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The Muon Anomalous Magnetic Moment

Long history (not complete) of g-2 measurements and theory predictions

updated in 2021 with the FNAL measure

History of muon anomaly measurements and predictions

experimental measurement
theory prediction in the measurement paper
theory prediction

theory lattice QCD prediction

IfT

a,+10° - 1165900

.3 ppm] 1979, CERN Ill u* data 1974-1976
7.1 ppm] 1979, theory
7

ppm] 1985, Kinoshita et al,

(13 ppm]1999, BNL i* data 1997
[ 5.1 ppm]2000, BNL i+ data 1998
[ 1.3 ppm] 2001, BNL p* data 1999
[ 0.73 ppm] 2002, BNLp* data 2000

[ 0.72 ppm] 2004, BNL i~ data 2001

[ 0.54 ppm] 2006, BNL u* data 1999-2001
[ 0.63 ppm] 2006, theory

[ 0.31 ppm] 2018, KNT 2018

[ 0.41 ppm] 2020, DHMZ 2019
[ 0.32 ppm] 2020, KNT 2019

[ 2.6 ppm] 2020, LM 2020

[ 0.49 ppm] 2021, BMW 2021

[ 0.46 ppm] 2021, FNAL u* data 2018

[ 0.35 ppm] 2021, BNL 2006 + FNAL 2021
[ 0.37 ppm] 2020, Muon g-2 theory initiative
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Introduction

Spin Precession in a Magnetic Field

A particle’s spin in a magnetic field experience a torque

and a precession motion proportional to it's magnetic

moment,for generic leptons defined as .
~B

. e =
fte = 8e=—35¢

2my C>

The spin precession frequency is given by:

e
ws =g-—B Su
2m
@ Dirac equation predicts naturally g = 2 for
elementary particles
@ Radiative corrections give a positive contribution.
Schwinger: a,, ~ 5= ~ 0.00116 (at first order)
4/25
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Measuring a;,

Measuring a,
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Measuring a;,

Spin Precession in a Magnetic Field

The measurement is based on the
anomalous spin precession frequency:
eB

Cva = Q_}s in ajc clotron = @
P 3 122 mc

@ a, = 0 spin and momentum precess at
the same rate
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Measuring a;,

Spin Precession in a Magnetic Field

The measurement is based on the
anomalous spin precession frequency:
eB

Cva = Q_}s in Qc clotron = @
P y W me

@ a, = 0 spin and momentum precess at
the same rate

@ a, > 0 the spin has a precession motion
around the momentum direction

a,, can be extracted by measuring w, and B:

w, mc

a =
" B e
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Measuring a;,

How to measure the spin precession frequency
The muon polarization is measured using the parity-violating decay

S
S.. e

% S
Ve i

High momentum e™ are emitted preferentially in the muon'’s spin direction )

Just count the number of high energy positrons in a given direction to
extract the precession frequency
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Wiggle Plot

The result is the muon exponential decay modulated by the anomalous
precession frequency:

N(t) = Noe /" [1+ A - cos(w, - t + )]
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Measuring a;,

From w, to a,

The final formula for a,,, without electric fields and with a beam
perpendicular to the magnetic field is:

a, =

wa  Hp(T) my, ge
(:)/p(T) He Me 2

External

where the B-field is expressed in term of the shielded proton precession
frequency in the NMR probes. External factors are known to very high
precision. We extract the ratio:
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From w, to a,

R = %2 _
Ho@p(T)

N/14921ns
3
.

Fermilab Muon g-2 Experiment
(G Combined Run-1 Data
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Measuring a;,

From w, to a, (for real)

The final formula for R;L, with all the corrections is:

Beam Dynamics
R — Wa _ felock - w;neas : (1 + Ce + Cp + G + Cpa)
Gu(T)  featib - (Wh(x,y.0) - M(x,y,9)) - (1+ B+ By)
~—_——

Transient Fields

@ w!®* is the the measured precession frequency (this talk)
® @,(T) is the the magnetic field magnitude (in term of NMR
frequency) around the ring (Peter Winter's talk)
o Co+ Cp + Gy + Cpy are beam dynamics corrections (On Kim's talk)
e By and B, are magnetic field transients (David Kessler's talk)
A contribution from the beam simulation is included in M(x,y, ¢) and in
the beam dynamic terms. This will be presented in Anna Driutti's talk.
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Muon g-2 at Fermilab

Muon g-2 at Fermilab
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Muon g-2 at Fermilab

Fermilab Muon Campus
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One Ring To Rule Them All...
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One Ring To Rule Them All...

Inflector
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One Ring To Rule Them All...

Kickers
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Muon g-2 at Fermilab

Calorimeters

@ 24 calorimeters along the inner
circumference (out of vacuum)

@ 54 PbF; crystals (n =1.82) in a
6 X 9 matrix

o Each crystal is
2.5 x 25 x 14 cm3 ~ 15 X for
PbF,

o Cerenkov light is read by large
area SiPM

@ Gain is monitored at a 10~*
level of stability by state of the
art Laser Calibration System

" B
Decay electron
=T \

Calorimeter active volume
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Muon g-2 at Fermilab

Laser Calibration System

2x107*

b ——+4
by it
LU EENIT

ratio of the laser energies [normalized un.]

