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Introduction & Motivation

The muon is the secondary generation lepton
~200 times heavier than the electron, ~40,000 times more sensitive

o U= g%S, with g=2 given by Dirac for spin %z particles

Existence of the magnetic “anomaly”

»Known as Schwinger term: a???'"°? = = ~ 0.00116 w0

—
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* Contributions to a, come from QED, EW and Hadronic s w-
_ 92 UL EW HVP HLbL % 10-7
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Comparison between
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Discrepancy between SM and experiment before 2021 April: 3.7
BNL Result Phys Rev D73, 072003 (2006): a5 = 116592089 (63) x 107! (540 ppb)

2020 Whitepaper Result arXiv:2006.04822v1: aiM = 116591 810 (43) x 10~ (370 ppb)

Goal: Measure a, to 140 ppb, a fourfold improvement over BNL result

experiment and SM

E < Supersymmetric
, "shadow " particlﬁ

ol [ N
10° 1 2 4 6 8 10 12 14 16

1 (G tan 8

Probe Standard Model predictions for new physics effects
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Overview of the Measurement Principle

chyclotmn = ig ~ 27 x 6.7 MHz B@ _>m0;nienntum
ym P
€ = e -
dgm = 95—B—(1-7)-—B ~ 2r x 6.9MHz
m ym 1
— € =
T

* Want a, = need to measure w, and B
« Muon anomalous precession frequency w,

* Uniform magnetic field B in terms of proton NMR frequency: Aw, = 2u,|B|

W ARNS=d Il H
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cross-section
of the yoke
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| top hat

e Superconducting coils
e C-shaped yoke
o 1.45T field strength
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Muon Storage

 Injection: inflector magnet

o Kick: fast-kickers

* Vertical focus: electrostatic
guadrupoles (ESQ)

Wa = _%[G#B (a/,}/gl/lv)ﬁ i E}
u ;

y = 29.3
p = 3.094GeV /c

ff?ﬁec fOr

quadrupoles
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Anomalous Precession Measurement w,

. . . L]ECEI}{ e+ :
Top down view of ring section 2.00
1.75
= 1.50- i Threshold energy
/ S 125
£
\ '\'\J <1.00
Calorimeters Trackar § 0.75 Spin
=]
0.50 —
. + + _ 0.25 Momentum
 Self-analyzing decay: u™ - e™ + v, + v, |

0005605 10 15 20
Energy [GeV]

« 24 calorimeters of 9x6 PbF, crystals detect e™

N/149.2ns

« Highest-energy e* emitted preferentially along muon spin ‘V\N\f\m
* Results in a “wiggle” arrival time of these e™ in calorimeters WNW\AMAMMNW“AMNWW\,WW"M’WV‘
':VV\N\/V\N\N\A,M,\N
: TN .~ VAN,
e™ Signal from Muon Decay: 1y§%&{“v«“ﬁﬁf~fw«, A
Nigeal(t) = Noexp (—t/y71,) [1 + Acos (wat + @) SN i sl
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Magnetic Field Measurement w,,

Method: Pulsed Nuclear Magnetic Resonance
Fixed Probe

Fixed Probe: Trolley:
- 378 fixed probes - 9,000 measurements for each of

the 17 probes
- map the field every 2 or 3 days
- Synchronizes the fixed probes
to field maps

tracking Mapping

- 72 azimuthal positions
- continuously track
field drift

7
RF coil  water sample

|
RF coil support plastic support

254 mm

Calibration probe (CP):

 Moveable probe

e Pure water sample

« Calibrate the trolley
measurement

Correcting
VA RNl ﬂ
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Measurement of a,

— € =
w(i', — aﬂ: |:— B]
m
Measured g-2
frequenc i
ch h w, (T) o q y Corrections from the
— — " blinding factor beam dynamics
IL!E ge 4.m B =
. 2 i, (T) . ) A

R = Wq _ fclock wan (1 +CE+Cp+Clm+Cpa)
3 5{9(717') fcali (a)p(x: Y, 95, TT‘) XM(X, Y, ff’)) (1 + Bq + Bk)

