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Measurement of the muon precession frequency in magnetic field at Fermilab
Introduction

muon magnetic anomaly a,

q g, —2 ,, muon magnetic momentum
- o g o W - . .
> [, = g”ﬂL’ a, = T g, muon gyromagnetic ratio
a, muon anomaly or anomalous magnetic moment

» a, measured to 0.46 ppm at FNAL in April 2021
EPS-HEP presentation A. Keshavarzi, 28 Jul 14:45
w w, muon anomalous precession frequency in magnetic field
> a,=—"2.-C w, proton spin precession frequency in same magnetic field as w,
“p C precision metrology measurements

muon anomalous precession frequency w,

» this presentation

» April 2021 paper: Measurement of the anomalous precession frequency of the muon
in the Fermilab Muon g—2 Experiment, doi:10.1103/PhysRevD.103.072002]

Lusiani (SNS & INFN Pisa EPS-HEP 2021, July 26-30, DESY, Hamburg, Ger


https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
https://indico.desy.de/event/28202/contributions/104070/
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002
http://dx.doi.org/10.1103/PhysRevD.103.072002

Measurement of the muon precession frequency in magnetic field at Fermil

alous muon precession ency in uniform magnetic field, w

w, = angular velocity of muon spin vs. momentum polarized muons in magnetic storage ring

ws - w. = w ﬂ
7gui ~ (1) eB | | eB | _ *3u£
2m, myy myy my,
Larmor + Thomas cyclotron no | =2, a, = =0
spin precessions frequency v

» transverse motion in uniform magnetic field ==p Momentum
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alous muon precession ency in uniform magnetic field, w,

w, = angular velocity of muon spin vs. momentum polarized muons in magnetic storage ring

4

g eB ~ (1) eB | | eB | | _eB

*2m, m,y m,y ¥ m,

Larmor + Thomas cyclotron o0l 8, ;ﬁ 2, a, #0 N
spin precessions frequency v

==p Momentum

» transverse motion in uniform magnetic field

@ magnetic
field

Pp._,(t) =w,t

Lusiani (SNS & INFN Pisa EPS-HEP 2021, July 26-30, DESY, Hamburg, Ger



Measurement of the muon precession frequency in magnetic field at Fermilab

Positive muon pro storage and decay at FNAL
p 7T+ ,u"' inflector electric
> > quadrupoles
8 GeVl/c 3.11 GeV/c 3.09GeVic -

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

3.09 GeV 95% polarized muons accepted in
delivery ring, separation from p's and 7's

superconducting
magnet

14.2 m diameter ring % K

1.45T magnetic field

vy

1
1
1
1
1
I
1
1
1
1
|
1
1
inflector magnet cancels storage ring field B
\
\
\
\
\

kickers pulsed B field puts muons in orbit

~5000 stored positive muons per fill
~500 high-energy positrons detected per fill

dilated muon lifetime ~64 us
muon decays detected for 700 us
~500 high-energy positrons detected per fill

VYVYyVvVYyVvVYyYyYyYy
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Measurement of the muon precession frequency in magnetic field at Fermilab

Positrons from positive muon decays are detected inside the storage ring

p T L
> >
8Gevic | 3.11GeVic 3.09Ge

target

detectors

» 24 calorimeters
B 24 calorimeters

» 2 trackers
Ml 2 trackers
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Calorimeter and tracker modules

Calorimeter active volume

= B
_— Decayelectron —. Q‘“%a
e it \TQ

\-‘\\ pon storad of

\

W\

W

\_:} =

Traceback chambers

Calorimeter active volume

calorimeter

6 x 9 PbF, crystals per module
Cherenkov light collected = fast

SiPM readout

EM shower energy resolution 3% at 3 GeV
laser-based gain monitoring

measures positrons energy

VVYyVvVYyVvVYyyYy

detects lost muons, identified with coincidences

» 8 modules x 4 layers x 32 straw chambers

» +7.5° stereo angle w.r.t. vertical
» track positrons to measure beam profile

» also track lost muons
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Measurement of the muon precession frequency in magnetic field at Fermilab

Run 1 data datasets, collected in 2018

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

1a B 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

» four datasets, each with approximately stable beam conditions

» total of 8.2 billion positrons collected since 30 us after injection and with E > 1.7 GeV
corresponds to ~1.2x the BNL statistics, 6% of the FNAL goal of 21 xBNL

> w, x w,, but magnetic field actively stabilized to ~1 ppm in whole Run 1
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Measurement of the muon precession frequency in magnetic field at Fermilab

