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The muon’s magnetic dipole moment ]

» The magnetic dipole moment y of a particle is —» Muon momentum
determlned by ItS mass m Charge q Spln S and Simulated “Wiggle Plot” for This Experiment — Muon spin
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» The spin precession in a magnetic field is: £ 10 in uniform storage field B,
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p— _—=— 3
s 2 ~ m :gz
» The cyclotron frequency of rotation is: 10
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» Spin "z fermions: for a Dirac particle g = 2, but
corrections add an anomaly a:

h — g—2
p=0+a) (L), a=%7
» For a muon with velocity 8 perpendicular to a magnetic field B, with an electric field E, there will be
cyclotron motion at frequency w, while the spin will rotate at frequency w,, with difference w,;

Wo = Ws — We = — - [a“B (au 72_1) - ]
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The muon’s electric dipole moment

> The electric dipole moment d of is > 0.3710”
defined similarly in terms of the g ¢t d=2E-20e°* cm
particle’s mass, charge, and spin S, g 02 M i
. . . 7} - |I\ | II‘ ]
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A e el X078 i i
diM ~2x 10738 e.cm 0% s 90 15 20 25 0 S;;%g?vt&?gufgrmponent

to the storage plane
» In a non-zero electric field, the anomalous muon frequency is

modified with a non-zero EDM at frequency w,:

WBq + &y = — 1 {%B’_(%_ > )EXE+W2“ (§X§+§ﬂ

" v<—1 c

w, w,
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[ SM calculations of muon g-2 ]

Contribution Value (10-1) %7 %7
v Z
Jz pop Bop

o
Y X
EE
Y Y
i had b y4S R

QED (leptons) 116 584 718.95 £ 0.08
Electroweak 153.6 £ 1(quark triangle '
loops)
: o
?r\é:r(ff;dmg erer 42?:)20?? g ((9)2331; » Theoretical uncertainties are dominated by
(hadronic 100 (r =+ hadrgns_) 7015 + leading order hadronic vacuum polarization and
: P T =V : N hadronic light-by-light scattering contributions.
corrections) 42(exp) £ 19(Ispin) + 3(QCD) » A. Hoecker and W.J. Marciano, PDG Review of
Particle Properties (updated 2013)
Hadronic 7 = 26(HIbl
(higher order (Hibl) » Recent updates have reduced the uncertainties of
ad) hadronic corrections
» Keshavari et al. (KNT17) at First Workshop of the
Total a,,, SM (ete”) 116 591 803 + 1(EW) + Muon g - 2 Theory Initiative, June 2017
42(|OH) + 26(hOH) indico.fnal.gov/conferenceDisplay.py?confld=13795
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BNL E821 and comparison with SM

a,;>*t = 116 592 091(54)(33) x 10~
SM __ —11
a;* = 116 591 803(1)(42)(26) x 10

Aa, = aS® —a’™ =288(63)(49) x 107!

> a, differs from SM predictions by >3¢
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F. Jegerlehner and A. Nyffeler (JN), Phys. Reports 477, 1 (2009)
M. Davier et al. (DHMZ), Eur. Phys. J. C 71, 1515 (2011)
K. Hagiwara et al. (HLMNT), J. Phys. G 38, 085003 (2011)

G.W. Bennett and 75 others (E821), Phys. Rev. D 73, 072003 (2006)
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KNT17 az'\" update

2011 2017 *to be discussed
QED 11658471.81 (002) — 11658471.90 (001) [Phys. Rev. Lett. 109 (2012) 111808]
EW 15.40 (0.20) — 15.36 (0.10) [Phys. Rev. D 88 (2013) 053005]
LO HLbL 10.50 (2.60) — 9.80 (2.60) [EPJ Web Conf. 118 (2016) 01016] %
NLO HLbL 0.30 (0.20) (phys. Lett. B 735 (2014) 00 ¥
HLMNT11 KNT17
LO HVP 694.91 (4.27) — 692.23 (2.54) this work*
NLO HVP -9.84 (0.07) — -9.83 (0.04) this work*
NNLO HVP 1.24 (0.01) phys. et B 734 (2014) 149 *
Theory total 11659182.80 (4.94) — 11659181.00 (3.62) this work
Experiment 11659209.10 (6.33) world avg
Exp - Theory 26.1 (8.0) — 28.1 (7.3) this work
Aay, 33¢ — 3.90 this work
Alex Keshavarzi (UoL) KNT17: oM VP pdate 374 June 2017 22 /23

