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Anomalous magnetic moments of electrons and muons
I All massive particles with spin are known to have a magnetic

dipole moment:

~µ =
g

2

e

m
~S = (a + 1)

e

m
~S

I The magnetic moment is an intrinsic quantity of particles. Its
agreement between theory and experiment has been a real
triumph of QFT, since Schwinger calculated it in 1951.

I For electrons it is measured at ppb level (Haneke et. al 2008):

aexpe = 1159652180.73(28)× 10−12

The discrepancy is about 2.4σ (Parker et. al 2018):

∆ae ≡ aexpe − aSMe = (−87± 36)× 10−14
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Anomalous magnetic moments of electrons and muons

I It served to test the consistency of GSW model of electroweak
theory during its establishement. (Fujikawa-Lee-Sanda 1972)

I Currently it provides a test and also a hint for new physics
beyond standard model.

I For muons it is measured at ppm level (FNAL 2021):

aexpµ = 116592061(41)× 10−11

with 4.2σ deviation, ∆aµ = (251± 59)× 10−11 .
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Measurements of ae - Penning Trap (Old): U.W.
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Measurements of ae - Improved Penning Trap: Harvard
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Measurements of aµ (Fermi Lab 2021, BNL 2006)

I Muons are unstable. It decays into electron 100% with
lifetime of about 2.2µ s.

I The key observation is that the difference between the spin
precession frequency and the (relativistic) cyclotron frequency
is given as

ωa ≡ ωs − ωc = aµ
eB

m
.
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Measurements of aµ (Fermi Lab 2021, BNL 2006)

Fermi Lab Muon Storage Ring, slide from O. Kim (IBS)
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Measurements of aµ (Fermi Lab 2021, BNL 2006)

I Because EW interaction is chiral, the electrons decay mostly
along the muon spin direction with an angle θ0 = ωat + φ:
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Measurements of aµ (Fermi Lab 2021, BNL 2006)
I The count of positrons (electrons) at the detector as a

function of time:

N(t) = N0e
−t/τ [1 + A(Ee) sin (ωat + φ)] (1)
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The magnetic field effect

I The operational definition of magnetic dipole moment is

~µ ≡ g
q~S

2m
= − ∂E(~B)

∂ ~B

∣∣∣∣∣
~B=0

. (2)

I But in practice the magnetic fields never vanish. In fact one
often needs strong magnetic fields, B > 10kG.

I In view of current accuracy, the effect of magnetic field may
not be negligible.
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The magnetic field effect

I On dimensional grounds one expects the magnetic effect to be

δ(g − 2) ∼ α

2π
· eB
m2

= 3× 10−13
(

B

10 kG

)(
0.51MeV

m

)2

.

I The magnetic effect may be compatible with experimental
uncertainty for electrons, δaexpe ' 2.8× 10−13 while way small
for muons δaexpµ ' 54× 10−11

I However, since we are detecting positrons (electrons) in muon
g − 2 experiment, the magnetic field might be relevant!
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Field-dependent magnetic moment

I If B � m2/e, one can expand the magnetic moment g factor
in powers of magnetic field:

ge(B) ≡ |∆E|
µBB

= ge(0) +
∞∑
n=1

g
(n)
e

(
eB

m2

)n

.
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QED contributions

I From the exact electron propagator to the order α under a
constant magnetic the shift in the ground state energy is at
one-loop :

∆EQED(B) =
α

2π
m

[
− eB

2m2
+ a2

(
eB

m2

)2

+ a3

(
eB

m2

)3

+ · · ·
]
,

where a2 =
(
4
3 ln m2

2eB − 13
18

)
, a3 =

(
14
3 ln m2

2eB − 32
5 ln 2 + 83

90

)
.

I The anomalous magnetic moment at one-loop in QED is
therefore given as

1

2
(g − 2)1−loopQED =

α

π

[
1

2
∓ a2

(
eB

m2

)
− a3

(
eB

m2

)2

+ · · ·
]
.
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QED contributions

I The leading correction, linear in B, depends on the spin
direction, which is coming from the (eB)2 contribution to the
ground state energy.

