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The gyromagnetic ratio
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Classical particle in orbit




The gyromagnetic ratio

Classical particle in orbit




g for fermions: instructive!

g = 2 has been around as long as

1L SECIuL U aalDIe Uil lIIF‘SC‘ lines to aev Ll()p 5 L{uc_uu. -

- I
SPIn /2. tative thcor}, of the Zeeman effect, if 1t 1s assume
| that the ratie-s€tween magnetic moment afid-angular

" momentum~due to the spin is tmne the mtm orrc-
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Uhlenbeck and Goudsmit,“Spinning Electrons and the
Structure of Spectra”, Nature |17,264-265, 1926

Scanned at the American
Institute of Physics (Krarrer)

Thomas precession:
resolves “g=1" for fine
structure with g=2 for
Zeeman effect
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Dirac Egqn: framework beautifully
mcorporates g=12

“If you enjoy doing difficult experiments, you can do them, but it is a waste of

time and effort because the result is already known.” (Ridgen)

“Don't you know the Dirac theory? It is obvious from Dirac's equation that

[ gp=2]” (Tomonaga)
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Kusch and FOIG)’ (enabled by WWII radar technology)

® g.=2.00229+0.00008947: inspires Schwinger
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g for fermions: instructive!

Kusch and FOIG)’ (enabled by WWII radar technology)

® g.=2.00229+0.00008947: inspires Schwinger
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The current spin on ae, a,

Much more happens than just virtual photon exchange

Higher order Strong, VWeak Somethin
QED Contributions New??!!




The current spin on ae, a,

Standard Model Calculations (units 10-12)

de dy
QED | 159652 180.03 | 165847 188.6
i (0.06)8(0.04)10(0.77 )t 11, (0.09)mass(0.19)(0.07)10(0.30)q,,

Aoyama, Hayakawa, Kinoshita and Nio,

PRL 109, 111807 & 111808 (2012) ﬁ%%ﬁﬁﬁ%ﬁﬁﬁ%ﬁ%%ﬁ%
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The current spin on ae, a,

Standard Model Calculations (units 10-12)

e ay,
QED | 159652 180.03 | 165847 188.6
to 10t order (0.06)8(0.04)10(0.77) gy o1, (0.09)rmass(0.19)8(0.07) 10(0.30)a,
Weak (to 2 loops)  0.03(0) | 536(1 1)

Gnendiger, Stockinger, H. Stockinger-Kim, PRD 88, 053005 (201 3)
Czarnecki, Marciano,Vainshtein, PRD 67,073006, erratum 73.119901 (2006)
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The current spin on ae, a,

Standard Model Calculations (units 10-12)

Ae Ay
QED 1159652 180.03 | 165847 188.6
to 10th order (0'06)8(0'04)IO(O'77)aRb(2011) (O.O9)mass(0.I9)3(O.O7)|o(0.30)aae
Weak (to 2 loops)  0.03(0) X

QCD

| 159652 180.73(28) «——— | 165920910(630)

Hanneke, Fogwell, and Gabrielse, G.W. Bennett et al.,
PRL 100, 120801 (2008) Phys. Rev. D 73 (2006) 072003.




The current spin on ae, a,

Standard Model Calculations (units 10-12)

Ae a,
QED | 159652 180.03 | 165847 188.6
to 10t order (0.06)8(0.04)10(0.77)tgy 011 (0.09)mass(0. 19)8(0.07) 10(0.30).,
Weak (to 2 loops) 0.03(0) | 536(1 1)

QCD; T ' b - 68076(325)

| 159652 180.73(28) «——— | 165920910(630)

Hanneke, Fogwell, and Gabrielse, G.W. Bennett et al.,
PRL 100, 120801 (2008) Phys. Rev. D 73 (2006) 072003.
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Hadronic Vacuum polarization (QCD))
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o(eTe” — hadrons)




The current spin on ae, a,

Hadronic Vacuum polarization (QCD))

o
o o(ete” — hadrons)
o gletteaen i)
er % ol to
- . 0
am
a (HVP) = i g R(s)K(s) Lattice QCD efforts maturing.
2 e 5 : "
£V i \) * HVP: optimally combining LQCD
5 and R methods can provide best

precision
e HLXL: LQCD crucial to eliminate
models. Verified that HLxL

estimates not responsible for
discrepancy i3




The current spin on ae, a,

e experiment vs SM prediction

Aa,~ (271 - 306) £ 73 x |0-!!

