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a, Overview: Run-1 Results
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a, x 107 — 1165900

a,(FNAL) = 116592 040(54) x 10~'"  (0.46 ppm)
a,(Exp) = 116592061(41) x 10~ (0.35 ppm)

3.30 significance between SM and
the latest experimental result.

Confirmed the BNL result (0.60).
Combined experimental average at
4.20 tension with SM from theory

initiative.

Statistical uncertainties dominate
the experimental average result.

Run-1 data is only 6% of the target
statistics... More to come.
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a, Overview: a, from SM
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[aiM =a?"P + a0 +a ]V’ + a]"P" = 116591810 (43) X 10—”J

*From Muon g-2 Theory Initiative: Phys. Rep. 887, 1 (2020).



a, Overview: Experimental technique

- 1956: Lee and Yang = Parity violation in weak decays would provide a way to measure the muon magnetic moment.

In Rest Frame:

(s:spin, p: momentum)
Muon decay
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: Higher-energy positrons

- In lab frame forward/backward muons from pion decay still highly polarized.

- From the parity-violating muon decay u* — e+ve17u, highest energy positrons are emitted in the muon spin
direction with a probability proportional to the angle between these two directions.



Purpose: To provide ~3GeV positrons

out of muon beam decay for
calorimetry
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Purpose of the Muon g-2 Storage Ring

: Spin precession frequency relative to the
momentum direction of muons in the of the

storage ring
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: Higher-energy positrons



Purpose of the Muon g-2 Storage Ring

- Thering is designed to allow a highly precise measurement of the muon anomalous magnetic moment anomaly
a, = (9, —2)/2(Aa,/a, < 140 ppb):

Main measurements:

- w,: The “anomalous precession frequency” hd £ kv

- 6’2,: Proton Larmor frequency measured in a spherical water
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Ring parameters

Ring Parameter Value* S NS e NN, R NS SN S8
Nominal momentum 3.094 GeV/c : ' 8
Momentum acceptance 10.56%
Horizontal tune 0.944
Vertical tune 0.330
Bending magnetic field 1.4512991T
Bending radius 7.112 m
Revolution period 149.2 ns
B [7.4,7.7] m
By [21,22] m
D, [7.9,8.1] m
Horizontal admittance 268 m mm.mrad
Vertical admittance 93 m mm.mrad
Maximum excursion 45 mm
X" max 6 mrad
y’ max 2 mrad
Focusing plates voltage ~18.3 kV
Vacuum in storage volume <1.5E-6 Torr
Current 5170 A

*Representative values

- Temporal stability and spatial homogeneity of the magnetic guide field are essential to the experiment.

- Average magnetic field experienced by stored muons needs to remain stable on the scale of ppm.



Main magnet

Oct 2015 =) Aug 2016
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- Magnet shimming keeps the field highly uniform (local variations <50 ppm). r";g?o"n é fixed NMR probes

- Passive shimming: surface outer coil
correction coil

- Pole pieces positioning drives the overall field strength.
- Additional pieces of iron fine-tune azimuthally averaged field and D
control transverse gradients. C

b

<—p =7112 mm

inner coil top hat

- Active shimming:
- Surface coils target specific azimuthally averaged multipole
gradients.
- Power supply feedback adjusts supply current to keep the average
vertical field constant over time.



Magnetic field measurement (i.e., @)

hl(T)  haf(T) pu(H) pe 1

211, (T') 2 \%(T) pe(H) pe:
Y

Known to ~10 ppb precision

(:)]/3 (Tr) — fcalib <f’up($7y7¢? X M(xvy7¢?> (1 +\Bk1—|—\BQJ)

L Correction from beam
focusing system

NMR probe

_ , Muon beam
calibration factor distribution Correction from
! ——» beam injection
Larmor system

frequency from
proton NMR



Magnetic field measurement

Field in storage region mapped out
by NMR trolley every ~3 days.
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Field tracking between trolley runs
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horizontal position [mm]

is continuously tracked by 378
fixed NMR probes located
throughout the ring.
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*Systematic errors representative of Run-1.

