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* Muon g-2: A Window into the Quantum Vacuum
e Stern/Gerlach, CERN - BNL - FNAL

* The four miracles that make the modern muon g-2 experiment possible
* Production of longitudinally polarized muons (parity violating pion decays)

* Parity violating muon decays probes the muon spin direction by detecting the electron
energy

* The g-2 precession 1s independent of the muon momentum
* The “magic” muon momentum: 3.09 GeV/c, g-2 freq. independent of electric focusing field

* Status of the experimental and theoretical results; future options



Yur1 F. Orlov (1924-2020)

* Recipient of the APS Wilson Prize 2020 for his invaluable
and numerous contributions to muon g-2 experiment.

* First complete analysis of storage-ring EDM systematic
errors in 1996 and with a contribution to AGS-2000
workshop. He set us on the right path.

* Non-linear analysis of beam and spin dynamics

* Spin coherence time (SCT) estimation including three independent
parameters (hor., vert., and longitudinal oscillations)

* In electric rings with RF set the correct analysis of conserved
parameters-verified by benchmarked simulations

* Geometrical phases, establishing superiority over
neutron EDM case due to special geometry

* Wien-filter with partially frozen spin method
* Resonance EDM method for the deuteron case
* Comprehensive study of gravitational effects
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Space quantization (spin)




Quantization of space by Walter Gerlach and Otto Stern
Z. Phys. 8, 110 (1922)

* They guided a beam of silver atoms through an
inhomogeneous magnetic field.

e Surprise: the beam split in two distinct lines (non-
continuous distribution)
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Fig. 20 Plaque at the entrance of the former Physikalisches Institut of the University of Frankfurt,
Robert-Mayer Str. 2—4. Photo H. Schmidt-Bocking, 2002
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5 Otto Stern’s Molecular Beam Method and Its Impact on Quantum Physics 49
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Fig. 7 Silver sulfide (Ag>S) deposits obtained in the SGE. The microphotographs are from Otto
Stern’s personal collection, published images were included in (Gerlach and Stern 1922b). Left
side: Ag beam deposit obtained in the absence of the magnetic field (deposit length about 1.1 mm,
width about 0.06 to 0.1 mm). Right: Beam deposit with the magnetic field switched on; the deposit
is split into two components broadened due to the beam velocity distribution. The asymmetry of
the magnetic field strength between the two magnetic pole pieces is reflected by the shape of the
deposit as atoms passing near the tip of the S pole are more strongly deflected



Symmetries (parity)




Parity violation in weak interactions

The 0-t problem resolved: seemingly, two particles with same mass and
lifetime decayed to states with opposite parity

Weak interactions don’t conserve parity! 6-t = same particle K™ positive kaon.

The ellipsoid on the left represents a large rounber of
cobalt-60 mcle1, all wath their spins in the same
direction, and all emitting beta rays. (In reality,

any one cobalt micleus emits only on beta ray -
transformming itself thereby into a mickel mmclens).
On the nght tlus process 1s seen in a muntor. The
direction of spin i1s reversed, while the direction in
which most beta rays are emutted remains unchanged.
The muror world 1s tlms distinguishable from the
real world.

The panty transformation of (x,¥,2z) to (-x,-y,-2) 15
completed by tumung the muror image upside down.
The spins of the cobalt mmaclei are thus retumed to
their onginal direction, but most beta rays are now
emitted upward - contrary to experimental fact.

The panty-transformed world 15 not identical with
the real world; panty is not conserved.

T.D. Lee C. N. Yang

Note that the asymunetry would be perfect with the
beta rays emitting in one direction only (and none
i the other direction), if all the cobalt 1mcle1 are
aligned perfectly with the magnetic field. In the
actual experiment, the requirements of high vacunum

- and low temperatue (~ 1/100°K) is very difficult to
C.S. Wu TS POND achieve.

Parity Violation in Weak Interaction




Parity violation in weak interactions

59Co — S9Ni + e~ + 7,

e Electrons and neutrinos come out
left-handed

* Positrons and antineutrinos right
handed

* In beta decay, a neutron transforms

into a proton, an electron and an
antineutrino.

BETA RAYS

SPINNING
COBALT
NUCLEI

(ELECTRONS) R
;) f\:\minon wé
THIS WORLD

The ellipsoid on the left represents a large rounber of
cobalt-60 mcle1, all wath their spins in the same

direction, and all ematting beta rays. (In reality,

any one cobalt rmcleus emits only on beta ray -
transformmung itself thereby into a mickel micleus).
On the nght this process 15 seen in a murror. The
direction of spin i1s reversed, while the direction i
which most beta rays are emitted remains unchanged.
The muror world 15 tlms distinguishable from the
real world.

The panty transformation of (x,7,2z) to (-x,-y,-2) 15
completed by humuing the miror image upside down.
The spins of the cobalt miclei are tlus rehumed to
their oniginal direction, but most beta rays are now
emitted upward - contrary to experimental fact.
The panty-transformed world 15 not identical with
the real world; party is not conserved.

Note that the asymunetry would be peirfect with the
beta rays emutting in one direction only (and none
m the other direction), if all the cobalt mmclei are
aligned perfectly with the magnetic field. In the
actual experiment, the requirements of high vacuum
and low temperature (~ 1/100°K) is very difficult to

aclueve.

Parity Violation in Weak Interaction



Parity violation in weak interactions

59Co — SNi + e + 77,

direction direction
of motion of motion
spin spin

right handed left handed



Definition of g-Factor

magnetic moment

eh/2m
angular momentum

h

8

g-2 measures the difference between the charge and

mass distribution. g-2=0 when they are the same all the
time...

From Dirac equation g-2=0 for point-like, spin % particles,
e.g leptons.



MDM can also tell us about
Quantum Field Fluctuations

* A “soup” of virtual particles 1s coming 1n and out of existence
affecting the MDM interaction of particles with B-fields.

* The interaction is estimated using Feynman diagrams.

e It 1s expressed with the so-called g-2 factor: a = (g-2)/2, the
anomaly.



g-factors:

Proton (g,=+5.586) and the neutron (g,=-3.826) are composite particles.

