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Precision in Particle Physics:  Fermilab aµ goal: 140 ppb
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0.5 ppm

140 ppb goal

20 ppm    LEP

�E989
syst (!a/p) = 70 ppb : �E989

stat = 100 ppb
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goal 140 ppb

The aµ History



B. Lee Roberts-10-November-2021-Anomalies2021 4

<latexit sha1_base64="lTbGecieLdFys+Ht8rsv8EVJQdw=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NB8GLYDaLiKeDFYwTzgCSE2UknGTL7YKZXDOse/BUvHhTx6m9482+cJHvQxIKGoqp7erq8SAqNjvNt5ZaWV1bX8uuFjc2t7R17d6+uw1hxqPFQhqrpMQ1SBFBDgRKakQLmexIa3uh64jfuQWkRBnc4jqDjs0Eg+oIzNFLXPmgjPOD0nURBL00G9JSW065ddErOFHSRuBkpkgzVrv3V7oU89iFALpnWLdeJsJMwhYJLSAvtWEPE+IgNoGVowHzQnWS6N6XHRunRfqhMBUin6u+JhPlaj33PdPoMh3rem4j/ea0Y+5edRARRjBDw2aJ+LCmGdBIG7QkFHOXYEMaVMH+lfMgU42giK5gQ3PmTF0m9XHLPS+7tWbFylcWRJ4fkiJwQl1yQCrkhVVIjnDySZ/JK3qwn68V6tz5mrTkrm9knf2B9/gDdCZX2</latexit>

g � 2Mu2e

The Fermilab Site showing the Muon Campus

The Delivery Ring

We use the old p-bar debuncher 
ring (“ our Delivery Ring”) as a 
2 km pion decay line.



Muon g-2 Collaboration   ~200 Collaborators
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US Universities

– Boston

– Cornell

– Illinois 

– James Madison

– Kentucky 
– Massachusetts

– Michigan

– Michigan State

– Mississippi

– Northern Illinois 

– Regis

– Texas

– Virginia

– Washington

National Labs

– Argonne

– Brookhaven

– Fermilab

England
Cockroft Institute
Lancaster
Liverpool
Manchester
University College London

Korea
KAIST
IBS

Russia:  
Dubna
Novosibirsk

• Italy

– INFN

• LNF Frascati, 

• Naples

• Pisa  SNS INFN

• Roma 2

• Trieste

• Lecce

– Udine

– Naples

– Trieste

– Rjeka

– Molise

– SNS Pisa

• China:  

– Shanghai

• Germany:  

– Dresden (thy)

– Mainz

In preparing this talk I have borrowed from a number of colleagues: 
David Flay, David Hertzog and especially from James Mott.



Outline
• Introduction
• Overview of the experimental approach
• Details of the magnetic field measurement
• Details of the muon spin rotation measurement
• Summary and outlook
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aµ : Radiative Corrections, known and unknown
• Both Standard Model, and perhaps BSM particles can contribute

B. Lee Roberts-10-November-2021-Anomalies2021

2( 1

0

γ

µ
γ

h
µ

h

γ

γ
µ

X

Y

γ

νµ

γ

µ

W
+

γ

Z

+ .00116. . . + .00000006951 . . . + .00000000105 . . . + .000000001536 +?   )g = 

µ

γ

µ

γ

γ
µ

BNL E821 and 
CERN aµ

aexpµ = 116 592 089(54)st(33)sy(63)tot ⇥ 10�11
History: 

<latexit sha1_base64="fjYqrGODX+b+oi+ElB6NP4Rm+44="></latexit>

� = 279(76)⇥ 10�11 3.7�

<latexit sha1_base64="snSaPhhSpOexYmgCkSS77NhQbcw="></latexit>

aSM
µ = 116 591 810(43)⇥ 10�11 International g-2 theory 

initiative value

E821 Average

+

µ−

X
 1

0
−

1
1

1
1
6
 5

9
0
 0

0
0

1
1
6
 5

9
1
 0

0
0

1
1
6
 5

9
2
 0

0
0

1
1
6
 5

9
3
 0

0
0

1
1
6
 5

9
4
 0

0
0

1
1
6
 5

9
5
 0

0
0

E821 (00)

(13 ppm) E821 (97)

(9.4 ppm)

(10 ppm)

CERN 

CERN

E821 (98)

(0.7 ppm)

(1.3 ppm)

(5 ppm)

E821 (99)

(0.7 ppm) E821 (01)

T
h

e
o

ry

a   

(0.54 ppm)

µ

µ+

+µ

µ
+

µ−

µ
+

µ

The tension 
with the SM 
has been 
noticed for 
some time.
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QED hadronic electroweak



The results that I will talk about were published in 4 papers 
on April 7th … day of result release

PRL

PRD

PRA

PR-AB Beam Dynamics 
Corrections

Proton Precession

Muon Precession
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384 Citations 
to date.
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Magnetic Dipole Moments
Magnetic Dipole in a B field:

µS for a particle with spin:

Larmor precession

dS

θsinS 

τ

B

µ

θ

ω dt

S

<latexit sha1_base64="oLC+ZafkNZiA/j9jkIAkt+yTQfo=">AAACJnicbVDLSgMxFM34tr6qLt0Ei+CqzIioCIVSNy4rtFXolJJJbzWYzIzJTbEM8zVu/BU3LhQRd36K6WPh60Lg3HPuKydKpTDo+x/ezOzc/MLi0nJhZXVtfaO4udUyidUcmjyRib6KmAEpYmiiQAlXqQamIgmX0e3ZSL8cgDYiiRs4TKGj2HUs+oIzdFS3WAkR7nE8J9PQy7Ms1Io2En1n4TQPaYjM0goNB8BpqKzLhQIzyWt5t1jyy/446F8QTEGJTKPeLb6EvYRbBTFyyYxpB36KnYxpFFxCXgitgZTxW3YNbQdj5pZ1svF5Od1zTI/2E+1ejHTMfu/ImDJmqCJXqRjemN/aiPxPa1vsn3QyEacWIeaTRX0rKSZ05BntCQ0c5dABxrVwt1J+wzTj6JwtOBOC31/+C1oH5eCofHBxWKrWpnYskR2yS/ZJQI5JlZyTOmkSTh7IE3khr96j9+y9ee+T0hlv2rNNfoT3+QW8QqXd</latexit>

Torque : ⌧ = ~µ⇥ ~B

<latexit sha1_base64="iX7KbNjxNvxHhcRjoLNM6IodbqQ="></latexit>

~µs = gs
q

2m
~s gs = 2(1 + a)

<latexit sha1_base64="C3OUTt3Ni/MRpXnpefQfwcEsg9I="></latexit>

Energy : H = �~µ · ~B
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Magnetic Dipole Moments
Magnetic Dipole in a B field:

µS for a particle with spin:

Larmor precession
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θsinS 
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Torque : ⌧ = ~µ⇥ ~B
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Energy : H = �~µ · ~B



The next big step
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i(@µ � ieAµ(x))�
µ (x) = m (x)

g = 2

γ

γ
µe,
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↵
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↵
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+ · · ·

⌘

The very first radiative 
correction in quantum 
electrodynamics (QED).
It’s mass independent!



Dirac Eqn.
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Dirac : F1(0) = 1
<latexit sha1_base64="uW7z1uHH7QA/DGyVKnMsLG5EPQ4="></latexit>

F2(0) = a` the magnetic anomaly
<latexit sha1_base64="hzeB3voaTDmdczl4bcBjVkhoEA0="></latexit>

F3(0) = d` the electric dipole moment

P   T  and thus   CP

At Fermilab we measured       to 0.46 ppm.  The new world average is  
0.35 ppm (the original BNL goal).

At BNL:
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Chiral changing, flavor 
conserving interaction.
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|dµ| < 1.8⇥ 10�19 e cm
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Measuring 
Lepton Magnetic 
Dipole Moments

�
aµ

FNAL = 140 ppb

�
aµ

BNL = 540 ppb
<latexit sha1_base64="NFWeFWse0705rSEV+cnQgldTRmQ="></latexit>

~µ = g
⇣ q

2m

⌘
~s



I.I. Rabi
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Never measure 
anything but 
frequency



How do we measure the muon frequency? Parity violation!
• We need polarized muons:
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At rest: 100% polarization.  In 
beam: very forward and very 
backward µ are polarized

At rest: highest energy e+

are along µ spin. 

In flight

N
NA2
A

At rest

N

NA2A

Energy (MeV) Energy (MeV)

N = Number
A= Asymmetry
FOM: NA2

Integral N, A, NA2

⇡+ ! µ+⌫µ
<latexit sha1_base64="6HWok/zi1l92cA3pvVjMIhKGTOI="></latexit>

µ+ ! e+⌫e⌫̄µ
<latexit sha1_base64="X0HJ/5ReZq6QhScUMp7fWZa4vz8="></latexit>

neutrinos are only left-handed



Particle: moving in a magnetic field:                                              
momentum turns with wC,  spin turns with wS

Spin turns relative to the momentum with wa

If             , the spin will follow the momentum

<latexit sha1_base64="VXmffd9ksE+l+uKQbSvqMHbk14U="></latexit>
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B
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Spin Motion in a Magnetic 
Field

We use a Uniform dipole magnetic field. 
Provide vertical focusing with electrostatic quadrupoles →
Weak Focusing Betatron, but is a Penning Trap configuration.
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q = ±|e|

<latexit sha1_base64="rabS/SF+AfMcjV6S73EcaQP8rTk=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIVmE3iNoIQRvLCOYBSQizk5tkyOyDmbtiWLbxV2wsFLH1M+z8GyebLTTxwIXDOffOnXu8SAqNjvNtLS2vrK6tFzaKm1vbO7v23n5Dh7HiUOehDFXLYxqkCKCOAiW0IgXM9yQ0vfHN1G8+gNIiDO5xEkHXZ8NADARnaKSefdhBeMTsncSTMaTJkF7RStqzS07ZyUAXiZuTEslR69lfnX7IYx8C5JJp3XadCLsJUyi4hLTYiTVEjI/ZENqGBswH3U2yxSk9MUqfDkJlKkCaqb8nEuZrPfE90+kzHOl5byr+57VjHFx2ExFEMULAZ4sGsaQY0mkatC8UcJQTQxhXwvyV8hFTjKPJrGhCcOdPXiSNStk9L1fuzkrV6zyOAjkix+SUuOSCVMktqZE64SQlz+SVvFlP1ov1bn3MWpesfOaA/IH1+QPL8JaG</latexit>

g = 2
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Larmor : ~!L = g
⇣ q
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⌘
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Full spin equation with E and B:

The “magic’’ gm = 29.3
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0

Cyclotron Frequency

Thomas Equation: L. H. Thomas, Philos. Mag. 3, 1 (1927)
J.D. Jackson 3rd edition, p. 564.  

