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Anomalous Magnetic Moment

Magnetic Field Direction

e The magnetic moment for the charged muon is given by:

Precession
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e Dirac predicts g, = 2 ; additional contribution from quantum effects changes the g-factor values:
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e (Quantum effects can be measured via anomalous magnetic moment

e Sensitive to new physics contribution at mass scale:  da,, O (mu ) -
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Theoretical Prediction and

Measurement
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e FNAL result yields So disagreement with WP (2020).

e However, HVP prediction is different, depending on the

methods:

e Result results using e*e™ data from CMD-3 further

reduces the discrepancy.
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https://arxiv.org/abs/2308.04217
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Measuring a, In Storage Ring @®) pEiges
@B Stored polarized u* in dipole field momentum

spin
— 2
a, = .
2
a, = 0: spin and momentum precess a, > 0: spin has precession motion around
at the same rate the momentum vector

Measuring the difference, anomalous spin precession frequency between the spin precession and
cyclotron frequencies:

> = ~ We Mmyc measure w?® and B as precisely as possible, ~O(200ppb)
Gy = #—B - |, =—-
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The Storage Rings
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Magnetic Kicker

| ® For every 1.2 s, one fill consists:
® 16 bunches of muon
® boosted muon lifetime: 64 ys
® C(Cyclotron period: 149.2 ns
® Storage time: 700 us
® Expected ~ 5000 stored muons in one fill.
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= Kicker Pulse lrom Magnetometer Data

++-TO Pulse
Cyclotron Period

kicker magnets were used to correct the
angular offset of muon momentum (10.8 .
0.2 0.0 o.$ime [u;)].A 0.6 08 mrad)

Ideal storage orbi
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Dipole Magnetic Field

T T .‘::S.’;:L,n) .C—sh.ape magne.t faces toward

C interior of the ring, so that
positrons from muon decay spiral
inward unobstructed.

jwedge
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The ring dipole magnetic field
of 1.45 Tesla, provide radial
confinement.

—
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However,

> q = 7 (;’ -') 3
Wy = —— |a,B —|a, 3-B)pS
2 m, B H v+ i * /

non-zero vertical momentum

component without focusing non-negligible vertical oscillation <7>



Electrostatic Quadrupoles

Uses Electrostatic Quadrupoles
(ESQ) to provides weak focusing
for vertical confinement.

non-zero vertical momentum
component without focusing

The ESQ Covers 43% of the ring’s
circumference

However, Muon experience motional magnetic field -g-



Magic Momentum

Cancel higher order contribution by allowing E-field
vertical focusing at p, = 3.1 GeV (magic momentum)

~0 ~ 0 for y=29.3 (p,=3.1 GeV)
. 1 X E
- B) —(a, — =
5 ((1,_1 /ﬁ{v
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The none-zero pitch and motional
field motivates the pitch and E-
field Corrections.




Stored Muon Beam
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Storage ring magnetic field
focuses on radial confinement

Proton bunch

Target

Last update: 2023-07-11 08:26 ; Total = 21.90 (xBNL)
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Everything seem to be in order, how do we
measure @, , and B in the storage region?

Electric Quadrupoles  ESQ focuses on vertical
confinement <10>
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Positron Detection in Calorimeter

Pulse-integral mean

S et L YT O LR LR L]

delta t: 4.6 ns

0 10 20 30 20 50
time [ns]

N Positrons from muon decays are detected in 24 calorimeters.
Each PbF, crystal is read out by Geiger-mode avalanche photodiode (SiPM), >
\ 99% operational in the experiment.
Decay positron hit times and energies are derived from reconstruction of the

<11 >

waveforms.



FFT magnitude [arb. u.]

w, Measurement
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Above certain energy threshold, the time distribution of detected positrons
demonstrates the muons exponential decay, modulated by w .

. . 1;
Prior to a fit, the corrections are accounted for: s :
. 0.6} .
® pile-up 0}
in-like sl d ion i :
e (Gain-like slow term due to reconstruction 1ssues. s

The distribution is fitted to extract w}", including:
o Coherent betatron oscillation (CBO) terms that distort the modulation signal.

.
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0 = 90° ;
0 = 180°

x=E/E

SJTU’s contribution

o Lost muons that distort the exponential shape of the distribution.
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Magnetic Field Measurement

e A field map in the storage region is interpolated using fixed probes and trolley data.
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Variation < 1 ppm
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Magnetic field is expressed in term of the

shielded proton precession frequency, wp’

B
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Tracker

® The 2 tracker stations track the positron decay, extrapolates to the muon decay
position, thus measuring the muon distribution M(x,y,®).

® The field map is then weighted with the muon distribution measured in the storage

region:
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Visualizing the Measurement

* The w}' is extracted from the fit to the time distribution of decayed
positron.
* The @y, is obtained from weighting w}, with M.