The ratio g,/g,=-1.46 close to the predicted —3/2 was the first success of
the constituent quark model.

The g.-2 (of the electron) 1s non-zero mainly due to quantum field
fluctuations involving QED. A “soup” of virtual particles coming in and
out of existence...

The anomalous magnetic moment of leptons can be estimated with high
accuracy



Electron Magnetic Dipole Moment

D. Hanneke, S. Fogwell, and G. Gabrielse, PRL 100, 120801 (2008)
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FIG. 2 (color). Cylindrical Penning trap cavity used to confine FIG. 1. Most accurate measurements of the electron g/2 (a),
a single electron and inhibit spontaneous emission. and most accurate determinations of a (b).



The Muon

“a particle of uncertain nature”

Paul Kunze,
Z. Phys. 83,1 (1933)




ldentified in 1936

Study of cosmic rays by Seth
Neddermeyer and Carl Anderson

MAY 15, 1937 PHYSICAL REVIEW VOLUME 5§51

Note on the Nature of Cosmic-Ray Particles

SETH H. NEDDERMEYER AND CARL D. ANDERSON
California Institute of Technology, Pasadena, California

(Received March 30, 1937)

EASUREMENTS! of the energy loss of massive than protons but more penetrating than
particles occurring in the cosmic-ray electrons obeying the Bethe-Heitler theory, we
showers have shown that this loss is proportional have taken about 6000 counter-tripped photo-




Confirmed by: Street & Stevenson, Nishina, Tekeuchi & Ichimiya

NOVEMBER 1, 1937 PHYSICAL REVIEW VOLUME 52

LETTERS TO THE EDITOR

Prompt publication of brief reports of important discoveries in physics may be secured by
addressing them to this department. Closing dates for this department are, for the first issue of the
month, the eighteenth of the preceding month, for the second issue, the third of the month. Because of
the late closing dates for the section no proof can be shown to authors. The Board of Editors does
not hold itself responsible for the opinions expressed by the correspondents.

Communications should not in general exceed 600 words in length.

New Evidence for the Existence of a Particle of Mass between those of the proton and electron. If this is true,
Intermediate Between the Proton and Electron it should be possible to distinguish clearly such a particle

Andoerenn and Naddarmuarl hasg shawn that far anarvias from an electron or proton by observing its track density
J. C. STREET

E. C. STEVENSON
Research Laboratory of Physics,
Harvard University,
Cambridge, Massachusetts,
October 6, 1937.

1 Anderson and Neddermeyer, Phys. Rev. 50, 263 (1936).
2 Street and Stevenson, Phys. Rev. 51, 1005 (1937).

It took 10 years to conclude that the muon interacted too
b c Weakly with matter to be the “Yukawa” particle which was
postulated to carry the nuclear force
On the Nature of Cosmic-Ray Particles

Y., Nisuina, M. TAkevucHI, AND T. ICcHIMIYA
Institute of Physical and Chemical Research, Tokyo

(Received August 28, 1937)




Who ordered
THAT!?!1?

Properties of the Muon

* Lifetime ~2.2 s, practically forever
* m,/m,=206.768 277(24)

* produced polarized (first miracle)

* in-flight decay: both “forward” and “backward”
muons are highly polarized

The Pion Rest Frame

-«<=—— spin

momentum




The Standard Model (Our Periodic Table)

Leptons

Interact weakly through the

Electroweak gauge bosons

U C

.l-
Quarks . - o

Interact strongly through the gluons g

Latest addition: the Higgs boson



g-factors: Muon acts as an amplifier of Quantum Vacuum

* The g,-2 1s more sensitive to a class of particles than the g.-2 by
(m /me)2~40 000. A thicker “soup” of virtual particles coming in and
out of existence..

* Muons are sensitive to W, Z, and new physics, e.g. SUSY: neutralino



Radiative corrections change g from its Dirac value of 2. We
symbolically express these corrections as Feynman diagrams

Lee B. Roberts
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We have a pertubation expansion:
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g - 2 for the muon, SM contributions

N 1
Largest contribution: a,= 2£ ~ 200 &?/
7T
v

Other standard model contributions :

Py N -
VF\gf‘w Y
v Y Y Y

QED hadronic weak

Yannis Semertzidis



Muons (heavier than electrons) are more sensitive
to weak 1nteraction forces (standard model (SM))

Muons become (sometimes) 103 times heavier!

NV, y4
w w
Y ¥

Weak interactions

Yannis Semertzidis



Hadronic contribution Shadl )

Cannot be calculated from pQCD alone
because 1t involves low energy scales.

However, by dispersion theory,
this a,(hadl) can be related to
_o(e'e” — hadrons)
 ofete > up) P
measured in e*e collisions. /

R

> v e Physics Input from

(94 o0 \ +A- .
aﬂ(had,l)z( muj L 2 df K(5)R(s)" « e*e colliders .
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Review

A brief history of the The 47 years of muon g — 2
CERN muon g-2 F.JM. Farley™*, YK. Semertzidis”
eX p e ri m e n t S bBroonIilllffan]’\Ifz;?;fIiz lﬁ?;rggrilllg){og6?v2}£)]?g?? , USA

Received 30 October 2003

FJM. Farley, YK. Semertzidis / Progress in Particle and Nuclear Physics 52 (2004) 1-83 21

\

Fig. 10. The first experimental magnet in which muons were stored at CERN for up to 30 turns. Left to right:
Georges Charpak, Francis Farley, Bruno Nicolai, Hans Sens, Antonio Zichichi, Carl York and Richard Garwin.