Systematic effects associated with field
mapping:

Position uncertainties (~5-25 ppb*)
Motion effects (~5-25 ppb)
Temperature effects (~5-25 ppb)
Configurations (<22 ppb)

Systematic effects associated with field
tracking, from tracking offsets for all
fixed probe stations (~20-40 ppb).
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Magnetic field, beam-weighted

< g 50E " Dipole: RMS 16, Pk-Pk 101 -
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- 2D mapping of the field is described as a multipole expansion: i 58:
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T T T T T T T T T T ]
40:—Norm. Sext.: Mean -1.25, RMS 5, Pk-Pk 847

B1/Ao
(ppm)
N
o

AolAo
(ppm)

Of- . . .
- The weighting simplifies to combining normal/skew terms in field 40% S
. . . . . o= —t t+ t [ t t t T | 1t T T T [ T T ]
expansion (c,, S,,) with beam’s multipole normal/skew projections < 5 40F Skew Sext.: Mean 0.40, RMS 5, Pk-Pk 50
. m o L ]
(I,,, J) along azimuth: 4 o : 5
~ A0
E (cnIn + San) < £ 40F Norm. Oct.: Mean 0.01, RMS 3, Pk-Pk 61 g
<2 of 4
4 \ o= 40f ————t—————t——————+ _
g - < E 40F Skew Oct.: Mean 0.27, RMS 4, Pk-Pk 45
£ E 5 125 D o :
> : _ E E
% 100 -.Ué) -40_ TN TN TN TN N NN TR TR SR N R T R R E
g - 0 100 200 300

> 7 o=
X ° & Azimuth (deg)

50 ¢

25 =

4 2 0 2 4 0

K X position [cm] ) 11




Muon beam production

- 102 protons per pulse (~8.89GeV) hit

the production target.
Recycler Ring

|\ 10ms 197 ms y ! H H H H + +
S LA \ 16shots /145 B). o) decays, muons are highly polarized.
o - Fermilab’s Muon Campus beamlines
T )N transport ~3.1 GeV/c muons to storage
L7 ring.

- Muon beam is purified in Delivery Ring.
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Muon beam injection

- Injection kickers aim to
align muons with storage
region.
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Kicker transient field

Fast kicker pulses impedance mismatch induces eddy
currents.

Faraday magnetometer using fibers measured the kicker
transient field (laser polarization rotates in TGG crystal in
presence of the magnetic field).
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B, = —27(37) ppb for Run-1
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Muon beam injection

Time since injection: 5.0 us

8 100 30f
€ = o« e . .
E [ E oF - Imperfect injection kick creates
S60[ E20¢
g I o S1of beam’s radial centroid oscillation (aka
a [ - F . .
E 3 oo “Coherent Betatron Oscillation” CBO).
;)20:2 60 ‘;‘}10;
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oy 820 - Optics mismatch between injected
e A o 8F beam and ring produces beam’s radial

B B « 10 . . .
—60- o o width oscillation.
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- Beam’s transverse profile is measured with gaseous straw tracking detector:

Decay electron—.

bit
pMuon storage ©'
Decay electron

—“D—Q—Cg)

Traceback chambers 14
Calorimeter active volume

Calorimeter active volume



Muon beam vertical confinement

12

10

0 20 40

Quad plates mechanical vibration

- The ESQ plates are pulsed at 100 Hz.
- Mechanical vibrations induce a magnetic
field transient in the storage region.
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1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1
39 40 41 42

Time (ms)

-400

- B, = —17(92) ppb for Run-1

The ElectroStatic Quadrupole system (ESQ) provides vertical focusing.

- The ESQ plates are mis-powered for closed orbit distortions.

15
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Optical lattice
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- Beam stability is provided by
relatively weak focusing:

.I‘”—i— 2 :O
Po
y//_i_%y_o

- Field index n from ESQ system:

E_ _Po 8Eﬁy

F vBy Oy
0 B0 700 150 200 250 300

o] n~01 , 0<n<l
- Weak-focusing modelling provides 1%t order ring representation:
Po Po Po
S) ~ S) N — D.(s) ~
Bo(s) ~ e By =L Da(e)m 7
Qy ~ \/ﬁ Q:B ~vl-—n
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Nonlinearities

Lost p's fraction/65.9us

0.40
|

0.35
]

0.30
|

8 304KV

—— E989 operating points

resonance conditions up to 10th-order
sim. and/or measured resonances
employed operating points

N2 TR\
234KV

N

B Ik W IBEKY
S 168KV

—ned

Vy

) 3vy=1

resonance lines order<=10
<+ nominal tunes
A average tunes

0.310 0.315 0.320 0.325 0.330 0.335

T
0.942

0.02

0.015

0.01

o.oosg‘/J

o Data: Run I, Fermilab Muon g-2
- Simulation

28 30
ESQ Plate Voltage [kV]

26

T
0.946

- Geometry of plates introduces
nonlinearities.

