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A Measurement 20 years in the making
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Motivation

Why measure the magnetic moment of the muon so carefully?



Magnetic field

H § L
g =2

Magnetic Moments of Particles

e

H=Jx S

2M,

Dirac Theory Predicts gpo;n7 = 2

Magnetic field

However, Quantum Corrections
predicts g, # 2

Schwinger was the first to calculate
the 1-loop QED correction.

L
Virtual photon

Probing High Energy Scales
with Quantum Corrections

a = .00116



A few examples of g

Dirac’s prediction for a point particle: 2

L=y )
POINT 2MpOINT

Measured Proton: 8.6 (Otto Stern, 1933)
Measured Neutron: -1.9 (Luis Alvarez and Felix Bloch 1940)

Measured for the Electron
« 2.00238 (Henry M. Foley and P. Kusch 1947)

Theoretical calculation for the Electron
« Agreement! (Julian Schwinger 1948)

Now, agreement is to 10 significant diQits
We understand how electrons and photons work.
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Why We Like Muons



Standard Model of Elementary Particles

Muons are more sensitive
than electrons

200 * 200 = 40,000

The muon g-2 theory initiative
has done the calculation
(much more carefully) and
concludes:

r A
...this is one of the most promising places

to look for evidence of new physics.
< 4
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Muons PRECESS in a magnetic field

Spinning Top In
Gravitational Field

Precession Frequency depends on:
* Gravitational Field
 Angular momentum

12

Precession

=

N

S

Applied
Magnetic
Field

Spinning Charge In
Magnetic Field

Precession Frequency depends on:

* Applied Magnetic Field
° 'yz * g
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LIFE OF A MUON: Muons: spin directions line up: 90% polarized

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field

axis like tops. and travel in acircle.  After each circle,
/ muon's spin axis

changes by 12°,

iy > ] ] yet it keeps on traveling
. ot ) in the same direction.
Hit '
Target. o
Protons Pions, weighing Pions decay
from AGS. 1/6 proton, to muons.

are created.

One of 24 detectors O s

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontaneously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.

13
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Ring

Muon g-2 :
Target Station

Beam Transport/
& Delivery Ring~
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Overview of Muon g — 2 Experiment at Fermilab (E989)




Overview of Muon g — 2 Experiment at Fermilab (E989)

» Injection

Polarized anti-muon bunch (3.1 GeV) is injected
into the storage ring (15 m diameter).
Superconducting inflector magnet cancels the
main focusing magnetic field (1.5 T) to inject the
bunch into the storage ring tangentially.




Overview of Muon g — 2 Experiment at Fermilab (E989)

» Injection

- Polarized anti-muon bunch (3.1 GeV) is injected
into the storage ring (15 m diameter).

- Superconducting inflector magnet cancels the
main focusing magnetic field (1.5 T) to inject the
bunch into the storage ring tangentially.

» Kick
- Muons are kicked onto the design orbit by the
fast non-ferric kicker magnet system.

S 200
2 [Muon g — 2 (FNAL)

> Kicker 1 Magnetometer Study
< 1‘L--’Of_Scope Data; 47.75 kV Operation

100

50

_ 1 | 1 1 | ‘ | 1 1 | 1 1 | ‘ | 1 1 | | 1 |
=0 0.0 0.2 0.4 0.6 0.8 1.0

Time (us)




Overview of Muon g — 2 Experiment at Fermilab (E989)

» Injection

Polarized anti-muon bunch (3.1 GeV) is injected
into the storage ring (15 m diameter).
Superconducting inflector magnet cancels the
main focusing magnetic field (1.5 T) to inject the
bunch into the storage ring tangentially.

» Kick

Muons are kicked onto the design orbit by the
fast non-ferric kicker magnet system.

Electrostatic Quadrupoles (ESQ) focuses the
beam vertically.

4 Quadrupole sections (long and short for each)
cover 43% of the circumference.




Overview of Muon g — 2 Experiment at Fermilab (E989)

» Injection

Polarized anti-muon bunch (3.1 GeV) is injected
into the storage ring (15 m diameter).
Superconducting inflector magnet cancels the
main focusing magnetic field (1.5 T) to inject the
bunch into the storage ring tangentially.

» Kick

Muons are kicked onto the design orbit by the
fast non-ferric kicker magnet system.