H_/
/ / \ Corrections from the

Field Calibration transient magnetic field

- _ Wq ]ﬂ;)(Tr)ﬂe(H)mugg
. aj{)(Trj He(H) pe mg ZJ

we measure other ratios known to 22 ppb
precision or better in total 25ppb

Measured magnetic field: Muon time and

* Trolley mapping spatial distribution
Fixed probe tracking

L ]
E (ppm)
E 30 <

= ®
intensity lark. w.l

1
[mm]

™ B
Pelative muon

TUll |
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Measured g-2

frequency Corrections from the

beam dynamics

N/ , A

Pl — Wq - fetock W' (1 + Cg + Cp + Cpy + Gy )
“Z BT eart (0p (63, & Tr) XM, y, @) (1+ By + By)

blinding factor

Precession  Analysis Method
Freq uency « Measured g-2 Frequency
Analysis ‘ « Beam Dynamics Correction
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Analysis Method

e™ Signal from Muon Decay:

Nigear(t) = Noexp (—=t/77,) [1 + A cos (wal + ¢)]

]- 12_
ama ‘.:

Counting the number of e* above the threshold energy using

different weight w(E) introduces two w, analysis methods

1. T-method: w(E) =1
2. A-method: w(E) = A(E)
The statistical uncertainty o« 1/vNA?2

Fourier transform of residuals from a fit to
simple 5-parameters fit function reveals
additional frequencies

Software blinded analysis:
wae(R) =27 x 0.2201MH= [1 + (R+ AR) - 107°]

FFT magnitude [a.u.]

T-method
A-metho

e e P el P P FEees P P P,

hresheld 3. 094GeV
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0.0 i

— ‘’V\’'V‘-’\/\-fV\/'\/\)52\;;‘3-i}-i,d\,\,-\,\,\,\}167}%132ﬁé
0 20 40 60 80 100
Time after injection modulo 102.5 [us]
-------- No CBO or p* loss

»_E — Full fit function

1 1 1 1 1 | 1 1 1
2 2.5 3

Frequency [MHz]
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Measured g-2 Frequency

F(t) = No- Ng(t) - Ny(t) - A(t) et/
[1+ Ag - A (t) - cos (Wit + ¢g - P (t))]

Ny(t) =1+ e /BOAN . | cos(wepot + On 1)
+ e 280 Ay 1 5 cos(2wepot + N .2)
Ny(t) = 1+ e Ay 1 cos(wyt + dya)
+ e /AN s cos(wywt + dn )

t
At) =1 — Koss / et dt’
J0)

Ay (t) =1+ e /™BOA, ,  cos(wepot + G a1
@.r(t) =1+ lr?_f/?-(‘n()/ﬁlc)..r.l (TOH(W(‘BOt + C.bo..r.l)

ndf .

Npin — Ny
X_Q _ Z[ T f 3}2

i—1 U(i 'bin)

Detector effect:
Event pileup which changes the phase and normalization

(I'iigh Energy “f

-— 20}

Muon Spin Direction

Raw energy
scale Pileup spectrum
Corrected energy

Low Energy

Calorimeter

= . : : . I
3000 3500 4000 4500 5000 5500 8000
anargy [MaV]

Gain change in calorimeter determined from laser data

— < Sy

B Inside the laser hut {

gt)=1.-aets

e

Short Term gain function g(t)
=}
[{e]
@

0.98 =
0.94 =
n.62 a=0113=11.3% _E
0.0F T=1238 ct. = 1547 ns =
L S | I I 11_E
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At [clock ticks, c.t.]
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Measured g-2 Frequency

F(t) = No- Ng(t) - Ny(t) - A(t) et/
[1+ Ag - A (t) - cos (Wit + ¢g - P (t))]

Ny(t) =14 e B0 Ay . | cos(wepot + dn 1)
+ e /B0 Ay 5 cos(2wepot + ON.12)
Ny(t) =1+ e Ay 1 cos(wyt + o)
+ e_gr/r-”A_\r_y_g cos(wywt + dn y.2)

t
At) =1 — Koss / et dt’
J0)

Ay (t) =1+ e /™BOA, ,  cos(wepot + G a1
Gu(t) = 1+ e /7BOA, . | cos(wepot + Gor1)

ndf .

