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[ The muon’s static dipole moments ]

» The magnetic and electric dipole moments ; and

d of are defined in terms of the particle’s mass, A =
charge, and spin S, with proportionalities g and #: a

A=a(5m)S d=n(5)8
» For a Dirac particle g = 2, but radiative corrections
add an anomaly a. y~ from Gorringe and Hertzog,

_ eh g—2 Prog. in Part. Nucl. Phys.
K = (1 _|_ a’) (zm) ’ a 2 (in press)

» For a muon with velocity 3 perpendicular to a magnetic field B and electric field
E, there will be cyclotron motion at frequency w, while the spin will rotate at
frequency w,, with difference w,, added to EDM rotation at frequency w,:

St o= o B — (= ) B 4 3 (Fx B 4 5)

w c

| IS

w, w,
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Results of BNL E821

a,;>*t = 116 592 091(54)(33) x 10~
SM __ —11
a, = 116 591 803(1)(42)(26) x 10
Aa, = a® —a’™ =288(63)(49) x 107!

A. Hoecker and W.J. Marciano, PDG Review
of Particle Properties (September 2014)

> a, differs from SM predictions
by ~3.60

» Motivation for improvements in
the SM prediction, and better
experiments

» FNAL E989
» J-PARC E34
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F. Jegerlehner and A. Nyffeler (JN), Phys. Reports 477, 1 (2009)

JN 09 (e*e -based)
—301+65

DHMZ 10 (t-based)
-197+54

DHMZ 10 (e*e")
—289+49

HLMNT 11 (e*e?)
—263 149

BNL-E821 (world average)
0+63
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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 et al. (E821), Phys. Rev. D 73, 072003 (2006) (corrected)
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[ Anomalous moment a, in SM ]

Y Y Y
SRR
Y A Y g p Zlu )
7 nwop 17 poo had
Contribution Value (10-11)
QED (leptons) 116 584 718.95 + 0.08
Electroweak 153.6 £ 1(quark triangle loops)
HVP (leading order o?) (ete~— hadrons) 6 923 + 42(exp) £ 3(QCD)
(hadronic loop corrections) (r — v_+ hadrons) 7 015 £ 42(exp) £ 19(Ispin) £ 3(QCD)
Hadronic (higher order a?) 7 £ 26(HIbl)
Total a,, SM (ete) 116 591 803 £ 1(EW) = 42(loH) + 26(hoH)

» Theoretical uncertainties are dominated by leading order hadronic vacuum
polarization and hadronic light-by-light scattering contributions.
» A. Hoecker and W.J. Marciano, PDG Review of Particle Properties (September 2014)

CAP Congress - June 17, 2015 4 G. Marshall



Compare: Fermilab and J-PARC

Fermilab (similar to BNL) J-PARC

B () T e (e )

» eliminate effect of E-field via >
“magic” momentum: >
> v2=1+q" >

> p, =3.09 GeVi/c required
very uniform B
electric quadrupole field focusing
B=145T
p=7m
periodic calorimeters with some
tracker modules

vvvyyvVvyy

vV vvVvyy

eliminate effect of E-field via £ =0
very uniform B in compact region
weak B field focusing, no £

focusing — must use “ultra-cold”

beam
» polarization reduced to 50%
» allows spin flipping

choose p, = 0.3 GeV/c
B=3T
p=033m

uniform tracker detection along
stored orbit (EDM sensitivity)

Both experiments follow time dependence of muon polarization by

detecting the asymmetric PV weak decay
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J-PARC g2 schematic

3 GeV.proton beam
” ( 333 UA)
-

m

surface muon beam R
8 MeV/c ~108/s) resonant laser ionization of
" nium for ultra-cold p*
' "'""\'“' )w (~10° p*/s)

»

(ﬂ‘ --i.';d: wd
oot
s )

. muon storage ring
B N (3T, r =33 cm, 1 ppm local)

muonium production
(300 K, 25 meV=2.3 keV/c)

muon reacceleration
(thermal to 300 MeV/c)
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Structured aerogel surface

» Muonium is emitted into vacuum from silica nanostructures (aerogels, powders)
» aerogels developed for J-PARC ¢-2 ultra-cold muon source
» laser ablation of holes in aerogel provided x10 increase in yield
» muonium emission measurements done at TRIUMF

Confocal microscope images of laser-ablated surfaces of aerogel.