Measurement of angular velocity of muon spin t momentum

» parity violation in positive muon+ decay =

= decay positrons peak along muon spin 12
= |_|"‘ 10 spin
—_—
Ve —— ® = ot _os momentum
v, =—— % 7

» positrons decaying along muon momentum
P ying g lab-frame muon-decay

. . 02
have highest energy in laboratory frame electrons energy spectrum
—t 0.
> | N(E>E,, t) = Nge /T“(l + Acosw,t) | b o *Er316eV’ o 10
12 12
I spin ol spin
__________ > P
““““““ —_—> —_—
_o08 momentum _o08 momentum
'E‘DE A E‘OB >
= . =
04 ™ 04
.| lab-frame muon-decay . | lab-frame muon-decay
electrons energy spectrum electrons energy spectrum
\ . -
0.0 02 0%/ 3.166\}6 08 10 %0 02 0%/ 3.166\96 08 1.0

Alberto Lusiani (S & INFN Pisa EPS-HEP 2021, July 26-30, DESY, Hamburg, Germany
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Reconstruction of positron energy deposits in calorimeters

» record SiPM ADC counts for deposits > 50 MeV 4oof

fit samples using crystal pulses templates 300

ADC counts

» distinct template for each crystal from data 200}
» fit one or more superposed templates 1005
two reconstruction algorithms of

i o I N R N E U SR B B
> local: fit individual crystals 59940 59960 59980 60000 60020 60040 60060
sample number

» global: global fit over multiple crystals
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Measurement of the muon precession frequency in magnetic field at Fermilab

Calorimeter gain variation, measured with laser pulses and corrected

» 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
5 . ] g 106 =
8 1.0021- B 3 1.04 E
3 E fond ot 3 5 1000 gty=1.-ae¥" 3
£ 1= # £ F E
© L B [ 11— |
[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.]
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Measurement of the muon precession frequency in magnetic field at Fermilab

Pileup, statistically subtracted

3 methods of pileup estimation

. . . . . Low Energy
» combine hit with 2nd hit in shadow window
» (1) sum 2 hits using model to get E, t i,'ﬁ n
. . . gh Energy
» (2) reconstruct pileup hit using all crystals ADC counts ———
. i i . Muon Spin Direction -
» (3) convolve hit density p(E, t), then use estimated pileup Calorimeter
and iteratively solve for the pileup-subtracted p'(E, t)
i all calos, t > 27.9 us x3/ndf = 126/125
10 A —— corrected spectrum 800
[ measured spectrum
107 I‘ \\\ abs(pileup spectrum) 600
> \
] \ 400
= 108
o
~ (L 200
e
8 105 -
w 0
=
o
3 10¢ -200
o
i - -400
103! (pileup correction,
changes sign from
positive to negative) L. —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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meters w, fit model

» number of positron decays with E > ~1.7 GeV, binned over time, from 30 to 650 us

> fit with | N(t) = Noe /™ [1 + Acos(w,t + ¢)] |

= T T T T T T
2 8 S0k x°/n.d.f. = 950041507
[0) ; %" 10° kb d
8 1 VVV\’VVVVVV\N\/V\N\,\,\,VV\M
= 1.0 o 10 MMN\NV\/\/V\/\/\/WV\,\,\NV\:
=y 2 10t _’VVVVVVWVV\/V\,\M,VVV\W
b £ "VVVVVVVVVWV\N\,VW\NVV\
€ S 10° M’VVWWVWV\N\NV\,WVW
— 2 2 VAAAAAAAS
& : ; 102 3 1 1 1 1 |_
0.5 0 20 40 60 80 100
' :“’ Time after injection modulo 102.5 [.s]
__§ Qe No CBO or ptloss A
]
X
[9V]
0 0.5 1 1.5 2 2.5 3
FFT of fit residuals Frequency [MHZz]
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Measurement of the muon precession frequency in magnetic field at Fermilab

Extend w, fit model to account for lost muons on collimators

» 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 in calorimeter vs. momentum in tracker

= 3500 [
—'105 2 F 1200
=3000 -
) 3 1000
104 9 2500
@ [
ot f 800
10° % 2000 -
- © 1500 600
1000 400
10 L
I 200
1 T N T I T S B F——— F—r—— Fra—— L PR L
100 200 300 400 500 600 800 1000 1500 2000 2500 3000 3500
t(us) Particle momentum [MeV/c]
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Measurement of the muon precession frequency in magnetic field at Ferm

Extend w, fit model to account for beam dynamics

> transverse beam center and spread (waist) oscillate (betatron oscillations)
» beam oscillations modulate recorded positrons N(t) because detector acceptance varies