:\ i i\'r i
}L,Q _ Z[ b f 3}2

i—1 U(ﬁ"rbin)

/"Beam Dynamic effect: )

Coherent Betatron Oscillations (CBO) due to beam motion

Time since injection: 5.0 us
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0 o
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Muon losses during storage
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—p ——p [
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Measured g-2 Frequency

Uncertainty for Runl:

Statistic: 434ppb / Systematic: 56ppb

2 different algorithms to reconstruct positrons

6 different analysis groups with 4 different methods

Final combination come from the 4 A-method due to statistically optimal

20
- Muon g-2 (FNAL) Preliminary ]
- (0] -

1.5 statistical Erors Only

. | All values are blinded (software & hardware)

1.0— —
r o
LA R N

05 T 1 Ta T4 TA -

ﬂ.ﬂ_— ] L J _:

05— =
- CU w BU SJTU EU UK
10— —

Independent Analyses

R (ppm) for each dataset

Naive R

Recon. Method Pileup Run-la Run-1b Run-1c Run-1d Average (ppm)
global A empirical —82.98 £ 1.21 —81.70 £ 1.03 —82.30 £ 0.82 —82.34 £ 0.68 —82.30 £ 0.43
local A shadow —83.23 £1.20 —81.77 £ 1.02 —82.35+£0.82 —82.48 £ 0.67 —82.41 £0.43
local A shadow —83.17 £ 1.21 —81.84 £1.03 —82.50 £ 0.83 —82.45£0.68 —82.44 £0.44
local A pdf —8339+122 —81.72 £ 1.04 —82.32 +£0.83 —82.42 £0.68 —82.39 £ 0.44
local T shadow —83.55+£1.36 —81.80 = 1.16 —82.67+£0.93 —82.45+0.76 —82.54 £0.49
global T empirical —82.96 £ 1.34 —-81.96+1.14 —82.77+0.91 —82.47+0.75 —82.52 +0.48
local T shadow —83.64 £ 1.33 —81.83 +1.12 —82.64 = 0.91 —82.63 +=0.74 —82.62 + 0.48
local T shadow —83.49+1.34 —81.75 £ 1.13 —82.64 £0.91 —82.42+0.75 —82.50 £0.48
local T pdf —83.37£1.33 —81.76 = 1.13 —82.65 =091 —-82.47+0.74 —82.51 = 0.48
local R shadow —-83.72 £ 1.36 —81.96 = 1.16 —82.67 =0.93 —82.52+£0.76 —82.62 049
n/a Q nja —83.96 £2.07 7970 £ 1.76 —81.03 =145 —82.74 =129 —81.82 £0.78
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C.: Muons with p # 3.09 GeV/c are slightly

affected by the radial electric field

C,: A small pitch angle (vertically) modulates

fxB term and the correction is required

C,.;: Muon losses (ML) induce a (tiny) phase

shift

C,q: Muon phase change due to 1) beam
changing from early to late and 2) the
measured phase depends on the decay

coordinates

Arbitrary Units

rininininiaiaiafal N I I IR I Iririn
-30 -20 -0 0 10 20 30 40

Equilibrium Radius [mm]

C.=2n(1-n)3;

(ze)
R

&l
Q
I

~

Arb. Units

Correction (ppb) Uncertainty (ppb)
)l statistical - 434
C, 489 33
C, 180 13
Cat —11 3
Cra —158 75
Clulul 499 03

He, ]
a :""*Iw y 1
HVWF

T T R "352
dp  do dp

(great exaggeration)

> | M.