Left: 30 mg cm aerogel, 500 um spacing.
Right: 30 mg cm aerogel, 300 gm spacing. Photo of laser-ablated aerogel used
in S1249. Curvature is due to the

ablation process and has been

Images by G.A. Beer and _ _
controlled in subsequent ablations.

UVic Advanced Microscopy Facility
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4 N\
Surface muons to

5 ultra-cold muons )

» Surface pu* from 7+ decay at rest
» E,=3.4MeV, p=27MeVic
» Ap/p =0.05rms, Ap =1.3 MeV/c
> Ap,/p=0.04, Ap,/p =0.08
» Thermalization as Mu (ute)
» E, =0.025eV,p=23keV/c
» Ap/p =0.42rms, Ap =1 keV/c
» “ultra-cold” compared to surface ut
» Thermal diffusion of Mu into vacuum
» u* remains ultra-cold
» lonization
» 1S—2P—unbound (122 nm,355 nm)
» Acceleration
» FE field, RFQ, linear structures
» to E, =212 MeV, p = 300 MeV/c
» adds to p, but not significantly to Ap

'z (cm)

CAP Congress - June 17, 2015 8 G. Marshall



[ Spin manipulation via u*e” precession ]

» Spin reversal is an important tool in polarization experiments

» Muonium polarization in aerogel target or vacuum will rotate in transverse field
» 0.14 MHz/mT =» 27 rotation in 0.6 us at 0.119 mT

» muon beam consists of 2 pulses separated by 0.6 us (at 25 Hz repetition)
» polarizations are added for fields at multiples of 0.119 mT

» Selecting ionization time selects direction of polarization

P (pulse 1) <= ﬁ = ﬂ & ﬁ = ﬂ & ﬁ =
] | | | |

[ ]
Time (us) -0.3 0.0 0.3 0.6 9 1.2
P (pulse 2) & ﬂ = & =
3 12000F :
°\° 10000: “““““ Iaser Ionlzatlon ..............
— S - times (spin £)
g, 6000 :_ ““““““““““ \ “““““““““““““““““““““““““““““““““
Simulation of Mu time S -
distribution in vacuum for J- § 40001
PARC beam. :g 2000F—  f TS
03 2 3 4 5 6
Time ( us)
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Laser ionization of Mu

» Two steps
» Lyman a 1S—2P at 122 nm

» 2P—unbound at 366 nm
» Lyman a

>

>

355 nm, mJ

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 ud in 2 ns pulse with 80 GHz
width at 25 Hz

122 nm, pd
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0.775
0.809

0.238
0.412
0.540
0.635
0.708
0.762
0.804
0.857
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Calculated ionization
efficiencies (2 cm? area)

DFB laser Yb fiber
1062.78 nm cw amplifier
Regen. amp.
# —1 L
100kHz Modulator -2 mJ @25Hz

i Intermid. amp.

~100 mJ

~1J

1 Power amp. 1

Extra-Cavity
Diode Laser

SFG
by CLBO

50 mJ

300 mJ

—

820.649 nm

10

Seeded OPG H

50 mJ
OPA

WD yq = 2

Kr 4ps5
.

)
212.55 nm

w;
212.55 nm

Kr 4pb

w - W
Wy
815~850nm

By-o

212.556nm

Kr 4p55p
212.55 nm

212.55 nm

Kr 4p®

820 nm

122.09 nm
Muon Lyman-a

820.649 nm

121.5~122.2 nm

Lyman o

100 pJ

@122 nm
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Ultra-cold muon acceleration

Requirements

> fast acceleration to reduce decay losses (7, = 2.2 us at rest)
» small emittance growth to enable injection and capture by storage ring

