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* Introduction to Muon g-2
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Magnetic moments

« Charged particle with angular momentum has magnetic moment
L. q @ssion S
— Classical: H=- S

- > _ -4 c _ o 4 Spins precess in +
_ : =g—S, w=g—B >~PNSP
Spin: H=87m 8om external B field H

I

« Dirac equation for spin % particles: g =2 / ‘
» Loop corrections lead to deviation — gy = 2(1+ au)

anomalous magnetic moment

& Fermilab
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T ' Correction  Value (Error) x 1011 Error [ppb
Standard model prediction for muon a, (Erron [Ppb]
QED 116 584 718.931(104) 0.9
.. . . . EW 153.6(1.0 9
Theory prediction: include all Standard Model interactions (19
HVP 6845(40) 343
ED
aﬁM = 3 + aMW + aﬁVP + aHLbL HLbL 92(18) 154
Total aﬁM 116 591 810(43) 369
Muon g-2 Theory Initiative recommended values
T. Aoyama et. al., Phys. Rept. 887 (2020) 1-166
a4 N 4 . \
tree-level QED Electroweak Hadronic
Y Y Y L !
Y
Tl o 1}
Y -0 1l
‘ Y
g=2 Schwinger: a — /21 Hadrc'mlc'vacuum Hadron'lcllght-by-llght
polarization (HVP)  scattering (HLbL)
* Leptons, photons *  Corrections ~m7 /Mg, Difficult because QCD nonperturbative
«  Termsto 0(a®) * W, Z, Higgs bosons HVP calculated from e*e™ — hadrons cross section data
HVP lattice calculations approaching required precision,
in tension with data-driven calculations
. J
£& Fermilab
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https://doi.org/10.1016/j.physrep.2020.07.006

Outline

* Fermilab Muon g-2 experiment

6

— Run 1 result and current status
— How we measure a,
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Fermilab Muon g-2 experiment BNL g-2 .
FNAL g-2 * (Run1)
* 2006: BNL g-2 measured a, to 540 ppb
—— 420 —_—
* 2021: FNAL g-2 measured a, to 460 ppb St,\jlfc‘)‘jfefld E"apveerr';“gznt
« Combined 4.20 discrepancy between experiment . .
. . & Standard Model (SM)
and SM prediction s N = Runs 4+5
. . L. : E::;T;lt:;::?:g[:ext Publication] e design goal
* Fermilab g-2 goal: 4x higher precision than BNL it e
100 ppb systematic 3, 10° 1165900 J. LaBounty

(2.8X improvement)

140 ppb total o Z17.5{ Muon g-2 (FNAL) - Very close to
\ 100 ppb statistical - . ' 20% BNL goal!
(4.6X improvement, ‘ Run-s goal:

2
©12.59

e

20X more muons) §1o.o- ‘(e\ease nll
. Experiment status wrsl o g
° Finished Run 5 in JU|y 2022 @ z: ’/g:;‘_z I “Run” = few-month
Run 2+ analysis in progress 1oL Fun data taking period
«  Run 6 (final run) to start in fall e e L e T P e B P e

$& Fermilab
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Measuring a, at Fermilab Muon g-2

* Inject polarized relativistic u* into magnetic storage ring

g > 2:anomalous precession = By — @& = —ay, E

measure with measure with
calorimeters NMR probes i
momentum —» //
. . . a
« Express a, in terms of experimental constants, spin  — | (exaggerated)
. hw;
with B = —£: .
Zﬂp Constant Source Uncertainty [ppb]
Quantum cyclotron spectroscopy
l e Hanneke et. al. 2011. CHEO02
a _9u=2 _|wgl|tp My ge Muoni ,
— — =7 uonium spectroscopy
H 2 Wp t‘e me 2 M/ Me Liu et. al. 1999. 22
measure other experiments ¥ Hydrogen spectroscopy, NMR 0
Hp/te Phillips et. al. 1977. :
a Fermilab g-2 goal 140

& Fermilab
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Injecting the muons into the storage ring

Polarized 3.1 GeV u* beam Pulsed u* beam injected into g-2 storage ring
produced at FNAL Muon Campus
. % — ""l’" "l""' 16 fills / 1.5 s ?
3 S ! _ — . -' LR - :
W R=7112m
Field-canceling
superconducting

inflector magnet

& Fermilab
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Storing the muons in the ring

