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Muon magnetic anomaly measurement to 0.46 ppm at FNAL
Introduction

for a particle p such as a muon, electron, proton, neutron

e = absolute value of electron charge
S, = spin or particle intrinsic angular momentum

. = € 2
> magnetic moment fI, = gp2—5p :
m , .
P gp = gyromagnetic ratio (defined also for neutral particles)

> g..8, > 2, g 5.6, g,~—338
» in the following, absolute values are used for simplicity

muon (or electron, tau)
» g, =2 Dirac equation, or leading order relativistic quantum mechanichs

» g, >2 when adding higher order contributions

Y T [ tic rati ti [
a, = ~—— muon anomalous gyromagnetic ratio or magnetic anomaly

a, measured a, prediction is a powerful test of the Standard Model

» sub-ppm Standard Model prediction

» sub-ppm experimental measurement

» sensitive to all particles and forces via quantum loops
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

First g, measurement (1957)

motivation: confirm Lee & Yang predictions about parity violation in pion and muon decay

Observations of the Failure of Conservation - r‘r’ , LA R y
of Parity and Charge Conjugation in |

Meson Decays : the Magnetic

Moment of the Free Muon*

Riciarp L. Garwin,t Leon M. LEpErMan,
AND MarcEL WEINRICH

w
1o—i

|
”

COUNTS RELATIVE TO ZERO APPLIED FIELD
o
o]

Pliysies Departiend, Nevis Cyelotron Laboratories,
Colwmbia University, Trvinplon-on-Hudson,
New Vork, New York
(Received January 15, 1057)

1
|

 $

L | 1 i I |

!

T

EE and Yang™* have proposed that the long held
space-time principles of invariance under charge

3

= =40 -20 o + 20 +40 +.60
conjugation, time reversal, and space reflection (parity) AMPERES = PRECESSION FIELD CURRENT
are violated by the “weak” interactions responsible for
decay of nuclei, mesons, and strange particles. Their » forward pion-decay muons are highly polarized
hypothesis, born out of the r—# puzzle,' was accom- .
panied hy the suggestion that confirmation should be > p-decay electrons angular asymmetry vs. w spin

sought (among other places) in the study of the succes-

. . » electron rate vs. B field applied to muons
s1ve reactions

at—ut v, (1) > g, =201+£0.01
p.{-____,c-i-_’_ Dy, (2']
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experimental measurement [ 0.54 ppm] 2006, BNL p* data 1999-2001
theory prediction in the measurement paper |[ 0-63 ppm] 2006, theory

theory prediction i
theory lattice QCD prediction [ 0.30 ppm] 2017, Jegerlehner 2017
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discrepancy size may be explained by, e.g.
& - still-not-ruled-out SUSY models n
- kinetic-mixing “dark photon” models
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

a,, theory prediction status: 0.37 ppm precision

» Muon g—2 theory initiative White Paper, Phys. Rept. 887 (2020) 1-166
» consensus of large community of physicists after several years of collaboration
» significant recent progress on dispersive exp-data-driven calculation of HLbL contribution

N uncertaint
contributions Y

[ppb]
QED complete calculation to 5th order 1
EW calculation to NLO 10
QCD primarily non-perturbative
- HVP  primarily dispersive to NNLO 340
- HLbL  dispersive to NNLO + lattice 150
total 370

y
y
4
v

HLbL
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

a, Standard Model test more powerful than a, for QCD and New Physics

a, test ~2000x less precise than a. a,, test ~43000x more sensitive than a,
for experimental and theory uncertainties for “typical” New Physics models and QCD

but 2
5[ExP + Th]éu ~ 2000 6[New Physics] 9 - 15 ~ 43000
6[Exp + Th] de 5[New Physics] e me

experiment and theory uncertainties contributions to a, test as of March 2021

ER [ ER
[ppm]  [ppb]
experiment 0.54 0.24

theory 0.37 0.20
- QQED 0.00 0.20
- QED 0.00 0.01
- EW 0.01 0.00
- QCD 0.37 0.01
- HVP 0.34
- HLbL 0.15

» note: using less precise aqep(Cs 2018) because of inconsistency with aqep(Rb 2020)
A
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

a, measurement method

muon spin precession relative to momentum polarized muons in magnetic storage ring

Ws - We Wy
g eB (1—7) eB eB | R eB
*2m, m,y m,y ¥ m,
Larmor + Thomas cyclotron o0~
precessions frequency ks

» frequency measurements best for precision
» magnetic field NMR measurement also frequency momentum

magnetic
storage ring
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Focusing electric field and magic energy

in presence of (focusing) electric field and motion not perfectly transverse to magnetic field

o e - 1 = o o' = =\ =
wa———{a‘LB - (au— )(ﬁxE) _ aum(ﬁ.8>ﬁ]

my 'y2—1

CERN 1975-, BNL, FNAL J-PARC E34

p‘Tagic —3094GeV = =203 ultra-cold muons
E=0 = E xE=0
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Rate of high-energy muon-decay electrons modulated with cosw,t