I Since the (eB)2 in the energy is independent of B field
direction, it contributes equally to both spin up and down.

I Therefore, the leading correction to the anomalous magnetic
moment is not measurable at the current Penning trap
experiment for the electron magnetic anomaly.
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QCD contributions up to B2
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(b)

<latexit sha1_base64="J4C59hplPW9qY8xI35WzpyytAmk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRz+NQx9FzE2vXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYraJcFkfvGUnFmlT6JE21JI5urviQmNjRnHoe2MKQ7NsjcT//O6GUbXwUSoNEOu2GJRlEmCCZm9T/pCc4ZybAllWthbCRtSTRnakEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsWgtOPnMMfyB8/kDx/mRAA==</latexit>⇥⇥⇥ <latexit sha1_base64="J4C59hplPW9qY8xI35WzpyytAmk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRz+NQx9FzE2vXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYraJcFkfvGUnFmlT6JE21JI5urviQmNjRnHoe2MKQ7NsjcT//O6GUbXwUSoNEOu2GJRlEmCCZm9T/pCc4ZybAllWthbCRtSTRnakEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsWgtOPnMMfyB8/kDx/mRAA==</latexit>⇥⇥⇥<latexit sha1_base64="J4C59hplPW9qY8xI35WzpyytAmk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRz+NQx9FzE2vXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYraJcFkfvGUnFmlT6JE21JI5urviQmNjRnHoe2MKQ7NsjcT//O6GUbXwUSoNEOu2GJRlEmCCZm9T/pCc4ZybAllWthbCRtSTRnakEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsWgtOPnMMfyB8/kDx/mRAA==</latexit>⇥⇥⇥
<latexit sha1_base64="oMYcx8nAFvX5nnYPeedyKOzsjl4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI77xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AjqONVQ==</latexit>

(c)

<latexit sha1_base64="J4C59hplPW9qY8xI35WzpyytAmk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRz+NQx9FzE2vXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYraJcFkfvGUnFmlT6JE21JI5urviQmNjRnHoe2MKQ7NsjcT//O6GUbXwUSoNEOu2GJRlEmCCZm9T/pCc4ZybAllWthbCRtSTRnakEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsWgtOPnMMfyB8/kDx/mRAA==</latexit>⇥⇥⇥ <latexit sha1_base64="J4C59hplPW9qY8xI35WzpyytAmk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRz+NQx9FzE2vXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYraJcFkfvGUnFmlT6JE21JI5urviQmNjRnHoe2MKQ7NsjcT//O6GUbXwUSoNEOu2GJRlEmCCZm9T/pCc4ZybAllWthbCRtSTRnakEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsWgtOPnMMfyB8/kDx/mRAA==</latexit>⇥⇥⇥

<latexit sha1_base64="H0+vPkOYIB9WILVirvWzNP/lO+0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXinosevFY0X5Au5RsNtuGZrNLkhXK0p/gxYMiXv1F3vw3pu0etPXBwOO9GWbm+Yng2jjONyqsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJWXZ9oJrhkLcONYN1EMRL5gnX88e3M7zwxpXksH80kYV5EhpKHnBJjpYdqcD4oV5yaMwdeJW5OKpCjOSh/9YOYphGThgqidc91EuNlRBlOBZuW+qlmCaFjMmQ9SyWJmPay+alTfGaVAIexsiUNnqu/JzISaT2JfNsZETPSy95M/M/rpSa89jIuk9QwSReLwlRgE+PZ3zjgilEjJpYQqri9FdMRUYQam07JhuAuv7xK2hc197JWv69XGjd5HEU4gVOoggtX0IA7aEILKAzhGV7hDQn0gt7Rx6K1gPKZY/gD9PkDkCiNVg==</latexit>