10

Storage ring magnet: 1.45 T

Pulsed kicker magnets shift beam to
nominal orbit

Electrostatic quadrupoles focus beam
vertically

Straw tracking detectors reconstruct muon
distribution

08/04/2022 Brynn MacCoy | maccob@uw.edu | NUFACT 2022
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Measuring w, with calorimeters = aq,x==

« utdecaytoe®
7
» 24 calorimeters measure energy and
arrival time of decay e™

+

54 PbF, Cherenkov crystals
Silicon photomultipliers

£& Fermilab
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Measuring w, with calorimeters

12

ut decaytoe”

ut

24 calorimeters measure energy and
arrival time of decay e™

Parity violation in weak interaction -
et counts above energy threshold
modulated by w,

Extract w, from fit to e™ hits vs. time

e™ above E threshold vs time in fill

Entries / 149.2 ns

Running time 00H : 00M : 00s

il

60

—5<t<100

‘ — 100 <t < 200

— 200 <t < 300

= 300 < t < 400

\
Ip .
Wl — oo
LR
80 | 00

I
|

|
|
| i
‘ | |l
20 40

Time % 100 [us]
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: 4o
Extracting w, from e™ histogram WS
5 pararpeters

N(t) = ’Noe_t/f[l + A cos(w,t + cp)]

Initial beam  Time-dilated Asymmetry due Anomalous Initial spin
intensity muon lifetime to energy-spin precession  phase
correlation frequency
(blinded)

e™ above E threshold vs time in fill

FAVAVAYA ,\l}ynm ,gtlme 01H : OOM : 00s
/\/ VoV \.I VoV \/\/’\/\/ \f\/\\/\ /‘\'/\ f\/\l,\ N
10* ¥ \/\/\\/\A\/V\//\/ /\\J\r,\/\ \/\/\/\f\/\/\\/'
4 V — 100 <t < 200
WVYWAWMAAMAAAAA
= 200 <t < 300

NAA A A a
YVVV \/\4;‘/\,’\
. VVVAAAA VA \/\y“y"‘yﬁ/\v’\./ — 300t <400

: \/\(’\/‘N\“NNWW» M —— 400 <1 <500

500 <t <600

Entries / 149.2 ns

10

T R e}
Time % 100 [us]
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Extracting w, from e* histogram a, «

5 pararpeters

Position-dependent calo

N(t) _ ,NOe_t/TT[l n A COS((Uat + ¢)] many (28) terms to account } acceptance couples
/

for beam dynamics effects beam motion to N(t)

N TT—

Initial beam  Time-dilated Asymmetry due Anomalous Initial spin

intensity muon lifetime to energy-spin precession  phase
correlation frequency
(blinded)

Dynamic beam motion after injection
( Good fit when all terms included y J

Time since injection: 5.0 us

_8 100 30¢ - T

F I " I E L = ERadial coherent betatron oscillation
ok 2 / NDOF 3899/4000 ool E20F
E 2 % F
F : I3 r o —
E 1 -5<t<100 0l R & 210
w®L . st ©
10°F : R € o
2 E § 1100<t<200  >201- 60 :“}103
N 10°k 4 Fl e =F
: WMM’\N\/\/\/\/\/\/\/\/\/\/V\/\AF B S e
- C ] Pt E 25F
> 10 A I 40 =7
= 10 ?/\N\/VVWV\/\/\/\/\/\/\/\/V\/\/\/\/V\E 300 <t < 400 r : L . §20;,
t 4 —a0f . < 15F
ma;_\/\f\fV\/\/\/\/\/W\AMM/WvW T ST . B
NNV AN : 3%
10° ¢ E i b L

E L L L I n | N N N 1 N N N 1 N L ' 13 gole e Lo b e L b b L 0 = I L L L L L L L L
%0 60 40 20 0 20 0 6 80 0 5 10 15 20 25 30 35 40 45 50
0 20 40 60 80 100 Radial Position [mm] Time [us]

Time after injection modulo 102.5 [us] From straw tracker data

£& Fermilab
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Measuring w, with NMR probes a, o ==

Wy Nuclear magnetic resonance (NMR) probe

 Pulsed NMR probes measure w, = proton
precession frequency (w, x B)
» Trolley maps field all around ring every few days