12
10 spin
» because of parity violation in muon decay, | | [T —>
decay electrons peak along muon spin oo momentum
5
» electrons decaying along muon momentum Sos
have highest energy in lab frame o
» high-energy electrons rate o< (1 + Acosw,t) lab-frame muon-decay
02
electrons energy spectrum
0.
%0 02 0%/3166\}6 08 10
12 12
o spin vl spin
""""""" N <
_os momentum _o8 momentum
E‘Oﬁ an AN
= = R
04 04
| lab-frame muon-decay | lab-frame muon-decay
electrons energy spectrum electrons energy spectrum
o
0.0 02 Ot/ 3166\}6 08 10 %0 02 0%/ 3166\96 08 10




Muon magnetic anomaly measurement to 0.46 ppm at FNAL

a, measurement method

measurement of magnetic field: w,

> proton spin precession frequency measures magnetic field (NMR):  fw, = 2u,B

a, measurement

. e
> using:  peyp = ge,u,pﬁse,u,p v Sepp="h/2
e,u.p

BNL E821 a, uncertainties

w, statistical 460 ppb
W, Kp My ge W, systematllc 210 ppb
ay=—"\——5 w, systematic 170 ppb
Pow, \peme 2 N
(li—e) ~negligible
He M 2
ay 540 ppb

> (BNL E821 used a slightly different but equivalent procedure using w,/p,, instead of w,/u.)

good approximation, with negligible differences, of ideal metrology procedure

» actual metrology input in CODATA fit from muon g—2 measurements is R, = w,/w,

» to obtain a, from R, one should do a special CODATA fit using just that R, input
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

FNAL Muon g—2 project (a.k.a. FNAL-E989)

BNL E821 FNAL E989
w, statistical 460 ppb 100ppb %21 detected muon decays (1.6-10™)
w, systematic 210 ppb 70ppb  faster calorimeter with laser calibration, tracker
w, systematic 170 ppb 70ppb  more uniform B, improve NMR measurement
conversion factor negligible negligible
total 540 ppb 140 ppb
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Muon magnetic anomaly measurement to
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

BNL storage ring magnet moved to FNAL in 2013 (35 days long trip)

l.;rookluven

Bia.NMauer
J'];‘o'[—-w—u(‘(oi,\‘ |
.

0 ©00 o
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Storage ring magnet adjusted for maximum uniformity

wedging and shimming

inner coil top hat

» magnet adjusted to obtain 50 ppm field uniformity @
» 3x better than at BNL
adjustements and insertions i i ;
N outrco
» 72 poles eee.
muon .
» 864 wedges region é fixed NMISEESEES
> . pole piece =
24 iron top h?ts . Q /outercoil
» 8000 surface iron foils S —

deviation from nominal magnetic field @ «—p=7112mm
1o00 Oct 2015 w==ppAug 2016 C

g 1400E '/\/\/\ A inner coil I&I
e 1200; M\ / ¥ L { ‘,\ | /\

£ 1000 ML (ERYRSAT VN 50 ppm
2 w0 [TV MW N \/\/- ~ 1

2 600F Pl L H
g m il AN |

t
0 50 700 150 200 250

300 350
azimuth (deg)
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

n pr n, storage and decay at FNAL

7T+ ,u"' inflector electric

quadrupoles

p
> >
8 GeV/c 3.11 GeV/c 3.09 GeV/c
target

» FNAL booster+recycler: 12 Hz rate of
120 ns-long 10" 8 GeV proton bunches

S

» pions focused with lithium lens

pions with p = 3.11 GeV =+ 10% selected Superconductlng

magnet

vy

1
1
1
{
{
3.09 GeV 95% polarized muons accepted in :'
delivery ring, separation from p's and 7's | ,,'
5 1 1
inflector magnet cancels storage ring field ¢ . c I
& SR \ 14.2 m diameter ring % !
\‘ 7
\

kickers pulsed B field puts muons in orbit 145T magnetic field

~5000 stored muons per fill

~500 high-energy electrons detected per fill

more muons than at BNL

vVYvYyVvYyVvyy

less p, ™ contamination than at BNL

Research Progress Meeting seminar at LBNL, April 20, 2021
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

3.11 GeV/c
target

8 GeV/c 3.09 Ge'

Muon decays detectors

» 24 calorimeters S
W 24 calorimeters
Ml 2 trackers

» 2 trackers | [F T T

Alberto Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LBNL, April 20, 2021



Muon decays detectors

e

i
P i Decayelectron—.___
1

s I pit i
Y ——
\‘\\ won$t0rad®? / =
\\\\ Decay electron
§k \\ —— =
\
= \/
Traceback chambers

\ ——— = \
Calorimeter active volume

2=
Calorimeter active volume

» 24 calorimeter modules of 6x9 PbF, crystals with 800 MHz-sampling SiPM readout
» measure muon-decay electrons energy detecting Cherenkov light
» accurate gain monitoring with laser calibration system

» 2 straw chamber trackers with total of about 1000 channels
» reconstruct beam distribution inside storage ring from muon decay electrons

comparison with E821

» more granular calorimeter, faster data acquisition

» improved calorimeter gain monitoring

» improved tracking

Alberto Lusiani (S



Measurement formula in more detail

w, | [re(T) {ue(H)} {mu} &)

