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Other Muon g — 2 Talks in NuFact2024

* Theory
o (Thu) Muon CLFV and g-2 theories, Aida El-Khadra

* Experiment
o (This) Anomalous Spin Precession Frequency Analysis in the Muon g-2 Experiment at Fermilab, On Kim
o (Next) Magnetic Field Analysis in the Muon g-2 Experiment, David Kessler
o (NNext) Beam dynamics corrections of the Muon g-2 Experiment at Fermilab, David Tarazona

o (Mon) A Dedicated Period of Magnetic Field Systematics Studies in the Muon g-2 Experiment at Fermilab,
Matt Bressler

o (Tue) The Status of the Muon EDM Search with the Muon g-2 Experiment at Fermilab, Gavin Hesketh
o (Wed) Dark Matter Search in the Muon g-2 Experiment at Fermilab, Byungchul Yu
o (Thu) Muon CLFV and g-2 experiments, Sophie Middleton

* J-PARC g-2/EDM
o (Mon) Status and prospect of the J-PARC muon g-2/EDM experiment, Kazuhito Suzuki
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Motivation

More precise measurements of the magnetic moment of the muon can be a window to new BSM physics.

Gu — 2 q
M ti ly a, = , =g—S= A A
uon magnetic anomaly ay > =g om B
. aﬂ(Dirac) = 0, but in reality, due to all the contributions from the quantum vacuum,
a, = aﬂ(QED) + aﬂ(EW) + aﬂ(QCD) * 0
: . = 40
* There have been strong hints of new physics in a,, for decades 5 B”LIES” i
(now in a somewhat vague situation —see in a couple of slides). = T Expected FNAL Muon g-2 precision
* The SM uncertainty is completely dominated by hadronic contributions, § ol _
because evaluating them is notoriously hard. 5 o BeforefFermilabg, —2 &
Contribution Errorz‘@ % 01 \ H ) # H +
< ’ SM 2020
s —101 Previous SM Estimates
HVP LN
from A. El-Khadra rLOQD‘ 100% 10'\} rLQXQ) 107’0
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First (2021) and Second (2023) Results

e Run-1 result (2018 data) and Run-2/3 result (2019/2020 data) were consistent.

Both renewed the most precise measurement of muon magnetic anomaly.

s BNL
i : FNAL Run-1
] — FNAL Run-2/3
+—— FNAL Run-1 + Run-2/3
+——+ Exp. Average
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Experiment vs. Theory (SM)

* Theory predictions from different approaches (for aM(HVP), hadronic vacuum polarization) don’t agree!

Muon g — 2 Theory Initiative
compiled the SM estimation
primarily using the dispersive
method for the hadronic
vacuum polarization (HVP).

It uses 20+ yearsof ete™
data (contribution dominated
byete™ - ntn~) from
various collaborations (BaBar,
KLOE, SND, BESIII, etc.)

*Disclaimer from A. Keshavarzi’s Lattice 2023 talk:

< 5.00

with an updated SM prediction

2

+—o—

Significance will likely decrease Fermilab 1+2+3

(2023)

510

>

@

SM: e+e- HVP
T.l. White Paper
(2020)

|

New results in tension
with White Paper (2020)

@
SM: Lattice HVP

BMW Collab.
(2020)
®
SM: e+e- HVP
using only CMD-3

data below 1 GeV

* The NLO HVP has not been updated.

IMPORTANT: THIS PLOT IS VERY ROUGH! 1 9 0 1 9 5 20'
« Tl White Paper result has been substituted by CMD-3 only for 0.33 2 1.0 GeV. : ' -

« ltis purely for demonstration purposes - should not be taken as final!

+—e—+
(2023)

World Average

a,x10° - 1165900

20.5
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21.0

We have > 50 significance by
comparing the experiment
average and 2020 WP, but this is
an indefinite conclusion
because...

There are new puzzles on HVP.
Ab-initio lattice QCD calculation
favors the measured value
much better than the dispersive
method.

A new dispersive approach
result from the CMD-3 that
came out recently has a strong
tension with the other
dispersive method results (even
with the previous themselves:
CMD-2).