» Fixed probes outside storage region monitor
field drift between trolley runs

* Interpolate field map between trolley runs
using fixed probes

e thermal
= insulaﬁon)

E 1 1 1 1 3
0.0 2.5 5.0 75 100 12

Time (ms)

Field interpolation NMR probe trolley

> i 1 \
840 +  FP data (1000s avg) P
5 + Trolley data i
@
o 839
£ =
2 5
- 838 z
3 2
2837 Y
3 Fixed probe s
2836 . o
a tracking 2
835 A*
04/22 04/22 04/23 04/23 04/24 04/24 04/25 -0 -20 0 20 40
00:00 12:00 00:00 12:00 00:00 12:00 00:00 Fixed NMR probes (72 stations) x [mm]

S. Charity Field map in muon region

£ Fermilab
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Weighting w, with muon distribution g, «—=

u a')p
Average magnetic field experienced by muons
By = (0, (%, y,$) X M(x,y,$))
field map muon distribution

AN
y [mm)]
g5

y [mm]
o

-0 -20 0 20 40
x [mm]

« Weight field map by muon distribution in azimuthal slices
« Then average around the ring to get @,

£& Fermilab
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Outline

Now have all ingredients!
Anomalous precession
— How we measure ay Wq «~ frequency of muons
a, X —
n -
D “Magnetic field

experienced by muons

$& Fermilab
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Outline

* a, systematics and prospects for improvements
— Analysis improvements
— Hardware upgrades
— Special measurements
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Correcting the measured components

Wg'

(wp .y, ) X M(x,y, $))

a, <

* wJ': Measured precession frequency
« (w,(x,y,0) X M(x,y,¢)): Muon-weighted magnetic field, &,

Now need to include corrections for both terms

* feiock: Wq Clock blinding

« (C terms: Beam dynamics corrections to w,

* feain: Absolute magnetic field calibration for w,

* B terms: Transient magnetic field corrections to w,

& Fermilab
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Run 1 uncertainties and corrections g, «

Total

Syst Total

Bq

foGCk

TDR Total
Wa—TDR —stat

Wa—-TDR - syst

Wy _1DR

20

fclocka)zl(l + Ce + Cp + le + Cpa)

fcalib(wp(x’ y5¢) X M(x’ Ys ¢)>(1 + Bk -+ Bq)

............................................................................................................ / Statistics dominated

HE Uncertainty (Total)
B Uncertainty
I Correction
BN Uncertainty (Goal)

} Systematic uncertainties on w, and w,
.............................................................................................................. Corrections to a)a and a)p
— . (Corrections ok; want to
I reduce their uncertainties)
I |

Experiment goals: 140 ppb final total uncertainty
* 100 ppb statistical
* 100 ppb total systematic

160 260 360 460 5(‘)0 600
J. La BOUl’lty Correction / Uncertainty Size [ppb]
TE H
3¢ Fermilab
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fclocka)gl(l + Ce + Cp + le + Cpa)

Run 1 uncertainties and corrections g, «

fcalib(wp(x’ y9¢) X M(x’ Ys ¢)>(1 + Bk -+ Bq)

Total I —
Syst Total —

HE Uncertainty (Total)
B Uncertainty
I Correction
BN Uncertainty (Goal)

Ws —stat
——

1 Wa —syst

Efforts to improve w, systematics

Improved event reconstruction and %"’\
Low Energy

LR '} —— Old reconstruction|
wh New reconstruction

s \
i

e* energy

v
-

Cpa correction for “pileup” events which bias w, ~ s of "“\J‘X
Con (Run 1: 40 ppb = Run 2 aim: <20 ppb) High Energy Cabo ﬁ;;js”ce
G i
Ce ~ Tima since injection: 27.5 us -
Bk Upgrades in Runs 3-5 reduce coherent |, o
Bq betatron oscillation, expect reduced i - 39
Ptk uncertainty in w, fit -
TDR Total e
Wz _TDR —stat o g 5"é""|?i"|5"'2'0" R ?msfﬂﬂ
wa-TDR—syst
‘;'prmﬁ
100 260 360 460 560 600
J. La Bounty Correction / Uncertainty Size [ppb]
T H
aF Fermilab
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Run 1 uncertainties and corrections g, «