26



CERN I, 1958-1962

* Top view of first magnet With 100 MeV/c muons
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Fig. 12. The 6 m bending magnet used for storing of muons for up to 2000 turns. A transverse field gradient makes
the orbit walk to the right. At the end a very large gradient is used to eject the muons which stop in the polarization
analyzer. Coincidences 123 and 46657 signal an injected and ejected muon respectively. The coordinates used
in the text are x (the long axis of the magnet), y (the transverse axis in the plane of the paper) and z (the axis
perpendicular to the paper).
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CERN 1. 1958-1962
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Fig. 14. Asymmetry A of observed decay electron counts as a function of the storage time 7. The time 7 spent
in the magnet depended on the transverse position of the orbit on the parabolic magnetic field (45). The muons
that were stored for 7.5 s made 1600 turns in the magnet and then emerged spontaneously at the far end. The
sinusoidal variation results from the (g — 2) precession: the frequency is measured to +0.4%.
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CERN II, 1962-1968

* Top view of the second magnet. Proton injection.

2m

Fig. 17. The first muon storage ring: diameter 5 m, muon momentum 1.3 GeV/c, time dilation factor 12. The 29
injected pulse of 10.5 GeV protons produces pions at the target, which decay in flight to give muons



CERN II, 1962-1968
270ppm 1n a.

A from 20 w0 45 ps
s B from 65 1o 90 s
C from 10510 130 ps

100

U

200 225 250 275 300 325 150 375 400 4:” 450
t{ps)

Fiz. 19. The first muon storage ring: decay electron counts as a function of time after the injected pulze. The lower
curve 1.5-4.5 p= (lower timescale) shows the 19 MHz modulation due to the rotation of the bunch of muons
around the ring. As it spreads out the modulation dies away. This iz used to determine the radial disenbution
of muon orbits. Curves A, B and C are defined by the lepend (upper ttme scale); they show various sections of
the experimental decay (lifetime 27 pz) modulated by the (2 — 2) preceszion. The frequency iz determined to
215 ppm, B to 160 ppm leading to 270 ppm in 5.
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CERN 111, 1969-1976

* The third magnet, second storage ring. Pion injection, E-field
focusing, Magic momentum

(o 1210 ———¢

Pion beam Line \\\\\\\\\

’
Inflector . .

A
\
\
b
T~
N
N

/
132
r.

2

N

\\\

\ 3

fo———— 1330 ————f

P — \T\\YXIX\\

\
\ - n
\ | Counter /s | I
’ | I
. / +
’ = - \ N l
— M ——.
e NS = s
Aluminium alloy

YOVRVINIS.

e — YE\YL\/‘ AN

Titanmium electrodes

Fig. 21. The second muon storage ring, which consisted of 40 contiguous magnet blocks. The open side of the
C-shaped yoke (upper right) faces the centre of the ning. The cross-section of the vacuum chamber and electric
quadrupole 1s shown bottom night. The decay electrons are detected by 20 counters. Dimensions are in mm.
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CERN III, 1969-1976. 7.3ppm 1n a.
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Fig. 25. The second muon storage ring: decay electron counts versus time (1n microseconds) after mnjection. The
range of time for each line 1s shown on the night (1n microseconds).



Brief history N
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From CERN to BNL (1987)

* Much higher proton = pion = muon intensity
* One, large diameter (15m) superconducting magnet (1.5T)

* Direct muon injection (x10 more efficient), fast kicker (200 Gauss, ~200ns),
measurement of eddy currents using Faraday effect on top of 1.5T main field.

* DC inflector magnet, uniform B-field to 1ppm, NMR trolley
* Electro-static quadrupoles with x2 field gradient and measure 1it.

* High-precision beam & spin simulation program for systematic error studies
 Continuous signal recording around signal = data-based pileup subtraction
* Study Coherent betatron oscillations



Pion vs. muon injections

Injection method

Pion

Muon

Light flash on detectors
(neutrons, etc.)

Large! Some dets did not
gate on but after 140micro-
sec!

Down by alpha~1/137

Statistics

Limited

>10 improvement

Phase-space

Uniform

Large CBO"

Kicker needed?

No, kinematics assisted

Pulsed magnet needed
(300Gauss, 100ns)

“CBO: Coherent betatron oscillations




Storage Ring Muon g-2:
Rigorous Test of the Standard Model



Producing pions and muons

n- absorbed by target

v

J E range
Tas 2200 nsec up to
- & 1/52.6
MeV
] =*DAR Mono-Energetic!
Target Area v, =30 MeV

Charged pion and muon stop in << 1 ns



Polarized muon production (1%t miracle)

1. Pion decays via weak (parity violating) interactions
to a muon plus a muon neutrino.

2. A muon neutrino is left-handed, having its spin
opposite to its momentum

3. Therefore, the muon, also has its spin opposite to
Its momentum to conserve momentum and
angular momentum. (Note: muon neutrino is a
particle, while the mu+ is an anti-particle.)

Muon spin Muon neutrino spin

4

pi*

muont Muon neutrino



Muon decay (2™ miracle)

* Decay is self analyzing

The Muon Rest Frame

+ momentum

Highest energy ¢ are along muon spin

The positron carries the muon spin

* The highest energy e*from u* decay carry information of
the muon spin direction.



Muon decay

1. Muons decay via weak-interactions, violating
Parity (P) symmetry. The electron spectrum from
muon decays confirms the V-A theory, which
predicts the helicity of the electron.
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Muon g-2 experiment: major
challenge to the Standard Model

« E821 at BNL: 1997-2004
« E989 at FNAL.: first data in 2017

LIFE OF A MUON:
THE g-2 EXPERIMENT

Muons are tiny Muons are fed into
magnets spinning a uniform magnetic
on the axis like field and travel in a

tops. circle; After each turn,

/ / amuon's spin axis
; changes by 12°, yet
o 3 it keeps on traveling
in the same direction.

Hit J:))

Target.
Pions decay
; to muons.
Protons from the AGS Pions, 1/6 the =
(Alternating Gradient weight of protons,
Synchotron). are created.

One of 24 detectors s v T8
sees an electron, giving

the muon spin direction;

'g" is this angle divided

by the magnetic field

strength the muon is

traveling through the ring.

After several turns,

the muons spontaneously
decay to electrons and
neutrinos in the direction
of the muons' spin.



Spin Precession Rate at Rest

§=ﬁx1§+c_jxﬁ
dt

There is a large asymmetry in this
equation: u is relatively large,
d is compatible with zero



The Principle of g-2

ds .
At rest : —S=ﬁxB
dt
Spin vector Moving: Thomas precession!
(g—Z)eB eB
W =0 —0 = =0 =a—
a S Cc 2 m a m

Independent of velocity (3™ miracle)!