Ke me| L2

GG

@

measurements by the Muon g— collaboration

> w, precession of muon spin relative to momentum rotation in magnetic field
precession frequency of shielded proton spin in spherical water sample at T = 34.7°C

~/
> &(T) in muon-beam-weighted magnetic field, @,(T) = (w,(T)(x, y, @) x M(x,y, ®))

> p,;,(T) magnetic momentum of proton in spherical water sample at 34.7 °C
> u.(H) magnetic momentum of electron in hydrogen atom

external measurements

» 1, (T)/p(H) 10.5ppb precision, Metrologia 13, 179 (1977)
> p.(H)/pe 5 ppq (negligible) theory QED calculation, Rev. Mod. Phys. 88 035009 (2016)

CODATA 2018 fit, primarily driven by LAMPF 1999 measurements
of muonium hyperfine splitting, Phys. Rev. Lett. 82, 711 (1999)

> g./2 0.28 ppt (negligible), Phys. Rev. Lett. 100, 120801 (2008)

> m,/m, 22 ppb precision

usiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LBNL, April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

R:L(T) _ ,wa conceptually fc/|0ck wy (1+C.+ Cp+ Coi + Cpa)
‘:Jp(T) ﬁ:alib (wp(T)(x,y,(p) X M(X,y,(p)> (1+Bk+Bq)

w, measurement and corrections

> fock correction for blinding clock offset

> W' measured precession of muon spin relative to momentum rotation in magnetic field
> C, w, electric field correction

> C, w, pitch correction (vertical beam oscillations)

> C w, muon loss correction

> Co. w, phase acceptance correction

! .
wp T measurement and corrections

> foib magnetic field probes calibration

> w;(x,y, ®) measured shielded proton spin precession frequency map in storage ring
> M(x,y, ) muon beam distribution

> B, @p(T) kicker eddy fields correction

> B, @p(T) electric quadrupoles transient field correction

Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LB April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Run 1 data samples

muon decays

Dataset # Days Tune (n) Kicker # fills # positrons
(Apr-Jun 2018) (kv)  [10%] [10°]

la 3 0.108 130 151 0.92
1b 7 0.120 137 196 1.28
1c 9 0.120 132 333 1.98
1d 24 0.107 125 733 4.00

Total of 8.2 billion positrons (~1.2x BNL), ~6% of E989 goal of 21x BNL
4 run periods with different kickers and quadrupoles settings, hence different beam dynamics

magpnetic field

magnetic field measurements weighted by detected muon decays

Alberto Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LBNL, April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Blinding procedures (fyock)

» 40 MHz base nominal clock used for w, data acquisition modified with random =£25 ppm offset

» secret offset conserved by two people outside the collaboration

» each Run is separately blinded

» second software blinding offset for each of the independent w, analysis groups (honor-code based)

blinding of 2018 Run blinded clock for 2018

b 9L Clock By
2 [et] 2010

W2
e

el »741!17/

O 3l

LIS T,

Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LBNL, April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Reconstruction of positron energy deposits in calorimeters

2
c L
» record SiPM samples for all deposits > 50 MeV 2 400f
0 i
g :
fit using crystal pulses templates = 300f
» get template pulse for each crystal from data zoof
» samples fit to one or more superposed templates 1005
two reconstruction algorithms of
S S S N RS RS AR
> local: fit individual crystals 59940 59960 59980 60000 60020 60040 60060
» global: global fit over multiple crystals sample number

Lusiani (SNS & INFN Pisa Research Progress Meeting seminar at LBNL, April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Early to late effects

» any unaccounted variation over time during the fill perturbs the w, fit result

w, fit bias from muon loss

» muon loss over time adds up to muon decay = fit model imperfect = w, fit bias

w, fit bias from phase variation due to muon loss

» muon sample polarization depends on momentum due to muon production chain

» muon polarization at injection is fit by fixed phase parameter ¢, but actually ¢ = ¢(p)

» muon loss depends on momentum, shifting the sample average over time p = p(t)
. d dp d
» = effective phase changes with time, ¢ = ¢(p(t)) and at first order d—‘f = d—(pd—[t) ~
p

» = bias on w,: cos(w,t+ ) =~ cos(wat + @g + <p't) = cos[(w, + @)t + o]

other accounted early to late effects

» calorimeter gain, pileup, beam average position and spread, ...

» some effects modeled in w, fit, other effects included as corrections

Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LB April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL
Run 1 difficulties

» two damaged resistors in one quadrupole increased high voltage switch-on time
= quadrupole high voltage, hence beam position and spread, varied during the fill

