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MUONS IN A MAGNETIC FIELD
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Torque in a B-field Magnetic Moment
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Muons have spin or intrinsic angular
momentum

A muon in a magnetic field will precess
about the field like a spinning top =
magnetic moment

Rate of precession is proportional to
magnetic field strength

g determines spin precession frequency in
a magnetic field
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MUONS IN A MAGNETIC FIELD For a pure Dirac spin-1/2 charged

fermion, gis exactly 2

Muons are never alone: virtual
particles can pop in and out of
existence for a very short time and
affect the muon’s interaction with the

magnetic field

H H
g =2
Interactions between the muon and
virtual particles alter the value of g
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WHAT [F A NEW PARTICLE IS PRESENT ?

All of the interesting physics is in the loop
terms so we define:

g2
9

If a new particle exists ..

Ay

g would differ from the value predicted by
the SM

This would be a sign of physics beyond the
SM!

To achieve this, we need very precise SM
calculations and a very precise
experimental measurement



MC-1

0
=

-2 at Ferm




Estifa’a Zaid, Muon g-2 EPS25 Marseille 25/10/2024

KEY PRINCIPLES OF MEASURING G-2

To get this
Measure these ——
5 (9
Spin rotates ahead of momentum as muon | Mormentum — o R
orbits the ring. | | Spin — | }I

—-

At a given point in the ring spin rotates
radially in and out with a frequency of w,

——
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CALORIMETERS

NG There are 24 electromagnetic
calorimeters around the ring. They

measure time and decay energy of the e*

9x6 arrays of PbF, crystals
Fast SiPM readout




MEASURING W,

Counts/50 MeV
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Due to parity violation, polarised muon decays are self-analysing, as the u*
points towards and away from the calorimeters the number of high energy e™
oscillates as they are preferentially emitted in the direction of muon spin.
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We count the rate of high
energy decay positrons.

Then we fit the time
spectrum to the
oscillation frequency to
extract w,.



MEASURING w,,

Entries / 149.2 ns

We count the rate of high energy decay positrons. Number of decay positrons vs time is
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proportional to anomalous precession frequency

Then we fit the time spectrum to the oscillation frequency to extract w,.

N(t) = Nye t/*[1 — Acos(wyt + ¢) |

b-parameter fit function

Running time O0H : 00M : 00s
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MEASURING MUON G-2

Simplest model captures exponential decay and g-2 oscillation

We must account for beam oscillations, muon losses and detector effects which
shift w, by a few ppm

Each beam dynamic effect contributes to an additional frequency component to the

wiggle plot.

N(t) _ Ne—t/’r,u [1 + A COS(wat — (b + quO(t))] . = - o ro T T T T T T T T T T
s e <o 2 —— Five-parameter fit ~
(144 - 7650 ) - s ““F I8 . -
( + Acso cos(wenot — depo)e ™ O) o S A Multi-parameter fit -
1 O [~ Lo © )
. (1 + AVW COS(UJVWt — vaw)e VW ) . B 2.0 i "‘I' :’_ 3
- c |19 2 9 W3 :
' (1 + Agcpo cos(wacpot — P2cBo)e TQC'BO) ’ g 1oF8| 5 g S E
= | . :
_t f I i
1+ Aycos(wyt = gy)e ) From 5 = 1.0F z :
(1 . /ﬁL(t,) o dt,) parameters to “ F " :
. — e H . - el
LM S over 30! 0'5:| I! | | ]
(1 [Ay cos(w (B)t — 64) + A cos(w_ (1)t — ¢)] e wmov ) 0.08 ' | :

0 i 2 3

Frequency (MHz)



Estifa’a Zaid, Muon g-2 EPS25 Marseille 25/10/2024 11

w, ANALYSIS STEPS

[ ]
= I
r ) 9 o
: L : s "
. Raw SiPM data Positron hitting a crystal is an event.  § -
Data Acquisition We assign hit times and amplitudes " =
- J
e “ Clustering Algorithm groups crystal hits &
i Crystal hits together to form an event from each E
L ) cluster. Energy of the event is the sum of
the crystals
[ Corrections ] Pile up subtraction =la  Gain Corrections = Residual Slow term
Wiggle plots are constructed from
: 2-D time vs energy histograms using different methods.
Histograms — . — :
histograms Methods depend on how positron events
are weighted as a function of energy.
o _ Multi parameter fit to obtain w,. Fits include
Fitting > Wiggle plot  ——  termsto account for Beam oscillations, lost
muons and detector effects

__________________
¥ -

Sample number

- FE cluster

Xtal arrav

Randomized wiggle plot

_TR. AR. QR methods
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POWER IN DIVERSITY OF APPROACHES

Run 4/5/6 analysis had 5 groups, 8 Methods, 20 unblinded w, analyses
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PILEUP SUBTRACTION

Pileup occurs when two or more positrons are misidentified as a single
positron due to arriving too close in time / space

10° : —
—— Run-1 clustering '
107 E \ Run-2/3 clusterin ﬂ Low E
— g ow Energy
n \ o ‘x B
10° - i?;: High Energy \F Calo
104é_ \ —_—
10° - _U:physical AN Pileup methods attempt to identify
102"E which events are pile up based on time
Eooo oy by oy | PR NI T TN ST NN S S .
0 7000 2000 3000 4000 5000 6000  separation of the cluster traces.