New Lattice Update

Slide from Christine Davies (University of Glasgow)

2024 update
BMW/DMZ 24 a, x 10 — 11659000
2407. 10915 175 180 185 190 195 200 205 210 215
adds 0.048fm | | ' | ' BNL2006 — 4 .
ensemble, . A ,
reduces finite K NAL 2023 }—4—
L/T error. Uses Experimental avg. —&—]
data-driven for |
large-t tail. | _ |
Blinded . Th1=s work
analysis. | BMW20 \
/ 4.00
WP20 data— : .< : >
driven: — — White paper
693.1(4.0) < / 5% >
. BMW20: 1010L0HVP = 707.5(5.5)  BMW/DMZ24: 1070, = 714.1(3.3)

But this is not a theory talk; listen to Aida’s talk on Muon CLFV and g-2 theories on Thursday.

On Kim (okim @olemiss.edu)

NuFACT 2024


https://indico.fnal.gov/event/63406/contributions/297293/

Status

* Notwithstanding, we continue our analysis; ~x3 more data are being analyzed!

Last update: 10-11-2023; Total statistics = 322.1 (billions)
350 \ 500

Muon g-2 (FNAL)
Run-6
oo /"’fan_ _

Our physics operation
terminated in June 2023.

a
S
S, 400 a
=) 2
2 2 NS 5 We met the TDR \;g‘
m . .
= 210 1300 statistics goall &%
- a And surpassed the
C ‘U . . [ ] L ]
£ 140+ 200 2 systematics goal in the \;-’;"
= wn
S \ 3 Run-2/3 analysis! N
3 T 100 2
f‘; 3
©
C
<

TDR goal Stay tuned for the final
| | 0 result! (2025)
- 0*'\63\;’:&%1'&'&0 » 0‘/\6;\\/"‘\“30(\,"‘\6\;0“’\0\
First result (Run-1) Second result (Run-2/3) Final result (Run-4/5/6)
(published 2021) (published 2023) (anticipated 2025)
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Experimental Overview

 Muons are stored in the storage ring (~15m
diameter) under a 1.5 T homogeneous magnetic

field.

* Muon spins precess under the magnetic field:

O,

Momentum —s
Spin - —s

NuFACT 2024
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Experimental Overview

 Muons are stored in the storage ring (~15m
diameter) under a 1.5 T homogeneous magnetic

field.

* Muon spins precess at a rate: w, with respect to
momentum.

4 )

Measure

R
/

Extract

NuFACT 2024
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More details in the magnetic field talks!

I\/I a g n et I C F | e | d (Next) Magnetic Field Analysis in the Muon g-2 Experiment, David Kessler

(Mon) A Dedicated Period of Magnetic Field Systematics Studies in the Muon g-2 Experiment at Fermilab, Matt Bressler

* Homogeneous 1.5 T magnetic field by * Use NMR probes to measure the field.
superconducting C-shaped magnet (sub- 1. Fixed probes: 24/7
ppm in 9 cm diameter muon storage SO sauinay, A S rrolley Runs
region). - g
B ) 3o e
] -$$M< T o o

2. roIIey (in vacuum) every 3-4 days

pold piece "\ outer coil
edge > a0
shim edeo "K\ =
muon -
region K/ fixed NMR probes B g o
ode = 10
jpurface outer coil g o
correktion coil L/ 5.
g

-20

-30

-40

40/ 1230 hzg)rizo_ri\(t)al pbositiol;o[mrzr'\o] n
17 petroleum jelly NMR probes.
Maps the field as it goes around the storage ring

N
i

0%
inner coil
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Muon Decay

* Detection

o Decay positrons curl into 24
electromagnetic calorimeters
surrounding the storage ring.

