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INTRINSIC MAGNETIC MOMENT

Magnetic moment 7 is connected to spin 5 via dimensionless factor g

q _ "gyromagnetic ratio"
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| 8~ 2
muon magnetic anomaly: a, = T
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THE MAGNETIC MOMENT OF THE MUON: HISTORY
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THE MAGNETIC MOMENT OF THE MUON: HISTORY

~3.50 sigma between

exp SM
a, and a,
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THE MAGNETIC MOMENT OF THE MUON: HISTORY

JPARC - future
FNAL goal: 4 x improvement FNaL [] full stats goal (140ppb)
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FERMILAB MUON (

6 years of data takin
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Run-1 Result: 2021 :: 0.46 ppm
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Analyzed positrons (Billions)

FERMILAB MUON G-2 DATA TAKIN ( un-2/3 Resull: 2023 - 0.2 ppm
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Delivery Ring Y
‘.~‘//"

Accelerating protons to 8 GeV
Form 16 120 ns-long bunches
Pion production in fixed target
1 ‘ » Pion decay to muons (95% polarization) I
Recycler Ring | ' p =3.094GeV/c+5%

Main Injector ~10000 u* per bunch

Muons outrun protons
Muon g-2 experimental hall

= ) Video by M. Fertl and R. Reimann,
Diorama: Fermi National Accelerator Laboratory
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: MC-1

2‘ at Fermilab
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store polarized muons B
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store polarized muons
in a dipole B field
‘ o= - B " ﬂr ~
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extract the muon magnetic anomaly
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WHAT IS THE MAGIC MOMENTUM?

extract the muon magnetic anomaly

pitch corrections: Cp E-field corrections: C,

P E
GA) a”Bv—aMy+1<ﬂ-B>ﬂ+<a%_l) . )
by measuring ~0 ~0 L0
P = Pmagic = —— = 3.094GeV/c
Ay

EﬁnERmRENr OFY Argonne National Laboratory is a
L7 ] G U.S. Department of Energy laboratory 1 5 Ar nn
e managed by UChi
NATIONAL LABORATORY




Inflector

Injected Cryostat
muon beam Central Orbit 1 Inflector Body Inflector
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Helium Channel
(for cooling)

Helium Channel
(for radiation shield)

Injection with an
offset of 77mm

NiTi/Nb/Cu
Magnetic Flux
Shield

Beam
/_ Channel




Injection with an &89
offset of 77mm
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issues” (sparks), |

different settings -> datasets &
Run-3a/3b: upgraded kicker cables, |
allowing for larger kick

Run-2 and 3a

401

Run-3b, afterwards
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Electro Static Quadrupoles (ESQ) '~;’
vertical focusing O\
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Electro Static Quadrupoles (ESQ) Jb
=1 Run-1: - broken HV resistors

' - slower charge up

- “unstable” beam
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« *v/M O g
Electro Stat|c Quadrupoles (ESQ) ;' O\
Run-5/6: added RF &
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| Muon storage

| cyclotron period: 149.2 ns
B few 1000 muons at a time
(in 16" bunches, every ~1.2s) B8
Boosted muon lifetime: 64 us 8
| Storage up to ~700ps :
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T EESE T IS . &Y S ! L B —

24 Calorimeters with 54 (9x6) Cherenkov
PbF2 crystals read out by SiPMs
- arrival time (~100ps) & energy of e* (~5% at 2GeV)
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24 Calorimeters with 54 (9x6) Cherenkov
PbF2 crystals read out by SiPMs
- arrival time (~100ps) & energy of e* (~5% at 2GeV)

Laser system for gain response
calibration throughout data taking

pre-amp board
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MEASURE: o,

Due to parity violation in muon decay, number of detected high energy positrons
oscillates as muon spin points towards/away from detectors

3 6
~ 6000%10 - - R— _ 50x10
2 C Time since muon injection: 30.1 us 2 E
3 C S 45 spin I detector
£ 5000 = E
5 - A 40—
o r §2] ~
(&} - c c
40005 energy threshold § 355—
3000 25—
1 20
2000 H =
H 15—
i Energy spectrum 10E- -
1000 =
C s Time spectrum
0_ llIllllIllIlI["" lll 0:lllllllllllllllllllllll[lll[lll[l
0 500 1000 1500 2000 2500 3000 32000 34000 36000 38000 40000 42000 44000 46000