~

motional magnetic 
field

vertical betatron 
pitching motion
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<latexit sha1_base64="NFPF44IS8hmPmjYxw1YDZCRClh8=">AAACDXicbVBNS8NAEN34WetX1KOXxSp4sSRFVASh6MVjBfsBTSmb7aZdutmE3YlQQv6AF/+KFw+KePXuzX/jts1BWx8MPN6bYWaeHwuuwXG+rYXFpeWV1cJacX1jc2vb3tlt6ChRlNVpJCLV8olmgktWBw6CtWLFSOgL1vSHN2O/+cCU5pG8h1HMOiHpSx5wSsBIXfsw9VSIZQTMwzAgcJl52AsUoWk/SyvZiYuvMOnaJafsTIDniZuTEspR69pfXi+iScgkUEG0brtODJ2UKOBUsKzoJZrFhA5Jn7UNlSRkupNOvsnwkVF6OIiUKQl4ov6eSEmo9Sj0TWdIYKBnvbH4n9dOILjopFzGCTBJp4uCRGCI8Dga3OOKURAjQwhV3NyK6YCYLMAEWDQhuLMvz5NGpeyelSt3p6XqdR5HAe2jA3SMXHSOqugW1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wfZSJrD</latexit>

note that :
g

2
� 1 = a



We measure two frequencies:        and        (B) 
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B is expressed in terms of the Larmor frequency of a 
shielded proton, averaged over the muon distribution.