=]
- Data

W‘Amwmm/vvv\,mm'vmw\r:um:
v w._w\fwvww-fmﬁmdvvvv\;
:f\n: wm«/\fwwv-fwv\mxmM "
»{«\\: :Ai\/«vavmm\mwmmx\ /mA:
oYWV vmﬂﬁwwwmmmvuw;f\;"
v VVAVMMAAAMANAAAAAAAA A S
10 VAAAAAA Bisks

4 L
10 ¥ Fermilab Muon g-2 Experiment
o Combined Run-1 Data

0 20 40 80 80 100

', J m.,. C E wa ll’ m ge Time ater injection modulo 102 5 [us]
BU : ; — GJHXP — = i R/ Wa felock 007" (1 +|C'e 4+ Cp 4+ Cpt + Cpal

Wp || e Me 2 FT DT et  wp(,y, $)XM(x,y, d) )1 + B + By)

a, =

yu

(ppm)

’E\ T
> [ i i

20F 3 O -

106

External factors are of Quanﬂty _ Source U Il(?(‘:l‘t?iiﬂt}-’ (ppb) oA ] l» L
high precision, (25ppb) Guf2 Quantum electron cyclotron 0 5 DRV YR
o ik Hydrogen spectroscopy 11 r s, | g ,
" . h : ) .30F - ? E 1.
m, /m.  Muonium hyperfine splitting 22 e ‘%\ L

¥y

* The fq, and f,;, are blinding factors.
* The w}' (6’1,9) receives several corrections from the beam dynamics (transient fields).
* Transient field’s correction:
* By: Correction due to kicker eddy current.
* By Correction due to vibration caused by quad pulsing. <15>
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These corrections account for the shift effect in w3

Wa w;" 1+ C. + Cp - Cpa + Caq + Cma 4 Orbit plane

_— z (beam)
wp Wi 14 B+ B, \ /

Muon trajectory

Electric field Correction C,:
- Not all muons are at magic momentum, due to finite
width of momentum distribution.
- Radial distribution is measured using timing data from

Pitch correction Cp

- non-zero pitch motivates this correction.
- The vertical betatron oscillation is measured
from the tracking detectors.

calorimeters.
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v e "y v 2<L> P e s AL L, I i n (y? n (A?
s 1 Py g hioh 3 Cem2n(1 =n)fio-ps =B S ] Cm i i)
> [ IR Iy Momentum: 0 £ so0ol- E 2 Ry 4 Rj
£ 0% RNl I \\ > im = ‘
< r | \ ] 6000~ -]
0.6~ I ~ -
- Py o © C, =~ 0(200 ppb)
| ow _ i ] ~
O'4:Momentum : ] C I~ 0(500 ppb) 2000(- Tracker Data . p pp
ok Y<Tm ! : © 6C,, =~ O(5 ppb)
il I ] 6Ce ~ 0(30 ppb) . o 20 0 20 40 p
b . I I # Vertical Decay Position [mm]
Y it T RS R eI e
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Corrections related to Phase Shift

These corrections account for the shift in ¢ over time. Lost muon Correction, C,
- low momentum muon tend to be lost, the
e 0 1+ 0L+ 0, + et Olpr B average stored muon phase wil change ove
— o Ime. Q) [ alp
() ;4 1+Bk+B — ( )

Phase-acceptance correction, Cpa: _ _ _
Differential decay Correction, C44:

- Correlation between muon decay position and ¢y.
- Measuring the beam's spread over time and simulating how it
affects the average phase at the calorimeters.

- low momentum has shorter lifetime, the
change in momentum over time couples
to phase-momentum correlation (from lost

E aof 1/°° E Cpa =—27(13) ppb muon) causes bias in ¢.
> e 0o =
20 @ E
§ [ ! _chg c , | 15E- do
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oL o = Gl 05 £ do 3
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= : | Fuul L |_ Cdd - 5( ) pp 45; B simulation [68% CL] E
25 0 25 R

1 1
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Ap/p, [%]

SJTU’s contribution Jun kai's poster SJTU’s contribution <17>
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Improvements for Run-2/3
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Hall/Rlng temperature stabilized Fix failed HV resistor in quad Improved pileup reconstruction
§40 1.1" WIN‘( — Mignetee ] 2 10° —— Raw data i
= 35k SO R —— 2 ---- Pileup (positive)