5.6 keV 0.34 MeV 5.1 MeV 42.3 MeV 200 MeV
B=0.01 B=0.08 B=0.3 B=0.7 p=0.94
1 Bunching Sectionl Low-B 1 Middle-B 1 High-B
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- (4 structures)
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Muon storage ring

» Superconducting solenoid

>
>
>

cylindrical iron poles and yoke
vertical B = 3 Tesla, <1ppm locally
storage region r = 33.3+1.5cm, h =
+5cm

tracking detector vanes inside
storage region

storage maintained by static weak
focusing

» n=1.5x 10%,rB(z) =-nzB,(r)in
storage region

» Spiral injection

>

» hole in upper yoke for beam entrance

transfer line from end of linac with
downward deflection

> permits entry, shields beam from field

» pulsed radial field on injection

» reduces vertical momentum to match
a trapped orbit
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[ J-PARC ¢-2 statistics goals (Stage 1)

Statistical uncertainties > Running time
» measurement only: 2x107 s
» Goals » Muon rate from H-line
» Aw /w, = 0.36 ppm » 1MW, SiC target: 3.2x108 s-*
(0.163/PN12) » Conversion efficiency to ultra-slow
» BNL E821 o,,, = 0.46 ppm muons

» Mu emission (S1249), laser ionization
» lose polarization: 100% — 50%
)Stage 2 goal is 0.01)

> Ad,=1.3x102" e - cm
» E821 (-0.120.9)x 1019 e-cm

» Ad, < 1.05x10%" e-cm Acceleration efficiency including
decay
» RFQ, IH, DAW, and high-g: 0.52
Further development of » Storage ring injection, decay, kick
aerogel microstructure > 0.92
planned to optimize this » Stored muons
fraction > 3.3x10%s

» Detected positrons (e = 0.12)
» 4.0x10% s
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Summary

The BNL E821 measured value of the muon magnetic moment a, may be an indication of
physics beyond the Standard Model.

» it needs to be verified with increased precision (FNAL E989)
» it deserves to be verified in an independent experiment (J-PARC E34)
The J-PARC method has systematic uncertainties different from BNL E821.
» smaller and more precise magnetic storage field
» compact detector with tracking capability
» flip spin to analyze asymmetry rather than decay time distribution
» ultra-cold muon beam using muonium in vacuum as an ion source
R&D phase evolving to construction phase with a growing collaboration (136 members, 8 countries).

' The9"J-PARCg-2/EDM Open Collaboratlon Meetmg & Training ng o-] " u&‘ y o

wr

3 ‘t‘ 2014.11.5 (Wed) ~ 8(Sat), KAIST, Daejec
[ .~ http://capp.kaist.ac.kr/CM9 [2®")

\

5

2




\_

Extra slides
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Goals for the next generation of g2

60
DHMZ —aA—i
180.2+4.9 50 - ¥ g2 allowed  Bsn
40 -
HLMNT = 0
182.815.0 6‘\ -
S 2r " s Bso
SMXX O ‘ - 10k "} Q:SEP% PS8 ¢
181.5+3.5 I
i @ op----- == &S
l 2 L
i & -10 @59
BNL-E821 04ave. L. L] -20 - « .
TR v ol Snowmass Points ®s:
| - and Slopes” for SUSY, s
New (g-2) exp. " -9 and “Degenerate Solutions”
208.9:1.6 | _50 -
‘ o Bss
I\‘III\‘II\\|I\\I|I\\I|\\Ill\\ll‘\lll\‘\ll\‘ll\\ Bemhmark pOlntS

140 150 160 170 180 190 200 210 220 230
a,-11 659 000 (107)

» Reduced experimental uncertainties (x4), coupled with a modest (x1.5)
reduction for the SM prediction, will decrease the uncertainty in the difference
by x2. With the same central values, the significance grows to 7-8 o.