» early-to-late variation of effective muon sample polarization phase
» varying CBO parameters had to be included in the fit model
» worse focusing of beam position and spread increased E-field and pitch corrections

quadrupole HV nominal vs. measured variation of CBO frequency

=~ 2(}:””“HH‘HHHHHHHH: g I B e o e B S
= E | 3 L ]
o 18 7 B 035k R
§ o f E Lt
K [ 1 5 L ]
> 14; :, ———— Nominal Positive 1-Step 7: 38 2 3; .
E ——— Nominal Positive 2-Step q o ]
12 / Nominal Beam Arrival Time = L/ ]
£ Nominal Precession Fit Start Time ] L * * Data:Run1a ]
10F Resistor 17 - o ity Uty b
8: ———— Resistor 18 E 2_25j “ o, —(A/TA)G —(B/xs)e b
E E C / ®, = 2.3375 £0.0002 rad s’ ]
g E ool | A=279+0.03rad; 1, =596 t1.4 us _|
4; E r. B =525 +0.03rad; 1, = 6.57 £0.07 ps 1
2;5 E sl v s
o T S T AN A N AR SRR 0 50 100 150 200 250 300
0 50 100 150 200 250 300 )
. Time [us]
Time [ps]




Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Calorimeter gain variation, corrected in reconstruction

» SiPM gain is reduced by occurrence of preceding hits
» gain monitored by reading back reference laser light pulses injected in PbF, crystals
» positron energy measurement from SiPM readout corrected for average measured gain loss
ps time scale SiPM power supply recovery time ns time scale SiPM pixel recovery time
%1.004‘}‘ L ‘{ % 1,08 T T T T T T T T T T T T
S, F 1 s 106 E
£ 10021 E g 1045 3
2 F fadyd b th it 3 1020 gy =1.-ae?" 3
£ - i c E 3
3 . Y s 1 3
[0} N ] [} E =
0.9981- - E 098 E
[ f)=1.0-aeV"T ] o F 3
0.996/ 9® E £ 096 E
F o =0.062 = 6.2% ] S o094F =
0.9941~ - D 0.92E a=0.113=11.3% 3
N 1=6.28 ps ] = E
F 4 0.9E t1=12.38c.t.=15.47 ns =
0.9921- - E
099} L L L A 088 i,
=20 50 100 150 200 0 60
Time [us] At [clock ticks, c.t.]

rogress Meeting seminar at LBNL, April 20



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Pileup statistically subtracted before fitting
» three different methods have been used by 6 analysis groups Ngy\

£,

Muon Spin Direction

igh Energy

Calorimeter

. all calos, t > 27.9 us x3Indf = 126/125
10 A —— corrected spectrum 800
| N— measured spectrum
~

107 |‘ \\ abs(pileup spectrum) 600
> \
v \ 400
= 108
[=]
~ N 200
—
<M -
8 10%] \
9 0
[=
3 10° ’{ -200
(9]

103 —-400

) —600 ¢ corrected spectrum
0 1000 2000 3000 4000 5000 6000 3000 3500 4000 4500 5000 5500 6000
energy [MeV] energy [MeV]
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Lost muons modeled in fit function

» some muons hit collimators and are lost

» muon loss rate during a fill measured with 3-4-5 coincidences of m.i.p. on calorimeters

» overall normalization of muon loss included as fit parameter

muon loss vs. time energy

= 3500 T
408 2 [ 1200
=3000
o 1000
10* 0 2500 -
S 3
s 3 800
10° % 2000 -
2 © 1500 F 600
1000 k . 400
10 :
200
1 ) ) :
100 200 300 400 500 600 goo 1000 1500 2000 2500 3000 3500
1(us) Particle momentum [MeV/c]

& INFN Pisa Research Progress Meeting se



Muon precession, 5 parameters fit

5-parameters fit to number of positron decays with E > ~1.7 GeV, binned over time, from 30 to 650 us
N(t) = Noe /" [1 + Acos(w,t + )]

107 f " ’/n.d.f. = 9500,/4150 3
10" VVVVVVVVV\/\/VV\/VW\,\,\M,V:
10° |
10% E

102;_"WW\N\/\N ]

05L 0 20 40 60 80 100
' i Time after injection modulo 102.5 [j1s]

Weighted e*/ 149.2 ns

FFT magnitude [a.u.]

........ No CBO or ptloss A

0.0

P P
0 0.5 1 1.5 2 2.5 3
FFT of fit residuals Frequency [MHZz]
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Muon precession, 22-parameters w, fit

» include beam dynamics oscillations of beam position and spread

» include effect of muon loss on collimators

» include effects of damaged quadrupole resistors

Noe 5 (1 + A - Ago(t)cos(w, t+ ¢ +0po(t))) - Neso(t) - Nyw(t) - Ny (£) - Nacgo(t) - A(t)

Ago(t) = 1+ Axcos(wepo(t) -t + pa)e 7cBO
¥po(t) = Aycos(wepo(t) - t + %){%
Nego(t) = 1+ Acgocos(wepo(t) - t + WCBO)G_%
Nacgo(t) = 1+ Axcgocos(2wcgo(t) - £+ ‘P2CBO)67ﬁ

.