Electrostatic Quadrupoles (ESQ) focuses the
beam vertically.

4 Quadrupole sections (long and short for each)
cover 43% of the circumference.

» Detection

Muons decay into positrons which curl into 24
electromagnetic calorimeters surrounding the
storage ring.










Muons are made with the spin pointing forwarc
Muons decay to positrons, aligned with the spin

Muon Beam Muon Beam

For convenience, use a=(g-2)/2, the
“Anomalous Magnetic Moment of the Muon”

2= Fermilab
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Here is what we see from the decays of muons

_1 08 | | | | | | | I | | |
« Data

— Fit

f(t) = Nye /" (1 + Acos(w,t + ¢))
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Reality Check

If all the muons saw the same calibrated magnetic field perpendicular to their momentum, and all detectors had
100% acceptance and efficiency, then this would be a much shorter talk!
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Use protons to
calibrate and monitor B

Free Induction Decay (FID) signals

1.0

0.5

Amplitude (arb. units)

llllllllllllllq)llllllll

Extracted w,/2m = 61.79 MHz which 10
corresponds to B = 1.45 T.
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Measure two frequencies; convert with precision
results from others 0. m

a,, = — from previous slide becomes

W ’M;(Tr) My ge
pe(H) m, 2

/

Hop (Tr 10.5 ppb
= PpPo Exact (Bound-state QED)
(H Metrologia 13, 179 (1977) Rev. Mod. Phys. 88, 035009 (2016)

He

T

9/ 22 ppb (muonium hyperfine splitting) ge 0.28 ppt
Phys. Rev. Lett. 82, 711 (1999) Phys. Rev. A 83, 052122 (2011)
m 2

27



The Measurement to 0.46 ppm arXiv:2104.03281v1

(

Repeat the measurement of this ratio many times.
Group together four similar run conditions

Apply the corrections below

Calculate combined average (with correlations)
Apply the actual clock frequency

fclock'wgneas'(1+ +Cp+cml_|_cpa)

fcalib'w;g(:Uay7¢)®M($ay7¢)°(1+ _l_BCI)

)



Beam Dynamics
(arXiv:2104.03240v1)

Electrostatic
Quadrupoles

Vertical Focusing

Horizontal Defocusing

- r"l-*-'- '.'-:nn.-.

3 B e 2

po = 3.094GeV /e (v ~ 29.3) )



Relative Field (ppb)

Quadrupole Transient — Magnetic Field (arXiv:2104.03201v1)

Train of 8 Pulses of the Quad system Transient during Muon Fill
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Beam Dynamics (arXiv:2104.03240v1)
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FIG. 13. The intensity distribution of where muons first strike
FIG. 4. Positron counts as a function of time as seen by all the the ro = 45mm radius collimators (black circle). For any
calorimeters combined for the Run-1d data set for the time particular muon, this will occur when its horizontal and ver-
4 — 14us with respect tical betatron oscillations conspire such that the transverse
range o ) ) o ,ll'“ ) Spec displacement is at ro and, at the same time, it is at the az-
to thta beam 111‘]6(3131.011. The time binning petrlod 1s Ins. The imuthal location in the storage ring of a collimator. Some
amplitude modulation 1s from the muon muons, which will eventually be lost, can survive hundreds to

spin rotation frequency w;". thousands of turns before this condition is met. 31



Beam Dynamics (arXiv:2104.03240v1)
Phase-Acceptance Correction

Expressing ¢(t) as a power series ¢ + % Ft+ O(F) with

? m N s ] the derivatives evaluated at ¢ =0,
£ 15F = - dé
% 105_ ) _E cos(w,t — @) = cos -wat - o - at +O( dtz )]
£ - . i do
o a — . = cos | | wa - -
v A N = coah( E dt)t @ O(dt° )]
5 y 3 = cos |wit -~ o + o(? = )] (3.3)
o - e ]
5 T ] e = s b . P o |
: + Data - One finds an observed precession frequency of w) = w, — d¢/dt.
R Data Fit ‘ =
~155 [l simulation [68% CL] E The delivered beam has a mild phase vs.
: | | | | | | | 1 | | | | | | | | | | | | | | 1 | | | | | | :
-1.5 -1 0.5 0 0.5 1 1.5

momentum dependence
Aplp  [%]