' 0
<latexit sha1_base64="DiNkh6XLbf2mqv3y+GZMl4EdlsI=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDAbBKuxqoZUGbCwjmAckIcxObpIhsw9n7ophSWHjr9hYKGJr4x/Y+TduHoUmHrhwOOfeuXOPFylpyHG+rczS8srqWnY9t7G5tb1j7+5VTRhrgRURqlDXPW5QyQArJElhPdLIfU9hzRtcjv3aHWojw+CGhhG2fN4LZFcKTqnUtvNNwnuavJNo7IySppE+3jInN8q17YJTdCZgi8SdkcLF58lJCQDKbfur2QlF7GNAQnFjGq4TUSvhmqRQOMo1Y4MRFwPew0ZKA+6jaSWT5SN2mCod1g11WgGxifp7IuG+MUPfSzt9Tn0z743F/7xGTN2zViKDKCYMxHRRN1aMQjZOhHWkRkFqmBIutEz/ykSfay4ozW0cgjt/8iKpHhddp+heO4XSOUyRhTwcwBG4cAoluIIyVEDAAzzBC7xaj9az9Wa9T1sz1mxmH/7A+vgB0xqZow==</latexit><latexit sha1_base64="wmhzIq7kQl2DvOopqL6fD3Vv3uM=">AAACBHicbVC7TsNAEDyHVwivAGWaExESVWRDARVEoqEMEnlIsRWdz5vklPODuzUislzQ8Cs0FCBES8Mf0PE3OE4KSBhppdHM7u3tuJEUGk3z2ygsLa+srhXXSxubW9s75d29lg5jxaHJQxmqjss0SBFAEwVK6EQKmO9KaLujy4nfvgOlRRjc4DgCx2eDQPQFZ5hJvXLFRrjH/J1EgZcmthY+3FKzlJZ65apZM3PQRWLNSPXi8yRHo1f+sr2Qxz4EyCXTumuZEToJUyi4hLRkxxoixkdsAN2MBswH7ST58pQeZopH+6HKKkCaq78nEuZrPfbdrNNnONTz3kT8z+vG2D9zEhFEMULAp4v6saQY0kki1BMKOMpxRhhXIvsr5UOmGMcst0kI1vzJi6R1XLPMmnVtVuvnZIoiqZADckQsckrq5Io0SJNw8kCeyAt5NR6NZ+PNeJ+2FozZzD75A+PjB44Xmi8=</latexit><latexit sha1_base64="wmhzIq7kQl2DvOopqL6fD3Vv3uM=">AAACBHicbVC7TsNAEDyHVwivAGWaExESVWRDARVEoqEMEnlIsRWdz5vklPODuzUislzQ8Cs0FCBES8Mf0PE3OE4KSBhppdHM7u3tuJEUGk3z2ygsLa+srhXXSxubW9s75d29lg5jxaHJQxmqjss0SBFAEwVK6EQKmO9KaLujy4nfvgOlRRjc4DgCx2eDQPQFZ5hJvXLFRrjH/J1EgZcmthY+3FKzlJZ65apZM3PQRWLNSPXi8yRHo1f+sr2Qxz4EyCXTumuZEToJUyi4hLRkxxoixkdsAN2MBswH7ST58pQeZopH+6HKKkCaq78nEuZrPfbdrNNnONTz3kT8z+vG2D9zEhFEMULAp4v6saQY0kki1BMKOMpxRhhXIvsr5UOmGMcst0kI1vzJi6R1XLPMmnVtVuvnZIoiqZADckQsckrq5Io0SJNw8kCeyAt5NR6NZ+PNeJ+2FozZzD75A+PjB44Xmi8=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Kwc0P0dgldFGFgF5+fUPM0LV7y4=">AAAB+XicbZA7T8MwFIVvyquUAoG1i0WFxFQlLDAisTAWiT6ktqoc57a16jywbxBV1IGFv8LCAEL8ETb+DUnaAVqOZOnTObavfbxYSUOO822VNja3tnfKu5W96v7BoX1UbZso0QJbIlKR7nrcoJIhtkiSwm6skQeewo43vc7zzgNqI6PwjmYxDgI+DuVICk6ZNbRrfcJHKu5JNfrztG9kgPfMqcwrQ7vuNJxCbB3cJdRhqebQ/ur7kUgCDEkobkzPdWIapFyTFArnlX5iMOZiysfYyzDkAZpBWgyfs9PM8dko0tkKiRXu7xMpD4yZBV62M+A0MatZbv6X9RIaXQ5SGcYJYSgWg0aJYhSxvBHmS42C1CwDLrTM3srEhGsuKOstL8Fd/fI6tM8brtNwbx0oQw1O4AxcuIAruIEmtEDAE7zAG7xbz9ar9bGoq2QtezuGP7I+fwAO55aU</latexit><latexit sha1_base64="Kwc0P0dgldFGFgF5+fUPM0LV7y4=">AAAB+XicbZA7T8MwFIVvyquUAoG1i0WFxFQlLDAisTAWiT6ktqoc57a16jywbxBV1IGFv8LCAEL8ETb+DUnaAVqOZOnTObavfbxYSUOO822VNja3tnfKu5W96v7BoX1UbZso0QJbIlKR7nrcoJIhtkiSwm6skQeewo43vc7zzgNqI6PwjmYxDgI+DuVICk6ZNbRrfcJHKu5JNfrztG9kgPfMqcwrQ7vuNJxCbB3cJdRhqebQ/ur7kUgCDEkobkzPdWIapFyTFArnlX5iMOZiysfYyzDkAZpBWgyfs9PM8dko0tkKiRXu7xMpD4yZBV62M+A0MatZbv6X9RIaXQ5SGcYJYSgWg0aJYhSxvBHmS42C1CwDLrTM3srEhGsuKOstL8Fd/fI6tM8brtNwbx0oQw1O4AxcuIAruIEmtEDAE7zAG7xbz9ar9bGoq2QtezuGP7I+fwAO55aU</latexit><latexit sha1_base64="SO9zJoCCE29Y8Kk+7iSAhO7ZuFY=">AAACBHicbVC7TsNAEDzzDOFloExzIkKiimwaqFAkGsogkYeURNH5vElOubPN3RoRWSlo+BUaChCi5SPo+BtsxwUkjLTSaGb39na8SAqDjvNtrayurW9slrbK2zu7e/v2wWHLhLHm0OShDHXHYwakCKCJAiV0Ig1MeRLa3uQq89v3oI0Ig1ucRtBXbBSIoeAMU2lgV3oID5i/k2jwZ0nPCAV31CnPygO76tScHHSZuAWpkgKNgf3V80MeKwiQS2ZM13Ui7CdMo+ASZuVebCBifMJG0E1pwBSYfpIvn9GTVPHpMNRpBUhz9fdEwpQxU+WlnYrh2Cx6mfif141xeNFPRBDFCAGfLxrGkmJIs0SoLzRwlNOUMK5F+lfKx0wzjmluWQju4snLpHVWc52ae+NU65dFHCVSIcfklLjknNTJNWmQJuHkkTyTV/JmPVkv1rv1MW9dsYqZI/IH1ucPlV6X+w==</latexit><latexit