HV [kV]

0.297
0.231
0.165
0.099
0.033
-0.033
-0.099
-0.165
-0.231
-0.297

Higher-order V

3Q, = 1 resonance near operation setpoint. Main
driving term from magnetic skew sextupole.

Beam decoherence (T = 190 us) driven by electric

20-pole.
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Beam dynamics systematic effects Nonnegligible when:
- Muon collimation changes overall phase (Cy,;;)- [-11(5) ppb]

- Muon beam drifts during measurement (C,,). [-158(75) ppb]
- Momentum-dependent beam decay changes phase (C;4)-

c% 19°E Muon g-2 (FNAL) Aw

2 | Aunt Data N(t) o< cos (w.'t + po(t)) = cos (wa [1 + < - t+ oo+ - )

T NN AATAYAV, VR AVAVAVAVAV: “a
106W w
“)sm ds q N ~ 1\ 3 x E
104W%NV\/\/\/\/\N\/\/VWV\M E:wsxs’ wsz—E[(a+;>B—a7+1(IB.B)B—(a+7+1) » }
10°E A E - ~ g

0165056 4650 6070 80 60 o /
Time after injection modulo 100 us Nonnegllglble When:
- Muon beam has nonzero momentum spread (C,). [489(53) ppb]

- Muons exhibit vertical oscillations (C},). [180(13) ppb]

Wa= 0 [1+4 Co + Cp + Coy + Cag + Cpa

E-field correction //" \Nase—Acceptance correction

. ) . Differential decay correction
Pitch correction Muon loss correction y

*In red, Run-1 values. 18



Beam dynamics systematic effects: E-field correction

Higher Mom (Lower Freq)
Lower Mom (High Freq)

Cg

_

1—n

2(6%) ~ —480 ppb

- Fast signal of muons population seen by Muon g-2

calorimeter system builds from cyclotron - Systematic error
frequencies distribution. . dominated by correlation
- between momentum and
' time-of-flights (~50 ppb):
— 2 [ 041
o i
ée 0.2 016
: 157 00405 0 02 of45 : 0/2]'6 0.14
+
- 10.12
o 1
g 0.1
lEi 0.5 0.08
10.06
0 , . . . 0.04
0 2 4 6 8 10 000
t [ns] x10 .
-50 0 50
7 [ns]

- Beam’s momentum spread is measured from
cyclotron frequencies distribution.

Ap f - With realistic tracking
p—o = (1—-n) ( - _) simulations, Cy standard

Jo expression is validated.
19



Beam dynamics systematic effects: Pitch correction
+Y B = Byd + Bs3
2

~ Botho cos (wyt + dy) § + Bo (1 - % cos” (wyt + be)) 5
¢o v

> S
wgq = 1.44 rad/ps, w, = 13.8 rad/us , . _
Y Vertical position Betatron amplitude
£ T~~~ T~ 1 " T T ] € L L B e e B L =
¢2 M E 10000 (a) o Data ] E16000k — — — Amplitude Fit —;
Op — O 1 _|_ ‘\:" 8000:_ —— Amplitude Fit _: 21 4000: Width/Acceptance Correction_;
4 )4(2)/({05 — wg) = 2 12000 %
6000j — 10000 E
2 /2 - 8000 =
~ <?7DO> _ <y > ~ n <y2> _ n <A2> 4000 7 6000 3
~ - ~ 2 - 2 Y E E 4000 E
4 2 2 P 0 410 0 2000: 2000, ~
O 20 0 20 40 T 20 30 40 50
Vertical Decay Position [mm] Vertical Oscillation Amplitude [mm]

C, = 180 ppb, 6C, = 13 ppb for Run-1

- Systematic errors dominated by tracking reconstruction and quadrupole calibration. 20



Beam dynamics systematic effects: Muon loss correction

- Bias from phase-momentum correlation and momentum-dependent muon loss:

) F | | | ] ey L e B B BN BN ]
E - - i’-—-\ B Run-1a ]
= 15__ 4 4 | I Run-1b i
— : ] * 08L& un- —
5 1 oty e 7 doo  dpo d{p)
© - ] 5 L Z —
= c - S 0.6
& _ ] n -
e st 1 % dt  dip) dt
5 - . 3 o4
E) 0:— E i
&F E 0.2
- + Data . ]
~10F - DataFit E P00 e 0 a0 0 - Muon loss greatly
C - ime [us . .
-15 [ Simulation [68% CL] - reduced in posterior
C ] P
= 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1l = 6 1 E: + ORZ ? Runs.
-1.5 —1 -0.5 0 0.5 1 1.5 3 Ev"c ¥ KLIK ;
Ap/po [%] B v ;'Vva " =
. . . = L 34 3 . .
] Teew- T . Sy : - Differential decay
! E ® sz = .
- : . ‘z;.,m - correction follows same
- ¢ Y i . .
b m?vv ; # principles.
i it ﬁﬁ T{
| | | | | IR | L ]
7LPH >uvi