Effect of Radial Electric Field

Spin vector

* Low energy particle

ﬁ

e ...Just right

l\ High energy particle



Effect of Radial Electric Field

Spin vector

ﬁ

e ...just right v~29.3

for muons,
Ilmagicﬂ
momentum

(~3GeV/c)

g-2 precession independent of electric fields (4™ miracle)!



Breakthrough concept: Freezing the
horizontal spin precession due to E—field
i i 2

. - mc X
o =-Llap-|a-|ZC b -
m D C

" - - S

Muon g-2 focusing is electric: The spin precession due to E-
field is zero at “magic” momentum (3.1GeV/c for muons,
0.7 GeV/c for protons,...)

p= 7 with G = a_g_—2

Ja 2

The “magic” momentum concept was used in the muon g-2
experiments at CERN, BNL, and now at FNAL.



Spin Precession in g-2 Ring
(Top View)

Momentum
vector

Spin vector

The electric focusing does not influence the g-2 precession rate



Experimental Technique

Xe =77 mm
B =10 mrad

Protons i Inflector
. B-dl=0.1 Tm

74

. /. Injection orbit =
/
/i

| ESSSSSY -
focus by Electric Quadrupoles ‘ Kicker ‘.. f
I

] Modules
e 24 electron calorimeters

(& —
CLMB
m

Electric Quadrupoles




Space limitations prevent matching the inflector exit to
the storage aperture

,ﬁ Outer cryostat i R =7112 mm from ring center
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Inflector magnet shielding design by W. Meng (BNL)



Cross section of the storage ring magnet

thermal
insulation

inner coil
dipole correction coil

\
I
wedg:_“ole el (L

e N

pole / o0 o\ﬁxed

bump NMR outer
beam 7 85% ,/probes coils
aperture — /

programmable )
current sheet

B
f

inner coil

P. Winter, High Precision Magnetic Field Measurement for the
Muon g-2 Experiment, Seminar
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Detectors and vacuum chamber

Ny
muon spin  Scl|-Fl Calorimeter
module

Measures Energy
and time




Detectors and vacuum chamber

Scl-Fl Calorimeter
module

Measures Energy
and time

spin forward, more

high energy e

spin backward, less || 400 MHz
high energy e digitizer




Counts

Energy Spectrum of Detected Positrons

20

15

10

depends on spin direction
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Muon g-2: 4 Billion e* with E>2GeV
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The £ 1 ppm uniformity in the average
field is obtained with special shimming
tools.
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Goal: +/- 0.5 ppm

Bennett et al. 10.1103/PhysRevD.73.072003

Goal: +/- 25 ppm



Comparison of Theory/Experiment

Davier et al, e'e” (10) |—u—|
JS (11) i
HLMNT (11) e
experimenL------------------f—-------f— ------- -------- ------- ------
BNL (newfromshiftind) | | | | +—4—

] ] 1 1 1
]
Lo ler o braa bbb b Lo b il e g

170 180 190 2000 210

10
Yannis Semertzidis au x 107" —11639000
Figure 1: Standard model predictions of a,, by several groups compared to the measurement from BNL



Current status of a,, in Standard Model

Value (x 1011

QED 116 584 718.951 + 0.009 + 0.019 + 0.007

+0.077
HVP (lo) 6949 + 34
HVP (ho) -98.4 +0.7
HLBL 105 + 26
EQ 154 + 1
Total SM 116 591 818 + 43

......

DHMZ10
JS11

HLMNT11
FJ17

DHMZ17

KNT18

BNL

BNL (x4 accurac y)

rrrrrrrrrr

3.7¢

B St

7.06

—|

160 170

180 190 200
(a,>™ x 10'%-11659000

a,”-apM=(271+73)x 10" (3.7 o)

210

= New E989 experiment will reduce experimental uncertainty by a

factor of 4 to 16 x 1011 (140 ppb)

= |f current discrepancy remains this would yield >7c

= Together with theory improvements could give >9c

220
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a,” = sgn(,u)x 13x107"

W. Marciano, J. Phys. G29 (2003) 225




Muon g-2 sensitivity to the
“image world” of SUSY

2
100GeV
SUS —-10 .
a,”" =13x107" tan 3 mgn(y)( j

/ SUSY

Mass of Neutralino!

Standard particles SUSY particles

Quarks
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Contacts: C. Polly — Project Manager (polly@1fnal.gov)
K.W. Merritt — Deputy Project Manager (wyatt@inal.gov)
D. Hertzog — Co-Spokesperson (hertzog@uw.edu)
B. L. Roberts — Co-Spokesperson (roberts@bu.edu)



From BNL to FNAL (2012)

 Higher proton and more pulses/cycle & segmented calorimeters =
higher muon intensity with ~same pileup rate

* High resolution tracker for real time muon position monitoring
* More B-field uniformity (x3)
* Several high precision beam/spin dynamics simulations

* Reduced CBO amplitude by an order of magnitude
* Reduced muon losses during storage by x5



Slide by Peter Winter, co-spokesperson
Fermilab, June 3

. . End of data taking
3% Big milestones for Muon g-2 . <ccond result

1*muonb
Muon g'2 0.,:-, " :

Critical Decision-0

e a m MUON g-2 DATA TIMELINE Ramsey Auditorium

,lb?

L TR

-
t

_.afll

i

. A A L8 - e e

2008 }— 2012 — 2013

FERMINATIONAL ACCELERATORLAE

Proposal

The New (g - 2) Experiment

A Proposal to Measure the Muon Anomalous

Final g-2 result

[ QST L, 7

Magnetic Moment to +0.14 ppm Precision
L ! -
- == v B
=y T "L. -""-.
;. 1) ' N

course; in 2013, And the'n data taking, and now we're here at the final result,

which you will hear later by...