(d)

<latexit sha1_base64="J4C59hplPW9qY8xI35WzpyytAmk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRz+NQx9FzE2vXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYraJcFkfvGUnFmlT6JE21JI5urviQmNjRnHoe2MKQ7NsjcT//O6GUbXwUSoNEOu2GJRlEmCCZm9T/pCc4ZybAllWthbCRtSTRnakEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsWgtOPnMMfyB8/kDx/mRAA==</latexit>⇥⇥⇥ <latexit sha1_base64="J4C59hplPW9qY8xI35WzpyytAmk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRz+NQx9FzE2vXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYraJcFkfvGUnFmlT6JE21JI5urviQmNjRnHoe2MKQ7NsjcT//O6GUbXwUSoNEOu2GJRlEmCCZm9T/pCc4ZybAllWthbCRtSTRnakEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsWgtOPnMMfyB8/kDx/mRAA==</latexit>⇥⇥⇥

<latexit sha1_base64="J4C59hplPW9qY8xI35WzpyytAmk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRz+NQx9FzE2vXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYraJcFkfvGUnFmlT6JE21JI5urviQmNjRnHoe2MKQ7NsjcT//O6GUbXwUSoNEOu2GJRlEmCCZm9T/pCc4ZybAllWthbCRtSTRnakEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsWgtOPnMMfyB8/kDx/mRAA==</latexit>⇥⇥⇥
<latexit sha1_base64="NUvJWY4nPSEWtRiIZudJfNYoFj4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzKe94olt+LOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmRcW7rFTvq6XaTRZHHk7gFMrgwRXU4A7q0AAGA3iGV3hzhPPivDsfi9ack80cwx84nz+RrY1X</latexit>

(e)
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QCD contributions

I The QCD corrections to the ground state energy are :

∆EQCD(B) = −
(α
π

)2 m
2

[
c1

(
eB

m2

)
+ c̄2

(
eB

m2

)2

+ c̄3

(
eB

m2

)3

+ · · ·
]
.

I The QCD corrections to magnetic moments are then

1

2
(g − 2)LOQCD =

(α
π

)2 [
c1 ± c̄2

(
eB

m2

)
+ c̄3

(
eB

m2

)2

· · ·
]
.

I From fig. (d) and (e)

c2 =
1

72π2
· m4

f 2πm
2
π

(
30 ln

(
m2

m2
π

)
+ 19

)[
1 +O

(
m2

m2
π

)]
.

c3 = − 1

72π2
· m4

f 2πm
2
π

(
12 ln

(
m2

m2
π

)
+ 17

)[
1 +O

(
m2

m2
π

)]
.
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Direct measurements of magnetic moments

I In the current experiments of magnetic moments, the
contribution linear in B is not directly measurable.

I The measurable effect is hence at B2 order:

δgl(B) ' −2α

π

[
a3 −

α

π
c̄3
]
·
(
eB

m2

)2

' 1.3× 10−20 ,

(B = 10kG and m = 0.51 MeV)
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Refraction under magnetic field

I The spin precession and cyclotron frequencies are proportional
to the anomalous magnetic moment (Bargamann et al. 1959)

ωa ≡ ωs − ωc = aµ
eB

m
.

I The number of electrons N(t) detected at the electromagnetic
calorimeter is then

N(t) = N0e
−t/τ [1 + A sin (ωat + φ)] .
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Refraction under magnetic field

<latexit sha1_base64="8HVJeDl/LPQbB2ExTWZl9NbrZ6s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VbC20oWy2k3btZhN2N4US+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVCNgktsGm4EthOFNAoEPgaj25n/OEaleSwfzCRBP6IDyUPOqLFSqztGRnSvXHGr7hxklXg5qUCORq/81e3HLI1QGiao1h3PTYyfUWU4EzgtdVONCWUjOsCOpZJGqP1sfu2UnFmlT8JY2ZKGzNXfExmNtJ5Ege2MqBnqZW8m/ud1UhNe+xmXSWpQssWiMBXExGT2OulzhcyIiSWUKW5vJWxIFWXGBlSyIXjLL6+S1kXVu6zW7muV+k0eRxFO4BTOwYMrqMMdNKAJDJ7gGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AT34juw=</latexit>