Decay electron —.

e orbit /‘
astorad
Muo Decay electron

Calori = | Traceback chambers
Alorimeter activevolume Calorimeter active volume

Calorimeter station PbF, crystals + SiPM
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Anomalous Spin Precession of Muon

* Parity-violating weak decay: u™ — e*v,V,:  Resulting “Wiggle plot”
high energy decay e™ are preferentially emitted to 108
the muon spins.
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* Fit the wiggle plot to extract w, (simplified function).
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Energy [GeV] N(t) — Noe_t/T [1 —|_ A COS(w”t — ¢)]
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Measurement Quantity Anatomy

Known to 24 ppb

What we measure. Al Category TDR Target Uncertainty
(Tmmmmoes oy [ppb]

| 3
. qB » a :i wa iﬂp(TT) l’l’e (H) mu ge Statistical (w,) 100
Wq = au? M i @;(Tr)i l’l’e (H) IU/e m, 2 Systematic (w,) 70

€ .~
S S Lo Systematic (@y) 70
T o Total 140
Pt T~eo - Accelerator Physics
- Omega-a Team - it |
g Beam Dynamics Team e
L . Measured g — 2 frequency , ,
Unblinding conversion factor Beam dynamics corrections Beam manipulation

\4 ¢ 4 A A\
RI _ Wa fclock UJZ{" (1 + Ce + Cp + Oml + Cpa)

a JJZIQ(TT) N fcalib <wp(xaya Cb) X M(CL‘, Y, Cb))(l +-\Bk + Bq)

Precision
field

magnets

. N J J - Calorimet
Precision NMR ry
Field Team A Y e racking h
_— - : . : ; . High rate DA
NMR probe calibration factor Magnetic field weighted over Corrections from Field multipoles  ‘peam shapg i
the muon distribution the transient magnetic field

Nuclear Physics High Energy Physics
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Analysis Chain for w,

( )

Data Acquisition

- J

Reconstruction Local fitting Global fitting Energy-integrated (Q

( R

Data Weighting No weighting (T)

Time slices with 50 Full waveform (combined

MeV threshold into 37.5 ns bin width)

Asymmetry-weighted
(A)

Histogramming Stroboscopic

Correction Pileup Fast Rotation

Systematics Pileup, Gain Slow Effects

6 independent w, analysis groups (involved institutions: BU, CU, UIUC, Ole Miss, INFN, UPisa, ULiverpool, UCL, SJTU, UW, Uky)
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Analysis Chain for w,

! Data Acquisition | Time slices with 50 Full waveform (combined

L q ) MeV threshold into 37.5 ns bin width)
Reconstruction Local fitting Global fitting Energy-integrated (Q)
Data Weighting
Histogrammin _ . . .

\ g g | TSR S— T A e e form time slices in

( 3 I N S R . E | | | 9XO6PDbF,crystals.

- ’ e e ——————— | Fitand reconstruct

( ) “clusters” = positron hits.

Systematics
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Analysis Chain for w,

Data Acquisition — ]t T T
\ b, 108 RaW data - —— Without time randomization _é
> - P!Ieup (gain) — With time randomization
r 2 ) 106 :,—..'.. ........ Plleup (loss) | " _;
. E [ —
Reconstruction S - 0 =
L J 4 P 3
17'7 104 — I § _E
- I G =
[ 2 2 ' g =
Data Weighting S 107 E E
L i =l
100 - ! ,
( ) o E L [ : P B S B R AR RPN B
- - 28 30 32 34 36 38 40 42 44
Histogramming 0 2 4 6 8 Time [us]
- / Energy (GeV)
Correction Pileup Fast Rotation
Systematics
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Analysis Chain for w, (1) = No - No(8) - N, () - Ny (1) - A(6) - €175
(1 + Ao - Ay(2) cos(wz't — (¢o + ¢x(1))))-

,_Time since injection: 5.0us FFT of fit residuals of the wiggle plot

€ L o
E [ 3 ]
560 SRR 2.2 g s
240_—_' Hﬁﬁtﬂ ._.- % 0.8 — 5 Parameter Fit
= E N o 0.7 — Full Fit
Closer el i il 2
—  H] >
Detector ofs- 150 =
E ™
(Calorimeter) pru—— a0l | 100 i
Farther _u _-—':"f.,. - At
: :TI. - a-.'.._'-:..' 50
_BQB_OI 1 leo‘ 1 L;lml 1 1"2LU| S [; 1 ||\2|0|'| |4|0| 1 \6|0| 1 |80 0
Radial Position [mm]
Frequency [MHz]
) Uncertainty [ppb] “ FNAL Run-1 FNAL Run-2/3
Svstemat Beam Dynamics — Coherent CBO 20 38 51
stematics . .
y Betatron Oscillations (CBO)
Wy Syst. (wI* syst.) 180 108 (56) 47 (25)
W, Stat. 460 434 201
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Combination

* There were 7 independent groups (now 6) analyzed w, in slightly different methods.