Nyw(t) =1+ Ayweos(wyw(t) - t +pyw)e W
t

Ty

Ny (t) =1+ Ajcos(w,(t) -t + ¢, )e
t ’
A(t)=1-— kLM/ L(tet /" dt
to
A .t
wego(t) = wg 70 + 7e Mtge

wy (t) = Fwcgo(t)y/2we/Fwepo(t) — 1

wyw(t) = we — 2w, (t)
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

22 parameters w, fit has x /n.d.o.f. consistent with 1

— LI B B I B B
S - H 7)) F T T T T ]
3 L . B S 1075 2In.df. = 4167/4132 1
o I R 10° v
E : Z VV\’WVVVV\N\/\/\/\,\,\,\,\,\,\W
2 1.0 10 "VW\’VVVVVV\N\N\,\M,V\N\A:
o ' ko] 4 [
= | 2 10 WMAM/WVW\NVV\AAW
= o g "WV"VVVWVWV\NWWVV\N
£ | 10" B VI MAAAAAAAAAAAAA
— - 2 2 PYAAAANAAS ]
w Sap TYVVVVVVYY
05L i 0 20 40 60 80 100
: ~|—“’§ :“’ Time after injection modulo 102.5 [us]
o o
-8 S8 i
L : o z 4
! X e
L : (o] > -
b o s AN A P LA Ay A S A ARt
O-O 1 I: 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0 0.5 1 1.5 2 2.5 3
FFT of fit residuals Frequency [MHz]
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

oups, 4 analysis methods, 11 w, fits

4 analysis methods FOM vs. E/E,.x threshold for T/R, A, Q

> T (threshold): 3 N(E_+) Eqe >17GeV |8 Frmr— ‘ ]
» R (ratio): (see below) E+ > 17GeV ¥ \\

> A (asymmetry): T A-N(E:)  Eqs>106Gev | |8 T ///\\\ ]
> Q (charge): > energy deposits no threshold gosgr, // \ ]

o
2
N\

ratio method ’ / \ 1

e w(y)=1

» randomly split time-binned positron decays in 4 sets o4 - w(y)=A(y) \ ]
» displace time of two sets by £T7,/2 021 2 Integrated B \ 1
> .ratio of 2 linear combina'tions can be fitteo! with o 0 07 0% 08

just Acos(w,t+ @) (instead of 5-par. fit) p—

» two reconstruction algorithms

» three pileup correction algorithms

Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LBNL, April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNA

R(w,) Run 1 measurement inputs

(SNS & INFN Research Progress Meeting seminar at LBNL, Api



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Four analysis methods are consistent

2000 H
1000 A
e}
(o}
o
©
>
S
n
[}
ju.
—1000 A
—2000 A

R(w;) measurements vs. respective run-group staged average

= ® A
w, = WL+ R(w,)] | W7
A R
v Q
]
| Run 1 R(w,) TR—A residual = —192 + 212 ppb
FEFTE 606 EEFOFITT EL E8FOTTFTE S0 $EOFTITTHEEL L&
Run la Run 1b Run 1c Run 1d

Lusiani (SNS & INFN Pisa

Research Progress Meeting seminar at LBNL, April 2




Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Several other checks

[ e Fitresult
[ — +/- 1sigma
827 __ Kawall band
sl
E
o
254
o
» fit results ought to be stable vs. chosen start time -
» similar checks check performed vs. F
. . -56—
>Ca|0r|meter5tatlon ;II\\\\lw\nll‘\\\\\ll\\\:\‘\||\|
30 0 50 80 0 90 10
» bunch number ¢ fit start time [us]
» Run number
» time of day soionst * Ftresu
. . E— +-1sigma
» positron energy bin 23407 | — Kawal band
> position Wlthln calorimeter 2.34085
> 2.3406
(o]
B 234055
] £
2.3405;
234045;
2.3404;
234035;7
23403t L e Ly L Ll L]
0 0 50 60 70 80 90 101
fit start time [us]
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Average of 11 ~critically correlated measurements with imprecise correlation

11 measurements
with different analyses — T
on same data sample

.
|
1
1
1
1
|
i
|
1
1
1
1
|
|
1
:
i\ .

o, - A uncertainty on average reduced
i
1
1
1
1
1
|
i
1
1
1
1
1
|
|
1
1
1
1

A S P
statistical correlation : 3
I e i as if there were 45% more data
. & e

systematics correlation
conservatively 100% s

RSSO

TR e (]

B CET o T ]
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crit

(i # J)

= min(a',-, g-j)/max(d,-. a.i)

27.0

26.9

Combination value of 1 A and 1 T w, measurements

Combination weights of 1 A and 1 T w, measurements

weight of most precise
measurement

H average of two critically £
o1
=81 correlated measurements g
2 vs. estimated correlation ER - -
T 267 2 weight of least precise
~| measurement
—— =R{w,) with A-method
26.6 || — —Rlw,) with T-method 21— weight Amethod
—— —R(w,) BLUE average —— weight T-method
0.00 025 0.50 075 1.00 - 0.00 025 0.50 075 1.00
estimated correlation estimated correlation
Combination uncertainty of 1 A and 1 T w, measurements st X average Of 2 mea around P pc"t

o(~R(w,)) [ppm]

0.00

uncertainty on average

o(=R(w,)) with A-method
0(=R(w,)) with T-method
(=R(w,)) BLUE average

025 050

estimated correlation

» unstable vs. value of estimated p
» Glen Cowan, Stat. Data Analysis, sec. 7.6.1
» Valassi & Chierici 2014, EPJC 74 (2014) 2017