Pl Wq _ fclock a)Zln (1 +CE+CP+Clm+CPa)
2 Gp (TT') fcali (wp (XJ )’; ¢, TT) XM(X, y' (P)) (1 +\Bq + Bk}

/ -
Corrections from the

Field Calibration transient magnetic field

Measured magnetic field: Muon time and

« Trolley mapping spatial distribution
« Fixed probe tracking

Field Calibration
Measured Field

Magnetic Field
Analysis

Muon Weighting

Transients Correction

=l



Field Calibration

« A specially designed calibration probe provides the connection to a shielded proton in a
spherical water sample: (accuracy of 15 ppb)

wh (T) = wP(T) |1+ 6" (HeO, T — T) + 6° (H2O,T) + 6° + 6* + 6"P + 67

o Calibration correction that relates trolley/calibration probe measurement to equivalent
shielded proton in spherical water sample frequency wj, is needed
Wp trolley < Wp,cp < (‘)1,9
* The trolley calibration requires to measure the “same” field at the “same” position
v' Same field: uniform field (<20ppb/mm)
v' Same position: align CP and trolley probe (<0.5mm)

Plunging Probe Calibration Volume

Overhead View

| Muon Storage Volume /;Y;\ — SJTuﬂ
Trolley €uu) .




* the magnetic field is measured at ~9,000 azimuthal slices ¢
* The trolley frequency measurements at each slice can be expressed in terms

Field Mapping

of multipole moments:

204

vertical position [mm)]
(=]

"J’ i {

g A %
,,"'/?élé’ s ¢ Ii é % . &
| 4 R vl
\ \ | /\\.\\ l\, [
\\ | AT AL
\ | \ a0
o N AN
——o NN AV
___\;"--.___ % \ | i?éf -~_\.‘-\I“|Ill 4 ;\ ..:‘,JP".

ey p — N Ny
N B
3 ] / A
/ / o o8 gt S
/@c//' AR
= o 3?’5@.
)
2¢
-40 -30 -20 -10 0 10 20 30 40

horizontal position [mm]

B, = ag+ Z(r/rg)” aycos(nf) + b,sin(nd)]

n=1

Rel. Dipole [ppm]

bifa, [ppm]

w=- A —=
20 — !
0 —
20— —
-0 —=
U ==—=q 50 0 ' =

azimuth position [degree]

L L L L
50 100 150 200 250

-100 50 0 50

100

at/a, [ppm]
Lo
ooao
2
] {8 E
_:O

)
N
3
=
5
T
o
o
=
o
=
a
®
=
@
B,

-
w
[=]

200

oy
[y i

o
I‘HII‘HII|HH‘IIH‘HH‘HHWH

-

[ Lol ]
bad oy —
i
n
L
o
|‘|H|‘H|I|HH‘IIH‘HH‘HHhH\

100 50 ] 50

A typical trolley map

100

150 200
azimuth position [degree]

- SINNF=suTull |

Pt

19



Field Tracking

When the beam is on, the trolley is parked in the garage
The muon orbit field can not be measured directly

Need to use fixed probes to track the field during data taking
Interpolate between trolley runs using fixed probe data

I I I I L] r L L I I I I

o [ r T T ]
E 2000 * corrected ]
- i * uncorrected
E_ i . 4 trolley value 1
o 1000 + trolley value 2—
= N ]
© 3 g =
o O m\ ]
-1000 N a7
- Wy
_EUGD_ I 1 I 1 I 1 1 '] I. 1 [’ 1 I fﬁl‘:_‘

0 20 40 60
Time (h)

W ARNS=d Il H

20



« M(x,y,¢): Want the field actually experienced by muons, &
need to know the muon spatial & time distribution

* B,: The ESQs are pulsed every 10ms and the motion of
these plates causes a magnetic field perturbation

Jdzdyw,(z,y,¢) M(z,y,d)

"@ -~
Il
y position (cm) _—"

* B,: The fast kickers pulse induces eddy currents in the

surrounding metal and perturb the field

Data set &J;’(T )/2n (Hz) Uncertainty (ppb)
Run-1a 61,791,871.2 115
Run-1b 61,791,937.8 127
Run-1c 61,791,845.4 125
Run-1d 61,792,003.4 108
Average over all data sets