Cu = —11(5) ppb for Run-1
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Beam dynamics systematic effects: Phase-Acceptance correction

- Unstable transverse motion of muon beam, detection acceptance, and spatial dependence of phase bias w,:

Dii Mok (Ti, Y5, 1) - €ci (Tis y5) - Ak (24, y5) - sin (po,k (T, Y5))

" (t) = arctan

Dii Mok (Tisyj,t) - €ck (Tis y5) - Ak (24, y5) - cos (po,k (T, Y;))

B, [l

Cpa = —158(75) ppb for Run-1
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Beam dynamics systematic effects: w, and CBO

Beam betatron motion and detector acceptance introduce
additional oscillations in positron histogram.

Frequency (rad/us)

Physical Calculated
frequency expression n = 0.108 n =0.120
@, v/R, 42.15 42.15
@y 1 - nw, 39.81 39.54
w, Vho, 13.85 14.60
@WcRO W, — ®, 2.34 2.61
Wvw . — 2w, 14.45 12.95
, ea,B/m 1.44 1.44
s Time since nyecuui. v.u us
E - = L L L R B
£ E 40~ .
Laol- = l
5 r 8 20 -l
>20:\.:- a L i
o i
a0 20}~ o
F L [ i
e 40 -
PN P I I PP BT I [ L 1 L L]
O 0 il Positon fmm] 40 20 0 20 40

Decay x [mm]

1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60

Relative Acceptance

FFT magnitude

LY L B B L A L
10 .8 .

08F . .

fego *+fa

Frequency [MHz]

F(t) = Ny - N,(t) - N (t) - A(t) - ot/
X [1+ A - Az(t) - cos (wa(R)t + ¢o - ¢z (1))]

N(t) =1+ C_M/TCB"AN@JJ cos(lwepot + On 21,1
+ 6_21/7"‘30AN@,2,2 cos(2wceBot + ON,x,2,2)s
Ny(t)=1+e "™ Anyancos(lwy, t+nyaa
—2t/7y
A (t) =1+ e_u/TCBoAA,a:,l,l cos(lwegot + Pa,2.1,1);

)
( )
( )
+e ANy 22co8(lwyw t+ dn,y2.2),
( )
br (t) =1+e /7m0 Ay, 11 cos(lwepo t + pz1.1)-
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Summary, current status and plans Wa _ Jeloek wg' (1 + Ce + Cp + Gt + Cpa)
@1/9 (TT) fcalib <wp<w7ya¢) X M(x7y7¢)> (1+Bk+BQ)

PHYSICAL REVIEW LETTERS 126, 141801 (2021)

- We are smoothly running Run-5 TABLEIL Values and uncertainties of the R/, correction terms
in Eq. (4), and uncertainties due to the constants in Eq. (2) for a,.
- Target statistic expected to be reached Positive C; increase a, and positive B; decrease a,,.
in 2022-2023. Correction Uncertainty
Quantity terms (ppb) (ppb)
- New scraping mode currently being @™ (statistical) 434
tested @} (systematic) 56
€, 489 53
C, 180 13
- ESQ system stable after Run-1, as well as C _fi 5
magnet temperature. Better beam Cpa —158 75
injection. featv(@p(x,y, @) X M(x,y, $)) s 56
By =27 37
) B, -17 92
- Analysis and further measurements R
o to red cormat 1y (34.7°) / 10
expec e. O reauce systematic m,/m, %)
uncertainties. ge/2 0
Total systematic e 157
Total fundamental factors e 25
Totals 544 462

*From Run-1 analysis 24
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Run-1 Results
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Current status and future
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Remarks

- Latest experimental result of the muon anomaly (measured to 460 ppb precision) has been released.

- The new experimental average increased the tension with the Standard Model to 4.2c.

- Run-2/3 analysis is ongoing which will improve the sensitivity by a factor of 2.

- E989 is now in the middle of Run-5, approaching the target statistics. Further results coming soon!