» N(t) effectively modulated by beatings of beam oscillations and cyclotron and anomaly frequencies

» operational issues in Run 1 make beame oscillations frequencies varying during fills

beam synamics with field index n = 0.12 f [MHz] T [us]
Anomalous precession f, 0.2291 4.3649
Cyclotron fe 6.7024 0.1492
Horizontal betatron f. =f./1—n 6.2874 0.1590
Vertical betatron f, = f.-+/n 2.3218 0.4307
Coherent betatron oscillation fcgo =1 —1-fx 0.4150 2.4097
Vertical oscillation fvo =f.—1-fy 4.3806 0.2283
Vertical waist fw =T1f.—2-fy 2.0589 0.4857
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Muon precession, 22-parameters w, fit

N(t) = Ny e (T + A-Ago(t)cos(w,t+ @ +wpo(t))) - Negol(t) - NMyw(t) - Ny (t) - Nocgo(t) - A(t)

Ago(t) = 1+ Apcos(wego(t) - t -+ pa)e O

__t

wgo(t) = Apcos(wepo(t) - t+ p,)e TcBO
__t
Nego(t) = 1+ Acgocos(wepo(t) - t + pcpo)e  "CEO

__t
Nocgo(t) = 1 4 Axceocos(2wepo(t) - t 4 poco)e >7CBO
__t
Nyw (t) = 1+ Ayweos(wyw(t) - £+ puw)e W
t

Ny (t) =1+ Ajcos(w,(t) -t +p,)e ™

t ’
At)=1— kLM/ L(t)et /T dt’
to
A .t ot
wego(t) = w5 o0 + 7€ At e
wy (t) = Fwego(t)y/2we/Fuwcpo(t) — 1

wVW(t) = We — 2wy(t)
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22 parameters w, fit has xz/n.d.o.f. consistent with 1

— LI B B I B B
S - H 7)) F T T T T ]
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Measurement of the muon precession frequency in magnetic field at Ferm

6 analysis groups, 4 analysis methods, 11 w, fits X 4 datasets

» T (threshold): > N(E) E > 1.7GeV 3 e e e - ‘ ]
w B ~ N

» R (ratio): (see below) E > 1.7GeV 3 \\
> A (asymmetry): > A(E)-N(E) E >1.0GeV = T ///\\\ ]
> Q (charge): 3_energy deposits no threshold eos . // \ ]
. 0.6 / B
o wiy)= ]
» randomly split positron dataset in 4 subsets 04 —/// w(y)=A(y) \ 1
T T 0.2l e Integrated E ]
> R(p) = METZ) +m(t=5) = m(t) — ni(t) \ |

my(t+ )+ ma(t = ) + ma(8) + (1) ooz oa o os

y

threshold

= Acos(w,t + )

» removed exponential decay envelope

two levels of blind analysis

» relative blindings between any w, analysis groups

» global blinding of the a,, result
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Run 1 R(w,) values and uncertainties (11 systematics cat ies)
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In each of 4 datasets, 11 w, measurements are consistent between each-other

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

2000 -

w, = w1+ R(w,)] |

1000 A

residual [ppb]
—e—
——
——
——
—a—
—a—
—a—
—a—
—
——

—1000 A
~2000 - | Run 1 R(w,) TR—A residual = —192 + 212 ppb |
SEFTE 06 $EOFTIFTTE CLEEEOTFFTE C06 $EOFTIFTEEL &L
Run la Run 1b Run 1c Run 1d
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A large number of consistency checks have been completed

[ e Fitresult
[ — +/- 1sigma
“82F __ Kawall band
53—
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\\‘\I\‘LII‘\\\\‘II\‘\I\‘\II\I
a6 o - — 70 o
» bunch number ¢ fit start time [us]
» Run number
» time of day soionst * Ftresu
. . E— +-1sigma
» positron energy bin 25407 £ — Kawall band
> position within calorimeter 2:34085 =
> 23406 |
° E
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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Measurement of the muon precession frequency in magnetic field at Fermilab

Average of 11 ~critically correlated measurements with imprecise correlation

11 measurements
with different analyses
on same dataset

statistical correlations
estimated with toy MC

as if there were 45% more data

systematics correlations

uncertainty on average reduced
conservatively 100%

-35 -30 -25 -20
R [ppm]

» statistical correlations estimations have limited precision
» systematic correlations estimated conservatively to avoid underestimation

» = minimum x° combination (=BLUE) not reliable

Lusiani (SNS & INFN Pisa EPS-HEP 2021, July 26-30, DESY, Hamburg, Ger



eld at Fermilab

crit

= min(o;, 0;)/max(e;,0;) (i #J)