Energy [MeV] Time [ns]

Count positrons above an energy threshold

Counts oscillate at w_; extract frequency from time spectrum
*for the final analysis we use an asymmetry weighted analysis
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MEASURE: o,
Simplest model captures exponential decay & g-2 oscillation
N(1) = Nye " |1 + A cos(w,t — )| (5 parameter fit”)

y2Indf = 51530/4150

2 = \E\ | I I 1 I l 1 1 1 1 | 1 I I I I 1 |
5 S 25r 8§ —— Five-parameter fit =
S 10 = ? — = P .
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MEASURE: o,

Simplest model captures exponential decay & g-2 oscillation

must account for beam oscillations, muons losses,
and detector effects (~1.6ppm shift in w,,)

y2Indf = 4086/4138
8 F R \E‘\ 2 :__ 1 IO 1 I I 1 I I -I I I I 1 1 'l I__
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MEASURE: w, CORRECTIONS

@ =a)gl(1+ce+cp+cpa+cdd+cml>
| ] |

a
J
l l
E-field & Up/Down motion:  Phase changes over each fill:
Spin precesses slower than  Phase-Acceptance, Differential
in basic equation Decay, Muon Losses

Total Run-2/3 correction was 622 ppb, dominated by E-field & Pitch

U.S. DEPARTMENT OF _ Argonne National Laboratory is a

7] U.S. Department of Energy laboratory 32 A

s ENERGY managed by UChicago Argonne, LLC. reonne
NATIONAL LABORATORY



Ce: E-FIELD CORRECTION
The largest beam dynamics correction, Run-2/3: 378-469 ppb X 30-33ppb

Different methods:

- “fast rotation”: extract the
momentum(<x>)-distribution from the
cyclotron frequency spread

* Fourier method
(needs correction from time-momentum

T T T T T T T T T T T T T
2-5__ I | I I -

=N
3 =)
L LI LI

Amplitude (arb. units)
=
o

correlations) 0.5F
- Binned Fit-method (CernExt) 0ob i
(needs additional constraints between many bins) B '4'.2' ' '4'_4' ' I4l.6l ' 14I.8I '
Time (ps)

- “Tracking”. extract the
momentum(<x>)-distribution from
betatron oscillations

:«a, U.S. DEPARTMENT OF _ Argonne National Laboratory is a
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C,: E-FIELD CORRECTION

The largest beam dynamics correction, Run-2/3: 378-469 ppb X 30-33ppb

Different methods:

- “fast rotation”: extract the
momentum(<x>)-distribution from the
cyclotron frequency spread

* Fourier method
(needs correction from time-momentum
correlations)

» Binned Fit-method (CernExt)

(needs additional constraints between many bins)

- “Tracking”. extract the
momentum(<x>)-distribution from
betatron oscillations

§*77%, u.S. DEPARTMENT OF _ Argonne National Laboratory is a
ENERGY U.S. Department of Energy laboratory 3 4
Yt managed by UChicago Argonne, LLC.

Different “data”

- calorimeters

- Trackers

- miniSciFi (cross-checks)
new for Run-4/5/6

Step 0

(mm)
°

Vertical position

—— Fiber 1
—— Fiber 2
—— Fiber 3

-40 -20 0 20 40
Horizontal position (mm)

Minimally Intrusive Scintillating Fiber
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D : PITCH, PHASE-ACCEPTANCE, AND MUON LOSS CORRECTIONS

Pitch:

Run-2/3: 170ppb=x10ppb

« from the amplitude
of the beam’s vertical
oscillation

« tracker data

« Corrected for the
acceptance of the
calorimeters

Run-4/5/6 closely follows
{ Run 2/3 anaIyS|s

Decay y (mm)

Phase-Acceptance:

Run-1:

Run-2/3: -27ppb=x13ppb

- calorimeter’s phase-
acceptance(x,y)