» but no literature really appropriate for our case



https://arxiv.org/abs/1307.4003

Muon magnetic anomaly measurement to 0.46 ppm at FNAL

w, staged A-method average for measurements on same dataset

» A-method statistically optimal for ideal measurement with only Poisson uncertainties

v

in Run 1 we are close to these conditions because Poisson statistical uncertainties dominate

» in this approximation, the optimal combination corresponds to just average the A-method measure-
ments

» — combine just the 4 A-method measurements with equal weights, for each dataset

» but, taking into account that there is some decorrelation due to using two reconstructions
= average first A-measurements using the same reconstruction, then average across reconstructions

w,' uncertainties

[ppb]
total uncertainty 437
statistical 434
systematics 56
- Time randomization 9
- Gain 8
- Pileup 35
- Muon Loss 3
- CBO 38
- Early to late effect 17

Lusiani (SNS & INFN Pisa Research Progress Meeting seminar at LBNL, April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Electric field correction C, = +489 + 53 ppb

» compute momentum distribution from electrons detected at early times after injection

» using cosine Fourier transform of rate vs. time
» measuring change of shape of rectangular bunches (debunching)

» compute radial muon distribution from momentum distribution
» compute electric field contribution to w, due to quadrupoles electric field

» Run 1 kicker strength was insufficient = extra radial displacement and C,

cosine Fourier vs. debunching method radial distributions in the four datasets

@ R B L B e I B B 2 [T T T T T T
5 [ —* Fourier Method ] 5 B R ia ]
> r —=— Debunching Method 7 2 r Run 1b ]
S o8- ¢ ] € o8 TRinic .
g C 1 s r ~Run 1d ]
< L N < L i
0.6~ n 0.6~ n
0.4 . 0.4 .
0.2 . 02 .

0 A B A RPN I il Y st I D R T et

-40 -30 20 -10 O 10 20 30 40 -40 -30 -20 -10 O 10 20 30 40
Equilibrium Radius [mm] Equilibrium Radius [mm]




Pitch correction = +180 &+ 13 ppb

Muon magnetic anomaly measurement to 0.46 ppm at FNAL

» reconstruct muon vertical position from decay electrons measurend on trackers
» compute corresponding pitch correction to w,
vertical decay vertices distribution vertical oscittation amplitude distribution
c I £ T
£10000— . £ E ~ =
— L (@ e Data B — 16000: (b) — — Amplitude Fit q
& C — Amplitude Fit ] % 14000 ——— Width/Acceptance Correction ]|
c c C |
g 8000/ p S 120000 E
s L 4 = r |
6000 B 100001~ -
r ] 8000 —
4000~ — 6000 3
r ] 4000 E
2000— — E E
L ] 2000f; -
Ok " {A R RS B - ot [ R L]
~40 -20 0 20 40 0 10 20 30 40 50
Vertical Decay Position [mm] Vertical Oscillation Amplitude [mm]
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Lost muons phase-variation effect correction

ml = —11 £ 5ppb

¢/ p measured on dedicated runs estimated ¢ t due to muon loss

Relative Phase [mrad]

=
(4]

o
NN AR AR ARAN RRRRN AR RAR

10

Muon g-2 (FNAL)

Data
Data Fit
0 simulation [68% CL]

-

[l WURE NN FNNTE FRUN ARUNE FRRNE RATE SR

-1 -0.5 0 0.5 5

Aplp, [%]

rad]

E

Ap

0.005
0.004
0.003
0.002
0.001
0.000
-0.001
-0.002

-0.003

é Run-1a X3 F!un-1c,E

F B Run-ib  [ZZ] Run-1d 4

N TR PRI I SR BRI R
100 150 200 250 300 350

Time [ps]

& INFN Pisa
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Muon magnetic anomaly mea ment to 0.46 ppm at FN

Phase-Acceptance correctio

» effective phase variation due to variation of beam horizontal and vertical position and spread

de dep dYrms
Aw. = ¥ _ ¥  ZIRMS
“aT 4t T dYaws  dt

» example:

» obtained with simulation

» measured with trackers and extrapolated to whole ring with beam dynamics simulations

phase as a function of muon positi variation of Ygus

= T L S B e e — 15 —

€ 1 T T T ] € C T T T T T ]
£ a0F L1 ] £ £ (b) 1
> r 1Y g 1451 =
§ [ | g %) r ]
s 2 7 F E 5 14 3
2 & e .
ol J @30 g 2 135 =
r 1 % o E ]
[ 1B £ S 13f 3
-20— b 2 E o §:
C ] S50 A 125 ;— ""'~-‘~"4'.‘.m",~."o"m0’..‘*‘,’04““"00,‘0‘0@
40+ — F ]

L P T N T SN N SR B i} 60 12_‘ B e

2020 0 20 20 0 50 100 150 200 250 300

Decay x [mm] Time [us]
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Measuring the magnetic field with fixed and trolley probes

» 378 fixed probes measure continuosly the magnetic field
» 17-probes trolley run along muons path every ~3 days
» fixed probes measurements corrected using trolley measurements
N AR B e s S
.y - *y e corrected .
= 100 N uncorrected
= C F ¢ trolley value 1 -
g C & trolley value 2
= 50 =
trolley 2D maps i\ L C .\ ]
& N [0} L \r _
~ R O o s =
£ [£55/]¢ o Y o -
Sl P 3 § -50— —
% w %, y y C \ ]
oo C N\ a ]
I | 100}~ A
B By 9000 ¢ S I ISR I R
N positions 0 20 40 60