» revised SM predictions increase the

difference to ~3.90

» Keshavarietal. (KNT17)
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| | Fermllab g-2 (E989) begins

o T-method Wiggle pl% ‘E%fyﬁ%
o-S— T-method Wiggle plot
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O E"‘P=7"2""" » First observation of w, oscillations from Fermilab g-2
inmer coil | __tophat | » First result at BNL statistics expected Spring 2018

g-2 Magnet in Cross Section
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A new and different method at J-PARC

3'GeV proton beam
( 333 UA)

surface muon beam R
28 MeV/c, ~108/s) resonant laser ionization of

\ muonium for low emittance p*

e (~10° ls)

muon storage ring

J
.
T

Rt N (3T, r =33 cm, 1 ppm local)
R kﬁ»

’%“W%’ ”

muonium production
(300 K, 25 meV=2.3 keV/c)
muon reacceleratio
(Soa, RFQ, IH, DAW, DLS)
(thermal to 300 MeV/c)
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Compare: Fermilab and J-PARC

Fermilab

iy [ B — (0, F5) 7]

v vVvyVvyypy

eliminate effect of E-field via “magic” momentum:
» ,YZ =1+ g
» p,=3.09 GeV/c required

very uniform B

electric quadrupole field focusing

B=145T

p=7m

periodic calorimeters with some tracker modules

Improves on the BNL method

13 July 2017

J-PARC
q B 1
—oi [anB = (au = 55) €5
» eliminate effect of E-field via £ =0
» very uniform B in compact region
» weak B field focusing, no E focusing — must use
low-emittance “cold” . beam
» polarization reduced to 50%
» allows spin flipping
» choose p,=0.3 GeV/c
» B=3T
» p=0.33m
» uniform tracker detection along stored orbit (EDM

sensitivity)

A new method with quite
different systematics

G.M. Marshall



Surface muons to “cold” muons

» Thermalization of ~108 s surface muons

Thermal
beam
E,, MeV 3.4 0.03x10
p, MeV/c 27 2.3x 103
Ap/p, rms 0.05 04
Ap, MeV/c 1.3 1x10-3

» Thermal diffusion of Mu (u*e”) into vacuum
» decay length ~14 mm
» TRIUMF experiment S1249
» lonization
» 1S—2P—unbound (122 nm,355 nm)
» Acceleration
» FEfield, RFQ, linear structures
» adds to p, but not significantly to Ap

13 July 2017 10
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Mu from laser-ablated a

Time (usec)

time of muon decay (us)

distance from emitting surface (mm)

Used a model-independent approach to estimate yields
For 0.3 mm structure, observed 10 times yield previously

reported from 2011 data.

G.A. Beer et al., Prog. Theor. Exp. Phys. 2014, 091C01 (2014). {
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Table 1  Yield of Mu in the vacuum region 1-3. For all laser processed samples, the

diameter of the structure is 270 pm.

Sample Laser-ablated structure Vacuum yield
(pitch) (per 103 muon stops)
Flat none 3.72£0.11
Flat (Ref. [7]) none 2.74 +0.11
Laser ablated 500 pm 16.0 = 0.2
Laser ablated 400 pm 20.9 + 0.7
Laser ablated 300 pm 30.5 + 0.3 |
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S$1249 preliminary results (July 2017) |

» Confirmation of muonium polarization in ssof ﬂﬁﬂ - e e
vacuum (oscillations)* soof mw |§ }| £/ s020/20
» Confirmation of longer term (~days) stability of =k &hi I Mi rom st
targets and Mu emission* o fr i M g atesoom
» Study of different ablation patterns and scales ::z N | osmeons
» hole diameter, pitch, depth of J M"%”&fé’fgﬁ

» channel/groove structure g M . Ly

» totally ablated surface

» Test of new aerogel material (PMSQ, with
methyl additions)

( * resolution of issues identified in recent
Focused Review)

Photo and ablations by S. Kamal, UBC

o Ny i 200 O & ok o SRIETES ‘,éwu't""“l“oz'
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Laser ionization of Mu

» Two steps
» Lymana 1S—2P at 122 nm
» 2P—unbound at 355 nm
» Lymana
two-photon resonance four-wave mixing in Kr
pump with 212.55 nm
generate 122 nm via difference mixing with 820 nm
goal is 100 uJ in 2 ns pulse with 80 GHz width at 25 Hz

vvvyywyy

122 nm, ud

20 40 60 80 100 120

50 | 0.097 0.151 0187 0.210 0.226 0.238
100 | 0.171 0.268 0.327 0.366 0.393 0.412
150 | 0.228 0.356 0.433 0.482 0.516 0.540
200 | 0.273 0.424 0514 0.570 0.608 0.635
250 | 0.310 0.479 0.577 0.639 0,679 0.708
300 | 0.339 0.521 0.627 0.691 0.762
350 | 0.363 0.556 0.666 0.733 0.775 0.804
400 | 0.383 0.585 0.698 0.766 0.809 0.857

