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Muon 𝒈-𝟐 Overview: 𝒂𝝁

𝝉 = 𝝁×𝑩

𝝁 = 𝑔
𝑒

2𝑚!
𝑺

Motivation
𝒂𝝁𝑺𝑴 ≠ 𝒂𝝁

𝑬𝒙𝒑

𝒂𝝁𝑺𝑴

- Dirac equation (relativistic QM) 
predicts

𝑔 = 2

- Experiments and Standard 
Model indicate:

𝑔 ≠ 2
⇓

𝑔 ≡ 2(1 + 𝑎!)
𝒂𝝁
𝑬𝒙𝒑
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Muon 𝒈-𝟐 Overview: 𝒂𝝁 from Standard Model

Electroweak contributions

Hadronic contributions

Dirac equation

1st-order QED (Schwinger)

12672 QED diagrams 
(up to 10th-order, 

Kinoshita)

Standard
Model … 𝒂𝝁𝑺𝑴

*KNT Phys.Rev.D 101 (2020) 014029
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Muon 𝒈-𝟐 Overview: 𝒂𝝁 from Fermilab

𝜔': Spin precession frequency relative to the 
momentum direction of muons in the of the 
storage ring

𝑁 𝑡, 𝐸() = 𝑁* 𝐸() exp+(/-.! 1 + 𝐴(𝐸/0) cos 𝜔'𝑡 + 𝜑*(𝐸())

𝜔! = −
𝑒
𝑚
𝑎" 𝐵

𝝎𝒂= 𝝎𝑺 −𝝎𝑪

B=1.45 T

Electrostatic Quadrupole System (EQS)

momentum

spin

muon bunch
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Muon 𝒈-𝟐 Overview: Beam Requirements
For the general case in lab frame (𝑝* = 𝑚𝑐/ 𝑎1=3.094GeV/c):

𝜔' = 𝜔2 − 𝜔3 4 = − 5
6
𝑎1 𝐵 + 5

6
𝑎1

-
-78

𝛽 F 𝐵 𝛽 + 1 − 8
879 "

:×<
=

4

Injected muon bunch’s
Momentum Acceptance:

𝛿6'> =
𝑑𝑝
𝑝*

⇓

±0.5%

E-field Correction “𝑪𝑬”

B=
1.

45
 T

Pitch Correction “𝑪𝑷”

- Muon’s vertical motion 
aligns with B-field

𝑬
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Muon 𝒈-𝟐 Overview: Beam Requirements

Lost Muons Correction “𝑪𝑳𝑴”

Lost muons’ Z  
≠

Stored muons’ Z 

𝑁 𝑡, 𝐸() = 𝑁* 𝐸() exp+(/-.! 1 + 𝐴(𝐸/0) cos 𝜔'𝑡 + 𝜑*(𝐸())

𝑍 =
Δ𝑝
𝑝!

𝜑*

Phase Acceptance Correction “𝑪𝑷𝑨”

𝜑* from positron 
detection effects

𝝋𝟎

Unstable beam
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Muon 𝒈-𝟐 Overview: Beam Requirements

⨂

- 𝐵 is the magnetic field experienced by the muon beam 
around the storage ring.

- Requirement -> Stored beam azimuthal characterization.

𝑩
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Models 
(BD/Comp/Math)

+ 
Data Analysis

SPECS
- Muon g-2 Storage Ring
- Muon Campus

g-2 corrections and 
systematic errors

DATA
- Tracking detectors
- Calorimeter detectors
- B-field Trolley Runs
- Beamlines

TOOLS
- Beam physics, C++, ROOT, 

COSY, BMAD…

Muon g-2 Storage Ring 
beyond data

Muon Campus 
beamlines 

commissioning

INPUT OUTPUT

Research Work: Workflow
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Recycler

P1, P2, M1 M2

M3 Delivery Ring

M5
M4

AP0targethall

AP30

AP50

AP1
0

Mu2e

MC-1
(g-2) 10

- >748k highly polarized muons/fill expected at entrance of the Storage Ring (TDR)
- Batches of 108B protons hit “pion-production” target (𝜋7 → 𝜇7 + 𝜈1)

Muon Campus

- Characterize beam performance along Muon Campus for 
commissioning

Research Work Motivation
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Muon Campus studies

Main purposes of the COSY-based Muon Campus model:

- Characterize beam performance

- Validate numerical models within g-2 Collaboration

- Quantify impact of nonlinearities on muon beam production
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Muon Campus: Beam Performance

After PMAG

At M2M3 exit

At M4M5 exit
At DR exit (after 4 turns)

DELIVERY RING

M2M3

M4M5

Target Station

𝑝!"𝑠

10#$ protons per pulse (~8.89GeV) hit the production target

𝜋!"𝑠

𝜇!"𝑠 (𝛿 < 2%)

𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑖𝑒𝑠 (~3.1𝐺𝑒𝑉)

p’s removed during 4th turn along DR

6.13×10#$ per POT
8.24×10#% per POT
7.60×10#&per POT 1.05×10#' per POT

1.55×10#( per POT
1.24×10#%per POT

8.83×10#$ per POT
0 per POT

6.80×10#(per POT∗

6.27×10#$ per POT
0 per POT

5.86×10#(per POT∗

* Without proton removal systemCOSY end-to-end simulation considers:
• Fringe fields
• Spin Dynamics
• High-order effects
• Apertures of the beam line elements
• Primary decay modes (𝜋! → 𝜇! + 𝜈" and 𝜇! → 𝑒! + 𝜈# + �̅�")
• Horizontal and vertical misalignments (randomly Gaussian-distributed [𝜎$ = 𝜎% = 0.25mm])
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Muon Campus: COSY-INFINITY

𝑧B = U
CDEF6G*

H,H,H,H,H

𝑎CDEF6J 𝑥8C𝑥K8
D𝑦8E𝑦K8

F 𝛿L68 = U
CDEF6G*

8,8,8,8,8

𝑎CDEF6J 𝑥8C𝑥K8
D𝑦8E𝑦K8

F 𝛿L68 + nonlinearities

𝑧 → 𝑥, 𝑥K, 𝑦, 𝑦K, 𝛿L = Δ𝑝/𝑝* muon coordinates rel. to ideal muon.

𝑎CDEF6J
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Muon Campus: Beam collimation and pion-to-muon decay

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 10

1000

2000

3000

4000

5000

P=0.969
is!"

!#
!$

- Collimation across Muon 
Campus beamline 
elements.

- Muon kinematics and spin 
dynamics from weak decay 

𝜋7 → 𝜇7 + 𝜈1
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Muon Campus: Models validation

G4BL

BMAD COSY
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Muon Campus: Nonlinearities
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- Fringe fields and high-order 
guide fields increment 
muons/pions population by 
9.4%.

M2M3 DR

M4M5
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Muon Campus: Spin-orbit correlation studies, DR

The following beamline higher-order systematic effect will 
be present in the E989 measurement*:

𝜑'

𝑠1
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Muon Campus: Spin-orbit correlation studies, DR
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- The advance of the spin-orbit correlation 𝑚9 across the focusing quadrupoles “HQF” 
prevails among the other elements  within the DR.
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Muon Campus: Spin-orbit correlation studies, DR
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- Rectangular magnets are the main contributors to the reduction of 𝑚9 due to fringe 
fields.

𝚫𝒎
𝜹

pe
r D

R 
be

am
lin

e 
el

em
en

t

s[m]

𝚫𝒎𝜹 = 𝒎𝜹 𝐅𝐑 𝐨𝐧 −𝒎𝜹(𝐅𝐑 𝐨𝐟𝐟)
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Muon Campus:

1 turn

2 turns

3 turns

4 turns
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- Potential to control spin-orbit correlations via DR rectangular magnets.
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Storage Ring Model: Features and implementation



Features and implementation

22

COSY-based 
Muon g-2

Storage Ring 
Model

Electric Fields

M
ag

ne
tic

 F
ie

ld
s

Transfer Maps

Periodic transport functions and 
Betatron tune shifts

Muon Beam 
Characterization

Beam Tracking with 
COSY INFINITYInitial beam 

distribution(s)

Ring

Kickers

𝜔'

𝜔L

Lost Muons

Pitch correction

Phase Acceptance

E-field correction

𝐵

Input

Main tools

Main output

Contributions

*Color Legend

Collimators



Features and implementation

Input

- Electric fields:

- Main field:

-40 -20 0 20 40

-40

-20

0

20

40

x(mm)

y(
m
m
)

𝑉, 𝐸

- Conformal mapping 
- Fringe fields calc.
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Features and implementation

Input

- Electric fields:

Bad resistors

T

B

OI

𝐻𝑉N

𝐻𝑉O
- Two resistors connected to Q1L were 

damaged during Run-1

- Consequently, HV at Q1L behaved in 
several failure modes

- 𝐻𝑉N and 𝐻𝑉O were not measured 
during Run-1… 

T

B
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Features and implementation

Input

- Electric fields (First g-2 Run):

0 50 100 150 200 250 300
s]µt[

0

0.2

0.4

0.6

0.8

1

0
H
V/
H
V

60h
9d
HK
EG
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sim
data

S18

*y offset for illustration…

sim
data

𝑓DEF 𝐻𝑉G , 𝐻𝑉H = 1 −
𝑦IJKLM 𝐻𝑉G , 𝐻𝑉H; 𝑡

𝑦NOPQP 𝑡

$

+ 1 −
𝜔RHS,UKLM 𝐻𝑉G , 𝐻𝑉H; 𝑡

𝜔RHS,UOPQP 𝑡

$

𝐻𝑉O

𝐻𝑉N



- Magnetic fields:
- Ring:

- Kickers:

Features and implementation

Input
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100- 50- 0 50 100 150
t[ns]

0

0.2

0.4

0.6

0.8

1

R
el

at
iv

e 
Sc

al
e

 
Multi-Gaussian Fit
Data: Run I, Fermilab Muon                      g-2                       Preliminary

Trolley 
Data

*From kicker pulse measurements *From T0 detector
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Features and implementation

Input

- Initial beam distribution

- At 𝑡 ≈ 0µs:     

- At 𝑡 ≈ 4µs:

End of M5 Inflector  
(D. Rubin)

COSY kickers        ⋯
𝜒B

m
in

im
iza

tio
n 

+ 
…

y[
m

m
]PDFs

CO
SY

 (𝛼
,𝛽
,𝛾
)’s

 a
nd

 𝐷
>
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Trackers 
𝑥 − 𝑦 − 𝑡

FR’s 
angular 

frequencies



- 𝑁6P is number of measured tracks within bin 𝑥6, 𝑡P
- 𝑓CDE is number of muons with 𝑥5C , 𝐴D , and 𝜙E
- 𝛽CDE6P is the PDF of single muon with 𝑥5C , 𝐴D , and 𝜙E integrated over bin 𝑥6, 𝑡P:

- The method’s objective is to find optimal 𝑓CDE’s such that

𝛸B =U
6

U
P

∑CDE 𝛽CDE6P𝑓CDE − 𝑁6P
B

𝜎Q#$
B

is minimized via NNLS Solver. All 𝑓CDE’s together compose beam’s PDF 𝑓> 𝑥5 , 𝐴> , 𝜙> . 

Method, radial motion

(𝑥6, 𝑡P)

28

Data Bin

Mom., Ampl., Phase Bin

How much of each fijk
gets into data bin

(nonnegative least squares)

xoff (found empirically) 
includes closed-orbit, tracker 
reco offset & scraping offset 

✏(xm)

<latexit sha1_base64="dLsh8P0vkyAJrCLKiBEUEZ4Bfas=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9OKxgv2AdinZNNuGZpM1yRbL0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDvzW2OqNJPiwUxi6kd4IFjICDZW8rs01oxLUX7qRee9YsmtuHOgVeJlpAQZ6r3iV7cvSRJRYQjHWnc8NzZ+ipVhhNNpoZtoGmMywgPasVTgiGo/nR89RWdW6aNQKlvCoLn6eyLFkdaTKLCdETZDvezNxP+8TmLCaz9lIk4MFWSxKEw4MhLNEkB9pigxfGIJJorZWxEZYoWJsTkVbAje8surpHlR8aqVy/tqqXaTxZGHEziFMnhwBTW4gzo0gMAjPMMrvDlj58V5dz4WrTknmzmGP3A+fwCCGZHv</latexit>

Acceptance



- 𝑁6P is number of measured tracks within bin 𝑥6, 𝑡P
- 𝑓CDE is number of muons with 𝑥5C , 𝐴D , and 𝜙E
- 𝛽CDE6P is the PDF of single muon with 𝑥5C , 𝐴D , and 𝜙E integrated over bin 𝑥6, 𝑡P:

- The method’s objective is to find optimal 𝑓CDE’s such that

𝛸B =U
6

U
P

∑CDE 𝛽CDE6P𝑓CDE − 𝑁6P
B

𝜎Q#$
B

is minimized via NNLS Solver. All 𝑓CDE’s together compose beam’s PDF 𝑓> 𝑥5 , 𝐴> , 𝜙> . 

Method, radial motion

(𝑥6, 𝑡P)
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Data Bin

Mom., Ampl., Phase Bin

How much of each fijk
gets into data bin

(nonnegative least squares)

xoff (found empirically) 
includes closed-orbit, tracker 
reco offset & scraping offset 

Acceptance

COSY

DATA



Features and implementation

Main tools

- Muon g-2 Storage Ring COSY Model:

- Built on data input and ring specs.
- Conventional scraping.
- Collimation.
- COSY INFINITY tools (e.g., optimizers, Differential Algebra, Normal Form) available.
- Suitable for both tracking and beam-physics framework.

- Beam Tracking with COSY

- Use of nonlinear transfer maps:
- Fast.
- Reproduceable.
- Spin transfer maps.

- Symplectic tracking.
- Parallel computing.