SR O S AR Time [h]
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Measuring the magnetic field: calibration of probes

» each trolley probe calibrated with absolute cylindrical probe
placed in the same position inside the storage ring

» absolute cylindrical probe calibrated to reference absolute
spherical probe in MRI magnet at Argonne National Laboratory

> absolute spherical probe consistent with novel absolute *He probe

» 17 probes calibration uncertainty 20 — 48 ppb

reference temperature

» magnetic field measurements corrected to be expressed as w,(T),
precession frequency of shielded proton spin in spherical water
sample at reference temperature of 34.7°C

Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LB



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Compute the magnetic field experienced by the muons to 56 ppb

» tracker reconstructs muons decay vertices in parts of storage region
» bean dynamics simulation used to extrapolate to whole storage region
» magnetic field map averaged over muon distribution
» two independent groups did the measurement, one additional group the calibration
1.0
_ AG =Field homogeneity [ppm]
E F 40
é 6000:7 0.8;
3 ~ - g
< 4000~ E 204 5
E r H 2
a - 2 =2
& 2000~ ] = 0:8 qg)
C ” £ o £
0_ = g
C 0.4 3
-2000— 20 o 20 €
- Raal Position [mm] —20 A g
C 60 £
—4000— T
F 40 02 &
-6000/— ‘F-:/ 20 —40
Lol b L T L 1 0
-6000 -4000 -2000 0 2000 4000 6000
Global Z Position [mm] —40 —20 o 20 40
x [mm]
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Quadrupoles transient field correction B, — 17 & 92 ppb

» quadrupoles are pulsed § T T Ty ]
(to prevent static charge accumulation) &400:_ E
» plates vibration perturbs magnetic field E 200 4
i “F ]
» special NMR probes measure the transient o C ]
field perturbation in muon region = or
» large uncertainty because mapping incomplete &_200“_
will improve in Run 2+ C
400
A T T N TN SN S NS ST SN O SN S T
20 40 -7V 60
-\ zoom Time[ms
3 C T T T T I:
a F muon 3
S 100 ! —
= s fill .
Q@ - =
L r ]
[0 r 3
= — 3
© F ]
© 200~ =
o o 7
-300F =
7Ty T EPRUUEEN U B R
39 40 41
Time [ms]
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Kicker transient field correction B, = —27 & 37 ppb

» kicker pulsed before start of fit window

» induced eddy currents perturb magnetic field inside fit window

» magnetic field perturbation measured with a Faraday effect magnetometer

/I: 1-0_ LR L L L L

= .

© 00: ]

(o) U = ;

i r w’%«”‘mhx
1.0 B
2.0~ « Data™]

B Fit 7
C_1 Il 1 l 1 1 Il | L 1 1 | 1 1 1 l 1 L [ —
0.0 0.2 0.4 0.6 0.8 1.0

Time After Kick (ms)




Muon magnetic anomaly measurement to 0.46 ppm at FNAL

All corrections and uncertainties estimated before unblinding

Correction  Uncertainty  Design goal

w,' (statistical) - 434 100
w,' (systematic) = 56
base clock - 2
C. 489 53
c, 180 13
Crmi -11 5
pa -158 75
w, beam dynamics corrections (C. + C, + Cpy + Cp5) 499 93

w, total systematic 499 109 70
wo(T)(x, v, @) - 54
M(x.y. ¢) - 17
(wp(T)(x. ¥, 9) X M(x.y.9)) - 56
B, -17 92
By 27 37
l:};,(T) transient fields corrections (B, + By) -44 99

@,,(T) total 44 114 70

wa/tD;,(T) total systematic 544 157 100
external measurements - 25

total [correction is for wa/(I);,(T)] 544 462 140
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Muon magnetic anomaly measurement to

w he four Run 1 datasets

T L,
Runl R (T) = wa/wp(T) fit with x* terms

229081.5 |

Runid

~
L. 229081.21
53
N
//
229081.0
/ 2
x“/n.d.of.=6.8/3
2
P(x")=7.8%
229080.8 - : : : :
61791850 61791900 61791950 61792000

LT)';(T)/27T [Hz]

» reported X2 terms are larger than one can guess on the plot because uncertainties are partly correlated
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

We decided to unblind in a remote meeting of the whole collaboration

Alberto Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LBNL, April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL

First FNAL Muon g—2 result

BNL g-2 — o :

FNAL g-2 +——o—

A N
< 4.20 >
N 14
D —— —— +——e—
Standard Experiment
Model average

17.5 18.0 185 19.0 19.5 20.0 20.5 21.0 21.5
a,-10° — 1165900

+3.660, E821
1165920.893(630) - 10~°

+3.330, E989 Run 1
1165920.397(539) - 107°

+4.22 0, E989 Run 1 + E821
1165920.607(410) - 10~°

Muon g-2 theory initiative
1165918.100(430) - 10~°

> a,(BNL) recomputed from R, (BNL) like a,, (FNAL)