FIG. 15. Phase-momem111'11 correlation from an end-to-end Losses d u r-i N g 3 f| | I d e p en d on mome nt um

simulation (blue band) and from a data-driven approach
(black). The simulation gives the result at the entrance to
the storage ring. The three data points are obtained by fits

to muon precession frequency data at nominal, reduced, and The resulting phase Cha nge can not be

increased central magnetic field values. The phase reported

for these data represented muons stored and fit during the d|St|ngU|Shed frOm d frequency Sh|ft

measuring period. The phase dependence on momentum from
the data is —10.0 4+ 1.6 mrad/%Ap/po. 32



P {e}] oo
o o o

Vertical Position [mm]

N
=

III|III|III|I'IF|II__|.|III|III|III

—-60

—-80

Time since injection: 5.0 us

-80 -60

-40

-20

0

20 40 60 80
Radial Position [mm)]

100

80

60

40

20

0

Beam Dynamics
(arXiv:2104.03240v1)



Anomalous Precession Frequency (2014.03247v1)
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FIG. 16. Left: the overlay of the fit described in the text on the Run-1d precession data. Right: the FFT of the time distribution
of residuals to that fit (black), which shows no remaining characteristic frequencies in the spectrum. For contrast, the residuals
of the 5-parameter fit with no beam modeling are also shown (light gray), which helps to highlight the excellent performance
of the fit including the modeling,.
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FIG. 2: A cross section of the storage ring magnet
featuring the components used to generate the highly

uniform 1.45 T magnetic field in the Run-1

configuration.

Magnetic Field (arXiv:2104.03201v1)
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FIG. 17: Before the backward correction, the
uncorrected tracking curve (light) can disagree with the
measurement from the second trolley run. After the
correction (dark), m'*(¢) is equal to the corresponding
trolley measurements m'*(0) (left diamond) and
m"" (T = 74h) (right diamond) at both bookending

trolley runs. Note that this plot shows only a single
station. 35



Magnetic Field (arXiv:2104.03201v1)
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FIG. 13: Variations in the azimuthally averaged,
relative frequency (Wi (¢,0) — (wi"))/ (w§"), for the
central probe (j = 1). The locations of the 17 trolley
probes are indicated by (x). Their raw frequencies are

averaged and the field variations are interpolated.
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Kicker (arXiv:2104.07805v1)
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Figure 14: Isometric diagram of the SRV feedthrough, high voltage leads, and upstream end of the kicker magnet. This
depiction represents the system prior to the start of Run-1. Aluminum sleds and Teflon sockets replaced the prototype
socket shown. The beam storage region is displayed at left. We illustrate the kicker plates, current return, and support

structures. The pictured ceramic standoffs are still used. However, we implemented a fluted design to opportunistically
address breakdown points.



Incident Light
Fiber

Return Light
Middle Fiber

Return Light
Lower Fiber

Polarizing Beam
Splitter Cube 1

Polarizing Beam
Splitter Cube 2

TGG Crystals

Kicker Transient — Magnetic Field (arXiv:2104.03201v1)
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FIG. 22: (a) Schematic of the fiber magnetometer. The
device is about 6cm tall. (b) The signal measured by
the fiber magnetometer after subtracting the vibration
background. The measurements and a fit to the
transient are shown. The gray shaded band represents
the associated uncertainty of £0.6 pnT. Muon data are
fit from 30 ps to 700 ps after the kick.
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The Measurement to 0.46 ppm

Quantity Correction terms Uncertainty

(ppb) (ppb)
weq' (statistical) — 434
wy' (systematic) — 56
Ce 489 53
Cp 180 13
Chmi -11 5
Cha -158 75
Featib {wy (@, 4, ®) X M(z,y, d)) - 56
By =27 37
By -17 92
1y (34.7°) e - 10
My /e — 22
ge/2 - 0
Total systematic — 157
Total fundamental factors — 25
Totals 544 462

TABLE II. Values and uncertainties of the R}, correction
terms in Eq. 4, and uncertainties due to the constants in Eq. 2
for a,. Positive C; increase a, and positive B; decrease a,.

arxXiv:2104.032381v1

Anomalous Precession Frequency (wiggle plot fit)

Electric Field Correction

Pitch correction

Muon loss = changing phase correction

Phase acceptance correction

Absolute calibration of NMR; B monitors; muon locations
Residual field from Kicker

Residual field from Quad Focusing

We quote all errors
as “gaussian errors”
and combine
normally, with
correlations.