~s

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

<latexit sha1_base64="SvEw9j+G6/nNSZebhlvQwRvlSiI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfAeMvQ==</latexit>

0

<latexit sha1_base64="+nU/KWqFVEf08tfUljDGl5R7qjs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHqX1VqzVqnf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOsh4zd</latexit>

P

<latexit sha1_base64="3VPm2uqrrNwsX6xSDJp2KfMvPMc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8frguM3g==</latexit>

Q

<latexit sha1_base64="aRD4eqOlNMSqpsoi1502hp2hzAM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiyepYNpCG8pms2mXbjZhdyKU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhZkUBl332ymtrW9sbpW3Kzu7e/sH1cOjlklzzbjPUpnqTkgNl0JxHwVK3sk0p0koeTsc3c789hPXRqTqEccZDxI6UCIWjKKV/B6LUuxXa27dnYOsEq8gNSjQ7Fe/elHK8oQrZJIa0/XcDIMJ1SiY5NNKLzc8o2xEB7xrqaIJN8FkfuyUnFklInGqbSkkc/X3xIQmxoyT0HYmFIdm2ZuJ/3ndHOObYCJUliNXbLEoziXBlMw+J5HQnKEcW0KZFvZWwoZUU4Y2n4oNwVt+eZW0LureVf3y4bLWuC/iKMMJnMI5eHANDbiDJvjAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwB35SOxw==</latexit>·

<latexit sha1_base64="aRD4eqOlNMSqpsoi1502hp2hzAM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiyepYNpCG8pms2mXbjZhdyKU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhZkUBl332ymtrW9sbpW3Kzu7e/sH1cOjlklzzbjPUpnqTkgNl0JxHwVK3sk0p0koeTsc3c789hPXRqTqEccZDxI6UCIWjKKV/B6LUuxXa27dnYOsEq8gNSjQ7Fe/elHK8oQrZJIa0/XcDIMJ1SiY5NNKLzc8o2xEB7xrqaIJN8FkfuyUnFklInGqbSkkc/X3xIQmxoyT0HYmFIdm2ZuJ/3ndHOObYCJUliNXbLEoziXBlMw+J5HQnKEcW0KZFvZWwoZUU4Y2n4oNwVt+eZW0LureVf3y4bLWuC/iKMMJnMI5eHANDbiDJvjAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwB35SOxw==</latexit>·

<latexit sha1_base64="aRD4eqOlNMSqpsoi1502hp2hzAM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiyepYNpCG8pms2mXbjZhdyKU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhZkUBl332ymtrW9sbpW3Kzu7e/sH1cOjlklzzbjPUpnqTkgNl0JxHwVK3sk0p0koeTsc3c789hPXRqTqEccZDxI6UCIWjKKV/B6LUuxXa27dnYOsEq8gNSjQ7Fe/elHK8oQrZJIa0/XcDIMJ1SiY5NNKLzc8o2xEB7xrqaIJN8FkfuyUnFklInGqbSkkc/X3xIQmxoyT0HYmFIdm2ZuJ/3ndHOObYCJUliNXbLEoziXBlMw+J5HQnKEcW0KZFvZWwoZUU4Y2n4oNwVt+eZW0LureVf3y4bLWuC/iKMMJnMI5eHANDbiDJvjAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwB35SOxw==</latexit>·
<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="pYM132qgRhMHaU/a61ywLFbdrWg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/puWPMQ==</latexit>

✓

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="5N6ER5za55R4hm3LgblpmY49WKA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGnf7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms+fJQGjOUE4soUwLeythI6opQxtRyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QPO0Y/U</latexit>