Field Measurements 56

ESQ Transient 92

Kicker Transient 37

Total 114

Relative Field (ppb)

400

-200F

200

-400F

Quad-induced transient
L I T I T R S . T e R

Field (uT)

[ dzdy M(z,y, $)

N I I L R B P I —
.0 0.2 0.4 0.6 0.8 1.0

),

125
2
100 E
=
S
5§
2
50 5
=
25

x position (cm)

Kicker-induced transient

Data™]
— Fit

Time After Kick (ms)
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Correction Terms Uncertainty

Measurement of a, iy o Uncertainty

wy' (statistical) - 434
Ru n 1 reS u |t Wy  (systematic) - 56
Cp 180 13
Cni -11 5
Chra -158 75
ftd-ll}-’<wp(:r‘ 3:’- Q} X ﬂf(ﬂ"‘ 3:’- Q)) o 56
BNLg2 : B 27 37
0 = B, -17 92
,u.;, (?4.70 )/ e - 10
- } 1 Ty [ 1e o 29
FNAL g-2 4 ® , __q:/iz B 0
Total systematic - 157
Total fundamental factors - 25
< 420 > Totals 544 162
C : ® :
_ * Measured a, to 0.46 ppm
Standard Model Experiment
Average
1 1 ) T T L ) T T .
175 180 185 190 195 200 205 210 215 420_ dlﬂ:er from the SM Value

9
xR »  Only 6% of the full data set
0, (FNAL) = 116 592040(54) x 10~ (0.46 ppm)

a,(Exp) = 116592061(41) x 10~""  (0.35 ppm) Ae=q Ul
22



(gt~ 0] - (0,1 &) Irac]

wy=23354rad ps' ¢ =7.6998 rad 0]

50+ oot + Ae' " +Be'
¢ = -0.00 prad; 8o = 0.00 prad ps”' 20
A=6.821003rad;t, =78.3+0.5us

B =5.42 + 0.02 rad; 7, = 6.54 + 0.03 ps

y [mm]

204

=] —y n [55) 4= o [=2] =~ @ (=]
TTTTTTTTTTTTT[TTTT IH\‘I\II TTTTTTTT

—a0

1
OTTTTT

= = =
o o [=]
Relative muon intensity [arb. u.]

=
=

=
¥

50 100 150 200 250 300 350 400 450 ~a0 ~20
Time [us]

Changing CBO frequency

a0

Muon distribution

Quantity Correction Terms Uncertainty
(ppb) (ppb)
wy' (statistical) - 434
wy (systematic) — 56
| C. 489 53]
Cp 180 13
Cloy -11 5]
[C.. -158
f"—'&“b (“-"p (:].‘-': Y, Q) x ﬂf('l Y, Q}) - 56
By =27 37
| B, -17 92
pp (34.7°) / e — 10
My /e - 22
Ge f'{ 2 - 0
Total systematic - 157
Total fundamental factors — 25
Totals 544 462

Challenges in Runl

Bad resistors:

o 2 of 32 HV resistors on guad plates were damaged

» Observe a changing CBO frequency by tracker

 Larger phase acceptance (C,,) uncertainty

Kick Strength and Shape:

e Sub-standard, non-uniform kick

e Muon equilibrium orbit displaced by ~6 mm

e Larger E-field correction (C,) and CBO amplitude

Quad transient correction (B,):

» Substructure not measured in Runl

Hall temperature instability

 ppm level variations of the magnetic field

Many kicker/ESQ setting

* Need to perform individual analysis for four
sub-datasets and then combing \ ~——< 1
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(@cgot~ 8 50) ~ (0t~ ¢ ) [rad]

Magnet-D Temp (C)

Run 1 (60h)

W, =2.3378 rad ps’
Run 2 (10 runs)