» included correlation due to external measurements, assumed no other correlation between BNL and FNAL

Alberto Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LBNL, April 20, 2021




Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Three papers published on April 7, 2021, a fourth one accepted

» Measurement of the Positive Muon Anoma-

PHYSICAL lous Magnetic Moment to 0.46 ppm
REVIEW doi:10.1103/PhysRevlett.126.141801
LETTERS

oot 9 Api 2021 » Measurement of the anomalous precession

frequency of the muon in the Fermilab
Muon g—2 Experiment
doi:10.1103/PhysRevD.103.072002

» Magnetic Field Measurement and Analysis
for the Muon g—2 Experiment at Fermilab

FNAL 2 +——@———+

doi:10.1103/PhysRevA.103.042208
——— ——t

» Beam dynamics corrections to the Run-1
measurement of the muon anomalous mag-
netic moment at Fermilab

American Physical Society %Eg Volume 126, Number 14 arXiv:2104.03240 [[)jysics.acc—ph]

physics
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

» Run 1 is 6% of our design goal sample
» measurement using Run 2+3 data in ~1 year

» improvements ongoing also on theory side

& INFN Pisa Research Progress Meeting se
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Muon magnetic anomaly measurement to 0.46 ppm at FNAL

Backup Slides
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7.3 ppm] 1979, CERN Il p* data 1974-1976
7.1 ppm] 1979, theory in exp paper
17

ppm] 1985, Kinoshita et al.
ppm] 1999, BNL u* data 1997
66 ppm] 1999, theory in exp paper

3

0.

5.1 ppm] 2000, BNL u* data 1998
0.69 ppm] 2000, theory in exp paper
1.3 ppm] 2001, BNL u* data 1999
0.57 ppm] 2001, theory in exp paper
0.73 ppm] 2002, BNL u* data 2000
0.70 ppm] 2002, theory in exp paper
0.72 ppm] 2004, BNL p~ data 2001
0.70 ppm] 2004, theory in exp paper
0.54 ppm] 2006, BNL p* data 1999-2001

VI ~|l 0.63 ppm] 20086, theory in exp paper
Nl +/ experimental measurement -[ 0.30 ppm] 2017, Jegerlehner 2017
b4 theory prediction in the measurement paper
H4  theory prediction
H [ 0. ,
uk b theory lattice QCD prediction [ 0.41 ppm] 2020, DHMZ 2019

T
Kl
|

0.32 ppm] 2020, KNT 2019

[

2.6 ppm] 2020, LM 2020

}

0.49 ppm] 2021, BMW 2021

.
|

0.46 ppm] 2021, FNAL pu* data 2018

. [ 0.35 ppm] 2021, BNL 2006 + FNAL 2021
[ 0.37 ppm] 2020, Muon g-2 theory initiative

10 15 20 25 30 35 40
a,-10° - 1165900
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Muon magnetic anomaly measurement to

2/EDM experiment at

Backup

non Storage

U, magnet

3x10%/sec

Emittance Lmwmm - mrad) Loy » 1 1 1
Intensity (per sec) 3x10% 9x10° 4x10% 4ax10% 4x10%
Resonant 1 S 3
lese [ ] Spiral injection
ionization “ | | | | | | beam transport
9 1%t stage 27 stage 31 stage
1o P RFQ Disk-And-Washer Disk-loaded -
Themmal muaniu initial accelerating
grdduion :\IrseT\/e\ecvmz (508) IH-DTL structure structure
Surface
miion Room temperature Muon LINAC
(H-Iine) muon source

VVYvVYyVvVYvyy

50% polarized 300 MeV muons

small 3.0 T magnet

no electric field, low focusing magnetic field
silicon tracker instead of calorimetry
5.7-10" reconstructed electrons

0.45 ppm statistical uncertainty goal

Lusiani (SNS & INFN Pisa Research Progress Meeting sem




Muon magnetic anomaly measurement to 0.46 ppm at FNAL Backup Slides

Main w, measurement systematics mentioned in E989 TDR

E821 E989 improvement plans goal Runl
[ppb] [ppb]  [ppb]
i i 120 better laser calibration 20 20

low-energy threshold

low-energy samples recorded

pileup 80 . . 40 35
calorimeter segmentation

lost muons 90 better collimation in ring 20 5

CBO 70 higher n value (frequency) <30 38
better match of beamline to ring

E and pitch gy Lipevee Heda 30 55
precise storage ring simulation

total 180 70 109

Lusiani (SNS & INFN Pisa) — Research Progress Meeting seminar at LBNL, April 20, 2021



Muon magnetic anomaly measurement to 0.46 ppm at FNAL Backup Slides

Investigations on T-A bias extended to Run 2

R(w;), T-method minus A-method for EU analysis
3000 0 0 t t t t t t
® runl
B run2
A runl+run2 w0
2000 A ~~ -
%
—_ &4
a I
%)
2 1000 - a -
o ~ A % »/«\
S ~ Ny X Y @ w o
° ‘g) % *”7 Q%/ % n)\ r\;‘/
u % S / %) % ~
g 0 1 o . ,\Q/?’ o h/ }N L
> ’ %;,v
—1000 i
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