_| T T I T T T T T T I T T |_
40 S

20}

o N
o

N
o

Detected phase (mrad)

of

A
<)

-20F

o
o

-25 0 25
Decay x (mm)

Run-4/5/6 closely follows
the Run-2/3 analysis

35

-40

Muon Loss:

Run-1:

Run-2/3: 0 ppb=x3ppb

« Muon losses reduced
by an order of
magnitude in Run-2
and afterwards

Run-4/5/6 closely follows
the Run-2/3 analysis

AAAAAAAAAAAAAAAAAA



C,;: DIFFERENTIAL-DECAY

g—2 phase (¢)) dependence due to the spread of muon lifetime in the beam

o _ Ao, _ 1dgy_ 1 dgy(dp (dpldt),,: (temporal) variation of beam
“W= e, @, dt  w,dp (E) id averaged momentum
Run-2/3: -22 to -2ppb £ 18ppb Run-2/3:
Contributions: - Some direct measurements +
- Beam-line effects beam dynamics simulations
« momentum-orbit (p-x) correlations
(from beam injection) Run-4/5/6:
+ longitudinal phase variations (p-t) - same tools as Run-2/3
at injection - A promising (tracker) data based

method is under development

:a, U.S. DEPARTMENT OF _ Argonne National Laboratory is a
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NMR: precession freq.
of protons in B




vertical position [mm]

40 -30 -20 -10 0 10 20 30 40
horizontal position [mm]

~9000 2D field maps around
the ring

STAAN




FIELD MAPS

RMS around the ring <20 ppm take field maps every 3-5 days
-t rrror ettt ottt
s A B C E
20 —

Rel. Dipole Field (ppm)

[ e I

B 1 I 1 1 I 1 1 I
0 50 100 150 200 300 350

Azimuth (deg)
The field between field maps (trolley runs) is tracked by the fixed NMR probes.

1 I 1
250
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CALIBRATION

Calibrate to the Larmor frequency of shielded protons in a spherical sample: a)];

NMR probes are in the

9 , : . ) water based calibration probe
trolley’s magnetic environment

multi-/duplexe]  CYOSSChecks:
RF amplifier enclosure - Spherical water NMR probe (BN L)
NMR electronics enclosure - water Spherical <->3He NMR . .
e In situ uncertainty: 17 ppb

/%/9 - against JPARC water NMR (CW)

2) correct for material effects

3) correct from cylinder -> sphere
uncertainty: 9 ppb

support rail structure

40 Argonne &




CROSS-CALIBRATIONS: EXAMPLE US/JP
Fermilab: pulsed NMR J-PARC: continuous wave (CW)

- 4 505 —~
o LOO s F E
= ] g s 4%
g o7 E s J: Z03%
= 0.50 i s — EJ
E— i = E —50.2('_:)
£ o025 1= 01§
0.00 °F g
-0.25 = E o
] - —-0.2
-0.50 - -2k 3
] - —NMR =03
0.7 - E =
0.75 ‘ ] -8E — Modulation coil —3-0.4
-1.005— 160 — 260 — 360 — 460 — 5(')0 — 6_00 _4_....|....|....|....|....1....|....|....|....|....:_05
0 1 2 3 4 5 6 7 8 _ 9 :
time [ms] Time (sec)
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Calibration Probes

42

CROSS-CALIBRATIONS: EXAMPLE US/JP

v /7

Cross-calibrated 4 times:

* 1.45T - Fermilab field

« 1.7T - MuSEUM field

- 3.0T - J-PARC field

* 1.45T - Fermilab field

Some discrepancies in the first two,
good agreement (better than ~15ppb)
on the latest two iterations.