✓0

<latexit sha1_base64="eGgdaWzsloZ9X7ivc4msEL6yrfE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kOaUDbbSbt0Nwm7m0Ip/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwWNsGG4EtlOFVIYCW+Hwbua3Rqg0T+JHM04xkLQf84gzaqz05I+Q+SEa2i1X3Ko7B1klXk4qkKPeLX/5vYRlEmPDBNW647mpCSZUGc4ETkt+pjGlbEj72LE0phJ1MJkfPCVnVumRKFG2YkPm6u+JCZVaj2VoOyU1A73szcT/vE5moptgwuM0MxizxaIoE8QkZPY96XGFzIixJZQpbm8lbEAVZcZmVLIheMsvr5LmRdW7ql4+XFZqt3kcRTiBUzgHD66hBvdQhwYwkPAMr/DmKOfFeXc+Fq0FJ585hj9wPn8A0nyQbw==</latexit>

~�

Boundary of Magnetic Field

<latexit sha1_base64="5OUE6pLpcW5Q4dfrHiPwag7h3Qs=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBchxIvHCOYByRJmJ73JkNnZdWY2EEJ+wosHRbz6O978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8aug4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDfzmyNUmsfy0YwT9CPalzzkjBortTojZKR663aLJbfszkFWiZeREmSodYtfnV7M0gilYYJq3fbcxPgTqgxnAqeFTqoxoWxI+9i2VNIItT+Z3zslZ1bpkTBWtqQhc/X3xIRGWo+jwHZG1Az0sjcT//PaqQlv/AmXSWpQssWiMBXExGT2POlxhcyIsSWUKW5vJWxAFWXGRlSwIXjLL6+SxkXZuypfPlyWKtUsjjycwCmcgwfXUIF7qEEdGAh4hld4c56cF+fd+Vi05pxs5hj+wPn8Aeb7jzw=</latexit>

~B = 0

Muon decay point 

Detector 

<latexit sha1_base64="WJra1KdjnH1wkgy0mPRoaT8I7+Y=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIp6kYodeOygn1AE8pketsOnUzCzKQQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlizpR2nG9rZXVtfWOzsFXc3tnd27cPDpsqSiSFBo14JNsBUcCZgIZmmkM7lkDCgEMrGN1O/dYYpGKReNBpDH5IBoL1GSXaSF372BsDxbWbWuYNicbpxBPgdO2SU3ZmwMvEzUkJ5ah37S+vF9EkBKEpJ0p1XCfWfkakZpTDpOglCmJCR2QAHUMFCUH52ez6CT4zSg/3I2lKaDxTf09kJFQqDQPTGRI9VIveVPzP6yS6f+1nTMSJBkHni/oJxzrC0yhwj0mgmqeGECqZuRXTIZGEahNY0YTgLr68TJoXZfeyXLmvlKq1PI4COkGn6By56ApV0R2qowai6BE9o1f0Zj1ZL9a79TFvXbHymSP0B9bnD06QlIA=</latexit>

~B = Bŷ 6= 0

I When electrons exit the magnetic field, they are refracted,
following Maupertuis’ principle:

δ

∫ x=a

P

(
p1dl + ~A · d~r

)
+ δ

∫ Q

x=a
p2dl = 0 .
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Refraction under magnetic field

I The momentum satisfies

p2 + m2 = (E −∆E(B))2 .

I The refracted angle θ is related to the incident angle
θ0 = ωat + φ as

tan θ − tan θ0 = γ∗ tan θ0 · sec2 θ0 ·
δm

m
,

where γ∗ = mE/p22 ≈ m/p2 and δm = ∆E(B).
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Refraction under magnetic field

I When tan θ0 is small, the increment in the refraction angle

δθ = −γ∗
δm

m
tan θ0 ∼ 10−16

(
1 GeV

p2

)(
B

10 kG

)
tan θ0 .