sha1_base64="SO9zJoCCE29Y8Kk+7iSAhO7ZuFY=">AAACBHicbVC7TsNAEDzzDOFloExzIkKiimwaqFAkGsogkYeURNH5vElOubPN3RoRWSlo+BUaChCi5SPo+BtsxwUkjLTSaGb39na8SAqDjvNtrayurW9slrbK2zu7e/v2wWHLhLHm0OShDHXHYwakCKCJAiV0Ig1MeRLa3uQq89v3oI0Ig1ucRtBXbBSIoeAMU2lgV3oID5i/k2jwZ0nPCAV31CnPygO76tScHHSZuAWpkgKNgf3V80MeKwiQS2ZM13Ui7CdMo+ASZuVebCBifMJG0E1pwBSYfpIvn9GTVPHpMNRpBUhz9fdEwpQxU+WlnYrh2Cx6mfif141xeNFPRBDFCAGfLxrGkmJIs0SoLzRwlNOUMK5F+lfKx0wzjmluWQju4snLpHVWc52ae+NU65dFHCVSIcfklLjknNTJNWmQJuHkkTyTV/JmPVkv1rv1MW9dsYqZI/IH1ucPlV6X+w==</latexit><latexit sha1_base64="wmhzIq7kQl2DvOopqL6fD3Vv3uM=">AAACBHicbVC7TsNAEDyHVwivAGWaExESVWRDARVEoqEMEnlIsRWdz5vklPODuzUislzQ8Cs0FCBES8Mf0PE3OE4KSBhppdHM7u3tuJEUGk3z2ygsLa+srhXXSxubW9s75d29lg5jxaHJQxmqjss0SBFAEwVK6EQKmO9KaLujy4nfvgOlRRjc4DgCx2eDQPQFZ5hJvXLFRrjH/J1EgZcmthY+3FKzlJZ65apZM3PQRWLNSPXi8yRHo1f+sr2Qxz4EyCXTumuZEToJUyi4hLRkxxoixkdsAN2MBswH7ST58pQeZopH+6HKKkCaq78nEuZrPfbdrNNnONTz3kT8z+vG2D9zEhFEMULAp4v6saQY0kki1BMKOMpxRhhXIvsr5UOmGMcst0kI1vzJi6R1XLPMmnVtVuvnZIoiqZADckQsckrq5Io0SJNw8kCeyAt5NR6NZ+PNeJ+2FozZzD75A+PjB44Xmi8=</latexit><latexit sha1_base64="wmhzIq7kQl2DvOopqL6fD3Vv3uM=">AAACBHicbVC7TsNAEDyHVwivAGWaExESVWRDARVEoqEMEnlIsRWdz5vklPODuzUislzQ8Cs0FCBES8Mf0PE3OE4KSBhppdHM7u3tuJEUGk3z2ygsLa+srhXXSxubW9s75d29lg5jxaHJQxmqjss0SBFAEwVK6EQKmO9KaLujy4nfvgOlRRjc4DgCx2eDQPQFZ5hJvXLFRrjH/J1EgZcmthY+3FKzlJZ65apZM3PQRWLNSPXi8yRHo1f+sr2Qxz4EyCXTumuZEToJUyi4hLRkxxoixkdsAN2MBswH7ST58pQeZopH+6HKKkCaq78nEuZrPfbdrNNnONTz3kT8z+vG2D9zEhFEMULAp4v6saQY0kki1BMKOMpxRhhXIvsr5UOmGMcst0kI1vzJi6R1XLPMmnVtVuvnZIoiqZADckQsckrq5Io0SJNw8kCeyAt5NR6NZ+PNeJ+2FozZzD75A+PjB44Xmi8=</latexit><latexit sha1_base64="wmhzIq7kQl2DvOopqL6fD3Vv3uM=">AAACBHicbVC7TsNAEDyHVwivAGWaExESVWRDARVEoqEMEnlIsRWdz5vklPODuzUislzQ8Cs0FCBES8Mf0PE3OE4KSBhppdHM7u3tuJEUGk3z2ygsLa+srhXXSxubW9s75d29lg5jxaHJQxmqjss0SBFAEwVK6EQKmO9KaLujy4nfvgOlRRjc4DgCx2eDQPQFZ5hJvXLFRrjH/J1EgZcmthY+3FKzlJZ65apZM3PQRWLNSPXi8yRHo1f+sr2Qxz4EyCXTumuZEToJUyi4hLRkxxoixkdsAN2MBswH7ST58pQeZopH+6HKKkCaq78nEuZrPfbdrNNnONTz3kT8z+vG2D9zEhFEMULAp4v6saQY0kki1BMKOMpxRhhXIvsr5UOmGMcst0kI1vzJi6R1XLPMmnVtVuvnZIoiqZADckQsckrq5Io0SJNw8kCeyAt5NR6NZ+PNeJ+2FozZzD75A+PjB44Xmi8=</latexit><latexit sha1_base64="wmhzIq7kQl2DvOopqL6fD3Vv3uM=">AAACBHicbVC7TsNAEDyHVwivAGWaExESVWRDARVEoqEMEnlIsRWdz5vklPODuzUislzQ8Cs0FCBES8Mf0PE3OE4KSBhppdHM7u3tuJEUGk3z2ygsLa+srhXXSxubW9s75d29lg5jxaHJQxmqjss0SBFAEwVK6EQKmO9KaLujy4nfvgOlRRjc4DgCx2eDQPQFZ5hJvXLFRrjH/J1EgZcmthY+3FKzlJZ65apZM3PQRWLNSPXi8yRHo1f+sr2Qxz4EyCXTumuZEToJUyi4hLRkxxoixkdsAN2MBswH7ST58pQeZopH+6HKKkCaq78nEuZrPfbdrNNnONTz3kT8z+vG2D9zEhFEMULAp4v6saQY0kki1BMKOMpxRhhXIvsr5UOmGMcst0kI1vzJi6R1XLPMmnVtVuvnZIoiqZADckQsckrq5Io0SJNw8kCeyAt5NR6NZ+PNeJ+2FozZzD75A+PjB44Xmi8=</latexit><latexit sha1_base64="SO9zJoCCE29Y8Kk+7iSAhO7ZuFY=">AAACBHicbVC7TsNAEDzzDOFloExzIkKiimwaqFAkGsogkYeURNH5vElOubPN3RoRWSlo+BUaChCi5SPo+BtsxwUkjLTSaGb39na8SAqDjvNtrayurW9slrbK2zu7e/v2wWHLhLHm0OShDHXHYwakCKCJAiV0Ig1MeRLa3uQq89v3oI0Ig1ucRtBXbBSIoeAMU2lgV3oID5i/k2jwZ0nPCAV31CnPygO76tScHHSZuAWpkgKNgf3V80MeKwiQS2ZM13Ui7CdMo+ASZuVebCBifMJG0E1pwBSYfpIvn9GTVPHpMNRpBUhz9fdEwpQxU+WlnYrh2Cx6mfif141xeNFPRBDFCAGfLxrGkmJIs0SoLzRwlNOUMK5F+lfKx0wzjmluWQju4snLpHVWc52ae+NU65dFHCVSIcfklLjknNTJNWmQJuHkkTyTV/JmPVkv1rv1MW9dsYqZI/IH1ucPlV6X+w==</latexit>