Photo credit: Reidar Hahn, Fermilab
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Final Muon g-2 Measurement at Fermilab



Announcement talk by Stmon Corrodi, June 3, 2025

1-

3F Large Dataset

LT S B LR SR IR N T B | Ramsey Auditorium

BNL 99 &

allows to demonstrate 3
) BNL 00 S

consistency 2
BNL 01 - I g
Run-1A o §
Run-1B o é
Run-1C N — .
Run-1D0 —o— tzz
Run-2 —— é
Run-3A — Blind analysis! s
Run-3B ——
NoRF w
XRF5 ——
xyRF5 .
xyRF6 e
World average
1 ! 1 1 1 g 1 ! 1 m 1 1 1 1 1 1 1

18 20 22 24
e/ QAmmO®O a,-10° - 1165900

65

Beautiful expermmental results (High-precision in storage rings)



Slide by Simon Corrodi

¥ Muon g-2 at Fermilab

a,(Run—1-6) = 0.001165920705(148)

* Most precise determination of a,, for
many years to come

» 127 ppb measurement tests all Standard
Model contributions

vy T

QED (a/2n)
QED (higher)
HvP

HibL

EwW

i ol L A ull L d
1077 10°¢ 1075 107 1072 1072 107! 10°

* benchmark for models with new patrticles
or forces (BSM)

»/QA@mIWMOO

heory results under intense progress (applying blind analysis)

pare the exp

Ramsey Auditorium
1 I 1 1 T L l T 1 1 T I | L] ] 1 I T
BNL E821 1t
Run-1 —_—t
Run-2/3 —0—
Run-4/5/6 [SS=]
Run-1-6 =N
Experiment Exp. average +H+
SND06 + Theory
CMD-2 —_—— LO-HVP e'e
BaBar ——
KLOE S
BESIII ———
SND20 —_——
CMD-3 N —
LO-HVP lattice
—
Theory Initiative
WP (2025)

The mnges shown (in light green) in the LO-HVP e'e” section represent the spread of values
a@ans and should not be interpreted as statistical

= r‘menta' Value with the theo ry section adaptedf om WP 2025
1

| 111_141;

17 18 19 20 21
a,-10°- 1165900
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Status of theory and experiment of Muon g—2

[White Paper '25]

SNDOG + e———
CMD-2 v e —
BaBar oy
KLOE - s e—
BESIII — ——

Lattice HVP Avg. 1
WP25

FNAL-25
FNAL-23

FNAL-21 _
| BNL-06 .
—40 —30 —920 ~10 0 10 20
10 SM
107 x (a," — a®)
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Peter Boyle, colloquium on the theory of muon g-2;

3 04 05 06 07 08 0: O R {1 y1.2
Vs (GeV)

\s (GeV)

Figure 14: Significance of the difference between pairs of the three most precise e'e~ — n*a~ cross section measure-

ents (BaBAR [139, 176], CMD-3 [96], KLOE [132-135]) for narrow energy intervals of 50 MeV or less (left) and larger energy .

intervals (right) indicated by the horizontal lines. Figures taken from Ref. [168].

BNL, July 22, 2025

* He predicted that lattice QCD
will match the experimental
error within five years!

| * It may be possible to do better

by a factor of ~2 1n the
experiment with mostly present
equipment, significantly more
with muon collider technology.
It would be fun to design an
upgrade!
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Shimming tool

* Multipurpose instrument
* 25 NMR Probes for field
* 4 capacitive gap sensors
* Measure pole alignment

e 70 nm resolution
* Few micron reproducibility

* Laser tracked position with um resolution

70



Shimming goal achieved as of September 2016:

= Many improvements on entire experiment to reach 140 ppb

= Precision alignment to reach dipole gradients of AB < +25 ppm
— 72 poles
— 840 wedge shims
— 9000 thin iron foils

10 months of improving the dipole field in 1 minute...
‘Shimming completed with AB < +25 ppm Vv ‘

Dipole [ppm]

0 50 100 150 200 250 300 350
6 [deq]

Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016

Calibrations Poles Wedges Laminations
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Surface coils and power supply feedback

e 200 continuous current traces around the

B-Field (ppm)

ring individual tunable between +-2A
* Used to cancel higher multipoles

y (cm)

* Power su?dply feedback stabilizes main
dipole field to £15 ppb

Average Magnetic Field From Fixed Probes
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Systematic errors for the muon g-2 exp. at BNL and at FNAL

(p

C

rojections)
Category E821 | E989 Improvement Plans Goal
[ppb] [ppb]
Gain changes 120 | Better laser calibration
low-energy threshold 20
Pileup 80 | Low-energy samples recorded
- alorimeter segmentation 40
Lost muons 90 | Bettyr collimation in ring 20
CBO 70 | Hightr n value (frequency)
— —| Better match of beamline to ring | < 30
E' and pitch 50 | Improved tracker
Precise storage ring simulations 30
Total 180 | Quadrature sum 70




RF-Phase Matching: Tracking Simulation

o o - uads. Korean contribution Py

Vertical (t =0 s) Horizontal (t=0s) 1 m long each

x' [mrad]

o )

=)
R L R A e

|20|||\ NN NN
y [mm]

I A
0 10

o lom b b b b b L L
-40 @-30 20 -10 0 10 20 30,

Horizontal (t = 19.92 ps) Voltages of Vx=375V and Vy=125
\/ are applied to horizontal and
vertical plates in each quadrupoles

Vertical (t = 19.92 us)Q

x' [mrad]

N
y' [mrad]

given for.20 s
w

\__/
o
TT
" RF Tields given for 20 pis

Fror T[T [T [ T[T T[T [ TT [T Tt

0
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Xt 10,000 muons, ideal BEEmM i )
Younggeun Kim 2021.11.30 Doctoral Dissertation Defense




Muon g — 2 experiment at Fermilab

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

» Kick

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

50
= B — Kicker Pulse from Magnetometer Data
g 3 .-..TO Pulse .
. r N Cyclotron Period N
_e - .
@ 100 [~ —
e [ _
>.. - -
=

n - 4
c | i
(]

£ 50 - -

Wt

- 1 1 L I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 L
%0200 02 0.4 0.6 0.8