g Magnet insulated ] _ o Stable beam @ 108 P, - Pileup (negative) |
5 30} — AC upgraded [ £ -21.15} e small Cpa § Tl
- ' /‘M,\/ Run-3a Run_Bb_ 5 F *  Run-1d *  Run-2C ; o 104 i E i
25¢ — . 8-8—21.25;* o, +Ape " —— g+ Age”" 5 ¢ lower muon |
B ] E ¢°=-z1.031xo.oos mrad ¢, =+21.268 = 0.003 mrad | 102 -~ : .
20 A A N W _21'3? A:;=-0.29:0.02mrad Ap=-0.05 = 0.01 mrad | IOSS, 1€SS le :
~ \9 —21.35;— v, =377 + 40 us v, =406 + 17.3 ps —_ 100 - :
é\'b\\ v.Q \\) Q\“Q@é\’b -21.4;..|.‘..IH..I....I....I...‘—E l .lgu )
50 100 150 200 250 300 0 2 4 6 8
Smaller day/night AC upgraded Time [us] Energy (GeV)
variations - More stable
- more stable magnetic field,
magnetic field calorimeter gain
Improved transient field measurement
: a F """"""": .
N Stronger kick g 400~ | 1+ Complete quad transient
§ SN .5 * More center beam. § 200- g”n . T field measurement.
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Achieved Precision and g-2 Data
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Surpassing proposed

goal of the experiment!
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Improvements for Run-4+

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

e Run-2/3 analysis improves uncertainties by a factor of 2.2, in particular, the N

total systematic uncertainty surpasses proposed goal (100 ppb)!

® Analysis efforts on Run 4/5/6 data are on the way, full result expected to be 460 ppb  FNAL Runt 4 a

. . 210 ppb FNAL Run-2/3 ——
released in 2025. (on track to achieve/surpass 140 ppb!) 200 ppb  FNAL Run-1 + Run-2/3 —8—}

e Theoretical efforts:
190 ppb —e—t

o Lattice QCD results are under strict scrutiny. World Average

o Clarification among collaboration on the 5o difference with CMD-31s s 60 185 150 195 200 205 270

a, % 10° - 1165900

Improvements for Run-2/3 2l Tk

ongoing.

Additional new detectors employed in Run-4/5/6
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W‘\N reduces CBO amplitude
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The FNAL Accelerator Complex

e LINAC produces 400 MeV proton beams
e Protons are accelerated to 8 GeV in Booster.

Recycler Ring

e Protons are batched into Recycler Ring, transported one at a

time to the Target Station.

e Protons are smashed onto the nickel target, producing ©"

particles. \
e Protons, u*, ©* beam enters delivery ring. Target %
e Proton aborted, " decays away.
® L' beam is selected in momentum, 3.094 GeV/ec. Nt & \
e polarized u" (~96%) are extracted and entered g-2 storage ring. i

$Gev -~ w,(
boo’s_,tei- Muon Campus

® -2 storage ring:
® 7.1 meter radius storage ring.

® .45 Tesla uniform magnetic field. r\, NG Skip this
4 1 5 s




Pile-up and Lost Muon
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e [ow energy positrons with different phase measured in calorimeter, contributing to pile-up event; compares

to high energy positron, a single event.

$q
% V1 14
Muon spin ’ 1

direction

1 pileup cluster with (E1+E>, 1)
3? 1 cluster with (E, 1)
Calorimeter

Counts/50 MeV

L L L L
—— Raw data

Pileup (positive) |
- Pileup (negative) |

108

106 2

Lol pileup model
uncertainty, ~ 3 ppb
102 E .
100 - §
0 ;I I 4 6 8

Energy (GeV)

e Muons impact on vicinity of the SR, losses energy, exits the SR before decaying into positrons.
e [ost muons introduce time-dependent distortion of measured positrons.

Neripies/ 149Ns/Positron

rrrrrrrryrrrryrrrrrrrrrrrri

Data subset 1D
---- Data subset 2C
Data subset 30

Muon lost time
distribution for different
sub-datasets.

50 100 150 200 250
Time (ps)
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Parity Violation in Muon Decay

e Parity Violation provides access to study the w, in the storage ring.
e Highest energy positron has the strongest correlation with 1ts momentum and muon spin direction

(Vice Versa)

) e d LT
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Muon spin precesses in
magnetic field

Emitted positron’s direction
follows muon spin’s

2 3000

3 2500}
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time (us)

Number of high energy
positron detected
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External Factors

Exp __ Wa, Mp mp Je
Wy | e Me 2

wp Larmor precession frequency of the free proton
Lp Is the proton’s magnetic dipole moment

e is the electron’s magnetic dipole moment
g. Is the g-factor for electron.