» Regardless of the central value, this precision will discriminate among possible
extensions to the SM, in a way complementary to LHC discoveries.
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Decay positron tracking detector

i | B EEs
» Detect et at higher range of energies

(200_290 MeV/C) Fiducial volume 240mm (radial) x 400 mm (axial)
» A<O for lower energies Ll @i e =
» want typically one turn Sensor technology Single-sided Silicon strip sensor
» Radial vanes of axial and radial Si strips (p-on-n)
_ : Strip axial-strip :
> Core of lead-tungsten to absorb multiple A e, Ao e, AT
turns radial-strip:
188mm pitch, 98mm long, 384 ch
Sensor dimension 74 mm x 98 mm x 0.32mm
;‘ Figure Of merit :,:"”w - o Number of sensor 1152 ( 12 sensors per vane)
;— (N A2)1/2 ;.;” 5
= - umber of channel 811,008ch
of :
= Lead Tungsten
E Silicon vane
= dN(et)/dp, -
3 e 333mm 5
= - P=y% 3
P I .510. — .1(1)0. — l1éol — lzéol — S’r..
0 BW%BV/C (side view) (top view)
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Proposed timeline

.design

prototype | evaluation

Installation

fabrication

construction

comissioning . physics run

Calendar Year

€v2014]

CY2p15

CY2016

CY2017

CY2018

CY2019

CY2020

CY2021

Japanese Fiscal Year

JFY2014

JFY2015

JFY2016

JFY2017

JFY2018

JFY2

D19

JFY2020

JFY2021

Month

3 F4

F1

F2 F3

F4

F1

F2

F3

F4

F1 F2 F3

F4

F1

F2

F3

F4

F1

F2

F1

F2

F3

F4

F1

F2 F3

F4

Area Task Item

H-line

Muon Source

Laser

Accelerator

High Precision Magnet

Kicker System

Beam Transport

Detector

Data taking
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Identifying Mu in vacuum
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» ut thermalization, y*e- formation.

» e escapes into voids in
evacuated silica nanostructure
(~100%).

» ute migrates (“diffuses”) to nearby
material boundary (~ few %).

» Identify and characterize by:

» time and position(y,z) correlations of
muon decays from et tracking (drift
chambers).

» Muons decay in:

» the target, as u"e and ™.

» vacuum, in flight, as y e .

» surrounding materials (u e or pt).

» Provides image of decay locations in
(v,z), as a function of time.
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Mu in vacuum: 2010 and 2011

» Aerogel samples L A A" AL A A A A
o *g : : : : : : e Data (30mg/cc) ]
» all high uniform and optically 10 Y | | ! | Targetdecay 3
transparent P . A - - _
» different preparations 8 b E
» hydroscopic nature of surfaces : I 7 O . ]
: " e B e £ 3
» different densities: 27-180 mg/cm3 =X | | iy dlk J 3
. 1E i I I “‘ ] —
> ObservathnS ﬁﬁo e 10 Z(‘n‘"z;% TR R )
» no obvious dependence on density _——; ——————————— —————]
. | Region 1 (10-20mm) il Region 1 (10-20mm) |
Or preparatlon il . ° B . —o—za?a(if'fifsu.blracted) i
> speed larger than thermal? wo Ta S AT B B TR
- O o o ® e i+ ‘_i___‘“_ = -—- ma::emlca pot. |
> Part|a| y|e|dS NOOOB ’ + . :D 2 H e =__’ P ———— P ]
] ) ) o t 4  Region2(20-30mm) [ At Region 2 (20-30mm) |
> into regions 1-3, distance 10-40 2« , ] Al
o I t
mm from aerogel surface T O%% o ‘. I
» normalized to all muon decays | I
o Region 3 (30-40mm)
observed “ bt p
» some care required to interpret I te |, I
yield expected with different beams °F TeiaAatre bt
and targets Y Timews)

P. Bakule et al., Prog. Theor. Exp. Phys. 2013, 103C01 (2013).
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J-PARC PAC milestones, 2012

The PAC commends the excellent progress that the g-2 collaboration has made in all
> Stage 1 status g ranted , areas and recommends that Stage-1 approval should be granted.