Time [us]
Yannis K. Semertzidis, IBS-CAPP and KAIST 75

On Kim  (bigstaron9@gmail.com) Colloquium in Korea University



The Electrostatic Quadrupoles: 4 * polarity
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~ + 24 kV at full power, 17 kV for beam scraping after injection






Coherent betatron oscillations influence the g-2 phase

* CBO frequency f.po= /. (1 —v1 - n) Radial oscillations, through aliasing,
became a problem

* A very high-frequency, cascaded through various effects down to g-2 frequency

Yannis K. Semertzidis, KAIST 78



Muon g — 2 experiment at Fermilab

Straw trackers

» Straw trackers
- Measures trajectories of the decay positrons and extrapolates to find the muon distribution.
Time since injection: 5.0 us
80 100  30r —
E T Coherent Betatron Oscillation
60 E20F
5 [ I
&, 105
3 3 o
s L. c OF
>onl_ .. c r
20 B 8_10__
N =
o P
: £ _F
5 £ 25
-20— '. ‘;’ =
[ . o 20
- o -
-40 — > 15:_
: = 10F
60— o E
B . s 5
L - oc —
_80IIl|l|||III|'lIl|lII|II]|]II|III 0 oo b v o by v v by by v by v o b v v b v by w1y gy
-80 -60 -40 -20 0 20 40 60 80 0 5 10 15 20 25 30 35 40 45 50
Radial Position [mm] Time [us]
Yannis K. Semertzidis, KAIST 79

On Kim  (bigstaron9@gmail.com) Colloquium in Korea University



CBO in the 2001 Data Set
f(t) = Noge M[1 + A cos(wat + ¢)]

Residuals from fitting the 5-parameter function

high—n

feso

Ql
v
.
-

low—n < 140

g-—2

8
LARNRARRRAAN RRRS RARE LARN AR

o FrTrrrJyrrryrrryrrTryrrnry rd TTTTTT
cBo + fg-2

= f

co + f
2fero
fepo —fg-o

: f
N'_
o B &8 8 B

0.2 0.4 0.6 0.8

. 1. e 2 1.4
requency [ 1 Frequency [MHZ]

Yannis K. Semertzidis, KAIST



CBO in the Data Set

The effect depends on
the CBO frequency

-

o
@
[T T T T T T

Awm, [arb. units]

o
>

04

0.2

—-lllllllllll

NP IR R
480 500
CBO Frequency [kHz]

5
:
J
:

FIG. 36. The relative pull (Aw) versus the CBO modulation
frequency if not addressed by the fitting function. A typical full
vertical scale is several ppm: the actual scale depends on the
specifics of the fit and the data set used. The ROO data were
acquired under run conditions in which @, was very sensitive to
CBO. This sensitivity was minimized in the ROl period where
low- and high-n subperiods, each having CBO frequencies well

below or above twice the (g — 2) frequency, were employed.
Yannis K. Semertzidis, KAIST 81



Yuri Orlov suggested to fix it by using a pair of plates (PE) as
mini-kicker: We tried his method at Fermilab; it worked.

PE plates are 1m long
Apply rf E-field 470KHz

Yannis K. Semertzidis, KAIST 82



RF rack

Generates and amplifies RF signals.

QUAD-RF SYSTEM

\J >
S

Quad-RF feedthrough

- Couples to existing quad HV system.

RF RF coaxial Quadrupole
equipment  cable box
RF :

AC coupling Quad.

Amp, GDP capacitor plate
__{ Y | E— | : - { '_._

% a
resistor

«Q
(]
S

|

~/Signal Transformer
4 — Pulser

On Kim’s slide

-
-

Quad HV + RF

~1 kV RF signals are superposed to Quad HV.
Only applied during the early storage < 30 us.
Typically applied to inner/outer plates to
reduce the CBO amplitude, but can be applied
to top/bottom plates as well to reduce muon
losses more.



Simulation
Parameter Run-1d Run-2 (Projected) RF CBO reduction
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On Kim’s slide

Estimated reduction of the CBO systematic uncertainty

- Details can be found in DocDB 24590.

- Dominant CBO fit parameters would be reduced by an order of
magnitude (see Table left).

- Estimated reduction in the CBO systematic uncertainty: by a
factor of 50.

- Final CBO uncertainty would've been < 1 ppb.

Data

- When focused only on the CBO reduction.

- CBO amplitude was reduced by an order of magnitude.
- Final CBO amplitude after 30 us: <1 mm.

w
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y [mm]

Linear simulation from reconstructed beam (SIM) versus tracker data (DATA)

80
60
40

—60

_agb-nn

SIM: t = 30.064 ps

Meanx -0.3777 B0
- Meany -0.2488 =
- Std Dev x 10.51 -
n StdDevy 11.53 ‘-; 60
= 40
- 20
- 0
- -20
- ~40
- -60

vl IO e e O e IO v O [ O e O 2 0 vl (O 1 __898111

0-60-40-20 0 20 40 60 80

X [mm] movie. Hit play...

Good agreement. Thus, the reconstruction reproduces observed beam.
Ilgnore tiny time gap in video between SIM and DATA. It’s from the reconstruction with 0.149us-wide bins.

DATA: t = 30.064 us

Mean x

lllllllIlllLlllIIll.llllllllllll

Mean y

Std Dev x
Std Dev y
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-0.4748

11.85
13.17
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RF CBO amplitude reduction (data from muon g-2 experiment)
30

25

20

15

10

Horizontal centroid [mm]

I
U

54—;— Flip ¢
~10F o :

10 20 30 40 50
Time [us]

On Kim et al, New J. Phys. 22 (2020) 063002

Yannis K. Semertzidis, KAIST 86




CBO 1n the Fermilab Data Set, Fourier results
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Comparison of analytical estimations of systematic
corrections and simulations

PHYS. REV. ACCEL. BEAMS 25, 024001 (2022)

ON KIM and YANNIS K. SEMERTZIDIS

T T T T T T T T T
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On Kim: Extending the
“magic” for future g-2
experiments

Pitch correction (Cp) [ppb]
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FIG. 6. The relation between the magnetic and electric field indices (n5 and ny) to cancel out the dispersion correction for given
momenta of the muon and the proton. The field indices must lie within a region enclosed by the red solid lines, to obtain the net vertical
focusing and positive momentum. The magic momentum case for each particle is shown for validation, where it needs only the electric



Muon g-2 experiment

* Successful demonstration of high-
precision physics in storage rings.