BNLg2 = ®

FNAL g-2 4 ®
< 4.20 >
@ : @
Standard Model Experiment
Average

175 180 185 19.0 195 200 205 210 215
9
ap><10 - 1165900

FIG. 4. From top to bottom: experimental values of a,
from BNL E&21, this measurement, and the combined aver-
age. The inner tick marks indicate the statistical contribution
to the total uncertainties. The Muon g — 2 Theory Initiative
recommended value [13] for the standard model is also shown.
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What does it all mean?



42

Mark Hamill @

An “expert”
weighs in

Evidence Is mounting that The Force

has been with us...
ALWAYS.

€ The New York Times & @nytimes - 3h

Breaking News: Evidence is mounting that a
tiny subatomic particle is being influenced by
forms of matter and energy that are not yet
known to science but which may nevertheless
affect the nature and evolution of the univer...

2= Fermilab
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Conclusions

* The Fermilab g-2 experiment works!
 We are increasing statistics x16 or more
 We are reducing systematics

« Two challenges (non-centered beam and quad focusing) test
our systematic corrections

 Both of these have been addressed
* We will do more systematic studies

* No evidence of anything worth changing in the BNL resulf.
(Except for updating external constants.)



Speculation

When two numbers that you think should agree do not agree, at least one of the
following is frue:

A) The first number (this measurement) is mistaken.
« Unlucky statistics; Extremely subtle systematics; Plain old mistakes
= Continue running FNAL g-2
= J-PARC experiment

B) The second number (theory) is mistaken.
 Hadronic corrections are notorious
« Latfice calculation
= Moftivation for renewed theoretical work
=2 MUonE measurements of difficult terms

C) Our thinking (the Standard Model) is mistaken
« New particles/forces
= New physics explanations (via Dominik’s Stoeckinger) arXiv:2104.03691v2

=>Speculation abounds on arXiv:
Supersymmetry! Leptoquarks! LHCb mu/e! CKM non-unitarity! Dark Matter! Fifth Forcel



The Future

Orthogonal experiment: J-PARC https://g-2.kek.jp/portal/index.ntml

Energy 4 MeV 25 meV 4.5 MeV 40 MeV 212 MeV
Emittance (mmm - mrad) 1,000 - 1 1 1
Intensity (per sec) 3x10% 9x10° 4x10% 4x105 4x10%
) . i Spiral injection
\ iuhlzit_i?g _____ o) beam transport
"‘-.‘ _."I pun T T ':-':.:_‘h‘ Stﬂrage
= | T T T ——— e —— S
: S - I, oo
’H,// Mu |57 s \}%\
(ue) ] 1% stage 2"d stage 3" stage A
: W 1 \ RFQ Disk-And-Washer Disk-loaded RN .
1T itial i I -
et G womoses o® 1H-DTL structure structure I <
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https://g-2.kek.jp/portal/index.html

The Future y i Ne
MUonE

The MUonE experiment aims at a completely

Independent and very precise measurement of the

leading hadronic contribution to the muon magnetic

moment, achievable with a novel method, as proposed
iIn Eur.Phys.J. C/77 (2017) 139.

" had "

hitps://www.bo.infn.it/gruppol/en/the-muone-project/



https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4633-z
https://www.bo.infn.it/gruppo1/en/the-muone-project/

Workshop: Potential Muon Campus &
Sto ra ge R| n g EX p e rI m e ntS https://indico.fnal.gov/event/48469/

Virtual Workshop May 24-27 2021
This workshop provides a venue for exploring ideas to build short-, medium-,
and long-term muon- and non-muon-based experiments that will have a small
iIncremental cost on top of existing infrastructure investments. The goal of this
workshop is to promote the development of proposals for the Fermilab
PAC review process and current Snowmass exercise.

Program Committee

Esra Barlas-Yucel University of lllinois
André de Gouvéa Northwestern University
Anna Driutti University of Kentucky
Aida El-Khadra University of lllinois
Fredrick Gray Regis University

Carol Johnstone Fermilab

Breese Quinn University of Mississippi

Adam Schreckenberger  University of lllinois
Graziano Venanzoni INFN, Sezione di Pisa

Organizers

Jason D. Crnkovic  University of Mississippi
Sudeshna Ganguly Fermilab

Diktys Stratakis Fermilab
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