I For a generic angle θ0, we find

sin θ =
sin θ0

(
cos2 θ0 + γ∗δm/m

)√
cos6 θ0 + sin2 θ0 (cos2 θ0 + γ∗δm/m)2

.
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Refraction under magnetic field

I The shape of the electron distribution changes due to the
refraction by the magnetic field, δn = π/2− (γ∗δm/m)n:

2 4 6 8 10
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<latexit sha1_base64="DXaNdgMc6v2pexU+UtaGtIAeal0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OJJKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueJKs0i+WimMfUFHkkWMoJNJt1XzfmgXHFr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n81tn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQmv/ZTJODFUksWiMOHIRCh7HA2ZosTwqSWYKGZvRWSMFSbGxlOyIXjLL6+S9kXNu6zVH+qVxk0eRxFO4BSq4MEVNOAOmtACAmN4hld4c4Tz4rw7H4vWgpPPHMMfOJ8/RJGNvg==</latexit>

N(t)

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t
<latexit sha1_base64="GV9y8oEKu/jVk5oIfDv7/wAP+ho=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMCOIxonlAsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbmZ+6wmV5rF8NOME/YgOJA85o8ZKD2V63iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxXvslK9r5Zqt1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AjM2NVw==</latexit>

(a)
<latexit sha1_base64="m9junmYBXDSlhBCQRLyAz4PXF8M="></latexit>

| sin ✓ � sin ✓0|  (�⇤�m/m) ⇠ 10�16
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0.35

<latexit sha1_base64="UaT0eyb1JkSiQjNQs0vic9vcN8U=">AAAB/nicbVBNS8NAEN3Ur1q/quLJS7AI9VISKeqx6MVjBfsBTSyb7aRdutmE3YlQQsG/4sWDIl79Hd78N24/Dtr6YODx3gwz84JEcI2O823lVlbX1jfym4Wt7Z3dveL+QVPHqWLQYLGIVTugGgSX0ECOAtqJAhoFAlrB8Gbitx5BaR7Lexwl4Ee0L3nIGUUjdYtHZU9z6eEAkJ49ZF6ieATjbrHkVJwp7GXizkmJzFHvFr+8XszSCCQyQbXuuE6CfkYVciZgXPBSDQllQ9qHjqGSRqD9bHr+2D41Ss8OY2VKoj1Vf09kNNJ6FAWmM6I40IveRPzP66QYXvkZl0mKINlsUZgKG2N7koXd4woYipEhlClubrXZgCrK0CRWMCG4iy8vk+Z5xb2oVO+qpdr1PI48OSYnpExccklq5JbUSYMwkpFn8krerCfrxXq3PmatOWs+c0j+wPr8AVOTlb4=</latexit>

(sin ✓)0

<latexit sha1_base64="oYq+U7f+6EoQvj64QX1/ANeey6M=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDbbTbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tju5nfeeLaiEQ94iTlQUyHSkSCUbSS77PE+DjiSPtuv1pz6+4cZJV4BalBgWa/+uUPEpbFXCGT1Jie56YY5FSjYJJPK35meErZmA55z1JFY26CfH7zlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif95vQyjmyAXKs2QK7ZYFGWSYEJmAZCB0JyhnFhCmRb2VsJGVFOGNqaKDcFbfnmVtC/q3lX98uGy1rgt4ijDCZzCOXhwDQ24hya0gEEKz/AKb07mvDjvzseiteQUM8fwB87nD+onkZ0=</latexit>

cos ✓0

<latexit sha1_base64="aT9wXVRba1graerR8i4GckKAg8c=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU020qMeiF48V7Ae0adlsJu3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8L+ZMadv+tgorq2vrG8XN0tb2zu5eef+gpaJEUmjSiEey4xEFnAloaqY5dGIJJPQ4tL3x7dRvP4JULBIPehKDG5KhYAGjRBupn/Z84Jpk/dQ5u8gG5YpdtWfAy8TJSQXlaAzKXz0/okkIQlNOlOo6dqzdlEjNKIes1EsUxISOyRC6hgoSgnLT2dUZPjGKj4NImhIaz9TfEykJlZqEnukMiR6pRW8q/ud1Ex1cuykTcaJB0PmiIOFYR3gaAfaZBKr5xBBCJTO3YjoiklBtgiqZEJzFl5dJ67zqXFZr97VK/SaPo4iO0DE6RQ66QnV0hxqoiSiS6Bm9ojfryXqx3q2PeWvBymcO0R9Ynz84XZJW</latexit>

�1/3
<latexit sha1_base64="rHGX2PuSRKyl0bzdvDIAIf9jUr0=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE81USKeix68VjBfkCbls120y7dbMLuRCkh/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzY8E1Os63tbK6tr6xWdgqbu/s7u2XDg6bOkoUZQ0aiUi1faKZ4JI1kKNg7VgxEvqCtfzx7dRvPTKleSQfcBIzLyRDyQNOCRqpl3YHTCDJeql7Xs36pbJTcWawl4mbkzLkqPdLX91BRJOQSaSCaN1xnRi9lCjkVLCs2E00iwkdkyHrGCpJyLSXzq7O7FOjDOwgUqYk2jP190RKQq0noW86Q4IjvehNxf+8ToLBtZdyGSfIJJ0vChJhY2RPI7AHXDGKYmIIoYqbW206IopQNEEVTQju4svLpHlRcS8r1ftquXaTx1GAYziBM3DhCmpwB3VoAAUFz/AKb9aT9WK9Wx/z1hUrnzmCP7A+fwA54pJX</latexit>

�1/4
<latexit sha1_base64="jU8LZVJ5a8yHhrpyEtyOs78BnoI=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU01KUY9FLx4r2A9o07LZbNqlm03YnSgl5H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5Xiy4Btv+tgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhU1yOaCS5ZCzgI1o0VI6EnWMeb3M78ziNTmkfyAaYxc0MykjzglICRBmnfZwJINkidi1o2LFfsqj0HXiVOTiooR3NY/ur7EU1CJoEKonXPsWNwU6KAU8GyUj/RLCZ0QkasZ6gkIdNuOr86w2dG8XEQKVMS8Fz9PZGSUOtp6JnOkMBYL3sz8T+vl0Bw7aZcxgkwSReLgkRgiPAsAuxzxSiIqSGEKm5uxXRMFKFggiqZEJzll1dJu1Z1Lqv1+3qlcZPHUUQn6BSdIwddoQa6Q03UQhQp9Ixe0Zv1ZL1Y79bHorVg5TPH6A+szx822JJV</latexit>

�1/2
<latexit sha1_base64="14N/WT9VHd4EJcD/Owonj8/B2C4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkp6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8q0rtoVau3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMimOSw==</latexit>

⇡/2

<latexit sha1_base64="5N6ER5za55R4hm3LgblpmY49WKA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGnf7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms+fJQGjOUE4soUwLeythI6opQxtRyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QPO0Y/U</latexit>

✓0

<latexit sha1_base64="qZ5Z9Djo1WJCU2E/5RoTlo5fnMA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoM6MFjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHsrBea9YcivuHGSVeBkpQYZ6r/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDan3CZpAYlWywKU0FMTGZ/kz5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf88ippXlS8y0r1vlqq3WZx5OEETqEMHlxBDe6gDg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDjbiNVg==</latexit>

(b)
<latexit sha1_base64="o3u3iqZVJbRMPu6FNBmW7wk66OE="></latexit>

|(sin ✓)0 � cos ✓0|  (�⇤�m/m)1/2 ⇠ 10�8
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Refraction under magnetic field

Refraction under magnetic field

I Due to the refraction, the oscillatory part of the shape of
positron count changes:

0 . |sin θ − sin θ0| . γ∗
δm

m
∼ 10−16 .

I Near the peak (valley) the new shape is very flat for the range
of angles ∆θ0 ' (3γ∗δm/m)1/4 ∼ 10−4. Two slopes differ by
(γ∗δm/m)1/2 ∼ 10−8 in this region.

I Since each run subset 109 positrons are detected at Fermi lab
experiment, one should detect 105 positrons in ∆θ0, which is
sufficient to distinguish two distributions.
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Conclusion

I We have calculated the effect of magnetic fields on the
anomalous magnetic moment up to B2, both QED and QCD.

I The accuracy of experiments for magnetic moments is now
high enough, ppb level, to be sensitive to magnetic fields.

I Currently only the quadratic effect is measurable:

δge(B) ' −2α

π

[
a3 −

α

π
c̄3
]
·
(
eB

m2
e

)2

' 1.3× 10−20 .
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Conclusion

I In the muon experiments the distribution of electron count is
modified, linearly in B due to refraction.

0 . |sin θ − sin θ0| . γ∗
δm

m
∼ 10−16 .

I The slope of the shape changes significantly near the peak
(valley), |π/2− θ| < (3γ∗δm/m)1/4 ∼ 10−4.

I By measuring this change, especially the slope difference,
(γ∗δm/m)1/2 ∼ 10−8, one could measure the refraction due
to the magnetic field.

I Furthermore to improve the experimental uncertainties, one
should consider this effect, since ωa = aµeB/m is determined
by fitting the distribution shape of detected positrons.

27/27



1. Introduction
2. Field-dependent magnetic moment

3. Refraction
4. Conclusion

Conclusion

I In the muon experiments the distribution of electron count is
modified, linearly in B due to refraction.

0 . |sin θ − sin θ0| . γ∗
δm

m
∼ 10−16 .

I The slope of the shape changes significantly near the peak
(valley), |π/2− θ| < (3γ∗δm/m)1/4 ∼ 10−4.

I By measuring this change, especially the slope difference,
(γ∗δm/m)1/2 ∼ 10−8, one could measure the refraction due
to the magnetic field.

I Furthermore to improve the experimental uncertainties, one
should consider this effect, since ωa = aµeB/m is determined
by fitting the distribution shape of detected positrons.

27/27



1. Introduction
2. Field-dependent magnetic moment

3. Refraction
4. Conclusion

Conclusion

I In the muon experiments the distribution of electron count is
modified, linearly in B due to refraction.

0 . |sin θ − sin θ0| . γ∗
δm

m
∼ 10−16 .

I The slope of the shape changes significantly near the peak
(valley), |π/2− θ| < (3γ∗δm/m)1/4 ∼ 10−4.

I By measuring this change, especially the slope difference,
(γ∗δm/m)1/2 ∼ 10−8, one could measure the refraction due
to the magnetic field.

I Furthermore to improve the experimental uncertainties, one
should consider this effect, since ωa = aµeB/m is determined
by fitting the distribution shape of detected positrons.

27/27



1. Introduction
2. Field-dependent magnetic moment

3. Refraction
4. Conclusion

Conclusion

I In the muon experiments the distribution of electron count is
modified, linearly in B due to refraction.

0 . |sin θ − sin θ0| . γ∗
δm

m
∼ 10−16 .

I The slope of the shape changes significantly near the peak
(valley), |π/2− θ| < (3γ∗δm/m)1/4 ∼ 10−4.

I By measuring this change, especially the slope difference,
(γ∗δm/m)1/2 ∼ 10−8, one could measure the refraction due
to the magnetic field.

I Furthermore to improve the experimental uncertainties, one
should consider this effect, since ωa = aµeB/m is determined
by fitting the distribution shape of detected positrons.

27/27


	1. Introduction
	Motivation
	Measurement of Magnetic Moments
	The magnetic field effect

	2. Field-dependent magnetic moment
	QED contributions
	QCD contributions

	3. Refraction
	Refraction under magnetic field

	4. Conclusion