* The collaboration developed several
new tools for systematic error probing.

* High-precision numerical integrators for
beam/spin dynamics simulations,...

e Bill Morse and Lee Roberts are the

recipients of the APS 2023 Panofsky
Prize.

BNLg2 —+— @

N N
4.20
{ )
—— +——+
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
9
aMX’IO -1165900

FIG. 4. From top to bottom: experimental values of a, from
BNL ES821, this measurement, and the combined average. 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.



Yuri Orlov: 2020 Wilson Prize; Bill Morse & Lee Roberts: 2023 Panofsky Prize

We built the lar%est. single diameter (15m) superconducting
magnet coil at the time. Moved it across the country to repeat the
experiment.

Uniformity of B-field (1.5T) in cross-section to better than 10-°
measured 1t (absolute) to better than 10-7 calibrated with two
independent methods

Developed a trolley system measuring the B-field in situ (>5000
points)

Introduced a new DC inflector with innovative B-field shield at
3T without being detectable at storage region <10 cm away

Built a fast (200ns, 300G) magnet (kicker) without ferrite,
measured the pulsed B-field eddy currents to 10-® requiring
enormous dynamic range

Developed electrostatic quads with twice the CERN gradient;
measured the Electric field gradient.

Our calorimeter detectors had to have time stability, early to late
in storage, of <20ps, measured it <2ps; gain stability to 10*

Used combinatorics to remove pileup pulses; segmented calo
detectors

Traceback system monitoring motion in real time, without
affecting muons

Used REF, riding on the quads, for 30 us to adjust coherent beam
motion and reduce muon losses, both by an order of magnitude

Project manager (Chris Polly, Fermilab) received DOE
management Prize

A +— BNL

1 + FNAL Run-1

+——t FNAL Run-2/3
+——+ FNAL Run-1 + Run-2/3
et Exp. Average

20.0 20.5 21.0 215 22.0 22.5
a,%x10° - 1165900

FIG. 3. Experimental values of a, from BNL E821 [8], our
Run-1 result [1], this measurement, the combined Fermilab re-
sult, and the new experimental average. The inner tick marks
indicate the statistical contribution to the total uncertainties.

On time, on budget



Yuri Orlov: 202

0 Wilson Prize; Bill Morse & Lee Roberts: 2023 Panofsky Prize

We built the largest single diameter (15m) superconducting magnet coil
at the time. Moved it across the country to repeat the experiment.

Uniformity of B-field (1.5T) in cross-section to better than 10-¢ measured 5 20
it (absolute) to better than 10-7 calibrated with two independent methods & /5

(

2 150

Developed a trolley system measuring the B-field in situ (>5000 points)

12.5
10.0

Introduced a new DC inflector with innovative B-field shield at 3T
without being detectable at storage region <10 cm away

75

Raw e */ cumulat

5.0

Built a fast (200ns, 300G) magnet gkicke_r) without ferrite, measured the — *°
pulsed B-field eddy currents to 10-® requiring enormous dynamic range >

Developed electrostatic c%uads with twice the CERN gradient; measured
the Electric field gradient.

Our calorimeter detectors had to have time stability, earlx to late in
storage, of <20ps, measured it <2ps; gain stability to 10-

Used combinatorics to remove pileup pulses; segmented calo detectors

Traceback system monitoring motion in real time, without affecting
muons

Used REF, riding on the quads, for 30 us to adjust coherent beam motion
and reduce muon losses, both by an order of magnitude

grpj ect manager (Chris Polly, Fermilab) received DOE management
rize

Last update: 2023-02-27 06:11 ; Total = 21.00 (xBNL)

Muon g-2 (FNAL)
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On time, on budget, delivered!




Muon g-2 theory status

Comparison with theory

Z 500 >

Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
G 510 I
¢ +—e—+
SM: ete- HVP World Average
T.I. White Paper (2023)

(2020)

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
[by J.Mott, 10 Aug 2023] a, x 10g -1165900

» large discrepancy with WP2020 prediction

» but new measurements not included in WP2020
expected to decrease significance of discrepancy

Alberto Lusiani (SNS & INFN Pisa) — MPP2023, Liverpool, 7-10 November 2023




Muon g-2 theory status

Comparison with theory

4 500 > » replace WP2020 aEVP'LO estimate with

BMW2020 lattice QCD calculation

Significance will likely decrease Fermilab 1+2+3
[ oted SM prediction (2023) [A. Keshavarzi, Lattice 2023]
HVP,LO S
e i o > replace WP2020 a!™VPLC (7t 7 ) in
SM: e+e- HVP World Average [0.33,1.0] GeV interval with CMD-3
T.I. White Paper (2023) gL o
(2020) o(e"e — m'm ) measurement

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, , N [A. Keshavarzi, Lattice 2023]

recent measurements h . 5 .
) is is a visual exerci
inot yet in WP2020 . (this is a visual exercise,

SM: Lattice HVP -
ot i dilg not an updated SM prediction)
not from (2020)
Muon g—2 ® . .
s e SM: e+e- HVP » also new SND2k o(e"e” — 7" 7 )
Theory Initiative using only CMD-3 :

dats below 1 GoVf measurement, less precise than CMD-3,
175 180 185 190 195 200 205 210 consistent with previous measurements

[by J.Mott, 10 Aug 2023] a, x 10 - 1165900 used in WP2020

» large ongoing effort to understand present
poor consistency of theory predictions
based on different inputs

» large discrepancy with WP2020 prediction

» but new measurements not included in WP2020
expected to decrease significance of discrepancy