Number of free

CBO env. VW — CBO

Group Recon Method parameters 2, 3a/3b 7, handling Run-2 ky,, Run-3 ki, fepo(t) term e'l" 4 C term
I Local AT 28/28 Free Free, + Free, — 3b v v
I Local AT 25/26 Free Free, + Fix, 0 v 3b v v
I Local AT 28/28 Free Free, + Free, — v, fixed 7, v v
I Local AR, TR 14/14 Fix Free, + Free, — v, fixed 7, v

v Local AT 18/18 Free Free, + Fix, 0 v, fixed 7, v

v Local AR, TR 15/15 Fix Fix, + Fix, 0 v, fixed 7, v

Vv Global AT 30/30 Free Free, + Free, — v v v
A" Global TR 19/19 Fix Fix, + Fix, — v v

VI Global AT 27/28 Penalize Free, + Free — v, fixed 7, b v v
v Energy Q 34/38 Free Free, + Free, — v v 3V
v Energy QR 26/24 Fix Fix, + Fix, — v v 3 v

Counts/0.2c

40

W
o

N
o

-
o

Pull of w, between 513 pairs

:_ Entries: 513 _
_ rms: 1.04c A
: il | ] | | :
-4 -2 0 2 4
Pull (o)

» Estimated the analysis-to-analysis correlations by dedicated Monte-Carlo simulation
studies.
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Consistency Checks

* Check if the fit parameters (especially blinded w, (= R)) are consistent in different knobs.

Per detector Fit start time
*A wave can appear if any beam dynamics effects that *It may diverge from the statistically allowed band if any
go around the ring were mistreated. slow-varying effects were mistreated.
LI BN N N N N BN I N N BN N BN N N BN BN BN B NN N B B B FTr 1 | L L L L L L L |
-64 ~ x2/ndf 14.82/23 - -68.5 B _
_ - po = -69.29+0.29 ppm - i ]
s Of 1 E .| T -
a I ] S -69.0F ] 1i1e] -
el B 1 L B " i ,—*"";‘: ¢ 1:
g - | * | | | | | ] E i { !...‘ .. .. )| ¢l 1d ...Q e -
— — —_ O B """--.._____“- o® ® i
2 70| T 2 stttV
__ __ : “‘h“-"‘-\...,__ :
:I 1 | | I | | | | I | | | | I | 1 1 1 I 1 1 1 1 : -70'0 __ A . I \ A A I A ; , I i A A I A \ A I . __
> 10 15 20 40 60 80 100 120
Calorimeter Start time (ps)
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Prospect — Systematics Improvement

Run_2/3 RESUIt. PRL 131, 161802 (2023) R, _ Wy _ fclock w;rln (1+Ce+cp+oml +Cpa)
TABLE 1. Values and uncertainties of the R/, terms in Eq. (2), g CD}';(TT) Jealib (Wp(JU: Y, Qb) X M(m, Y, ¢)>(1 + B + Bq)
and uncertainties due to the external parameters in Eq. (1) for a,,.
Positive C; increases a,; positive B; decreases a, [see Eq. (2)].
The @' uncertainties are decomposed into statistical and sys-

tematig contributions. All values are computed with full precision R u n _4/ 5 / 6 I m p rove m e nt S

and then rounded to the reported digits. (No real estimates on systematics yet)