1.45 Tesla, take Il - UNBLINDED

F T T 1T 1T 1T T 1T 1T 1T 1T T T T T T T T T T T 1T T T 4
| —— 5.8 £4.6 ppb |
—_ | —— 3.1+4.6ppb _
60 PP
et L — V:4.5+10.0 ppb XX
a F—— 19.1 + 12.9 ppb X X "
— [—— 52.8 +15.6 ppb
9 40 —— 1:32.8217.1 ppb -
; [ — tot: 11.6 = 11.7 ppb —
o L
. 20~ XX K —
3 r X
< ||
B L
2 R
_—
07 —
O O e T O O

HeEEAANANNANN MmN
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CALIBRATION

Calibrate to the Larmor frequency of shielded protons in a spherical sample: a)];

10.5 ppb uncertainty (hydrogen maser)
Metrologia 13, 179 (1977)

¥ - bound state QED calc., exact

/
w, H (H) m
a,= - p_He k e ™5.0.13 ppt uncertainty
a)p /’le(H ) He va 2 EE&. %%T.Taett?.d%%, 071801 (2023)
magnetic field \ 22 ppb uncertainty
seen by the muons Run-3b: (Muonium hyper fine split.)

Run-2 and 3a upgraded kickers

Phys. Rev. Lett. 82, 711 (1999)

Y (mm)
Y (mm)

AAAAAAAAAAAAAAAAAA
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Transient (ppb)
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100
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200
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Run-4/5/6

- Measurements at much more positions, different kickers
- Two independent magnetometers/analysis teams
* New lab measurements for transverse model

0)
E
o
9
i

—— Magnet-On 2021 1

--- Magnet-On 2022 ]
I B 1

T I TN TR T N SO S
0.4 0.6 0.8
Time (ms)




SYSTEMATIC UNCERTAINTY - WHAT TO EXPECT

I Run-1
B Run-2/3

0 20 40 60
uncertainty / ppb

Total syst. Run-1: 157 ppb
Total syst. Run-2/3: 70 ppb
TDR goal: 100 ppb

§*77%, u.S. DEPARTMENT OF _ Argonne National Laboratory is a
@ ENERGY U.S. Department of Energy laboratory
Cizs? managed by UChicago Argonne, LLC.

80

Run-1: a few “large” systematics
Bq: new measurements
Cpa: fixed broken hardware
improved running conditions

Run-2/3: many individual systematics
on a very similar level
(~20 to 30 ppb)

Run-4/5/6: very similar conditions
added RF system to the ESQ
-> reducing beam oscillations

46 Argonne &



| ! LA | | |
A BNL
....................................... :FNALRunl
—0— FNAL Run-2/3
+—eo— FNAL Run-1 + 2/3
..................................... 4_._+Expaverage
| +—t | Expectl. FNAL 1-6 <<

L1 TI T H H [ H H
20.0 20.5 21.0

§77%, U.s. DEPARTMENT OF _ Argonne National Laboratory is a
| @ ENERGY U.S. Department of Energy laboratory
i managed by UChicago Argonne, LLC.

TR B I T N M N T
21.5 22.0 22.5
a,- 10° — 1165900

Expect to publish the full dataset 2025
~ 2X improved precision
likely still statistics limited

Other Analysis:
Muon EDM:
Current best limit from BNL Muon g-2:

|d,| < 1.8x107%ecm (95 %CL)

we aim to improve to ~ 107?!e cm
-> Mikio’s talk on Thursday

BSM searches:
CPT/LV & Dark Matter

J
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THE COLLABORATION

|
-

ENEITGY
362

Collaboration meeting at Aronne in Spring 2024
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Theory prediction is less clear now then in 2021, but we can still compare

C 500 >

+—e—+
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
L +——+
SM: e+e- HVP World Average
T.I. White Paper (2023)

(2020)

17.5

18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,x10° = 1165900

Large discrepancy between
experiment and WP (2020)

Significance for Fermilab
alone get to 5.00

Updated prediction considering
all available data will likely yield
a smaller and less significant
discrepancy
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Theory prediction is less clear now then in 2021, but we can still compare

<

500 >

+—e—

Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
L +—e—t
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
!
New results in tension @
with White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0

a,x10° - 1165900

Include BMW result by swapping
HVP from WP with their value

Note: BMW is currently the only
full lattice calculation of HVP

Argonne &



Theory prediction is less clear now then in 2021, but we can still compare

<

5.00 >

+—eo—
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
® +—eo—+
SM: e+e- HVP World Average
T.l. White Paper (2023)
(2020)

!