355 nm, mJ

Calculated ionization

efficiencies (2 cm? area)
13 July 2017 13

DFB laser Yb fiber
1062.78 nm cw amplifier

= ©
100kHz Modulator

100kHz 50nJ 2.0ns

Regen. amp. A Intermid. amp. 1 Power amp. 1

~2 mJ @25Hz ~100 mJ ~1J ]

1 SHG
by LBO

Extra-Cavity
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SFG

265.7n by CLBO

Kr 4p5p! 50
1 50 mJ nm
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122.09 nm

Muon Lyman-a

B

212.55 nm
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| ]
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[ Acceleration of thermal muons ]

9.6 keV 0.3 MeV 4.5 MeV 40 MeV 212 MeV

B =0.01 B =0.08 =03 8=0.7 5=0.9

cold y — RFQ H-DTL —> DAW CCL —> Diskloaded ]—»
3.2 m 1.4 m 16 m 19 m

<

Total approximately 40m _
Graphics from K. Hasegawa, KEK

» Requirements

» fast acceleration to reduce decay losses
> (1,=2.2 ps atrest)
» control/reduce emittance growth to enable
injection and capture by storage ring

13 July 2017 14 G.M. Marshall



[

Injection and storage of muons

»  Superconducting solenoid
» cylindrical iron poles and yoke
» vertical B = 3 Tesla, <1ppm locally

» storage regionr=33.3+1.5cm, h =
+5cm

» tracking detector vanes inside
storage region

» storage maintained by static weak
focusing

» n=1.5x 104 rB/(z) =-n zB,(r)
in storage region
»  Spiral injection
» transfer line from end of linac with
downward deflection
» hole in upper yoke for beam entrance

» permits entry, shields beam from
field

» pulsed radial field on injection

» reduces vertical momentum to
match a trapped orbit

13 July 2017

15

Solenoid
coil

1

[

/‘

| _Q_OOO_OOOO/ &

=
T

Solenoid axis

f /beam

| Solenoid

L& coll

G.M. Marshall



Decay positron tracking detector

» Detect et at higher range of energies (200-290 MeV/c) Y

- Lead Tungsten
» typically one turn of track hits
» Core of lead-tungsten to absorb multiple turns

p-orbit

220mm Z Silicon vane

X(r)
PN

P
140mm < oo L W
Fiducial volume 240mm (radial) x 400 mm (axial)
(side view) (top view)
Number of vane 48
manifold (detector
cables, cooling fluid
Sensor technology Single-sided Silicon strip sensor JL -
(p-on-n)
vane support
Strlp axial-strip 5
100mm pitch, 72mm long , 1024 ch oo
radial-strip: detecgz:ul::nging . i
188mm pitch, 98mm long, 384 ch =
electronics
Sensor dimension 74 mm x 98 mm x 0.32mm positron
detector
preicdining
Number of sensor 1152 ( 12 sensors per vane) i sensors)
Number of channel 811,008ch

n
Time measurement Period : 33ms, Sampling time : 5ns
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Status of J-PARC g-2/EDM ]

January 2012 — Stage 1 approval recommended by PAC, granted by IPNS Director
May 2105 — Technical Design Report submitted to PAC

October 2016 — revised TDR submitted

November 2016 — Focused Review on technical design

v vyvyy

» Review recommendations:

» Develop a “fast track” plan to achieve
the Phase-1 result in a timely and cost-
effective manner

>» ~0.5 ppm, equivalent to BNL
» Phase-2 goal is ~0.1 ppm

» This committee finds that Phase-1 of
the E34 experiment is technically
ready for Stage-2 approval.

> subject to resolution of the remaining
technical issues...