C

x x

x'x'

30

*E. Valetov
GM2-doc-24739



Features and implementation

Main output

X closed orbit

Y closed orbit 

𝜃[deg. ]

𝜃[deg. ]

𝑦 &
'

[m
m

]
𝑥 &
'

[m
m

]

* VJ
J!

= 0

*60h

*60h

𝜷𝒙

𝜷𝒚

𝑫𝒙

*60h

*60h

*60h
S12

31

Beam azimuthal description

Beam 𝑥 − 𝑦 − 𝑡 − 𝜃 distributions

Tracking sim𝝐𝒚𝜷𝒚



COSY: Features and implementation

Main output

X closed orbit

Y closed orbit 

𝜃[deg. ]

𝜃[deg. ]

𝑦 &
'

[m
m

]
𝑥 &
'

[m
m

]

* VJ
J!

= 0

*60h

*60h

𝜷𝒙

𝜷𝒚

𝑫𝒙

*60h

*60h

*60h
S12
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Beam azimuthal description

Beam 𝑥 − 𝑦 − 𝑡 − 𝜃 distributions



Features and implementation

Main output

*A. Weisskopf

Tune shifts

*A. Weisskopf

𝑦[
m
m
]

𝑦K[mrad]

Nonlinear amplitude modulation

𝜈>

𝜈 4

Tune footprint

14 16 18 20 22 24 26 28 30 32
EQS Plate Voltage [kV]

0

0.005

0.01

0.015

0.02

sµ
's

 fr
ac

tio
n/

65
.9

µ
Lo

st
 

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

Betatron resonances
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Simulation
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Storing efficiency
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Contributions to 𝝎𝒂 corrections
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Contributions to 𝝎𝒂 corrections

Pitch correctionE-field correction +

𝑫𝒙

*60h

60− 40− 20− 0 20 40 60
Injection Time [ns]
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C
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n 
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H

z]

hCorrelation
Entries           1e+07
Mean x  0.5865
Mean y    6702
Std Dev x    32.7
Std Dev y   8.157

0

2000

4000

6000

8000

10000

hCorrelation
Entries           1e+07
Mean x  0.5865
Mean y    6702
Std Dev x    32.7
Std Dev y   8.157

- Distorted radial dispersion during 
Run-1 adds 𝜹𝑪𝑬 ∼ 𝟓𝐩𝐩𝐛.

- Momentum-time correlation modelling 
for FR analysis.

- Using COSY 𝛽4’s, 𝑦STU(𝜃) variations 
introduce 𝜹𝑪𝑷 ∼ 𝟏𝐩𝐩𝐛 (T. Barret and J. 
Mott).  

- Pitch correction linear approximations +
momentum spread asymmetry + EQS
continuous plates approximation + EQS up to
20th high-order multipole + EQS fringe fields
add 𝜹 𝑪𝑬 + 𝑪𝑷 < 𝟏𝟎𝐩𝐩𝐛.

𝜔W = 𝜔WN 1 + Δ𝜔WX + Δ𝜔WH ≈ 𝜔WN 1 + 𝑪𝑬 + 𝑪𝑷

𝐶X = − [!\!"

#][!
2 𝛿$ and     𝐶^ = − [!

$_!"
𝑦$



Contributions to 𝝎𝒂 corrections

0.5- 0.4- 0.3- 0.2- 0.1- 0 0.1 0.2 0.3 0.4 0.5
 [%]

0
dp/p

0

0.2

0.4

0.6

0.8

1 60h
9d
HK
EG

- Off by <12 ppb from data-driven corrections 
(E989 Note 248, H. Binney).

*E. Valetov 36

Lost Muons
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Contributions to 𝝎𝒂 corrections

Phase Acceptance

- 𝑀N’s around ring projected from tracker 
data with Run-1 beam functions. 
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Contributions to 𝑩
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𝑩 : Combining B and the stored beam

𝐵C(𝑥, 𝑦) from Field Team, and implemented in model.

𝑀N(𝑥, 𝑦, 𝜃) and optical lattice functions from 
data-driven simulations

- 𝐵 is sensitive to radial closed orbit distortion by ∼ 13 ppb relative to ideal 
case in Run 1.  

- Effect of beam width variations around the ring is negligible (< 3 ppb).

- Vertical closed orbit distortions from Quad station misalignments under 
study.

GM2-doc-24188
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Research Plans
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g-2:

- Repurpose models to account for further sources of error (e.g. electric station 
misalignments) and support further measurements.

- Quantify beam-dynamics driven uncertainties for remaining data-production 
runs (momentum-time correlation, phase acceptance).

Mu2e:

- Participate in Cosmic Ray Veto (CRV) installation and commissioning.
- Commissioning of slow resonant extraction (measurements and modelling).
- Commissioning of M4 beamline for Mu2e.
- Optimize focus to Mu2e.
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Thank You