New results in tension
with White Paper (2020)

©
SM: Lattice HVP
BMW Collab.
(2020)

SM: e+e- HVP
using only CMD-3
data below 1 GeV

Following A. Keshavarzi at Lattice 2023...

Substitute CMD-3 data
for HVP below 1 GeV

Cherry-picking one
experiment but gives a
bounding case

SND2k cannot be processed
in this way, but would fall
closer to WP (2020)

Disclaimer from A. Keshavarzi’s Lattice 2023 talk:

175 18.0 18.5

19.0 19.5 20.0 20.5 21.0
a,x10° - 1165900

IMPORTANT: THIS PLOT IS VERY ROUGH!

« TI White Paper result has been substituted by CMD-3 only for 0.33 - 1.0 GeV.
+ The NLO HVP has not been updated.

« Itis purely for demonstration purposes > should not be taken as final!
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COMPARING DATASETS: CROSSCHECKS

Datasets were taken at slightly different field settings

S 27
5]

2 & Lt - hl
39 2001 1 T ' I
X - +
=1 17.51
©

229.082{ ® BNL b
e FNAL +1d

__229.0801 — Exp. Average

N

i 229.0781

=

S 229.076

3
229.074/

229.0721 Rog

61790.0 61790.5 61791.0 61791.5 61792.0
tI);,/er[kHz]

Example of one of the most basic “handles”:
other checks against day/night, temperature, ...

§*77%, U.5. DEPARTMENT OF _ Argonne National Laboratory
ENERGY U.S. Department of Energy laboratory 53
Cizs? managed by UChicago Argonne, LLC.
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C,: E-FIELD CORRECTION

Awa .BO
=220 sE
@, CB()6 .
Aw (x2)
C,=- 2V ~2n(1 - 2 e

§"7%, U.s. DEPARTMENT OF _ Argonne National Laboratory is a
| ] ENERGY U.S. Department of Energy laboratory
izt managed by UChicago Argonne, LLC.

(arb. units)

Data subset 3E (Run-3)
10F~ T = | L I

| Ll 1 1 | 1 I 1

- Tracker

Fourier
(corr.)

0.8

0.6

0.4

0.2

IIIIIIIIIIIIIIIIIIII
Illlllllllllllllllll

0.0
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@,. STARTTIME SCANS

R [ppm]

1.5

0.5

-1.5

F o e (UL
B N R . !I | | bt \
N Dyl e - _.~,n.,l sl | ' i '
= 1 el
: PRI NN T TR SR A SR SN ST SR NN SN SR ST T N S SR SR S RN !
50 100 150 200 250 300
Fit Start Time [us]
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) CAnaIysis Improvement

SYSTEMATIC UNCERTAINTY IMPROVEMENTS

C Running l@onditions) (Syst. Measuemrents

/ \

-

Il FEUTE FRUTE SRUWE FRETE FRUTE FRREY RN SRR

Temperature Control

’I I y/lllllllllllllllll"‘l'
QD QD
S
>
DRI
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SYSTEMATIC UNCERTAINTY IMPROVEMENTS

C Running ,\Conditions) (Syst. Measuemrents) CAnaIysis Improvements)
/ \

4 )
Run-1 had damaged resistors in 2/32 ESQ leading to unstable beam storage

Redesign and fixed before Run-2: Cpa uncertainty is reduced (75 ppb — 13 ppb)

T T J_
1.7~ -
o Run'1 d 9-g _2225; + _]

| R

—22 3le PSPPI SN M”'_,_—‘_Y_ ".L*

L I Y B B B _T

w, phase change

222

(t) [mm]

(t) [mrad]

yRMS
'

13.5 L
- i + + + 7 ]

c —22.35[- ]
13.4/s - + ]
23] A * Run-id |-
C . . ] —22.45- . N
1z Vertical beam width change - Run-3a []
* 10 190 20 e s 00 im0 200 ﬂr;e[séo

J
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SYSTEMATIC UNCERTAINTY IMPROVEMENTS
( Running Conditions ) (Syst. Mea}\suemrents) CAnaIysis Improvements)