Quantity Correction (ppb) Uncertainty (ppb) )
~100 (in total Runs 1-6), ~x4 stats
w™ (statistical) - 201
Wq wy (systematic) - 25 » ~x10reduction of CBO with the RF system (Run-5/6).
C, 451 n— _ _ . _
C, 170 10 New signal processing algorithm to suppress backgrounds/sidebands.
BD Cpa -27 13 Verification with the new beam-monitoring system (miniSciFi).
gdd ‘55 lg\, New tracker-based analysis method for cross-checking.
ml
Featts - (@ (7) x M(7)) 46— More calibrations performed in more consistent ways + cross-calibrations.
a)p B, -21 13 Better understanding and handling of magnet drift.
B 21 20 T :
9 Significantly more and better measurements (spatial dependence, etc.).
1, (34.7°) /. 11
m,/m, e 22
9e/2 o 0
Total systematic for R, 70\> We have already surpassed the TDR systematics goal of 100 ppb.
Total external parameters e |
Total for a, 622 2]5 And possibly even less for Run-4/5/6!
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Take-Home Messages

Fermilab Muon g — 2 finished data taking in June 2023.

Comparison to the Standard Model is in a vague state at the moment. Many ongoing
efforts are being made in HYP communities to scrutinize the calculations.

The final result (Run-4/5/6 data taken in 2021-2023) analysis is underway. It is anticipated
that the result will be published in 2025 with ~140 ppb precision.
o We met the TDR target statistics goal and likely will surpass the systematics goal.

o Many improvements have been made in systematics. For instance, Run-5/6 data was taken with the RF
system, and CBO (one of the main systematic sources for w,) was dramatically reduced.

BSM searches are underway using our data — EDM, CPT/LIV and DM.

o Don’t miss the talks about those in NUFACT2024:
= (Tue) The Status of the Muon EDM Search with the Muon g-2 Experiment at Fermilab, Gavin Hesketh
= (Wed) Dark Matter Search in the Muon g-2 Experiment at Fermilab, Byungchul Yu

Run-2/3 detailed analysis report: arXiv:2402.15410 (PRD110, 032009).
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Progress — Analysis Focus

“You already published two results for Run-1 and 2/3, so all the analysis tools
must have been already established. Isn’t it like now you just put 4/5/6 data
into the machinery and get the results out right away?”

* Nope, that’s not really what it looks like.

o More data gives us a better resolution for investigating systematics. We always try to comprehend the
data as best as we can. It’s worthwhile to put more time/resources into understanding better!

o We also have newly introduced systems/techniques used in Run-4/5/6 data-taking and analysis. Those
are supposed to improve our analysis, but they definitely need scrutiny.

o Processing more data (>5 PB of raw data for Runs-4/5/6) takes significantly more time, too. Not just for
reconstructing/validating/analyzing the data, but we want to carefully do all consistency checks, e.g.,
across various external parameters (temperature, pressure, etc.), beam/detector parameters (energy,
time, beam-condition, etc.), consistency among various simulation programs, analyzer groups, analysis
methods, etc. We also undergo intense reviews on all analyses to gain more confidence.
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Progress — Analysis Focus
w, analysis

*Definitely NOT an exhaustive list.
*Font size does NOT represent the
importance/scale of the
corresponding systematics.

Fit improvements
Slow variation

Muon losses

CBO

RF/noRF

Wy X Wy
OK when
combining
data?

Consistency
checks

New tracker-based analyses

Calibrations

Kicker transient

Simulation inconsistency

Muon weighting

Quad transient

Momentum-y correlation

Beam dynamics Field (w,) analysis

On Kim (okim @olemiss.edu)
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Prospect — Systematics Improvement

* Implemented the RF system to reduce the CBO significantly.
* Run-5/6 data (almost half of the entire data) was taken with the RF system.

S A D = E
* / 0.0021- | tRF S B 0'75;"." E
= C ¢ 7 E 050F E
f 5 o.oo1+‘,+f'Mt\?;\'\H - E
r 3 C 4 *H + ni .
RE E-field g O-OOOWM W B o.ooE S ;
% + +: AN | A J g i BIEI’ 0.25 E
Z_O'Ooq*{'?,,\!h#?‘f! %-0.502 =
0002 B 0751
30 40 50 B T R R TR
Time [ps] Fit start time [ps]
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BSM Searches

 Electric Dipole Moment (EDM)  CPT and Lorentz Invariance Violation

o The spin precession plane is tilted in the o w, modulated at the sidereal motion.
presence of the EDM. o Run-2/3 in review.

