt = o,)e ) WNWW
t ; TR L x10°
-(1 _kLM/ L(f’)etlﬁ“dt,)- o e e Timemogglo102.5usgr?§
0
: (1 + [Ay cos(wy ()t — py) + A_cos(w_(t)t — )] eTCBéVW) 5 ;106
* Accounting fully for allthe beam oscillations shifts mf_ Simple Fit Function
w, by 1.6 ppm i Full Fit Function
* Finalfit function has 27 fit parameters 6—
» 8 different analysis teams, 19 separate analyses 4LMU
1/03/2024 N

Freq [MHz]



Extracting a,
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Relativistic expression for w,

f (" N\ ( S
Wao = —— |au B -|ay — | (8- B)B|—|{ an — =
m v+ 1 v — 1 C
\ \_ / J \\ / J
Non-relativistic Motion non- Relativistic motional magnetic field
limit perpendicular to B-field

Proportionalto electric field
Cyclotron motion

assumes motion Disappears for “magic”y =29.3
perpendicularto B-field - magic momentum 3.09 GeV /c
., —fi ) FAYAR
Not all muons are at the ‘magic’ momentum of 3.1GeV E f'el.d Cg = ——
correction Wa
Vertical momentum component aligned with B field Pitch o — Bwa
correction LT
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“Never measure anything but frequency...”

Wa = —— aué_au( . )(E-E)E—(aﬂ— : )Bxg

v+ 1

4 1)

10.5 ppb Exact 22 ppb 0.28 ppt

ﬂi) (Ty) Ue(H) ﬂ&

a, =||—=4
| TS|

r

.

7\

Ue(H) He Mg 2

* We measure the ratio of two frequencies: w,and w,

* w,:anomalous spin precession frequency

h Phys. Rev. A 83,052122 (2011)
Metrologia 13,179 (1977)

* ®,:muon-weighted magnetic field expressed in terms of Rev.Mod. Phys. 88 035009 (2016)

Larmor frequency of free proton

11/03/2024
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“.andcorrections”

o Anomalous Beam dynamics
Clock blinding precession corrections
frequency frequency

sk wi;”](l ‘|'[Ce + Cp + Oy + O?Da)]

a,, X
H /
fcalib <wp(xay7¢) X M($,y,¢)> (1_‘{Bk+B(Q]
Absolute e M b Transient
calibration Magnnita:; field dil;(t)r?buiiaonr? magnetic_ field
frequency corrections
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“.andcorrections”

fclock w:;n (1 + Ce + Cp + le + Cpa)

a,
" featib

Absolute
calibration
frequency

11/03/2024

(wp(2,y, ¢) X[ M(z,y,9)) (14 Bk + Bg)

Transient
magnetic field
corrections

Magnetic field Muon beam
map distribution
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Measuringthe
magnetic field
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y [mm]

The g-2 Storage Ring magnet

Field in muon storage region

[ppm]

0.9

0.6

0.3

-40 -30 -20 -10 0 10 20 30 40
x [mm]

Dipole field has
across the full azimuth)

Shimming devices (active and passive) minimise

gradients and keep field uniform

11/03/2024

s thermal
innercoil o ,_',_”5“,""‘“°”) Weight measured field by the
(,@ muon beam distribution
=Fie|d homogeneity [ppm]
Wedge e 40 A 0.0 - I\‘ .,
polp piece "\ outer coil
E 20
shim E
muon . s
region fixed NMR probes B % N
]
surf:ce il %
corrfction coil /outer col § -20
: -40
i—
SO -0 -20 0 20 20
inner coil ‘ toP‘ha‘tm Radial Position [mm]
run 29709 :: Dipole
54 e RMS: 17.4 ppm, peak-to- peak 114.6 ppm, avg: 51.036 kHz
]
(<20 ppmRMS  _
— rf \
: / "\\\ \ %
5 907 :
h
48 1 i

1.0

0.8

0.6

o
=
Relative muon intensity [arb. u.]

o
N

100 150 200 250 300 350
azimuth [deg]
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Measuring the magnetic field

 Trolley containing17 NMR probes maps full azimuth /w
every few days (muons not present) ’ | g e

« 378fixed probes monitor between trolley runs “ )
(during muon data collection) g\%

 Field mapisinterpolated between trolley runs using - / >

fixed probe information Sequence 2D field slices as

. Fold with muon beam distribution trolley moves

840 - - FP data (1000s avg)
Trolley data

835

04/22 04/22 04/23 04/23 04/24 04/24 04/25
00:00 12:00 00:00 12:00 00:00 12:00 00:00
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Absolute Calibration

Trolley and fixed NMR probes use petroleum jelly as the proton sample - low volatility
Need to measure protonsin H,0 (measurement standard) - calibration

Trolley and cylindrical H,0 calibration probe switch places to repeatedly measure the same field
inthe same place. Calibration performed ~once per year.