Total

Syst Total

Bq

foGCk

TDR Total
Wa—TDR —stat

Wa—-TDR - syst

Wy _1DR

22

fclocka)zl(l + Ce + Cp + le + Cpa)

fcalib(wp(x’ y5¢) X M(x’ Ys ¢)>(1 + Bk -+ Bq)

HE Uncertainty (Total)
B Uncertainty
I Correction
BN Uncertainty (Goal)

________ 1 Efforts to improve w, systematics

* Improved field tracking

Predicted trolley map around ring

Dip [pom]

g

between trolley runs
* More trolley runs reduce total ~ _** S i
l uncertainty o3 Fed probe /
. . [ tracking
* Improved field mapping: Em
methods to extract Wy from Sg37
NMR signals 2336 Predict full field map
.............................. - Additional measurements of as|  Petweentrolley runs
1 04/22 04/22 04/23 04/23 04/24 04/24 04/25
l SyStematlcs effeCtS 00:00 12:00 00:00 12:00 00:00 12:00 00:00
S. Charity
1(IJO 260 360 460 560 600
J. LaBounty Correction / Uncertainty Size [ppb]
T H
aF Fermilab
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fclocka)zl(l + Ce + Cp + le + Cpa)

Run 1 uncertainties and corrections g, « Fom(@, (5.3 8) < M(x.y.4))(1 + By + B,)

HE Uncertainty (Total)
Total —— BN Uncertainty
Syst Total — W Correction
BN Uncertainty (Goal)
™| Phase-acceptance correction Cpq ]
Wa —syst . .
“T] « Dominant w, uncertainty w, corrections
mp A— . .
..................................................................................................................................................... for time-changing
p——————— e L L L L D I I I I s N
i c. B I
. !l phase
e e L B Y S e e e e e i
N —
c 1 S E
By
s, 2| Muon loss correction Cyy
fonce *  Small uncertainty; correction not
..... needed after Run 1
TDR Total —
W3 —TDR —stat
wa-TﬂR—syst
‘;'prmﬁ
1(IJO 2(30 360 460 5(‘30 600
J. LaBounty Correction / Uncertainty Size [ppb]
C . :
aF Fermilab
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Taln : "1+C, +C C C
Run 1 uncertainties and corrections q, « fetoe@ (1 + Ce + Cp + G + Ca)

fcalib(wp(x’ y5¢) X M(x’ Ys ¢)>(1 + Bk -+ Bq)

HE Uncertainty (Total)

Total — —— BN Uncertainty
Syst Total ] W Correction

BN Uncertainty (Goal)

e w, corrections
5 Pitch correction C, . .
,____'_':';':'_":" * Uncertainty under control '_':"_':';':'_'"_"_"::'::';"_':"_':'::'_"'_".'."_':'::'_"'_"_"'_':'::'_"; for tlme_Changlng
1 i
l I phase
r_—--_— . _—--_—--_—--_—--_—--'=--_—--_—--_—--_—--_—--_—--_—--_—\I I
e G oy o o e S S R R R R R R R R R R S R R R S R R R R R [ - J

: . for realistic
E field correction C, .
« Significant w, uncertainty beam motion

TDR Total —

Wa—TDR —stat

wa-TﬂR—syst
Wy 1o8
l(IJU 2(30 360 460 5(‘30 600
J. La Bounty Correction / Uncertainty Size [ppb]
T H
3¢ Fermilab
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: C i 21 +HCHCp)+ Cot + C )
Corrections for realistic beam Faoska (1 HCJFICpH Ci + Cpa
aﬂ x fcalib<wp(x’y»¢) X M(x’y’¢)>(1 +Bk +Bq)

» Original expression: Ideal horizontal (perpendicular) motion in vertical B field
* More complicated with realistic motion

., e - Y (2 =\ = 1 S5
@y =—|a,B —a, (,B-B B—|a,————|B xE
m y+1 ye—1
) \ )
. . Y . Y .
Pitch correction E field correction
e Zero for motion [)7 1B * Zero for nominal momentum 3.094 GeV
e Nonzero due to vertical betatron * Nonzero due to finite momentum spread
oscillation caused by quads Momentum distribution
. o
y (vertical) L funia ]
Al o8l  THmI .
Tf)(t) ‘g . = Run 1d 1
""" S 0.6 —
> 08 1
'l}')max E :
¢ (beam) £ 0 Relative g
02l p width b
L ~0.1% ]
D: ......... ...... |||\||\|||‘||||‘||||‘