W, =2.3408rad us !
Run 3 (29871)
w,=2.3286rad s’ ¢, =3.3252 rad

4, = 3.7413 rad

b, 1.5406 rad

r32

F 30

r28

F 26

- 24

0 50 100 150 200 250
Time [us]
321
Run 1 Run 2 Run 3
30
281
26 j\/.wv
P ——
24
o B A2 A2 w3 ]

3 P ¢ o o

Q'\."m oY o™ o “'\'Gec o F

stat unc [ppb]

CBO frequency

Magnet Temperature

sample size [xBNL]

Run 1

Run 2

Run 3

Run 142
Run 243
Run 14243

434
343
242
269
198
180

0.92
1.47
2.95
2.39
4.43
5.35

Major Upgrades
beyond Runl

Replaced damaged resistors

Higher kicker voltage to center beam

More systematic measurement of transient field
More stable temperature control

More stable run & minimize configuration change
Develop optimal methods in both w, and w,

analysis to reduce the systematic uncertainties

ST \T=TSJTU T
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Theory Update Since 2021 April

« HVP lattice calculations vary in a wide range, converging not easy

* \Weight the lattice results to concentrate on an intermediate energy range where the
calculations are thought to be more reliable

Mainz/CLS and ETMC(2022) results agree with BMW20

The lattice results conflict with the longstanding data-driven number

New results expected soon from FNAL/MILC & RBC/UKQCD

||||||||||||||||| T LI B

HVP from: & T T T -
BMW20 'ig ~o+~  Mainz/CLS
WP20(lattice) o8 @ ETMC 22
8 —e—  BMW 20
T otuseanwen [ g
DHMZ19 + e % —— RBC/UKQCD 18
KNT19 ' —— Colangelo et al. 22 (R-ratio)
e BNL 1 1 [ 1 1 1
WP20 (S — e I 230 235 240
PP PR 1 TP B +_| FJNP‘IT awin % ]_D—lﬂ

-40 -30 =20 -10 1] 10 [

@) x 10 IVARN SJTUH
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Outlook

* The Fermilab Muon g-2 experiment measured a, to 0.46ppm in Runl

The discrepancy with the Standard Model prediction is 4.20

Run 1 is only 6% of the final data set

Up to date, 5 Runs of data have been collected: 19xBNL statistics
Stay tuned for more results to come

Last update: 2022-07-28 08:30 ; Total = 19.0 (xBNL)

5'17.5- Muon g-2 (FNAL) i
=
‘§15-0' Run-5 I
©12.51 -
3
£10.0
Q
75
% 501 AS
- ~2023 publication
25 ﬁ‘J:-Z
005 zyn_1g‘ O O 0 @A N AA ' '
\\\1‘9\"‘;\*5&‘\\ \\@\;\‘3&‘\\ y‘}(\\%‘w‘a\ 5"’“‘1 A P‘Q‘Q o 5\5\:\%80‘1 «‘\“a“ﬂ A 5&\‘{2’ ava -
Q - Q P Q - 0 - 0 - Q - - 0 - 0 - R ’V \‘
/U N\T=TSJTU
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SHANGHAI JIAO TONG UNIVERSITY
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The inflector magnet

Inflector
Cryostat

Injected
muon beam Central Orbit /

» Muon Injection

* Need to cancel field in beam channel

e Prevents strong deflection of the beam

* Minimal perturbation to storage magnetic field
« Superconducting inflector magnet are used to

achieve above requirements

/7 I \T=T7SJTU ﬁ
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T Lk

Overview of the Experiment

» Muon Storage: Kicker
e After inflector, muons
enter storage region at
77 mm outside central
closed orbit
* The fast-kicker system
steers muons onto
quadrupoles stored orbit

» Muon Storage: Electrostatic Quadrupoles (ESQ)
« Drives the muons towards the central part of
storage region vertically
e Aluminum ESQ cover ~43% of total ring

- e Y 17/ e / BxE

b\ = LN ] WL w, = ——[a B — (a- — ) ]

; 3 ) 1 d ; fu s nl I[J. y}}ag . 1 C
muon storage ring g

y=293 \%@ﬂuﬂ
p = 3.094GeV
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