0.9998

0.9996F

. . 0.9994F

Calibration of the 1296 crystals for Short ossezE
Term O(1 ns), Measurement Window P e e

O(1 ms) and Long Term O(1 day)
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Precession Frequency Analysis

Precession Frequency Analysis J
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The Analysis Method

To measure the anomalous precession frequency the following procedure
has been adopted:
1- Positron hit reconstruction (local or global approach):

a- Crystal waveforms fitting to extract time and energy
b- Clustering to identify single positron events

2- Calorimeter gain correction

3- Data correction

4- Anomalous precession frequency fitting
5- Systematic evaluation

6- Result combination of the 6 independent analyses (including this one)
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Precession Frequency Analysis

Calorimeter Gain Corrections

%1.004‘} -
5 r ]
5 1.002- 3
@ At beam injection a large flux of 2 [ bl ot u b
. . . © E H
particles hit the calorimeters © 0.9081 E
. : g gm=10-ae’" 1
0.996— -
@ SiPMs gain drops due to the g = 0.062 = 6.2% ]
high number of hits 0894 1628 s E
. 0.992 =
@ O(10 ps) recovery time g ‘ ‘ ‘ 1
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@ Laser system measures the Time ]
calorimeter response as a Sync. Pulse (~ 5ps)
function of time Beam Flash (~ 30-50us)
. . In-Fill Laser Pulses
e Positron energy is corrected: positon hits ]
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Pileup Subtraction

et 149.2 ns

-

5 ns

@ Reconstruction algorithm cannot resolve
close-in-time positrons

@ The pileup probability depends on the
squared positron rate biasing the w;,
measurement

@ Shadow window method:

o For every positron event look for
another cluster in a shadow window

o Combine the two clusters into an
artificial pileup event

e Subtract pileup

Positrons.

N 7
Time

Raw Energy Spectrum

—— Pileup Correction

Positive Correction Negative Correction \\
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Energy [MeV]
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w, Analysis

3000

Analysis methods:
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Precession Frequency Analysis

Fitting w, - 5 Parameters Function

In principle simple fit: % Zr
2 ok \/\ S\
N(t) = Noe /™ [1 4+ Acos(w,t + ©)] %%
from ~ 30 pus to ~ 650 1 %‘z::;;"~£oyf.'.:o b Y
; _ I TR R
Beam dynamic effects appear in the £ oy | H',’, \
residuals FFT: i 5 BN |
Time [us]
@ Slow terms: Beam Losses .
- fepo £ fadl
o f ~ 0.4 MHz: Coherent o
Betatron Oscillations (CBO) 1
@ f ~ 2.3 MHz: Vertical Width ]
Oscillations (VW) 1
“‘1 1.5Ii i 2 m‘Z.‘S‘M . :’3 et

Frequency [MHz]
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Precession Frequency Analysis

Variable Beam Frequencies

@ Faulty resistors in one quadrupole:

Nominal 1-Step

12 § I . i X
slower charge lead to unexpected g I s
beam vertical motion 3 { " Damaged 15t0p
I - Damaged 2-Step
@ Beam mean vertical position : [
ey e . . AFE
drifting down during the fill J '
2r |
. el . B 1. | N | 1
@ The beam instabilities induced a 0 S
) i ime [us
change in the beam frequencies T F
accounted in the fitting function 1 o
-ozf—’.‘
—0.43—.
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Precession Frequency Analysis

Lost Muons

@ Muons can hit the

collimators and exit the
storage region before decay

2

@ Distort the decay
exponential during the
measurement window

Lost Muons

3

3

@ Search for: Coincidences
between calorimeters
(At = 6.25 ns) with
E ~ 170 MeV
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Precession Frequency Analysis

Fitting w, - 22 Parameters Function

N(t) = Noe 77 [L + A - Ago(t) cos(ws t + ¢ + dgo(t))]-
-Neso(t) - Nyw(t) - Ny (t) - Nacpo(t) - A(t)

Ncpo(t) =1+ Acgocos(weso(t) - t + @mao)tfﬁ
NocBo(t) = 1+ Ascnocos(2weno(t) - £+ dacpo)e TR0
Nyw(t) = 1+ Ayweos(wyw(t) - t + dyw)e VW
Ny(£) = 1+ Aycos(wy(t) - £+ 6,)e 7
ABo(t) = 1 + Apcos(wopol(t) - t + da)e 7050
$B0(t) = Aycos(wopo(t) - £+ dy)e 7050
wepo(t) = w§B9 + é(ﬁ + ?eié
wy(t) = Fwepo(t)v/2we /Fwepo(t) — 1
wyw (t) = we — 2wy (t)

At)=1— kLM/t L(¢)et' /7t

B e e e R



Fit Result
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The residuals FFT doesn't show any resonance. All the beam dynamic
terms are handled correctly in the fitting function
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Conclusions and Future Perspective
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Conclusions and Future Perspective

Conclusions

@ The muon anomalous precession frequency measurement is based on
the detection of high energy positrons in a storage ring

@ Data is corrected for detector effects such as the calorimeters gain and
pileup

@ Wiggle plot histogram is fitted including the beam motion

@ The w, measurement is combined with the Magnetic Field and Beam
Distribution measurements to get a,,

BNLg2 ———+

Run 1 Result
FNAL g-2 +——@——+
a, At = 116 592 040(54) x 10~ S 420 )
——— _

Average

175 180 185 190 195 200 205 210 215
9
a,x10 -1165900

The precession frequency measurement NeV 2023 23 /25



Conclusions and Future Perspective

Future Perspectives

@ Run 1 represents ~ 6% of the total statistics
@ Run 243 publication expected by next summer:

o A factor 2 improvement in the statistical precision is expected

e Improvements to the beam dynamics systematics (better storage
conditions)

o Improvement on the analysis technique (better positron hit
reconstruction, pileup subtraction, fitting...)

Last update: 2023-02-14 22:09 ; Total = 20.7 (xBNL)

] Run 4 and 5 are belng 52001 Muon g-2 (FNAL)

175
reconstructed and are almost 150 /

ready to be analyzed e
@ A final Run 6 data taking is
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Conclusions and Future Perspective

Muon g-2 Collaboration

Paolo Girdtti
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