1 1 1
-40 -30 -20 -10 O 10 20 30 40
Equilibrium Radius [mm] oC p

%= Fermilab
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Reducing uncertainty on E field correction | s ot

« Uncertainty dominated by kicker effect

— Varying kick strength over injection time -
time dependence of stored momentum

— Target uncertainty reduction: 53 ppb - 25 ppb

* Improvements in Run 2/3
— Momentum reconstruction algorithm improvements
— Verified simulation inputs and benchmarks

« Measurement campaign in Run 4/5

New detector for direct in-beam measurement

3 scintillating fibers,
7 250 um diameter
/ - minimal material

1 Individual
SiPM readout

26 08/04/2022 Brynn MacCoy | maccob@uw.edu | NUFACT 2022
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=== TO Pulse
- Cyclotron Period

100 -_ O B
[\ pulsed kicker
- 11} magnet strength

Intensity [arb. units]
[9)]
o
T

iﬁnjec‘fte.(-:lh

muons
_50 . 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8
Time [us]

Map momentum vs. injection time slice

Momentum Offset

0.005

si[mula:cion :
B e e S

0 20 60
Injection Time (ns)

2= Fermilab
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Phase-acceptance correction

Any time-varying phase leads to incorrect extracted w,

» Replaced damaged quad resistors in Run 2
 Significantly reduced correction and uncertainty

27

N(t) = Nge t/7[1 + A cos(w,t + ¢(1))]

— Run 1: 75 ppb - Run 2 aim: <20 ppb

vertical beam width vs. time in fill

13.8

136

134

13.2

13

RMS of Vertical Position [mm]

12.8

126

124

122

0

08/04/2022

—Run 1d
—Run 2¢

l.'.‘h
o

.7.::':2‘;#;;“;.;3:,;;xiﬁ?ﬁﬁg‘ﬁf’ﬁgﬁfﬁﬁgﬁw}l

reduced beam motlon durmg the fill

Time [us]

Brynn MacCoy | maccob@uw.edu | NUFACT 2022

fclocka)gt(l + Ce + Cp + le + Cpa

|

x S catin (

- Awg, = —

d¢o
dt

» Calo acceptance depends on

position - detected ¢(t)

Position-dependent detected ¢

40—

n
o

] -20

Decay y [mm]
(=)

n
o
T

Detected Phase [mrad]

A
o
[T

P P E P B R

Decay x [mm]

@, (x,y,¢) x M(x,y.¢))(1 + B, + B,)

2% Fermilab
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More hardware improvements: Kickers upgrade during Run 3

Run 1 beam distribution

404

204

0

y [mm]

Stronger kick
moved beam =
closer to storage  _.
region center

y [mm]

2% Fermilab
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More hardware improvements: Kicker upgrade during Run 3

Run 1 beam distribution

Time since injection: 5.0 us

_80 100 30f - .
£ £_tcoherent betatron oscillation
‘Seol- E20
404 SoL s E
& L s0 S 10
S wof s E
204 g € O
B >2°_ o 0
£ F- E
E o °F T F
Stronger kick = w0 E25
g b 204 : Baob Reduced coherent
move eam TN S 150 . .
; o EoF betatron oscillation
closer to storage  _. ool F:
L = °F
i C X o« E il L L 1 1 1L L 1 1
region center B N R 0B TH0 15 2025 50 35 40 45 50
Radial Position [mm] Time [us]
Late Run 3 beam distribution N
10 . Time since |n1eM|qn: 5.0us . .
T ' zez0-coherent betatron oscillation
40 El g50r 250 5”’3—
085 gr & ¢
S S40 5 0F
204 = £ 200 %10:_
063 = §r
E el =)
= 0 “::' 150 . ;
E s
a0 E 100 EZDE
2 3i5c
O.ZE 50 %10;
—40 g —aoj - - 2 5;
P S o it I B
-80 -60 -40 -20 [ 20 40 80 80 5 10 15 20 25 30 35 40 45 50
Radial Position [mm] Time [us]