Alberto Lusiani (SNS & INFN Pisa) — MPP2023, Liverpool, 7-10 November 2023
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BNL E8S821 ] BNL
Run-1 b
Run-2/3 o
Run-4/5/6 o FNAL
Run-1-6 oy
....................................................... Exp. average iy " Experiment
Theory
Muon g-Z SNDO06 ¢
: CMD-2 —
experiment BaBar09 —— Theory(2020)
KLOE ——
and theory e
Status SND20 ——o—
CMD-3 —0—-
o AVP eter M\ SRR A
HVP lattice
BMW-20 —
Mainz/CLS-24
RBC/UKQCD-24
Boxing Gou: Is electron beam - '1'7' - '1'8' - '1'9' - '2'0' - '2'1' - '2'2' - '2'3' -

polarization playing a role 1n this analysis? a,-10°— 1165900



Muon g-2 theory status

Muon g—2 test prospects

experimental measurement

» a, to 0.12,ppm from FNAL-E989 complete dataset analysis by 2025
» a, to 0.45 ppm from J-PARC E34 with cold slow (E = 300 MeV) muons in small 4T NMR magnet
» a, to 3ppm from Muonium spectroscopy PRL 127 (2021) 251801

theory prediction

» energy-scan scan o(e” e  — hadrons)
» CMD-3, SND
» BES-III
» ISR technique o(e"e” — hadrons)
> BABARo(eTe” — i (7))
» Bellell (asymmetric-energy super B-factory)
» BES-III, possibly Super Charm-Tau factories
» analysis of KLOE data (Liverpool)
» MUonE: 160 GeV muons on e~ t-channel scattering, aEVP’LO to 0.5%
» Lattice QCD community will test and reproduce the BMW 2021 HVP contribution calculation
» partial replications all confirmed BMW calculation

» Muon g—2 Theory Initiative group will verify and combine available measurement and calculations

Alberto Lusiani (SNS & INFN Pisa) — MPP2023, Liverpool, 7-10 November 2023



J-PARC Muon g-2 experiment: Under construction

* Totally independent experiment
* Very different systematic errors
* Much more uniform B-field

* Accepting all muon decays



New proposal?

* For an experiment at HIAF: 2512.11486 [hep-ex]
* Phase I: 2-4 GeV muons with ~0.1 ppm precision (similar to FNAL)

* Phase II: 10-20 GeV muons with ~0.05 ppm precision (3x better than FNAL)

Magnet

M beam

[HFRS (HIRIBL) }

Edge focusing

Polarimeter

Kicker

CANTON-u Proposal: A Next-Generation Muon g -2 Measurement at

e detector
Sub-0.1 ppm Precision /W\

Ce Zhang,l’ * Yu Xu,%3 " On Kim,* # Bingzhi Li,> Guodong Shen,%3:0 Liangwen

2,3,6 2,3,6

Chen,? %6 Fedor Ignatov,' Liang Li,” Qiang Li,% Xueheng Zhang, and Zhiyu Sun

Polarized proton

FIG. 6. Schematic design of Concept A with a polarized-proton co-magnetometer.



Summary

* Space quantization and the four miracles made the muon g-2 experiments at BNL
and Fermilab possible

* We have achieved our experimental target to collect data for reaching 0.14ppm
precision, published 1n 2025

* The theory needs to improve 1n order to guide the New-Physics discovery

e Lattice QCD and additional experimental efforts are well underway.
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g - 2 for the muon, SM contributions

Miller et al., 2012)* of quantum electro-dynamics (QED)
up to five loops for the muon anomaly, a2"" =
(116584 718.09 £ 0.15) x 1011 > then of the hadronic
“content” of the photon a 'YL = (6929.6 +49.4) x
1071, %1% the weak interaction contributions'®>"
ay" 1 +20oP) = (153 £ 1.0) x 107", and beyond the standard
model (SM) new physics (NP), as, e.g., super-symmetry
(SUSY). The SM total theoretical esitmation of the muon
(g —2) value is given by"

a," =116591801(49)y x 107" (£042ppm) (1)

compared to the experimental value
a@N-e® = 116 592 089(54),4(33)y4(63)yex

x 107" (+0.54 ppm) (2)
indicating a difference of
Aa, M = gNP M = (287 £80) x 107 (3)

which is 2.5ppm with a total uncertainty of 0.7 ppm or
Yannis Semertzidis roughly 3.4 standard deviations.



Hadronic vacuum polarization

Challenging but can link to experimental data!
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Hadronic vacuum polarization

Challenging but can link to experimental data!
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,Mad.LO _ a”(0)
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o(eTe™ — hadrons)
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Hadronic vacuum polarization

pwe WyY's
1 1 1

4ad L0 _ a(0) K(s)

I © KLOE
* BaBar
a CMD2, SND

-+ MEA

® yy2

v DM2, BABA

........

e'e” -> hadrons

—H—  mean

O BESIHI
A PLUTO
< Crystal Ball

> MD-1

R * DHHM

4 DASPII,CLEO,CUSB,MAC,CELLO,MARK J

---------

) syst. errors
T

E (GeV)

T T
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o0

ds
372 s
4m?2

R(s)

= A lot of precision data already available from many experiments
=  Future improvements from VEP-2000, KLOE, BaBar, Belle, BES-III, ...

P. Winter
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Muon g-2 Collaboration

US Universities China Muon g-2 Collaboration

- Boston - Shanghal Jiao Tong 7 countries, 33 institutions, 181 collaborators

- Cornell
rman

—  James Madison - Dresden

—  Kentucky - Mainz

—  Massachusetts Italy

- Michigan —  Frascati

- Michigan State - Molise

- Mississippi - Naples

- North Central College - Pisa

- R_egi.s_ —  Roma Tor Vergata

- Virginia —  Trieste

- Washington Yt _ Udine

US National Labs o9%  Korea

-  Argonne —  CAPP/IBS/KAIST &

- Brookhaven .

—  Fermilab Russia S

- Budker/Novosibirsk
- JINR Dubna
NP4  United Kingdom
181 collaborators VAN _ Lancaster/Cockcroft
H H - Liverpool :

33 InStltUtlonS - Manchester Muon g-2 Collaboration Meeting @ Elba
7 countries - University College May 2019

London