with �magic = 29.3, pmagic = 3.09 GeV/c
<latexit sha1_base64="pbyThbE2dGsrx6VQqih8TjHxeG0="></latexit><latexit sha1_base64="dWTxXzXI4kvEnv1Qbnn3m7KgRrU="></latexit><latexit sha1_base64="dWTxXzXI4kvEnv1Qbnn3m7KgRrU="></latexit><latexit sha1_base64="rYQ0SVCIXHF0KhlUsiyoyXTFoQE="></latexit>

<latexit sha1_base64="a+qiqhHPWzijhcmkG89Giz06wwk=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe7jfrniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvN7p+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8OMySS1VJLFojjlyCo0ex4NmKbE8okjmGjmbkVkhDUm1kVUciEEyy+vklatGlxWa/cXlfpNHkcRTuAUziGAK6jDHTSgCQQ4PMMrvHmP3ov37n0sWgtePnMMf+B9/gAEoI/2</latexit>!a
<latexit sha1_base64="PJPItDT/kwWt/gbSQigjj7EELRk=">AAACC3icbVC7TsNAEDzzDOFloKSxEkWiiuwIAWUEDWWQyEOKg3W+bJJT7mzrbo2IrPQ0/AoNBQjR8gN0/A2XRwEJI600mtm9250wEVyj635bK6tr6xubua389s7u3r59cNjQcaoY1FksYtUKqQbBI6gjRwGtRAGVoYBmOLya+M17UJrH0S2OEuhI2o94jzOKRgrsQslHeMDpQ5mC7jif+bGEPg2SOz9RXMI4sItu2Z3CWSbenBTJHLXA/vK7MUslRMgE1brtuQl2MqqQMwHjvJ9qSCgb0j60DY2oBN3JpiuMnZJRuk4vVqYidKbq74mMSq1HMjSdkuJAL3oT8T+vnWLvopPxKEkRIjb7qJcKB2NnEozT5QoYipEhlCludnXYgCrK0MSXNyF4iycvk0al7J2VKzenxerlPI4cOSYFckI8ck6q5JrUSJ0w8kieySt5s56sF+vd+pi1rljzmSPyB9bnD/9wm6s=</latexit>
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Blind Analysis:
• When analyzing data, you must make choices.  If you know which 

way these choices move your answer, you can bias the result. 
• How do we remove this bias? E989 blinding scheme

– The absolute clock frequency is blinded with a ± 30 ppm offset!
– We had two independent teams analyzing wp

– We had six independent people analyzing wa

– Initially the separate analyzers are blind to each other.
– For a reality check, once things are relatively mature, analyzers can 

relatively unblind to each other to see how it’s going.
• Only when everything is complete, do we get the true clock 

frequency from people outside of the collaboration and “open the 
box”.

• We opened the box on 25 February.  Everyone present signed and 
embargo agreement.

• Nobody leaked the answer!!!!
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!a !p
<latexit sha1_base64="M1eYPtRxi+s6SvP9JItKlO5whVw="></latexit>
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• Muon storage ring – weak 
focusing betatron

• Muon polarization
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The E821 Muon storage ring magnet at Brookhaven Lab circa 
1996.   Was moved to Fermilab for E989

212121

14.224 m
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The E821 Muon storage ring magnet at Brookhaven Lab circa 
1996.   Was moved to Fermilab for E989

222222

14.224 m

The Harvard electron penning trap
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What do we need to measure?
• The magnetic field over the 9 cm diameter, 44 m long toroid where the muon 

beam is stored.

The distribution of muons, which must be folded with the magnetic field to 
determine the average field experienced by the muons.