Cylindrical H,0 probe

Calibrationregion caliration probe

calibration region

Uncertainty
17 ppb

e |

m 3 <= aluminum rod
holder for 17 NMR probes D !

multi-/duplexer & preamplifier

RF amplifier enclosure I \ ==
R _/ \! e
—— e

NMR electronics enclosure \ ———— —

K~ o
= — .
= — I TN Cross-check with spherical probes
%\ S vl—n T tch Uncertainty: 9 ppb
%@\ barcode reader
11/03/2024 Trolley probes Liv.INNO Seminar
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Transient fields from pulsed systems: Quads

« Electrostatic quadrupoles pulse during muon storage

« No pulsingduringtrolleyruns

« Quadplatesvibrate - induces afield

« Muons experience afield change which the fixed
probes do not see (shielded by Al)

400

200

lllllllll

Greyregions =

Relative Field (ppb)

_IIIII]IIIIIIIIIIII_

. . muon storage -200 -
« Mustbe measured using dedicated apparatus times 9 ‘ 3
-400 . -
l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1
Q1 Q2 Q3 Q4 0 20 40 60 80 100
o) T TEF " I ‘ : Time (ms)
% 400 ] %~ S
~ : : —_ 200_' T T | I T T T | T T T T T T T T l T T ]
= - ’ | 8 = \ .
o 200~ | & 100F =
2 N - 2 - -
c o I ¢ OF E
= - - 2 _100F =
-200 I © - -
- - ¢ 200F E
-4001 I 300 =
L 1 1 1 | I 1 1 ] | ! ! 1 ] | ! N - i .
-100 0 100 200 400l L L
Azimuth (deg) Time (ms)
Locations mappedin Run-1
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Transient fields from pulsed systems: Quads

Electrostatic quadrupoles pulse during muon storage
No pulsing during trolley runs
Quad plates vibrate = induces afield

Muons experience a field change which the fixed

probes do not see (shielded by Al)

Must be measured using dedicated apparatus
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Transient fields from pulsed systems: Kicker

Kicker pulse of 22 mT for 150 ns just after muon injection E T oo oronacons
-El‘mo - - Cyclotron Period )
Field change caused by residualfield (eddy currents) after kicker pulse z

Muons present from 30us to 7005 after the kick (fit region)

Measure eddy current using Faraday magnetometer

-0.2 0.0 0.2 0.4 0.6 0.8

- L] - T.
Run-2/3:improved hardware setup reduced vibrations ime [us]
Beam-Splitter " Summer 202? vs. Fall 202? Noise Level Comparison

-

Incident Fiber
Collimator

Correction
Run-1: -27 (37) ppb
Run-2/3:-21(13) ppb Coimators

TGG Crystals

Il 1 1
0 0.5 1 15 2 25 3
Beam-Splitter Time (ms)
Cube 2
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Magnetic field systematics in Run-2/3

Absolute Calibration

* Mainreductioninuncertainty comes
from better understanding of transient
field effects

Trolley Calibration
Spatial Field Maps
Tying

Tracking

* Interpolationuncertainty has also

reduced with number of trolley runs

Analysis Choices*
Muon Distribution
Booster Transient

Quad Transient

* Uncertaintyalreadyat TDR goal

Kicker Transient

0 20 40 60 80 100
uncertainty / ppb
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Improvements

between Run-1and
Run-2/3
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Damaged resistors

In Run-1,2 out of 32 resistors damaged in quad plates

- unstable beam storage

Redesigned and replaced before Run-2

Reduces phase acceptance (Cpa) uncertainties 75ppb =2 13 ppb
Beam oscillation frequencies also become more stable
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Kicker strength upgrade

Run1beam

« Upgradedkicker cables while Run-3
so kicker can run at nominal strength

Arbitrary Units

08—

06—

y [mm]
o

 Muondistribution more centered
» Allsystematicsrelatedto
asymmetricbeam shape reduced

04—

02—

P T R B i
04 02 0 0.2 0.4
Al (LA

Fractional Momentum Shift: dp/p0 [‘;2] . ] ] ]
« Muon momentumdistribution better

centered on magic momentum
« Efield correctionreduced

=
=]

[rm]

o
-3

Relative muon intensity [arb. u.]

