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Muon g-2 Measurement (April 2021)

Fermilab Run 1
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How It’s Done

i / / * Very clean: measuring g-factor to
high precision depends only on these
two factors

\] \ — B field strength
\

* We trap polarized muon bunches in a - spin precession frequency
magnetic field & watch spin * Same lesson is true in more complex
precession treatments: this is how we squeeze

more precision out of the

* Precession speed depends only™ on

dipole moment & magnetic field measurement

w~ gB
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The Muon Storage Ring

Inject muons into ‘ring’
& trap with dipole field

s
‘4:‘4\.‘ o
i

observe ~150-160 spin A
precession periods S

——p Momentum measure frequency
» Spin difference w_= w_- o,

Y
\“

w

Observed frequency difference is
proportional to anomalous factor a !
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Over the years the CERN experiment
developed a new design linking spin
precession & momentum

— dynamically store muon bunches
(cyclotron)

— Larmor & Thomas precession, minus
cyclotron frequency — a,!

measure angular velocity of spin vs. momentum

for a p~ rotating in uniform magnetic field B

We — We = Wy

eB eB eB eB

~supr — (= - |- | =~

m, m,y m,,y m,
Larmor + Thomas cyclotron o Al
precessions frequency v







The Magic Momentum Technique

+18 KV

Can use Electrostatic
Quadrupoles (ESQs)
with only a

small penalty

Vertical Focusing

m o2 -1 c
‘magic momentum’

- 1\ AxE&
Wy = _4 a,B - (a.“ — — ) ’l

cancellation (Y~29.3)
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Slow but Steady Progress
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Bringing g-2 to Fermilab

* Goal: Bring the container used to hold the muons from BNL
and couple it to Fermilab’s powerful accelerator beam

* Reduce the overall error by Brookhaven Muon Storage Ring
a factor of 4 to 140 ppb j

— 20x the muons = reduce
statistical error from 460 to
100 ppb

— control systematics at the
same 100 ppb level (3x
better)

Parts of the 50’ diameter storage
ring could not come apart!!
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Storage rlng transported by land/sea in 2013
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INFN

~ ) Shimming tools for the Magnetic Field/@
L_/ o Fisiea Huciwere Muon g-2

= 0 S thermal
- B Field 1.45T — toprat ] maton )
* 12 Yokes: C shaped flux returns CE > :
« 72 Poles: shape field ;

+ 864 Wedges: angle - quadrupole

(QP)) E"\ouhrcoll
* 24 1Iron Top Hats: change pp=7.112m —
effective mu ryresp— | N protes 0 B

« Edge Shims: QP, sextupole (SP) [4| | outer coil

« 8000 Surface iron foils: change ——
effective mu locally k I
« Surface coils: will add average

field moments (360 deg) top hat |

84
G. Venanzoni, CERN Colloquium, 8 April 2021
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/_)

Istitido Nanonale

NN B Field shimmed at 3x finer uniformity than BNI@

di Fisica Nucloare
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Precision Monitoring (<100ppb)

« Use NMR to find B-field in terms of proton
precession frequency oy, (comagnetometer)

NMR trolley maps Trolley cross-calibrated

; field every 3 days to absolute probes
378 fixed probes

monitor 24/7 At a g

B

acor support  aluminum shieid macor suppart

wertical position [mm)]

& & §
4
¥

o Absolute probes all cross-

W v, ® ® calibrated at ANL test magnet
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Observing the Spin Precession

CM Frame Lab Frame
parity-violation in muon decay forward momentum (& energy)
gives p_. ~'S oscillate with spin precession

ut

| Positrons spiral inward (B field)
&v’ € Calorimeters see energy oscillation

wt %e*uﬂ
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Detector systems

* Calorimeters: fast PbF2 crystal arrays
with SiPM readout = greatly reduce

pileup
+ State of the art laser calibration system

* WFD electronics —> greatly reduced
energy threshold

* Two straw tube trackers to precisely
monitor properties of stored muons

Top view of 1 of 12 vacuum chambers

Decay electron

= 00—

.--“""" I ]

lori ) | Traceback chambers
Catorimeter active volume Calorimeter active volume
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a,,, obtained from our 2 frequency measurements and well-known
fundamental factors

1_> We measure these 2 frequencies

i W, | ﬂ;(Tr)/!_.[_ (H) m, g,
= ST ) w1 me 2

4 H M ,, Known to 22 ppb from muonium )
M Measured to 10.5 ppb at T = 34.7°C m hyperfine splitting
[.L’p (T) S ST € Phys. Rev. Lett. 82, 711 (1999)
M_EH Bound-state QED (exact) g_e Measured to 0.28 ppt
\HE ( ) Rev. Mod. Phys. 88 035009 (2016) D Phys. Rev. A B3, 052122 (2011) y
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Data Analysis

Fast Rotation }
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Q Data .
Q Fit (Uk
Treatement it ]
/‘
TA (UW)
Recon W . .
T,A (Cornell)
T,A (STFC)
Recon E _
R (BU)
\
Tracker ]
+ Dedicated systematic teams

for muon losses, pitch and E-

field corrections, convolution,
and other beam dynamics
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Run-1 commissioning Challenges ... (resolved by now)
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The Run 1 a, Result

We have determined a, to an unprecedented 460 ppb precision!

The Run 1 result
— 6% of ultimate data sample

BNLg-2 — P

FNAL g-2 +—ip——ip
— 15% smaller error than BNL

— 3.36 tension with SM ( =2 b
“-,u (FNAL) = l 16 592 040(54) X 10_ H Standard Mode| Experiment
Average

176 180 185 190 195 200 205 210 215
g
a,* 10 - 1165900

After 20 years, we confirm the BNL experimental results!
Combining BNL/FNAL and comparing to theory - 4.2c tension
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/
Outlook ’
/
/
Much more data to come! 7
7/
Last update: 2021-03-31 12:27 ; Total = 9.98 (xBNL)
= 10
o Muon g-2 (FNAL)
>
= > i
©
3 6 |
g Run-3 Run 2/3 analysis in progress, expecting to
2 - reduce combined experimental error by
+ 44 another factor of 2 by next summer.
g Run-2 Systematics on track for < 100 ppb
g 2
Run 1 results ~6% of full stats,
0 434 ppb stat EB 157 ppb syst errors
.!\'E: a\ \*\Qi «19 "10 .q_’\ Q:‘ QA
3 N ot g o
W Qv g\*‘" F ’\’5 QTN AT A
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ay(FNAL) = 116592 040(54) x 10~ (0.46 ppm)
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Final uncertainties from Run 1

Quantity Correction Terms Uncertainty

(ppb) (ppb)
wq (statistical) - 434
wy' (systematic) - 56
Ce 4389 53
Cp 180 13
Crnl -11 5
Chog -158 5
ffﬂ]ib{w.ﬁ'{mf . ‘:“I):} x JFU-("‘E'- U, ¢)) - 56
By =27 a7
B, -17 92
Hp(34.7°) /pte - 10
My, [Me - 22
ge/2 0
Total systematic — 157
Total fundamental factors - 25
Totals 544 462

462 ppb overall error
— 434 ppb statistical
— 157 ppb systematic
— 25 ppb CODATA inputs

Results for Run 1 are vastly
dominated by statistical error

At 157 ppb systematic error
— Nearly half of BNL
— Not quite to 100 ppb goal
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