. . e )
Eddy currents from the kickers cause transient magnetic fields
Fiber based Faraday magnetometer
Incident Light olarizing Beam 5 ‘Summer 202? vs. Fall 2029 Noise Level‘ Comparison
— oo
Return Light 0
Middle Fiber ©)
£ 5
. il Run-1 Measurement
Rewrn Lent T~ | 20 Run-2/3 Measurement -
e 2% 05 1 15 2 25 3
Polarizing Bem Time (ms)
Splitter Cube 2
J
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SYSTEMATIC UNCERTAINTY IMPROVEMENTS

C Running Conditions) (Syst. Meal\suemrents) CAnaIysis Improvements)
/ \

(" Mechanical vibrations of ESQ plates cause magnetic field changes. )
at one location (in ESQ 4)
3 :| T | |I | T T | : 3 :I T T T |II T T | T :
S 4001 SRR AN — & 400 A I g
= B | I 1~ 1 \ I
T 1 el AR
O 200 I ! "y I — ] 2001" I/I | H " I
Q - Iy I A 4 = oy 1 Y b
n - | (1] IR AR N Mo ﬁ‘ 1 & - 0 .- ' d
= er iy | |I|||.| 1t ey J| I,J,,I ,,,,, 10 = T ||: 1 -4 A ! il |II ]
O O™ v ra "\ o Il T [t T
S AT R R SR WA U T WY
-200 ' ' 01 Yh Wy o — 200 |j" I W gl L "
B | I I N S . i L \| N
- (] f I i - ¥ | ESQ4 | ESQ2]
-400~ \ |t / 7 -4001— | ESQ1 | ESQ37]
C oo PR AR AR [ n Coo0 0y T I I R I R I .
-25 0 25\ / 70 75 100 35 40 45 50 55 60 65
muon fills time (ms) time (ms)
\ J
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SYSTEMATIC UNCERTAINTY IMPROVEMENTS

C Running Conditions) (Syst. Meal\suemrents) CAnaIysis Improvements)
/ \

4 Ba uncertainty: 92 ppb -> 20 ppb

vacuum sealed NMR probe

\_

Transiént (ppb)

ESQ4

ESQ2

IIIIIIIIEIIIIIIIIII

L
; '! !
hll%" 'zi

I'w !g § ||um"| |||ill

T T

OJT T
o

100

| | 1
200
Azimuth (deg)
Y,

7%, U.s. DEPARTMENT OF _ Argonne National Laboratory is a
| ] ENERGY U.S. Department of Energy laboratory
s managed by UChi
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SYSTEMATIC UNCERTAINTY IMPROVEMENTS

C Running Conditions ) (Syst. Measuemrents) CAnaIysis Improvements)
7\

éa .. i . )
2 e+ arriving at same time can be mistaken for 1: | |, Run2Data
Can bias wa —— Run-2/3 Clustering
Reduce uncertainty by: ]
- Improved reconstruction, correction algorithm 104 |
Decay end - |
%10-3 2 point .
i i w0 ' Pile-up
E 0.25 0 1000 2000 3000 4000 5000 6000
‘qE) Energy [MeV]
0.20 . .
. E-field correction depends on muon
3 i momentum distribution
0.10
005 Now include correlations between
BT R momentum & time of injection. )
njection Iime (ns
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SYSTEMATIC UNCERTAINTY IMPROVEMENTS

External Probe Readout [V]

Short

Long

RF (Field On, Quad HV Off, Uncorrected)
— Q1 — Q@2 — Q3 — Q4
Inner Outer Top Bottom
T T T T T T T T T T I T T T T T T T T T T T l T T

||| |I | Illllll Illlllll
Il[lllI__Illlllllllllll{l
||[I|II__II|I|II|IIII|III
L 11 II | IIIII II| 111 III ||

Illllll lllllll__l T I UL lllllITl
| 1 | - - | 1| | lI |- 1| Il 11|
Illllll lllllll__l T I UL llllllIl_
|1 | L1 [ - I 1| | lI - I 1| II 1|

: T | Ty 0 10 -
_/ _ -/
Time [ps]
Horizontal CBO reduction Vertical CBO reduction
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