The muon spin rotation frequency 
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<latexit sha1_base64="uPqdte99lt7HtaIYbTBpwhM6pm8="></latexit>
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hBiazimuth
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Magnet Design & Shimming

• 14.2 m diameter “C”-shape magnet with
1.45 T vertical field

• Shimming campaign from 2015-16
resulted in very uniform field

• 14 ppm RMS across full azimuth & 
3 × better than at BNL

• Beam confined to a 9 cm diameter 44 m circumference  toroid.
Brookhaven FinalFermilab
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We map the magnetic B field with the NMR Trolley
• We have a field mapping trolley that is pulled by cables 

around the ring to map the field.
• It is parked in a garage inside of the vacuum chamber while 

muon spin precession data are being collected. 
• During data collection we monitor B with 378 “fixed probes” 

at 72 azimuthal locations

Lee Roberts-10-November-2021 Rutgers UniversityThe NMR trolley in a vacuum chamber

Fixed NMR probes

Electronics

Barcode reader



• In-vacuum trolley drives around the ring every ~3 days to  9000 
azimuthal locations

• Measure B-field from shielded proton precession frequency ωʹp
(comagnetometer)

Measuring the Field: NMR Trolley

Typical Azimuthal 
Average

Variation < 1 ppm

2D field maps 
at ~9000 points 

around ring

17 NMR probes 
Optimal arrangement 
for multipole analysis
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Tracking the Field: Fixed Probes 

Use fixed probe data to interpolate field 
between trolley runs, using a Brownian 
bridge model1. 

Trolley

Top Probes

Bottom Probes

• Can’t keep trolley in the ring while the muons are present
• Instead, monitor field during e+ data-taking with 378 fixed probes

Example from one location 
for one trolley run pair

Interpolated 
Field

Trolley Runs

1Random walk with fixed endpoints.
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The absolute calibration for B

Us Others

: e+ oscillation frequency

: magnetic field from 
precession of protons in H20, 
weighted by muon distribution 

Run 1 Result: 462 ppb
Final Goal total uncertianty: 
140 ppb = 100 ppb (stat)

⊕ 100 ppb (syst) Total < 25 ppb

aµ / !a

B
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• The highest energy positrons 
are correlated with muon spin.

• Count e+ hitting calos above 
threshold; or weight the hits by 
the decay asymmetry A(E). 

• In beam, as the spin rotates 
forward and backward, the 
number of e+ is modulated by wa
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The e+ energy oscillates with the spin



• Experiment measures decay e+ which curl inwards since they have lower 
momentum

Real World Experiment: Positrons

μ+

μ+

B

e+
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• Decay e+ are measured by 24 calorimeters
Real World Experiment: Detectors

μ+

μ+

B

Calos

Trackers

& 2 trackers
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• Want the field experienced by muons, so need to know where 
muons are in the field map

Muon Distribution Mμ

Muon’s view of a tracker

Trackers

• Measured with two straw 
trackers inside storage vacuum

Tracker Module
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• A muon decays to a positron which travels through tracker

Tracker: Top view

• e+ position is recorded in tracker modules
• Hits are grouped and reconstructed into a track
• Track is extrapolated backwards to beam storage region

Decay e+
Vacuum Chamber

Calorimeter

Tracker
Calorimeter

Section through storage ring
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Run 1 Data from the Tracker 
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E vs. P
Calo + tracker

Lost μ+

e+ from μ+ decay 

Trackers at
180° & 270°

rmagic – 5 cm

Decay Vertices

Top-down view of decay vertices

Extrapolate tracks back to point of tangency to get beam distribution:



Pile Up

0.5%

Analysis starts here

Gain Change

Time [µs] 

C
al

or
im

et
er

 G
ai

n

Beam Oscillations

~10 ppb~30 ppb

~40 ppb
Main Systematic Issues

• 3 main systematics for ωa
measurement

• Variety of mitigation strategies

• Well under control – total is
56 ppb

Tracker data & beam dynamics

Empirical correction using calo data

Dedicated laser calibration system
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• Array of 54 PbF2 crystals - 2.5 x 2.5 cm2 x 14 cm (15X0)
• Readout by SiPMs to continuous 800 MHz WFDs (1296 channels)

28 channel prototype tested at SLAC

Calorimeter Design
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Detector Overview
• Calorimeters (x24) – E&t of decay positrons

– 6× 9 array of 2cm  PbF2 crystals

B. Lee Roberts-10-November-2021-Anomalies2021 37

Relative time 
alignment to 5 ps
using a laser system

Inside the laser hut

In fill gain 
measurement

> 5 ns beam pileup separation

Calorimeter



Data from the Calorimeters and tracker,  pe > 1.8 GeV/c
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pe+ > 1.8 Gev/c
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J. Mott  Tracker data



• Simplest form for fit is an exponentially decaying oscillation:

• Beam oscillations couple to acceptance & change number of e+ detected with 
time, and exponential isn’t perfect

Simple fit: residuals

N0e
�t/⌧ (1 +Acos(!at+ �))
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Residuals FFT

CBO = Radial Mean Oscillations
VW = Vertical Width Oscillationsχ2 / ndf = 8191 / 4149

Beam oscillations couple to acceptance & change number of 
e+ detected with time, and exponential isn’t perfect.
All of these frequencies in the residual are from well understood 
beam dynamics and other effects.
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Fit with beam dynamics terms

• Add terms to fit function to deal with complications:

• Muons that are lost from storage ring before they decay:

• Beam oscillations that modulate decay rate:

f(t) = N0e
�t/⌧ ⇤(t)Ncbo(t)N2cbo(t) (1 +Acbo(t)cos(!at+ �cbo(t))
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Ncbo(t) = (1 +Acbo�N · e�t/⌧cbo · cos(!cbo(t) · t+ �cbo�N ))

Acbo(t) = A · (1 +Acbo�A · e�t/⌧cbo · cos(!cbo(t) · t+ �cbo�A))

�cbo(t) = �0 +Acbo�� · e�t/⌧cbo · cos(!cbo(t) · t+ �cbo��)
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e.g.