Combination value of 1 A and 1 T w, measurements Combination weights of 1 A and 1 T w, measurements
27.0 N
3
269 weight of most precise
H average of two critically g | measurement
© 1
=xe) correlated measurements g
S vs. estimated correlation ElC - -
T 267 2 weight of least precise
] measurement
—— =R{w,) with A-method
26.6 {| — —R(wa) with T-method 21— weight Amethod
—— =R(w,) BLUE average pml —— weight T-method p:m
0.00 025 0.50 0.75 1.00 - 0.00 025 0.50 075 1.00

estimated correlation estimated correlation

crit

Least x2 average of 2 meas. around p = p

Combination uncertainty of 1 A and 1 T w, measurements

L0 » unstable vs. value of estimated correlation p
T o » Glen Cowan, Stat. Data Analysis, sec. 7.6.1
£
= uncertainty on average » Valassi & Chierici 2014, EPJC 74 (2014) 2017
3 . . .
€ » but no literature really appropriate for our case
kS
0.25
o(=R(w,)) with A-method
o(=R(w,)) with T-method
000 0(-R(w,)) BLUE average perit
0.00 025 0.50 0.75 1.00

estimated correlation
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https://arxiv.org/abs/1307.4003

Measurement of the muon precession frequency in magnetic field at Fermilab

Average the four most statistically precise A-method analyses

(on each of four datasets)

even weights, disregarding imprecise correlations

» 50% of weight to 1 A-method analysis using one of the two reconstructions
» 50% of weight to 3 A-method analyses using the other reconstruction

» weight = 1/3 of 50% each

» robust procedure, close to optimal combination

measurements with methods T, R, Q used for checks

» T and R methods are ~11% less precise than A (Q is even less precise)
» optimal combination T, R, Q weights non negligible only if T and/or R and/or Q measurements
had much smaller systematics than A, which is not observed in present estimations

EP 2021, July 26-30, DESY, Hamburg, Germany
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Synthetic w,' FNAL Run 1 measurement

R(w,) = (w, — w;ef) -10° FNAL Run 1 FNAL goal BNL
[ppb] [ppb]  [ppb]

value -82357

total uncertainty 437 122 487

statistical uncertainty 434 100 460

systematic uncertainty 56 70 160

- Gain changes 8 20 120

- Pileup 35 40 80

- Coherent Betatron Oscillation 38 30 70

- Time randomization (to remove “fast rotation”) 9

- Residual slow term 17

- Other 3

» the FNAL total systematics goal includes other systematics that are not discussed here
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Measurement of the muon precession frequency in magnetic field at Fermilab

Conclusions

» positive muon anomalous precession frequency w, measured at FNAL to 0.44 ppm

> with 6% of design goal statistics, w, systematics quite close to design goal

Thanks for your attention!

Lusiani (SNS & INFN Pisa HEP 2021, July 26-30, DESY, Hamburg, Ger



Measurement of the muon precession frequency in magnetic field at Fermilab

Backup Slides

(SNS & INFN Pisa) 0, DESY, Hamburg, Germ



Measurement of the muon precession frequency in magnetic field at Fermilab Backup Slides

Production of polarized muons

» dump 8 GeV protons on target to produce pions
» select pions with momemtum p ~ 3.11 GeV
» let them decay into muons
» in pion rest frame, because of parity violation in pion decay, i~ spin is aligned with momentum
(/.L+ spin is anti-aligned with momentum)
» in laboratory frame, highest energy muons are >90% polarized
P at M+ g
> > > | (Vy = =
8 GeV/c 3.11 GeV/c 3.09 GeV/c <€ . > V]
target
>

with 8 GeV protons on target, u' are produced ~4x more frequently than ™

Lusiani (SNS & INFN Pisa EPS-HEP 2021, July 26-30, DESY, Hamburg, Germany
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m
Subsamples w, measurements

Backup Slides

R(w]") la 1b 1lc 1d
value -83123 -81738 -82347 -82395
uncentainty 1209 1025 825 676
statistical 1207 1022 823 675
systematic 64 70 54 49

statistical correlation

la
1b
1c
1d

1.0000
0.0000
0.0000
0.0000

0.0000
1.0000
0.0000
0.0000

0.0000 0.0000
0.0000 0.0000
1.0000 0.0000
0.0000 1.0000

systematic correlation

la
1b
1c
1d

1.0000
0.9935
0.9884
0.9812

0.9935
1.0000
0.9820
0.9936

0.9884
0.9820
1.0000
0.9669

0.9812
0.9936
0.9669
1.0000
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