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Intrinsic magnetic dipole moments leads to spin
precession. = _ 1 o Classical Picture

Quantum Picture /Dirac Equation for EM potential:\

(. . <)
Charged leptons and quark have intrinsic spin. . .
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Muon g-2 uses a low energy parameter to probe high
‘energy physics.
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BNL has a long love affair with Muon g-2.

(1]

Last data run period was 2001.
BNL Experiment review article published 2006.

[1] D. W. Hertzog and W. M. Morse, Ann. Rev. Nucl. Part. Sci. 54, 141 (2004).
[2] B. L. Roberts, First Workshop of the Muon g-2 Theory Initiative
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SM and BNL

Fermilab goal is to
measure a,, 4 times
more precisely
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[3]1 T. Blum, A. Denig, I. Logashenko, E. de Rafael, B. Lee Roberts, T. Teubner and G. Venanzoni, arXiv:1311.2198 [hep-ph].

PRL 2002 |,
PRL2001 |[2]
PRD 2000

Yo 2 % 2 D DD DD D DD D D 2
NN 0%‘0%* NN INININNIRININN

6



Fermilab Muon g-2 Collaboration ...
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Fermilab Muon g-2 Experiment, the flip book:
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Start with a proton bunch
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Fermilab Muon g-2 Experiment, the flip book:

p s
A=
Temporal
Proton Bunch Target

Start with a proton bunch
Protons hit target to produce pions

Not to scale




Fermilab Muon g-2 Experiment, the flip book:

p s
A d B
Temporal
Proton Bunch Target

Delivery Ring

e Start with a proton bunch
* Protons hit target to produce pions
* Pions decay to muons in Delivery Ring

Not to scale
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Fermilab Muon g-2 Experiment, the flip book:
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M5 magnetic quads do final
focusing before injection into ring
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Fermilab Muon g-2 Experiment, the flip book:

« M5 magnetic quads do final
focusing before injection into ring

* Inflector injects muons into ring
while minimizing disturbance to
B-field

~9 cm Storage Region

Not to scale

[1] J. Grange et al. [Muon g-2 Collaboration], arXiv:1501.06858 [physics.ins-det].

Storage Ring

R,=7.112m
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Fermilab Muon g-2 Experiment, the flip book:

Storage Ring

M5 magnetic quads do final
focusing before injection into ring

* Inflector injects muons into ring
while minimizing disturbance to
B-field

* 3 magnetic kickers “kick” the
muons onto the storage orbit

Not to scale

[1] H. Nguyen, GM2-doc-5519



Fermilab Muon g-2 Experiment, the flip book:

Storage Ring

« M5 magnetic quads do final
focusing before injection into ring

* Inflector injects muons into ring
while minimizing disturbance to
B-field

* 3 magnetic kickers “kick” the
muons onto the storage orbit

* Electric quads provide weak
vertical focusing

Not to scale

[1] J.D. Crnkovic et. al., GM2-doc-4400



Fermilab Muon g-2 Experiment, the flip book:

 180° and 270° fiber profile beam
monitors

Not to scale

[1] R. Bjorkquist and F. Gray, GM2-doc-5218

Storage Ring
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 180° and 270° fiber profile beam
monitors

e Straw tracker station provides
decay positron trajectory
reconstruction l

Not to scale

[1] B. L. Roberts, First Workshop of the Muon g-2 Theory Initiative

Fermilab Muon g-2 Experiment, the flip book:

Storage Ring
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Fermilab Muon g-2 Experiment, the flip book:
;e O

Storage Ring

24 calorimeters detect decay
positron arrival time and energy

Not to scale
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Fermilab beamline decays away most of the pions.
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BNL muon storage ring was moved to Fermilab.
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BNL and Fermilab experiments use a weak focusing
muon storage ring.
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[1] Y. K. Semertzidis, G. Bennett, E. Efstathiadis, F. Krienen, R. Larsen, Y. Y. Lee, W. M. Morse and Y. Orlov et al., Nucl. Instrum. Meth. A 503, 458 (2003).
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The muon anomalous magnetic moment is obtained
[N = Noe_ﬁ(ﬁ“) [1 — Acos(w,t + ¢, )]]

from 5 numbers.
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[2] R. Prigl, U. Haeberlen, K. Jungmann, G. zu Putlitz and P. von Walter, Nucl. Instr. Methods A 374 (1996) 118-126. 21
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[3] P. ). Mohr, D. B. Newell and B. N. Taylor, Rev. Mod. Phys. 88, no. 3, 035009 (2016) doi:10.1103/RevModPhys.88.035009 [arXiv:1507.07956 [physics.atom-ph]].



Wiggle plots are created by applying a suitable
energy threshold cut to the decay positron data.
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[1] ). Kaspar, GM2-doc-4285



Trolley is used to measure muon storage region
magnetic field during data collection.

Rough Shimming Results
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[2] R. Hong, GM2-doc-4872




Fermilab Muon g-2 experiment is currently in the
commissioning phase
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Fermilab Muon g-2 experiment is currently in the
commissioning phase.

Amplitude
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Fermilab Muon g-2 experiment is currently in the

commissioning phase.

Muon g-2

Run 102 Subrun 1 Event 32

Displayed are Hits in the Tracker Only

\
Muon g-2

Run 104 Subrun 0 Event 389

Displayed are Hits in the Tracker Only

Example tracker straw hits
from commissioning data.
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I | | | |
-7100 -7050 -7000 -6950 -6900 -6850 -6800 -6750 -6700
ring z [mm]

26



Project Timeline
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Conclusions

Fermilab Experiment is currently performing the commissioning run.
Fermilab Experiment’s goal is to measure a, around 4 times more precisely than

the BNL Experiment .
Deeper understanding needed for Fermilab Experiment’s total systematic error

goal (considering higher order-systematic effects).
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Standard Model zoo of particles: :
Standard Model (Quantum + Special Relativity) EGeneraI Relativity
:(Geometry)
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The Muon was discovered from cosmic rays.

(1]

Discovered in 1936 by Carl D. Anderson and Seth Neddermeyer:
* Cosmic radiation determined not to be an electron or proton.
e Originally thought to be the Yukawa pion (called the mu-meson or

mesotron) 1940: First cloud chamber el
photograph of muon decay.

I mesotron

Seth Neddermeyer
[2]

electron

[1] https://en.wikipedia.org/wiki/File:Seth Neddermeyer ID badge.png -
http://www.lanl.gov/history/wartime/staff.shtml Fic. 1.
Carl D. Anderson [2] https://en.wikipedia.org/wiki/File:Carl _Anderson.jpg &
http://nobelprize.org/nobel prizes/physics/laureates/1936/anderson-bio.html 31
[3] E. Williams, G. Roberts, Evidence for transformation of mesotrons into electrons, Nature 145 (1940) 102-103.




What is the Muon thingy you speak of?

Recent review on the arXlv:
T. P. Gorringe and D. W. Hertzog, “Precision Muon Physics,” arXiv:1506.01465 [hep-ex] (2015).

m, 105.6583715 £ 0.0000035 MeV (1)
m, 0.510998928 + 0.000000011 MeV
m, 1776.82 + 0.16 MeV

T, 2.1969811 + 0.0000022 ps
T, 00
T, (2.903 + 0.005) x 10" s

A (u/p magnetic moment ratio) 3.18334514 + 0.00000009

a, 0.0011659209 + 0.0000000006
a, 0.00115965218076 + 0.00000000000027
a, >-0.052 and < 0.013

d, (-1+ 9)x102%ecm

w2ev,y, =1

w>ev, v,y 0.014 + 0.004
w>ev,y,ee (3.4+04)x107 32

[1] K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014).



The muon has useful properties for a g-2

measurement
* m,=207m."
. (mu/ m,)? = 42,800 times more sensitive to new physics than electron

[1]
* T,=2.20ps
* Time-dilated p-lifetime allows for p-beams (BNL (g-2) , yt, = 64.4 ps)
" — —
~ S S
* Br(n=> pv, ) = 100% v m c.m.
* High intensity pu-beams; polarized p 'V > TS
W< —— " frame
o P, pu
* Br(u= ev.v,)=100%
e Parity violating Weak decay

" VvV 33

[1] K.A. Olive et al. (Particle Data Group), Chin. Phys. €38, 090001 (2014) (URL: http://pdg.lbl.gov)



There is a history of Muon g-2 testing the Standard
Model. Measured values

from experiments

Quantum _I: HLbL = Hadronic Light-by-Light ( A \
Chromodynamics (QCD) HVP = Hadronic Vacuum Polarization

Weak = Weak Interaction Precision Goals or Measured

QED = Quantum Electrodynamics Fm:"- E821 CERN NI CERT I

B SM Uncertainty
B SM Value

m—

HLbL
HVP H.O.
HVP L.O.

Weak H.O.
SM predicted Weak L.O.
values and errors

I

QED 10th O.
QED 8th O.
QED 6th O. !
QED 4th O.

QED L.O.
SM Sum 2015

—

1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07

a,x 10
34
D. W. Hertzog, GM2-doc-3151



Storage ring based muon g-2 experiments are not

typical HEP experiments.
Atomic Physics

Precision NMR

Precision
Calorimetry

Precision
Field

High Rate DAQ

Beam Manipulation

Low Mass Tracking

Storage Ring

Accelerator Physics Traditional HEP

35
H. Nguyen, GM2-doc-3356



Muon storage ring is now installed and operating in
the Muon campus.

~ Photograph from Wilson Hall [1]

[1] ). Mott, GM2-doc-4380



Commissioning beam will have a large proton and
pion background.

Muon Campus
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D. Stratakis, GM2-doc-5664