13 July 2017 17 G.M. Marshall



Summary ]

» J-PARC muon g-2/EDM can confirm the muon g-2 result at the precision of the
BNL experiment (Phase 1) and possibly the Fermilab experiment (Phase 2)

» systematic limitations are expected to be quite different

» The resource-limited schedule requires four years prior to data taking

» unlike the Fermilab group who has done the experiment before, we would have to
learn the limitations and how to control systematics

» currently considering fast-track plan to first results

» The collaboration has over 90 registered members, with opportunities for
participation in the many technologies required to make the experiment a
success

» for more information, see http://g-2.kek.jp
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\_

Thank you
Merci
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[

Recipe for precision ]

» B measured with an array of NMR magnetometers
> calibrated with respect to an absolute spherical water sample probe measuring w,

> same calibration probe used in Los Alamos muonium microwave experiment measuring A = w;/w,, the muon to
proton magnetic moment ratio, from muonium HFS

qB
2m,,
A = wp/w, = 3.183345107(84) (0.026 ppm, 2010 CODATA)

» other probes periodically moved by trolley through the vacuum system to map the muon beam field environment, to
measure a spatial average w,?"9

wr = —gu (non-relativistic w,)

» Dividing w, by w,?9 produces a,, in terms of ratios of frequencies

avg
a, — Wa S (wa/wp
K wp—wa = A—(wa/wp®

» Using w, from an independent experiment, a,, depends on two frequencies, w, from muon decay time spectrum
and w, from magnetic field measurements.
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Muons produced to muons stored

13 July 2017

Table 13.1: Efficiency and beam intensity

| Quantity | Reference | Efficiency Cumulative | Intensity (Hz) |
Muon intensity at production target 2] 1.99E+09
H-line transmission 2] 1.62E-01 1.62E-01 3.22E4-08
Mu emission 3] 3.82E-03 6.17E-04 1.23E+06
Laser ionization [4] 7.30E-01 4.50E-04 8.97TE+05
Metal mesh [5] 7.76E-01 3.49E-04 6.96E4-05
Init. Acc.trans.+decay [5] 7.18E-01 2.51E-04 5.00E+05
RFQ transmission [6] 9.45E-01 2.37E-04 4.72E4-05
RFQ decay [6] 8.13E-01 1.93E-04 3.84E4-05
[H transmission design goal 1.00E+00 1.93E-04 3.84E+05
IH decay [7] 9.84E-01 1.90E-04 3.78E4-05
DAW transmission design goal 1.00E+00 1.90E-04 3.78E+405
DAW decay [8] 9.94E-01 1.88E-04 3.76E4-05
High beta transmission design goal 9.80E-01 1.85E-04 3.68E+05
High beta decay [9] 9.88E-01 1.83E-04 3.64E4-05
Injection transmission design goal 1.00E+00 1.83E-04 3.64E+05
Injection decay [10] 9.90E-01 1.81E-04 3.60E4-05
Detector start time [10] 9.27E-01 1.67E-04 3.34E+405
Muon at storage 3.34E+05
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| J-PARC g—2 error goals (work in progress)

Statistical uncertainties Systematics
> Statistical uncertainty estimates > Estimations still in progress
»  Aw,/w,=0.35ppm (0.163/PN'2) » simulations
> BNL E821 o, = 0.46 ppm » need experience with prototypes and first stages
> Ad,=1.2x102"e - cm sensitivity » need running experience to make assessments like
=1
> BNLE821 (-0.140.9)x10" ¢ - cm E989
> d,<0.87x10%8¢.cm > w, (B measurement)

> + smaller stored volume, higher local precision that E821
> w, (decay time measurement)
> + all tracking detectors
> — high rate differences between early and late decay times
» 4 polarization flip eliminates lowest-order rate dependences

> Running time
>  measurementonly: 2x107 s
> Muon rate from H-line
» 1MW, SiC target: 3.32x108 s
> Conversion efficiency to ultra-slow muons

»  Mu emission (S1249), laser ionization
>  2.25x1073 (stage 2 goal is 0.01)

> Acceleration efficiency including decay
» RFQ, IH, DAW, and high-g: 0.52

> Storage ring injection, decay, and kick
» 092

> Stored muons
> 3.58x105s"
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Fermilab E989 and J-PARC E34

13 July 2017

Table 4: Comparison of various parameters for the Fermilab and J-PARC (g —2) Experiments

Parameter Fermilab E989 J-PARC E24
Statistical goal 100 ppb 400 ppb
Magnetic field 1.45T 3.0T
Radius 711 cm 33.3cm
Cyclotron period 149.1ns 7.41s
Precession frequency, w, 1.43 MHz 2.96 MHz
Lifetime, y7, 64.4 us 6.6 us
Typical asymmetry, A 0.4 0.4
Beam polarization 0.97 0.50
Events in final fit 1.5 x 10! 8.1 x 10!

Gorringe and Hertzog,
Prog. Part. Nucl. Phys. 84, 73 (2015)
(arXiv:1506.01465)
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