Mean Radial Position

y [mm]
o

* Phase space matchingimproved
« Smaller beam oscillations

Time [us]

11/03/2024 51



Statisticalimprovement: Run-2/3 vs Run-1

Last update: 07-31-2023; Total statistics = 85.2 (billions)

100 1000
Muon g-2 (FNAL)
: // N
Run-3
60 1 - 600
401 - 400

Analyzed positrons [billions]
w, statistical precision [ppb]

Run-2
201 -200
Run-1
0 g/_/‘bl 9 QI Q QI 0
dyﬁﬁyx Gy»*q' Bxs@ﬂq' dy»“x dgwpq' 6ys@fl

Dataset Statistical Error [ppb]

Run-1 434

Run-2/3 201
Run-1+Run-2/3 185
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Total uncertainty

Total uncertainty: 462 ppb
Run-1

Uncertainty reduced
W5 syst.

by factor >2
By « Statistic and systematic
uncertainty reduced by
similar amount

Jp Syst.

434 ppb 157 ppb

« Systematic uncertainty
below TDR goal

Total uncertainty: 215 ppb

Ce
R UnNn- 2 / 3 stat. Coa W, syst.
By
sst. 70 pp b B,

201 ppb
wWp syst.

o Still statistics dominated

Radius: uncertainty
Area:variance
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Unblinded result & cross-checks

BNL o

FNAL Run-1 1 0
FNAL Run-2/3 —— _
FNAL Run-1 + Run-2/3 +—— i
=
__________________________________________________________________________________________________________________________________________________________ 3

e
World Average
175 180 185 190 195 200 205 210 215
a,x10° - 1165900

a,(Run-1) = 0.00116 592 040(54) [463 ppb]
a,(Run-2/3) = 0.00116 592 057(25) [215 ppb]
a, (FNAL) = 0.00116 592 055(24) [203 ppb]
a,(Exp) = 0.00116 592 059(22) [190 ppb]

11/03/2024

a, x 10°

—-1165900
H NN
N o N
U o W

229.082;
229.080;
229.078;
229.076;
229.074;

229.072;

|t ' - 'h |
T 7 * H
i
e BNL b
e FNAL 1cy+i1d
— Exp. Average //_//’ 1a
23—
_— 3a
ROT 4+
__*"R00
..F
R99
61790.0 61790.5 61791.0 617915 61792.0

&),/2m [kHzZ]

Different runs performed at different magnet set-
points - a useful consistency check

Also divide datasets by other variables to check
consistency (e.g. day/night, temperature, etc)
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Beyond Run-2/3: Total statistics

11/03/2024

Last update: 07-31-2023; Total statistics = 334.5 (billions)

Surpassed proposal goal!

— 350 500
S \ Muon g-2 (FNAL) _—="TRin-6
= 7’ =y
2 280 - o 400 o
—_ o
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2 \ statistics B
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Conclusions

Last update: 10-11-2023; Total statistics = 322.1 (billions)

— 350 500
g \ Muon g-2 (FNAL) /_,_
. . . . = Run-6 —
* High precision measurements of Muon g-2 stringent 2 280 400§
teston SM theory 2 Run-s s
2 210 3005
< 5
* Run-2/3 data consistent with Run-1and BNL guo \ o 200 2
. . . . . g 701 Run-3 B e — '1002"
* Factor>2in statistical and systematic uncertainty 5 .
< 5 .4—'ﬂun1 ‘ Lo
W \° @\ﬁ" e xcia“ ﬁﬁ 10\ ﬁ%‘ o e RO ﬁﬁ ) \“\ ’ﬂ\%“ ﬁa‘ ) \°\ i
* Surpassed TDR goals in statistics and systematics @ T ST ¢y o ~ *
. . . . . & +— BNL
 Firsttime athree-way comparisonofa, is possible
(dispersive-approach, lattice approach, experiment) o | ENAL Runed
+—TF— FNAL Run-2/3
* Anotherreduction by factor of 2 in statistical ——+ FNAL Run-1 + Run-2/3
uncertainty fromRun-4/5/6
+——+ Exp. Average
« Expectfinalresultin2025 20.0 205 210 215 23.0 235

a,x10° - 1165900

Phys. Rev. Lett. 131, 161802 — Published 17 October 2023
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