Muon g -2 at Fermilab: latest
results and future prospects
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The magnetic moment of the muon

Magnetic
' Field 8

A Charged particle in B field interacts via intrinsic magnetic moment:

QR .
Caw

A Dirac equation predicts g = 2 for spin ¥ particles, but virtual particles in loops lead to corrections: g > 2.
A Unique indirect way to test precision of SM!

AWe define the 6éanomal ous magn QE
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Theoretical predictions of g -2 (2020 status)
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Theory status: today

THIS IS FINE.
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Theory status: today

A Since 2020, increasing tensions within the theory
predictions for g-2:

A Data-driven approaches: using experimental
results (e.g. cross sections of Q Q to hadrons) to
calculate g-2.
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A Some small differences seen earlier, e.g. BaBar
and KLOE didndot quite

A But, still able to combine multiple independent
results into a single value.
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Theory status: today

A Bombshell #1:CMD-36s 202DQr@sul t (

A A SNDO6 ¢ Theory
A Did not agree with the other data-driven methods. CMD-2 & LO-HVP e*e”
ADid not agree with 2t 6s (|BaBar ¢

KLOE 6 -
BESIII - ‘
A SND new results (multiple channels), still agreed SND20 = & =
with other old results. CMD-3 —_—

LO-HVP lattice

A This is pretty puzzling!

. . Th h inligh inthe LO-HVPe*e” i th d of
A New BaBar result (this Aug): re-analysis of the olues B difotont messraments or ealot atians amt shauld ot be mieroretod as
'Q 'Q (@) A A CrOSS_SeCtlon gOOd agreement statistical uncertainties in the conventional sense. Theory section adapted from WP 2025.
. . . ' U [N N N TN T (NN SN SO TN WO NN TR SN SO S NN NN RN SN S S '
with their previous resu_lt. o 17 18 19 20 51
A KLOE are also planning to do a reanalysis with a,-10°— 1165900

more modern techniques.
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Theory status: today

A Bombshell #2: High-precision lattice results:

SND06 $ Theory
CMD-2 ——— LO-HVP e*e-
ALattice QCD met hod: 6f i r |BaBar —— Or
calculating HVP without data input. KLOE —4—
A Big uncertainties i none included in 2020 WP for BESIH ¢
this reason. SND20 ——4—
CMD-3 ——
| N N R
A Flrst_sub-% precision from BMW group i in —«¢— TI WP (2025)
tension with data-driven results. BMW-20
. . . Mainz/CLS-24 &
A Since then, blinded lattice analyses show good
agreement, and sit higher than the data-driven RBC/UKQCD-24+18 ¢
apprOaCh. YN [N TR W W TN N N TN T AN TN TN TN T N T TN N NN N TN TN TN M AN TN TN TN M A N AN
A WP 2025 chose to use lattice over data-driven. 17 18 19 20 21 22 23
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A long experimental history...

A Measurements + calculations have
been done since the 1950sé

"FNAL = BNL' ~ CERN-II'  'CERN-Il ' CERN-l  Nevis
(2025) (2004)  (1979) (1968) (1962)  (1960)

A As the experimental sensitivity
improves, more contributions tested. QED (a/2m)

QED (higher)

I |
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A SM prediction and experiment agreed HLbL | | :
well up to CERN-III. w i i N
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BNL g -2 measurement

A Groundbreaking experimental techniques i most of all,

manufacturing of O0single piecetd maanet for B fiel

i i o 4
unlformlty. N 0 BNL E821 Value
=
,c’.; 301 Expected FNAL Muon g-2 precision s
A 2006 result: showed a tantalising hint of potential new S 201 E
physics with a 3.7 sigma discrepancy. =
A Needed to do this measurement again, but better! S 101 g
E T
ENENTEEEE
&
= SM 2020
s —101 Previous SM Estimates
-20 1 ' ' ' ' .
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The move to Fermilab

A The BNL magnet was/is an incredible feat of engineering i strong motivation to reuse it. But, how to
get it from BNL to FNAL?

2013
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The move to Fermilab

A Fermilab chosen for purity and intensity of muon beam:

Recycler Ring

A Protons from FNAL complex in the recycler ring (8 GeV)
incident on Inconel (nickel-iron alloy) target i makes pions.

A Pions separated from other hadrons + sent to delivery ring,
where they decay into muons.

A Muons (~ 3 GeV) injected into the g-2 experiment.
A8 or 16 Obunchesdo per 1.4s, ~

S
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Measuring =, in a storage ring

< b
A Storage ring provides 1.45 T vertical B field.

A Two oscillations: cyclotron frequency and spin
precession. Measure the difference:

] ] 1 € ,
a A
A If we also measure the field to high precision: can
extract G, —=’ —=’
4' N \
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Measured by us Measured by other experiments - -
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Why muons?