o Run-1 in review, Run-2/3 in progress o Current limit (BNL): 1.4 x 10724 GeV —

o Current limit (BNL): 1.8 x 107 e - cm - Projected limit (FNAL Run-2/3): O(1072°) GeV
Projected limit: S 3 X 107%% e - cm

e Ultralight Muonic Dark Matter (scalar)
Ya o wg, modulated at the DM Compton frequency.
o Run-2/3 in progress.
N :5\ [MC data] w, time series data
S’ 1.44 x 10° I | : ; _
;s . 1.43975x10° T+ 8 =] 47 Tir Toabrsdl 17 A S| o S S Ry IR | £ 1
<9/ L 1.4395x10° e T $rp "f‘.‘f",' Ramd o g B S i Tl SALHE Y 1 =1
— === — > X 81.43925x10° I 17 SR _ _ 1R _IP gy g BTl 1
(l)n & lesoxioo| L GENEREEE R HES TR LA R U SR g
3 1.43875x 10° HH Tl A ot MR LR AT A T R RD i1
1.4385 x 10° S ALl e S !
1.43825 x 10° =
7 1.58283 x10° 1.58283x10° 1.58284x10° 1.58284x10° 1.58284 x 10° 1.58284 x 10°  1.58284 x 10°

Time [s]
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TABLEII. Values and uncertainties of the R/, correction terms TABLE L. Values and uncertainties of the R, terms in Eq. (2),
in Eq. (4), and uncertainties due to the constants in Eq. (2) for a,. and uncertainties due to the external parameters in Eq. (1) for a,.

Positive C; increase a, and positive B; decrease a,,. Positive C; INCTCAsES dy; positive 5; de‘fmases n .lsee Eq. (2]
The @7 uncertainties are decomposed into statistical and sys-

tematic contributions. All values are computed with full precision

Correction Uncertainty and then rounded to the reported digits.

Quantity terms (ppb) (ppb)
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Experimental Overview

* Muon g — 2 Storage Ring

o Radius: 7.112 m.
o Homogeneous magnetic field: 1.45 T.

TO, IBMS
Beam Direction n (o} [ ] Inf.

Quads
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Trackers
== Kickers
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=== |nflector
g 2700 Il Fiber Harps

I TO&IBMS1,2,3

(not to scale)
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® NMR Calibration
Probe
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Experimental Overview
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Experimental Overview

 Kick
o The fast non-ferric kicker magnet system
kicks the muons onto the design orbit.

?1 50 T T T T T T I T T T ‘ T T T | T T T
= I — Kicker Pulse from Magnetometer Data
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Experimental Overview

 Vertical Focusing

o The Electrostatic Quadrupoles (ESQ)
focuses the beam vertically.

o Four Quadrupole sections cover 43% of
the circumference.

On Kim (okim @olemiss.edu) NuFACT 2024



Anomalous Spin Precession of Muon

* Parity-violating weak decay: u™ — e*v,V,:  Resulting “Wiggle plot”
high energy decay e™ are preferentially emitted to
the muon spins.

Running time O0H : 00M : 00s
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* Fit the wiggle plot to extract w,.
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E-field & Up/Down motion: Spin Phase changes over each fill:
precesses slower than in basic Phase-Acceptance, Differential
equation Decay, Muon Losses

we W 1+ Ce+ Cp+ Cpg+ Cag + Cy

wp Wy 1+ ‘Bk + Bq,
/‘ Y

Measured Values

Transient Magnetic Fields:
Quad Vibrations,
Kicker Eddy Current,




Uncertainty Improvements Summary
 Systematic improvements in all parameters

Analysis {ua syst.
Improvements C.

wa W1+ Ce+ Cp+ Cpa + Caa + Coni

wp Wy 1+ B, + By

Running
Conditions

Improved | Ba
Measurements | Bk mm Run-2/3
0 20 40 60 80
uncertainty / ppb

e After improvements, total systematic comes from multiple
B sources

Wp Syst.



Completed .
Analysis & Internal Group [ collaboration . Global Review . Unblinding
Documentation
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