& Fermilab
29 08/04/2022 Brynn MacCoy | maccob@uw.edu | NUFACT 2022 UNIVERSITY Of WASHINGTON



More hardware improvements: Quadrupole RF in Run 5

» Apply horizontal RF field with electric quadrupoles
« Damp horizontal coherent betatron oscillation

Further reduced coherent betatron oscillation

T T T T T
RF
window

151

=
o
T

wv
T

Horizontal centroid [mm]
o
T

1
0 D 10 15 20 25 30 35 40
Time [us] 0. Kim

& Fermilab
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fclockw?(l + Ce + Cp + le + Cpa)

Run 1 uncertainties and corrections g, « Fom(@, (5.3 8) < M(x.y.4))(1 + By + B,)

HE Uncertainty (Total)
—— B Uncertainty

Total

— m Correction
BN Uncertainty (Goal)

Syst Total

Kicker transient correction B,
Measurements expected
to reduce uncertainty

el s ek s——— L Wy corrections for
I
I . .
o S e— ;| transient field effects
...... Quad transient Correction Bq e
TOR Totol =]« Dominant w, uncertainty;
Wa-ToR - stat measurements will reduce
wa-TDR-syst
‘;'prmﬁ
1(IJU 2[30 360 460 5(‘30 600
J. LaBounty Correction / Uncertainty Size [ppb]

£& Fermilab
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- - fclocka)gg(l + Ce + Cp + le + Cpa)
Quad transient correction U X (@ oy, @) X M(xoy. ) (1 + B, +]B

.

Mechanical vibrations in pulsed Run 1 uncertainty (92 pph):

electric quadrupoles — transient incomplete azimuth / time map
magnetic field perturbation . Run 2+: Extensive mapping
g ol T T 2 around ring with special NMR
s F ] probes + trolley; aim for <40 ppb
e 2 uncertainty
z OF
= 2 __:Times when Run 1: few measured positions ==  Run 2+: map full ring
-400f 1 muons present
020 a0S60 80 100 incoming e

_ .

\\\\\\\\\

E]

Quadrupoles
24 Calorime! ters
Tracking Stations

Time (ms) a1 K Z
(@) 1 oL

24 Calorimeters

200:"'l""""I""I"'- Tracking Stations

100E

Collimators
Collimators

Inflector

-100F
-200F

Relative Field (ppb)
o

-300F- 3

4005 T T T J S. Corrodi

Time (ms)

£& Fermilab
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Run 1 uncertainties and corrections g, «

fclocka)gl(l + Ce + Cp + le + Cpa)

fcalib(wp(x’ y9¢) X M(x’ Ys ¢)>(1 + Bk -+ Bq)
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wg and w,, analysis improvements
—=—— aim to reduce uncertainties

Phase-acceptance correction
e Dominant w, uncertainty reduced
with hardware repair

E field correction
Significant w, uncertainty addressed

with analysis and measurement efforts

Quad transient correction
Dominant w,, uncertainty reduced

with measurement

HE Uncertainty (Total)
B Uncertainty
I Correction
BN Uncertainty (Goal)
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Conclusions

34

Muon g-2 measured a, to 460 ppb (Run 1) -
combined 4.2¢ tension with SM
Run 2+3 data processed, analysis in progress

— Expect ~2x total precision improvement with higher
statistics

Many analysis and hardware efforts to reduce
systematic uncertainties

— Expect to achieve 100 ppb systematic uncertainty goal
Run 5 data collection finished in July 2022

— Very close to 20x BNL statistics goal!

Preparing for Run 6 to start in fall

08/04/2022 Brynn MacCoy | maccob@uw.edu | NUFACT 2022

BNL g-2 ®
FNAL g-2 ® (Run1)
—_—— 4.20 [ —
Standard Experiment
e MIOAEL e BVETABEL
=—®— Runs 2+3
& Standard Model (SM)
& BNLES21 ——-
@ FNALRun-1 Runs 4+5
@® BNL + FNAL-1 Average .
® FNAL Through Run 3 [Next Publication] === design goal
M FNAL Through Run 5 [Already Taken]
»4  FNAL design goal
175 18.0 18.5 19.0 19.5 20.0 20.5 210 215
ap*109—1165900 J. LaBounty

2% Fermilab
UNIVERSITY of WASHINGTON