A Elementary particle i keeps things simple, one decay channel!
A Higher mass than electron, so higher sensitivity to new physics (¢ lepton mass squared).

A Decently long lifetime i long enough to observe the induced motion.
Al s why we tagsdontbig (tawgs2és a thing, just not measurable with a storage ring!).

A Parity violation makes things even more convenient:
A Pion decay gives us highly polarised muons i needed for the experiment to work.
A Muon decay being polarised means it encodes the spin information i use detected ‘Q for measurement.

— =
<::|®:> @ W= —® :>®:> en:>:>tum-

Spin |:>
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Muon storage

A Magnet: provides radial focusing.

A Inflector: Prevents large beam deflections.
A Located at entrance to ring, cancels local B field.

A Kicker: Pushes incoming beam onto equilibrium orbit.

A Electrostatic quadrupoles: vertical focusing.

0 when in a flat plane

FxE

n i GKS WwWYlF3IAO Y2YSyiddzyQ I odncdpn DS
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The magnetic field - uniformity

A Knowing the field to high precision is essential!

A Superconducting magnet cooled to 5K, ~ 7m radius. Measured by us Measured by other experiments
s thermal
-l COII top hat lnsulatlon)

A Both passive and active shimming used to maintain field
uniformity:
A Wedges and edge shims all adjustable: many month long

campaign after magnet arrived to get this as uniform as
possible.

A Active shimming done by surface coils: field monitored
over the entire lifetime of the experiment.

Fermilab, BNL

’*.

inner coil :

300 350
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Detector systems: calorimeters

ACal ori meters are t he-2deasuiemedt:
A Get energy + count over time from them.

A 24 PbF, calorimeters around inside of ring:
A 54 crystals per calorimeter, read out using SiPMs

ALaser calibration system to
A Time synchonisation to ~ 50ps.
A SiPM energy calibration at the 0.04% level for all timescales.
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Detector systems: trackers

A Trackers designed for high-resolution beam measurements in
real time:

A ~ 100pm hit resolution.

A 2 straw tracker stations:
A 8 modules per station, 4 x 32 straws Ar:C,H.

A Hits fitted into tracks, which are then extrapolated back to the
point of decay.

Built in the UK at
Liverpool!
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Extracting a , from data

AAIl | effects accounted fdo/rbh @8 n the dmaster f or mul ac

blinding factor precession beam dynamics corrections
b AO (p 6 6 6 0 6 )
S e "Q (5 (¢hdn) O (chi))(p 6 6 )

absolute field magnetic field sampled by magnetic transient
calibration the muon distribution corrections
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Blinding the data

cloc 1+ C.+C Cou +Cpa +C
A Twofold approach to blinding: wo _[faoa] (1+ Ce+Cp+ G+ Cpa + Caa)

. o @y’  feativ (U);o(x:)’; $) X M(x,y,4)) (1 + By + Bq)
A Hardware blinding: < 40 ppb shift in the clock
frequency, applied and documented by two
people external to the experiment.

A Software blinding: an extra frequency shift
applied using code prior to looking at data.

A Multiple stage unblinding: each sub-dataset,
analyser has their own unblinding.

A Relative unblinding between methods to check
consistency.

A Final unblinding done after collaboration vote:
envelopes with hardware blinding opened.
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Extracting

A Count number of positrons seen above an

x10" %10" t=30.47ps
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A5 extracted from the wiggle plot using ~
30 fit parameters.

A Basic 5-parameter fit:
00 0QFTp BRI O %

A Extra parameters for beam motions, lost
muon effects, slow-varying effects etc.
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Beam dynamics corrections

Wg  ferock @

meas
a

|(1 + Co+ Cp+ Coy + Cpa + Caa)l

A E-field correction (C,) and pitch correction (Cp):

A Spread in muon momentum values/ vertical betatron oscillations make
these not exactly O.

0 when in a flat plane

—

o
™

its

GKS WYIF3AO0 Y2YSyic

(2]

Arbitrary Un

A Muon loss (C,,) , Phase acceptance (Cpa): Differential decay (Cgg).
A Lost muons have a different phase, which can bias the overall fits.

A Phase varies across beam, and boosted muon lifetime depends on the
momentum,

A These lead to time-varying phase.

A Quantify these using tracker data/MC simulation.

By feain (0p(6y, &) X M(x,y,$)) (1 + By + By)

Equilibrium Radius [mm]
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Magnetic field measurements

- - i i a cloc 1+ Co+Cy+Cpyy +Cpg +C
A Field is measured with a series of probes Oa _ ]’:f _ "’-(w, ——— {1 +;29 - ;;a))
(on trolley and around ring) which need to P licalib \p o 24 kT Bo

be calibrated. Field maps (PPM)

) z T T T 7 7 T T 7]
A External H,0 probe used with He?3 as a sob " j

cross-check. : ( \9 : .
20 % Vg =

10; L 2 .259\_/(, E 0.5

\\/f— 0.0

el

Y (mm)

A Trolley measures field maps, then fixed
probes monitor in between trolley runs.
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Field transients

A Both kickers and the quadrupoles perturb the field:

Quadrupoles introduce a mechanical vibration when

charging/discharging:

300
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Kickers cause eddy currents:

Average All Kicks Comparison, Magnet-On vs Magnet-Off
T T T T

<«— Primary kicker pulse

—Magnet-On (Blue)
——Magnet-Off (Red

Blumlein charging pulse

e .aN

~

\ Kicker transient field 1

il 1
0.5 1 1.5 2 25
Time (ms)

A Both effects need to be accounted for to accurately get the field seen by the muons.

A Run 1 had very large quad transients due to damaged resistors.
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Muon g -2 data collection

A Data collection period was 2018 i 2023, we separate distinct beam time regions into runs:

20IIB ‘ ‘ 20I14 20I15 20;.6 2117 20IIB| | 20IIS‘ ‘ 2020 2021 2022 2023 2024
| | | | | l |
- : 1 1 1 !
A Statistical uncertainty target of R _
100ppb: Ring moved from COoMM.  Run-l  Run2 Run3  Rund  RunS  Run
150 Last update: 10-11-2023; Total statistics = 143.4 (billions) 500
Run | Positrons [10] | % total | Stat.unc. [ppb] 5 \ Muon g-2 (FNAL) /"Tun' &
3 1201 14008
1 15.4 5 434 2 Run-5 5
2 90; 300 -3
= o
- o
213 70.9 23 201 5 6o \ 2008
& s
4/5/6 222.2 72 114 g 30, s e— 100 %
>
© / Run-2
16 308.5 - 98 / ° oL~ - 0
\% NG \9 < W 10 < 10 1} 1\- 'L\‘ ; fﬂ« 1:1« . 'il 1:5 1:5 1:5 9 '1:5
\1\0 ,\\\) ‘,\a \\) \3(\ W & \@;“\‘1\6 \r\ai & \a;‘x‘y\’o \,\a‘l AV 0\‘\3(‘ "\0 \,\o‘l
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Run 1 and Run 2/3

I | I I I I | I I I I | I I I I | I I I I | I I

A First two results from g-2 were Run 1 (2021) and Run2/3 | BNLES21 ~ Ap—+
(2023): Run-1 —o—t
Run-2/3 —o—

A Run 1: compared to WP2020, gave ~ 4.70, which made
eVeryone very excited€é

Experiment Exp. average 4
SNDO6 o Theory
A Run 2/3: would be > 50é but now we have CMD-3 and the EMBD‘Z — HO-HVP et
lattices. KEOEr ¢
BESII — —4——
SND20 — —
A Excellent agreement seen between our results (and M A
| -th BNL) LO-HVP lattice
also wi . ‘
Theory Initiative
WP (2025)

A Many improvements/extra studies for Run 4/5/6 i will
briefly cover some of them now!

1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1
17 18 19 20 21
a,-10°- 1165900
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Kicker performance + transient

A Getting a well-centred beam ended up being quite a challenge i many years of upgrades to cables
and impedance matching.

A Much better understanding of kicker transient in Run 4/5/6 due to new magnetometer i radial
dependence found and accounted for.

before after

Y (mm)
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Quad RF: reduce beam motion

A Beam motion complicates things, especially when it varies over time i so introduce a RF

dampening system to reduce the overall amplitude of it.

A Reduces CBO by a factor of 9,

Q1S0 (NOS), Field ON

|||I|IIII|IIII|I|LIlLIllIIIIIlIIIIlI

L4 4
&R
(y/

. . . o L —— No RF |
improving associated uncertainties! I RE -
; : -15 | I T T T i T T T T I T T T I T T T T I T T T T :
a0 Time since injection: 5.0 us . Time since injection: 5.0 us E‘ -5 _ — : T Nomlna] beam arnva[ 7 ]
3 L E LA - o B A6 l — 7
W g With RE - N : -
E‘m_ 540: SR 120 = B [ I n I
E 200 g F (@] - A7 = I _
5, 2. 100 > -1 0 | — ]
150 0 80 O — B | ]
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100 20: 8 — = I . _
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Bonus studies: the MiniSciFI + tracker target

A Beam position/momentum distributions tested destructively with
new miniSciFi detector + tracker scattering target.

A Independent check of tracker beam dynamics measurements +
uncertainties as well as detector alignment.

All Bunches

e
o
1

i
)

o
o

o
'S

ot
N

Intensity [arb. units]

S

Scattering target -0.004 -0.002 0.000 0.002 0.004

MiniSciFi

o
o
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k&4 UNIVERSITY OF

Final Run 4/5/6 systematics

Run-4/5/6

: Correction  Uncertainty

uantit

< Y (ppb) (ppb)
wg' (statistical) 114
wq' (systematic) 30
Ce  Electric Field 347 27
Cp  Pitch 175 9
Cpe  Phase Acceptance -33 15
Cad  Differential Decay 26 27
Cmi Muon Loss 0 2
(w, X M) (mapping, tracking) > 34
(wy, x M) (calibration) 34
B Transient Kicker -37 22
B;  Transient Quads -21 20
tp/ BB 1
My /e 22
Total systematic for R, P 76
Total for a,, 572 139

A TDR goal of 100ppb reached!

Wj Syst.

Crl wp calib.

ANo 6dominant 6

wp Map

source of

uncertainty i any further improvements
would need to be across many categories.
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Final Run 4/5/6 (and overall) results

A Final precision of 127 ppb, more that 4x better than
BNL result (and better than experimental TDR goal).

A Combined with BNL: 124 ppb precision.
A Excellent consistency seen across our datasets!

A Most precise determination of a,, for years to come i
provides a stringent test of the §M and limits on BSM
models.

(AN JE C ) 11 "H
D. P. Aguillard et al. (Muond), Phys. Rev. Lett.
135, 101802 (2025arXiv:2506.03069 [he@x].

BNL E821 } A
Run-1

Run-2/3 o
Run-4/5/6 o+
Run-1-6 o+
Experiment Exp. average HH
SND06 ¢ Theory
CMD-2 S C— LO-HVP ete~
BaBar ——
KLOE —
BESIII —_——
SND20 —_——
CMD-3 ——
R
4
Theory Initiative
WP (2025)

1 1 1 L 1 1 1 1 1 L 1 1 L I 1 L L 1 I 1 1
17 18 19 20 21
ay,-10°- 1165900
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https://journals.aps.org/prl/abstract/10.1103/7clf-sm2v
https://journals.aps.org/prl/abstract/10.1103/7clf-sm2v

What® next for muong -27?

Muon g-2/EDM Experiment at
. J-PARC with Ultra-Cold M B
A From FNAL g -2: more analyses (and physics!) to come: e e EeAm

A Electric dipole moment (EDM) search i targeting ~ an order
of magnitude better world limit.

A CPT/LV and Dark Matter searches.

A J-PARC g-2 experiment: independent verification of our N
results: B -
A Completely different experimental method using a surface '

muon beam. wtacemuons (SPNG)| O Ag-2) = 0.1 ppm
AEDM =102 e*cm

A MUonE @ CERN: measure HVP from hadronic running of
Uoep :
A Final precision expected to be similar to current HVP
estimates, so cross-checks them.
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EDM analysis

A Interesting as ~ 0 in SM i any observation
IS new physics (that is CP violating!)

AUse trackers to | ook
precession, at g-2 frequency but out of
phase with it

v

MDM EDM
2m 2mc
q - 1 B’xﬁ Zdec(E - _,)
— —"|a.B — — X B
ol 1 +(1—y2 au) . + p C+ﬁ
— I — R

g-2 precession w,

EDM precession @,

0.06[—

(Hy}'”""‘j [mrad]

0.04
0.02
0

-0.02

Signal extracted by fitting o

gz
C ‘ l Acou 0.008344 +0,004643
C 0.0008107 + 277

vertical angle oscillation: -«

17.131 26
0.9052
0.0215 +0.004615

0.003:

4 4.5
rnod(t,Ta) [us]
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CPT/LV

A Lorentz Violation: existence of a preferred direction in space/time, some uniform background
vector @ffectd

A CPT allows but doesnd need LV.

A Signal is a Giderealdor annual variation in the value of

Ldyg UNIVERSITY OF LEVERHULME Dominika Vasilkova

¢J LIVERPOOL TruUsT Slide36/33




Dark matter

A g-2 has sensitivity to ultralight dark matter:

» Scalar field (Yukawa coupling, y) ¢ = ¢, cos(myt)

o ltinduces oscillating m,,.

Lo —ypau—y'dpaup = my->my+yd+y'p?

o Itleads w, to oscillate: w, — wy (1 + Ay cosmyt)

« Pseudoscalar axion-like field a = a, cos(m,t)
o EDM coupling induces oscillating EDM (d,).

L > —iggpmaiicMysuFy, = dy > d, + ggpma

o Gradient coupling induces oscillating spin along the axis of the muon’s motion.

L2 gaudrafytysy = H D gy Va-S

o Both lead to oscillating § w, components perpendicular to w,.

Janish & Ramani, PRD 102, 115018 (2020)
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