* deviation > 3.7 O
* Aa, > 2 ¢ a,(Weak)!

s it real? Remeasure!

* Fermilab - running: goal 540 ppb
BNL precision = 140 ppb

* ]-PARC (Japan) - proposing new
technique: goal 460 ppb



Beyond Standard Model

2
generally: éa,(N.P.) = O(C) (%) . C= 5mun(7N-P-)
3

classify new physics: C very model-dependent

radiative muon mass generation ...

[Czarnecki,Marciano '01]

supersymmetry (tan 3), unparticles

[Cheung, Keung, Yuan '07]

extra dim. (ADD/RS) (n.). ..

[Davioudasl, Hewett, Rizzo ’00]
[Graesser,’00][Park et al '01][Kim et al '01]

Z', W', UED, Littlest Higgs (LHT)...

250 50N 750 100N1250 150017502000

M [GeV] Stockinger




Measurement of a,

Theme and Variations

Office of

> L
S. DEPARTMENT OF Yfice
N]ERGY Science
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Theme

Most energetic e* from p* decay
+
Ve H

= - )e+

aligned with p+ spin direction!

1

Count above T
fixed threshold. HEE
Rate oscillation Ha
rate « g”-z

Ee



Threshold (1.8 GeV)
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Theme

Polarized p* production: Parity Violation!!

-I-l-+
Vy < = e

Fermilab: first hour of (low rate) data J-PARC: TRIUMF muonium test beam data




Measure

a—ja EC:}S _wc B e
=)

Relativistic y beam .
- high rate, polarization
- vertical focusing (E #+ 0) required
- choose ylf =1+ 1/a,
- O(ppm) correction for p, spread

-  CERN, BNL, now FNAL approach
- Goal: 140 ppb (21 xBNL statistics)

/y_

N Ultracold y beam

no transverse momentum <> no
strong focusing (E = 0)
challenging production

lower polarization

new J-PARC approach
Goal (Phase |): 460 ppb

22



Variation | : {8
relativistic |

Booster:
4x10'2 protons
per batch

Main Injector
rebunch to 4
batches of 10!2

— 12 Hz rep.

rate
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Fé
Select 1T, p, ... at

“magic momentum”

(~3.1 GeV)

Vi < >yt

z 95% polarized at
storage ring
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Watchi ng the spin spin (at w,) i1

{ 9%x6 array PbF; crystals
z (2.5x2.5) cm

(Cerenkov radiation)

Fast SiPM

photodetectors

Pileup: e’ A
- distorts precession phase

Oty = ot vt b
Fast SiPM + fast digitizers = pileup id
(much) better than 5 ns

delta t: 4.6 ns



Measurement of a,

Variation 2:
ultracold p
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Measurement of a,

Variation 2. Muon g-2/EDM Experiment at

ultracold p

J-PARC with Ultra-Cold Muon Beam

3 GeV proton beam
(333 uA)

Iy ‘(‘}J

Production target
(20 mm)

Surface muon beam

Muonium Production
(300 K~ 25 meV=2.3 keV/c)

Super Precision Storage Magnet
(3T, ~1ppm local precision)

WO T

Surface muons

Mu production
target



Measurement of a,

—&— Flat Aerogel (2013)

—&— Dirilled Aerogel
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Region 2 Region 3
20 <z <30 (mm) 30 <z <40 (mm)

==

MU production experiment at TRIUMF

Events/3 x 108 muons

(2]
o

2017-flat
2017-holes
2017-
Eb?yghol es

g
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W W b
o o O

Continuous

N
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ablation
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Mu yield in vacuum [/1000— ¢ ]
o

04 0.6
Area ratio
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Measurement of a,