N0e
�t/⌧ (1 +Acos(!at+ �))
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• Adding terms removes these extra frequencies:

Fit with beam dynamics terms: residuals

FF
T 

Po
w

er
 o

f (
Da

ta
 –

Fi
t) 
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rb

]

Residuals FFT

Fit with extra terms
χ2 / ndf = 4005 / 4134

Simple 5-parameter fit
χ2 / ndf = 8191 / 4149

• Important to get it right: ωa changes by 2.2 ppm if we don’t include this effect.

• Good residuals and  χ2 are necessary, but not sufficient condition.  Still need to 
deal with other systematic effects…
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• Independent analysers using different techniques get consistent 
results for ωa

• Hundreds of pages written on this in a number of Ph.D
dissertations.  Discussed in our wa paper in Phys. Rev. D

• All are consistent within expected variation, which is much smaller 
than statistical uncertainty.

Spin Precession (⍵a): Relative Unblinding

Run 1 Combined

Stat. error 434 ppb
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• We need to make six small corrections to get our final result:
Real World Complications: Corrections

“3 ingredients”

Beam Dynamics:
E-field, Pitch, Muon Losses,

Phase-Acceptance

Transient Magnetic Fields: Kicker 
Eddy Current, Quad Vibrations

!a

h!0
p ⇥Mµi

=
fclock !m

a

fcalibh!0
p ⇥Mµim

1 + Ce + Cp + Cml + Cpa

1 +Bk +Bq

<latexit sha1_base64="gz2THyjURkz1gyAGRSabML8r0u4="></latexit>

Field 
Calibration

Clock Blinding

• Total correction is 544 ppb (c.f. stat. error of 434 ppb)
• We don’t have same precision requirements on these corrections as we do on 

ωa & ωʹp but we still evaluate them carefully…
• Cpa will disappear in Run 2-3, dBq and dBk will significantly improve. 
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Ce = 489 ppb, �Ce = 53 ppb
<latexit sha1_base64="5MxUpxfLI3DfcsTdbv2FaBGOYYw="></latexit>

Cp = 189 ppb, �Cp = 13 ppb
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• fclock is the frequency that our clock ticks relative to 40 MHz
– Precision timepiece, stable at ppt level

• The exact clock frequency was kept secret from all collaborators

Clock Blinding for a Blind Analysis

!a

h!0
p ⇥Mµi

=
fclock !m

a

fcalibh!0
p ⇥Mµim

1 + Ce + Cp + Cml + Cpa

1 +Bk +Bq
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x Corrections

Two of FNAL Directorate set 
frequency to (40 - δ MHz) and 

check the clock each week

Clock was locked and value 
was kept secret until 
analysis completed

Greg Bock & 
Joe Lykken
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• Unanimous vote from all collaborators to unblind the value!

•

• 3 years after taking the data, secret envelopes were opened to reveal the hidden 
clock frequency and our first result…

Feb 25th 2021: Virtual Unblinding
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Outlook

4
6

• Run 1 is only 6% of the final data set

• Run 2 and 3: Expect a factor of 2× improvement in precision -18-months?

• Run 4 is in progress, expect to bring in 13× BNL statistics;  ½ s BNL 

• Run 5 next year should reach the design statistics of 20× BNL, total 
uncertainty  ↓  4

Analy
sis 

ongoing

Data
 co

llec
tio

n

in progres
s

Publish
ed

Run-5
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• We have measured aµ to 460 ppb, and this result agrees well with BNL.
• We discovered several subtle new effects that we have corrected for.  
• Do any of these change the BNL result?  

– No! None of these new effects are at a level that justifies any change 
to the previous result.

• There continues to be a tension with the Standard Model value.

• We are analyzing a significantly larger data set and hope to have a new 

result by summer or fall 2022.  

• On the theory side, significant work is ongoing to understand the 

difference between the BMW lattice QCD result and the dispersive result.

Lee Roberts-10-November-2021 Rutgers University
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Summary: 

Stay Tuned!
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The Weak Focusing Betatron (Beam Dynamics)

• Uniform vertical magnetic field with
Electric quadrupoles for vertical focusing.

• Betatron frequencies
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x = xe +Ax cos(⌫x
s

R0
+ �x) and y = Ay cos(⌫y

s

R0
+ �y)
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field index n, where k is the 
electric quadrupole gradient

Horizontal and vertical tune:

n =
R0

�B0
' 0.135
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(SHM motion in x and y or in arc length s)

Approximate Frequencies:


