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What is a muon?

 In the mid-1930s, physicists thought they knew all the subatomic particles of nature – the proton,
      neutron, and electron of the atom. However, in 1936 the muon was discovered which deeply 
       disturbed the existing elegant picture of subatomic world . Its discovery was so unexpected that, 
             Nobel laureate Isidor Isaac Rabi famously quipped,  "who ordered that?" when informed of the
                discovery.  

● Elementary particle
● Same electric charge as the electron
● Like the electron, behaves like it is intrinsically spinning   
● Approximately 200 times heavier than an electron
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What is a muon?

● Elementary particle
● Same electric charge as the electron
● Like the electron, behaves like it is intrinsically spinning   
● Approximately 200 times heavier than an electron

● muons decay (to positrons or electrons)
● energy and angular distribution of decay 

positrons are highly correlated to the muon 
spin direction → muons are self-analyzing 
polarimeters   
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                discovery.  
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What is a muon?

● Elementary particle
● Same electric charge as the electron
● Like the electron, behaves like it is intrinsically spinning   
● Approximately 200 times heavier than an electron

Spin and charge produce another important quantum-mechanical property 
of the muon, the magnetic moment: 

Dirac theory predicts g=2:  
Quantum effects give additional 
contribution which arise from  virtual 
particles, known and unknown:
 

 In the mid-1930s, physicists thought they knew all the subatomic particles of nature – the proton,
      neutron, and electron of the atom. However, in 1936 the muon was discovered which deeply 
       disturbed the existing elegant picture of subatomic world . Its discovery was so unexpected that, 
             Nobel laureate Isidor Isaac Rabi famously quipped,  "who ordered that?" when informed of the
                discovery.  
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anomalous magnetic moment    

QED Weak Had  ronic

BNL E821 (2004)

B.L. Roberts

Theory Initiative 
Phys. Rep. 887 (2020)
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Muon g-2 experiment in a nutshell


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Muon g-2 experiment in a nutshell
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Muon g-2 experiment in a nutshell



 in a magnetic field muons move in a circular path 
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Muon g-2 experiment in a nutshell
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Muon g-2 experiment in a nutshell



Factor or 1000 in sensitivity!
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Muon g-2 experiment in a nutshell
2001 data from E821

wrapped around modulo 100 μs
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E989 timeline: proposal submition

E989 ProposalE989 Proposal

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021`
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g-2 storage ring at BNL

storage ring at BNLstorage ring at BNL

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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Experiment timeline

Jan.: Stage 1 approval by FNAL director
May: FY 11 Field Work Proposal granted to 
        develop CDR

Jan.: Stage 1 approval by FNAL director
May: FY 11 Field Work Proposal granted to 
        develop CDR

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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Disassembly of g-2 storage ring at BNL

Disassembly of g-2 storage ring started
First yoke piece removed (Sept.)

Disassembly of g-2 storage ring started
First yoke piece removed (Sept.)

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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transportation of coils from BNL to Fermilab 

more photos and info: http://muon-g-2.fnal.gov/bigmove

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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Ring reassembly at Fermilab

June 23, 2014. Bottom yoke. Reassembly progresses well. Superconducting coils will be moved into the 
experimental hall end of July 2014

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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g-2 storage magnet reassembled at FNAL

Yoke reassembly  finished.
Magnet powered up.
Field shimming started.

Yoke reassembly  finished.
Magnet powered up.
Field shimming started.

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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Rough Shimming Results

Azimuthally-Averaged Map

Goal

~1400 ppm

50 ppm

Oct 2015             Aug 2016

D. Flay 

• BNL E821: 39 ppm RMS (dipole), 230 ppm peak-to-peak

• FNAL rough shimming: 10 ppm RMS (dipole), 75 ppm peak-to-peak

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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Commissioning run

All major systems installed
Beam development 
Commissioning run

All major systems installed
Beam development 
Commissioning run

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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First Beam Development

Phase 1 (Summer 2017): Bypass the “Delivery Ring”
Primary (proton) beam current: 30% of nominal, ~1 fill/s 
(vs. 12 Hz nominal)
Secondary beam: proton contamination

Phase 2 (Fall 2017 – Spring 2018): commissioning the entire beam line, beam development;   ramping up to full 
current

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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g-2 storage ring anatomy
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g-2 storage ring anatomy
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g-2 storage ring anatomy
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g-2 storage ring anatomy
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g-2 storage ring anatomy
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g-2 storage ring anatomy

Tracker 1

Tracker 2
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g-2 storage ring anatomy

Tracker 1
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Q1

Q2

Q3

Q4
 1

2

3

4

5

6

7

8

9

10

11
12

13

14

15

16

17

18

19

20

21

22

23
24

K1

K2

K3

C1

C2

C3
 

C4

C5
Inflector

Fiber Harp 270

F
ib

er
 H

ar
p 

18
0

calorimeter

collimator

electrostatic focusing quadrupoles

Laser gain monitoring system
Kickers

beam monitor T0 10,000
120 ns



        V. Tishchenko         |               Physics Colloquium                  BNL          April 9, 2021  31

Commissioning run – Summer 2017

First signal of muon spin precession – June 2017
Withing a couple of weeks we had 
verified that:
● Detectors, electronics, DAQ  

worked to specification
● Injection systems could store the 

beam
● Generally, the observations were 

inline with expectations

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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BNL roles in E989 project

● PO

– W.M. Morse (Resident spokesman in E821, unique knowledge in all areas of the experiment, 
recognized for invaluable intellectual contributions in E989; g-2 ring transport L2 
manager; Mentor)

– J. Crnkovic (post-doc, ESQ operation expert, g-2 storage ring ops. coordinator) 

– V. Tishchenko (ESQ upgrade L3 manager, end-to-end beam simulations, beam and spin 
dynamics of stored muons)

– A. Hoffman (technician, ESQ R&D)

● CAD

– L. Snydstrup (Lead mechanical engineer in E821) 

– W. Meng (Superconducting inflector in E821)

– J. Benante (Lead tech. in E821)

– L. DeSanto (High-voltage systems engineer)

– A. Zhang (Pulsed power engineer) 
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First Production run, 2018

● Run 1: March 26 – July 7, 2018
● ~1.7xBNL statistics of raw data collected
● 8.2x109 e+ after data quality cuts.

Challenges:
● Beam pulse is longer than design expectations
● Kicker current pulse: lower amplitude, ringing
● Non-ideal beam and kicker pulses affect

● muon storage
● stored beam momentum 
● stored beam dynamics (CBO)

● Kicker-quad interference
● Varying CBO frequency (2 damaged out of 32 HV resistors)

time (ns)

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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g-2 ring operating point for 2018 run

F.J.M. Farley, W.M. Morse, Y.K. Semertzidis E821 notes # 106, 116, 149

resonance conditions:

Sudeshna Ganguly, Muon g-2 internal note #11085

2018

In 2018 run, the operation point of g-2 storage ring was 
chosen to minimize muon losses. The measured muon loss vs. 
ESQ voltage curve agrees well with theory expectation.

The ESQ system defines the operating point of muon g-2 
storage ring, which must be chosen such that it is away 
from betatron and spin resonances. The theoretical 
analysis of resonance conditions was performed by BNL.
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determination from data

10.5 ppb

22 ppb

0.26 ppt

0.1 ppb
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    Magnet anatomy and              measurement

12 C-shaped yokes 
● 3 upper and 3 lower poles per yoke
● 72 total poles

 
Shimming knobs
● Pole separation determines field: 

pole tilts, non-flatness affect 
uniformity

● Top hats (dipole)
● Wedges (dipole, quadrupole) 
● Edge shims (dipole, 

quadrupole, sextupole) 
● Laminations (dipole, 

quadrupole, sextupole) 
● Surface coils 

(quadrupole, sextupole,…)  

Brilliant magnet design by Gordon Danby (BNL)

378 fixed NMR probes
   17 NMR Trolley probes
A suit of shimming  elements

NMR trolley maps the 
field at about 9000 
locations over the entire 
azimuth every 3 days
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       determination 



● Correction for transient fields from pulsed ESQ and Kicker
● Two different analysis methods
● Two independent analysis teams
● Total uncertainty: 114 ppb
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extraction
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extraction

Calorimeter 1 acceptance (%)
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extraction
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extraction

Run-1d

Run-1a
Run-1c
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extraction

● 4 different analysis methods (T,Q,R,A)

● 6 independent analysis teams (Boston, 
Cornell, Kentucky, Washington, Europa, 
Shanghai)
● unique mix of reconstruction, analysis and 

independent data-driven corrections 
to determine ωa   

● varying sensitivities to potential 
systematic effects, as well as varying 
statistical sensitivities.

● Blind analysis 
● Frequency is measured in units of 

digitizer clock ticks
● Each analyzer uses its own secret 

offset

● Two-step unblinding process
● Relative unblinding (Feb. 7,2020)

Excellent agreement between 
all 11 results

● Absolute unblinding (Feb 25, 2021)

`

A. Lusiani

A-measurements are compared with TR- staged average 
non-A measurements are compared with A staged average

staged average means
  first average same-reco measurements with equal weigths
  then average the first step averages with equal weights
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determination
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H. Binney H. Binney

H. Binney
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                     and damaged HV resistors

Degradation of two  (out of 32) of HVR HV resistors in Q1-Long (top and bottom plates).
H

V
R

C
A

D
D

O
C

K

Nominal Damaged resistor

Run 1d

``
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 =
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    Summary of unblinded Run-1 measurements
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Final result
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Summary
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HET Lunch Seminar

Open g-2 discussion

Friday 9 Apr 2021, 12:30 → 13:30 US/Eastern – today!

 https://indico.bnl.gov/event/10430/

• Saskia Charity (Fermilab)  April 23rd

Precision measurement of the magnetic 
field in Run 1 

• Lawrence Gibbons (Cornell)  April 30th 
The Run 1 anomalous muon precession 
frequency analysis

Also, two more seminars in the JETP series at FNAL

https://indico.bnl.gov/event/10430/
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