Variation 2. Muon g-2/EDM Experiment at

ultracold p

J-PARC with Ultra-Cold Muon Beam

3 GeV proton beam
(333 uA)

Iy ‘(‘}J

Production target
(20 mm)

Surface muon beam

Muonium Production
(300 K~ 25 meV=2.3 keV/c)

Super Precision Storage Magnet
(3T, ~1ppm local precision)

WO T

Surface muons

Mu production
target



Measurement of a,

Variation 2:
5.6 keV 0.34 MeV 5.1 MeV 42.3 MeV 200 MeV

U Itraco I Cl M 8=0.01 B=0.08 0.3 B=0.7 B=0.94
l Bunching Scclionl Low-[3 l Middle-[3 l High-[3
RFQ Interdigita-H DAW Disk loaded structure
(324 MHz) (324 MHz) (1300 MHz) (1300 MHz)

High capture High shunt External coupling High gradient
efficiency impedance structure for Middle-p (4 structures)

&
(5 (WUAGRIDO 1P d 1 S &

8 ng

| P\




Measurement of a,

Variation 2:
ultracold p

e

e

Upper plate tunnel .
pper p nne

(pure iron) =

) Pole tip (pure iron)

Return yoke S
(pure iron, —
cylindrical sha

Main coil

Radial B compresses spiral
- 33.3 cm storage radius
- pulsed kicker centers
orbit in storage
volume

34



Measurement of a,

Variation 2:
ultracold p

Silicon strip tracking modules
- detect e* from p* decay
- inside stored p* orbit




Measurement of a,
What about B?

Measure
wa E ws T wc Sy a/ 1 a/'u 2
@ L B) m = C

Measureg using pulsed NMR:

LANL: 120 ppb
J-PARC MuSEUM: |0 ppb goal



FNAL: Reuse BNL solenoid
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FNAL: Reuse BNL solenoid
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Creating the precision 1.45 T B field

|) Align the pole faces only
* painstaking and iterative!

pole plece

I

. before and during shimming
E821 after all shimming

S X )f”
-/\/-«.f

300

Date —

Jul 2016 Sep 2016

Nov 2015 Sep 2016

38
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Creating the precision 1.45 T B field

2) Adjust

Date —

Jul 2016

Nov 2015 Sep 2016
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Creating the precision 1.45 T B field

3) Move beyond E821:

- adjust effective p locally via foil
patchwork

Azimuthal uniformity i i I
- meets Muon g-2 design spec i

- significant improvement over E82|

Date —

Jul 2016

Nov 2015 Sep 2016 40
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J-PARC: 3T MRI-style

Must shim for

* uniform B for p+
storage

* radial (fringe) B
for spiral injection
scheme



Measurement of a,

What about §?

Fermilab

Vertical position (cm)

Horizontal position (cm)

cf. beam sigma ~ 10 cm

J-PARC “practice”

|5 cm radius (expt: 33 cm)

42



Measurement of a,

What about B?
Fermilab + J-PARC Absolute Cross calibration

* Two experiments cross-
calibrating absolute NMR
probes using FNAL g-2 MR|
magnet at ANL

* First round: agreement to
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Fermilab g-2 status

—— Integrated Muon g-2 POT (5.7E+19)
—— Integrated with g-2 DAQ live (90%)
—o— Raw e total as % of BNL (u*) (193.8%)

)

2018 run: expect ~ 2.3 x BNL
stats

Many lessons learned:
- summer tune-up begins 7/7

Integrated POT

Integrated Raw e™ as % of BNL (u

Analysis underway!
Fermilab Muon g-2 Collaboration

Production Run 1, 22-25 Apr 2018
PRELIMINARY, no quality cut

: 40 50 60 70 80 90
See talk by Nandita Raha, Saturday time modulo 100 s



Summary

Muon g-2 Standard Model prediction rock solid!
* precision continues to improve

* already reached precision goal estimated for FNAL g-2
Technical Design Report (TDR)

Fermilab Muon g-2 experiment underway

* Very informative first year of running, ~2x BNL dataset




hanks!