<26 >



Muon Magnetic Anomaly in SR
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Measuring the difference between spin precession and cyclotron frequencies:

Larmor frequency for Cyclotron frequency for
spin vector precession momentum vector rotation
A g
B
" 4
g P . _ '
We = 6 - :
-
S

~i

<27 >

Relativistic Correction



Fermilab Muon g-2 Experiment

USA

— Boston
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China
- Shanghai Jiao Tong

Germany Muon g-2 Collaboration
- DreSden 7 countries, 33 institutions, 182 collaborators
- Mainz

Italy
—  Frascati
- Molise
- Naples
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— Roma Tor Vergata
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— Udine
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- KAIST

Russia
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— JINR Dubna

United Kingdom
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- Liverpool
— Manchester
- University College London <928 >

Muon g-2 Collaboration Meeting @ Elba, May 2019



History of Muon Anomaly

History of muon anomaly measurements and predictions

r + | [ 7.3 ppm] 1979, CERN Il p= data 1974-1976
: i ' [ 7.1 ppm] 1979, theory

| —[ 1.7 ppm] 1985, Kinoshita et al.

l, . i —[13  ppm] 1999, BNL u* data 1997

t - i —[ 5.1 ppm] 2000, BNL p* data 1998

e —[ 1.3 ppm] 2001, BNL p* data 1999

¥

0.73 ppm] 2002, BNL p* data 2000

- —[ 0.72 ppm] 2004, BNL u~ data 2001
i _|[ 0.54 ppm] 2006, BNL p* data 1999-2001
H [ 0.63 ppm] 2006, theory
Hed t# experimental measurement =[ 0.31 ppm] 2018, KNT 2018
4  theory prediction in the measurement paper
ke theory prediction ]
- 0.41 2020, DHMZ 2019
P theory lattice QCD prediction [ ppm]
= —[ 0.32 ppm] 2020, KNT 2019
' - { —[ 2.6 ppm] 2020, LM 2020
v [ 0.49 ppm] 2021, BMW 2021
e —[ 0.46 ppm] 2021, FNAL u* data 2018
- [ 0.35 ppm] 2021, BNL 2006 + FNAL 2021
=H [ 0.37 ppm] 2020, Muon g-2 theory initiative
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Laser Calibration

e Sends laser pulse synchronously on all calorimeter channels: %”“f;“f‘ R TR Y
o provide calibration for the SiPMs response, fo::: o I;:}”;;**: i
o short and long term calibration of the SiPM gain function, ;0985 vhe =g o
o troubleshoot calorimeter and DAQ systems, 201:: I 3 &
o additional synchronization signals. g ovrp| T

8 9
Hours
m Fiber
I bundle
Slow Control
Diffuser
Diffuser
Diffuser
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Laser Hut S.M. = Source Monitor
L.M. = Local Monitor
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Run-2/3 Uncertainty Improvement

e Hardware Improvement:
o Replacement of damaged ESQ resisters:
m Less beam motion (vertical width) in the measurement, improving C,, correction and
uncertainty.
o Hall/Ring temperature stabilized:
m The storage ring magnet shape is insensitive to the temperature fluctuation, less prone
to changes in beam behavior via the changes in magnetic field.
m less changes to the detector gain.
o Kicker strength improved:
m No underkick relative to its 1deal orbit, reduce oscillation around the center of the
storage region.
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Run-2/3 Uncertainty Improvement

e Analysis Improvement:

o Field Transient Measurement: cotmator
m Complete Quad transient field measurement around the ring.

m Improved kicker transient field measurement with fiber

Collimators

magnetometer.

o Analysis technique improvement:

Cube 2

m New positron reconstruction algorithms.
m Improved pile-up subtraction technique.

<32>



@) Frd 4 2

& ¥/ TSUNG-DAO LEE INSTITUTE

Run-2/3 Systematic

: Correction Uncertainty
uantit

= ’ [ppb] [ppb]
wy' (statistical) - 434 201
wq' (systematic) - 56 25
Ce 451 53 32
C, 170 13 10
Coa -27 75 13
Clad -15 - LT
C’ml 0 5 3
fealib{wy (7) x M(7)) - 56 46
By -21 27 13
B, 21 92 20
1 (34.7°) / e - 10 11
My [Me - 22 22
ge/2 - 0 0
Total systematic - 157 70
Total external parameters - 25 25
Totals 622 462 215
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Hadronic Vacuum

SM contribution on ay

Weak Hadronic LbL Polarization -
aSM — () 4 gQED 4 oWeak gHLbL | (HVP ‘?ED HP HbL |
i # # # H contribution error2 /
Phys. Rep. 887, 1 (2020)
aSM = 116591810(43) x 10~ (0.37 ppm)
18%
82%
QED is the dominant processes contributing to the interaction. HVP

EW contribution is suppressed by (m,/My)>.
Non-perturbative terms , HLbL, HVP, are calculated with:
o Lattice-QCD (ab 1initio, via numerical simulations in Euclidean

@ QED EW HYP @ HLbL

HVP calculation with ee—hadrons data

HVP 2

spacetime.) ot
o data-driven dispersive relation (input data from experiment) \MA§I_
The prediction’s uncertainty is dominated by HVP’s term. /e‘ hadrons
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https://www.sciencedirect.com/science/article/pii/S0370157320302556?via%3Dihub
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