September 2012 The realization of the experiment still requires significant advances for the chosen

experimental technology. Most importantly, the intensity of the cold muon source

needs to be improved by almost a factor 10. In addition to the design and R&D the

collaboration has provided a set of milestones that can be used to monitor the
progress of the g-2 project. These milestones appear well suited to guide the
development of the project towards Stage-2 approval (CDR, section 1.7):

» Milestones established M1) Demonstration of the ultra-cold muon production with the required conversion

efficiency leading to an intensity of 1x1 06/1"/.9.

M2) Muon acceleration tests with the baseline configuration of low-8 muon LINAC,

» “The PAC emphasizes the ** RFQ, and IH-LINAC.

im po rtance of ra P id progress M3) Tests of the spiral injection scheme.
on the first mi |eSt0ne, to M4) Production of a prototype magnet and development of the field monitor with the
increase the intensity of the  required precision.

ultra-cold muon production” M5) Demonstration of rate capability of the detector system for decay positron

detection.

The PAC emphasizes the importance of rapid progress on the first milestone, to

increase the intensity of the ultra-cold muon production. This goal should be

_pursued by the collaboration with the highest priority.
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2013: Aerogel with surface structure ]
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» Independent simulations based on a diffusion model showed emission increase
of ~5 for a surface with a structure of size ~0.2 mm.

» How could that structure be created in the delicate aerogel material?
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Results of 2013 data

3
’g 200 % 19 T T T T T T 3000 T T T T T T
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1 0 :100 | Flat Aerogel (2013)  _| 1500 - a
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» Used a model-independent approach to
estimate yields

Table 1  Yield of Mu in the vacuum region 1-3. For all laser processed samples, the
diameter of the structure is 270 pm.

» For 0.3 mm structure, observed 11 times yield Sample Laser-ablated structure Vacuum yield
previously reported from 2011 data, 8 times (pitch) (per 107 muon stops)
. . .. . Flat none 3.72+0.11
yield found in similar flat target in 2013. Flat (Ref. [7) Hone 5 744011
» Model-independent approach cannot Laser ablated 500 pm 16.0 + 0.2
. . . . Laser ablated 400 pm 20.9 + 0.7
m_dependently estimate to.tal _y/e/q or pqrhal (TLaser ablated 300 om 305 £03)
yield near target for laser ionization estimates
> > apply diffusion model analysis G.A. Beer et al., Prog. Theor. Exp. Phys. 2014, 091C01 (2014).
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D

iffusion model analysis: ablated target

\Al V2 V3
aerogel laser30_300

600 - 1 —}— data 200 —— dan o —— dan

: —— fit (sim+exp) 180 —— fit (sim+exp) ~ —— it (sim+exp) 550
soop —}— scaled simuation 160 —}— scaled simuiation = —}— scaled simulation S [

g —}— exponential background 140 —}— exponential background —}— exponential background © E
400 60| (=] "

o 120 < 500

3 - o
a0 Lo " .§ [

- 80 . o -
200 . 30 450 E {
100 : : N B i e

o - i T T2 X 10 ' B /

N B . Rt s - 400F
° 2 4 6 B 10 1 % 2 4 6 B 70 1 % 2 4 5 8 10 1 E \
E -
3s0f 322

™

(data-fity/ o

|_

(®)

-
e

ki
Normalized Residuals Normalized Residuals Normalized Residuals : i

™
™

(data-fity o
(data-fity/ o

300
s [
i 250 :
1 i j/f
T o
0] e
200}
: :
2
3

\\_//
" b
150F

o
1 L 1 1 A 1 1 1 | 1 nlll LLAL AL AR AR R AR R Ry

® fime (s} 220 240 260 280 300 320 340 360 380 400 420
Temperature (K)

» Preliminary analysis for laser ablated (pitch = 0.3 mm) aerogel:

>

v vyywyywy

CAP Congress

much better signal to background enables more reliable diffusion model comparison
» simultaneous fit to 3 vacuum regions at T=322 K shown
best fit emission velocities correspond to 322 + 5(stat) K
D=870 + 20 cm? s™', x2 = 168/140 (p=5%)
total yield into vacuum: 0.10 per stopped p* (from simulation with model) for TRIUMF beams
fit of yield into vacuum regions V1-V3: 0.030 per stopped p+, similar to model independent analysis
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