Energy [MeV]



BUILDING WIGGLE PLOTS

T-Method

* All positron events are
Integrated in energy above
a fixed threshold, with
equal weights (p(E) = 1).

* Greater threshold: wider
w, oscillations

e Lower threshold:
positrons

more

« Compromise: ~ 1.7 GeV

A-Method

* Each positron event is
weighted with the
asymmetry function A(E)
as a function of the
positron energy.

* All positron events are
Integrated in energy
above a fixed threshold

* Lower uncertainty than
T-Method
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R-Method

 Randomly splits positron
events into 4 separate
groups. Shifts some of
them in time and
combines them

e T-Method / A-method
then employed.

* Cancels out the
exponential term in the 5-
parameter function and
reduces sensitivity to
slow term effects

14



QUADRUPOLES

RSN

DM
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The muon beam is contained horizontally
by the B field

But the beam also moves vertically, to
contain it 4 electrostatic quadrupoles are
used.

The 4 sections cover 43% of the ring
circumference.

15



MAIN IMPROVEMENTS
COHERENT BETATRON OSCILLATION TASK FORCE

Mean radial position [mm]

RF signal [a.u.]

RF has reduced CBO greatly

OH\2”\4.”6.”8.”10\.‘

Time [us]

Split data into 4 datasets

noRF, xRF, xyRF5, xyRF6

/f

Mean Rad Pos [mm]
(=]
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No Additional RF on ESQ
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RF acts like a forced harmonic oscillator (for 6 ps)

If tuned correctly to the CBO frequency:

Phase-shifts different muon distributions
Reduces the oscillation of the mean of the particle
ensemble (reduces the coherence)
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FFT magnitude [arb. u.]

MAIN IMPROVEMENTS
BEAM OSCILLATIONS
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Higher statistics has provided access to

frequency components

New models, new methods and extensive studies.
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MAIN IMPROVEMENTS
RESIDUAL SLOW TERM TASK FORCE

|dentified an Intensity-Dependent Gain Sag

- with a magnitude below our stability design
goal (104)
New! Sensitive also below 10+ if
* Rate & Energy dependent
* Time constant ~1/w,

 Correction shows w,-behavior
but

* Time-dependent phase-change
* Fitted w, sensitive to such effects

Run-4/5/6: New! Identified physical explanation
Detector effect due to preceding positron hits
(rate dependent):

20-40 ppb effect, ~25ppb uncertainty
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Systematic Uncertainty [ppb]
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SYSTEMATIC UNCERTAINTIES

CBO and slow term are still the largest sources of systematic uncertainty in
wa

BN Run2 N NoRF B xyRF5
W Run3a Il xRF N xyRF6
s Run3b

30 A

w, map.
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MEASURING MUON G-2 - CORRECTIONS

h 2u,|B .
bp|B] p . There are seven effects which
/ need to be corrected for.
| Wa |Hp (T3) my,
aﬂ | o~ (T ) - :
\wp r)) Up M, 1. Electric field correction (C.)

Unc. 4 ppb  Unc. 22 ppb ' '
nc. 4 pp PP Pitch correction (C,

Muon loss correction (C,,;

Anomalous l

Clock blinding  precession
frequency frequency Beam dynamics corrections

[fclock] k‘)Zln](l + Ce + Cp + Cpa + Cdd + le

featin {wp (T,)XM)(1 +(By + BJ)

Muon beam Transient magnetic
distribution field corrections

Phase acceptance correction (Cp, )

Differential decay correction (C 4)
Quad Transient (B, )

N o U R W N

Kicker Transient (B;)

Absolute Magnetic field map
calibration
frequency

Coverey :
ed in .Bottalico Talk EPS25 TO7
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MUON G-2 AT FERMILAB

New Run-4/5/6 result released by FNAL muon g-2
experiment in June 25.

au(Run 1—-6) = 0.001165920705(148)
Most precise determination of a, for many years to come

1277 ppb measurement tests all Standard Model
contributions
Result in excellent agreement with previous

measurements.
Stat. Syst. Total
Uncertainty Uncertainty Uncertainty
(ppb) (ppb) (ppb)
Run-1 434 159* 462
Run-2/3 201 78* 216
114 76 137
Run-1-6 98 78 125
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Measurement of the Positive Muon Anomalous Magnetic Moment to 127 ppb
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sample [ADU]

- Pulse fitter identifies traces on crystals

- Clustering algorithms reconstruct total time
and energy of positron hit

- Better algorithms reduced pileup after Run-1

1) Seed
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Oat VS. Egir bin
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Wiggle plots for different energy thresholds

3 UE my,-0 By,-02
z F lyth=0.5
T-Method: E
= Greater threshold: wider w, oscillations i
10" =
= |[ower threshold: more positrons E ee—
= Compromise: ~ 1.7 GeV ‘°3§_VWWWWW
_|(I)|||2IOIII4|0I||6|0|II8|OIII1(|)0|||1£0|||14|10T_|I|
A-Method: . ok
3 — AMethod

w
o

= Extract asymmetry (oscillation amplitude) as
function of positron energy 2> A(E)

— TMethod

N
o

Figure of Merit (arb. units.)
w
T TT | TT

N

= Weight each positron event with A(E)

1

= o,,(A-Method)~ 90% o,,_ (T-Method) 2
0.5%— wa
QOZO I J1000 — 1 5{00J — L20|00I = I25|00 — 3000
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