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Muon physics gets

E‘J‘*f E >1 04

SCIENTIFIC AMERICAN' B&Hg
STAPmﬂﬂ’E:f‘Fﬂ !




Recent news

FNAL muon g-2 ring “Big move”’, July 2013

+ New electron EDM limits

* 10.6 X 1028 ecm (90% CL) (UCL) New J. Phys 14, 103051 (2012)
# 8.7 x1029 ecm (90%CL) (ACME) Science 343, 269 (2014)

* MEG limit : 5.7 x 103 (90%CL) PRL 110 (2013) 201801
* Data taking completed summer 2013
* To be upgraded for 10 times better sensitivity

* J-PARC re-operation since Feb 2014
*  Only for muon and neutron facilities for now
+ Beam power :300kW (design 1MW)

+* COMET phase-l (mu-e conversion in Al at J-PARC)
* Single Event Sensitivity : 3.1 x 1075
* Construction to be started in 2014



Lepton dipole moments

* Interactions with static B and E-fields:

H=—-ji-B—d-E

Magnetic Dipole Moment /j p— g (i) g

Electric Dipole Moment CZ— 77 ( q
2mc

0|

Transition Dipole Moments
cLFV process with photon radiation (e.g. u>ey)



muon g-2/[EDM measurements

Anomalous magnetic moment (g-2)
a,= (g2)2 =11659208.9(6.3)x 10" (BNLE821exp) 0.5 ppm
11659 182.8 (4.9) x 107'° (standard model)
Aa,= Exp - SM = 26.1(8.0) x 107° 36 anomaly

In uniform magnetic field, muon spin rotates ahead of
momentum due to g-2 £ 0

general form of spin precession vector:

H=—" aﬂﬁ—(aﬂ— 21 j'BXE+Q(,§x|§+Ej
m y°=1) ¢ 2 C

BNL E821 approach J-PARC approach

y=30 (P=3 GeV/c) E=o0atan
x W
e _ pee . pd
W—-E&lmB+ng B+£—u a_5=—£{a B+~ ( X )}
me C A m

Continuation at FNAL with Proposed at J-PARC with 0.1ppm
0.1ppm precision (E989) precision (E34)
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muon EDM experimental reach

excluded (90%CL) by BNL [2008]

J-PARCE34
FNAL E989

T

- B 777777 target sensitivity 7
107 quadratic general dipole op. 102" e cm
EA NN\ N\ estimated from Aa,,
102

10-26 L . .
- scaled electron EDM limit
_I I I I I N O N N N [ T (N I N N N N

Standard model < 103 ecm

T
L~
L~
L~
L~
L~
L~
_L| || || || || ||

Main motivation driven by g-2 anomaly (from BNL E821).
—> The g-2 anomaly should be checked as well as EDM search




Muonium HFS and /i, ratio

# Future g-2 experiments (~0.1ppm) require more precise
determination of magnetic moment ratio /i, (current
uncertainty : 0.12ppm)

aﬂz/l

How to measure

Muons come from the beamline at J-PAF

Muons produced by decav >
pions are 100 % polarized to the Jﬂﬂ ]

downstream. 4—.

An improved measurement of Mu-HFS and /i, is in
Picture by K. Tanaka preparation at J-PARC (KEK IMSS K. Shimomura et al.)
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BNL effort continues at FNAL...

Vlatsue, Japan August 9 (20

Our ring has

transported to FNAL!

Il
N
v

il

> LA,

——

N

Wi,



Slide by Lee Roberts (USM2013

The Future:
Fermilab E989

Goal:

Sa, < +16 x 1071 (L14 ppm)

1.8 X 10! detected high energy decays

systematic errors w,, @, +0.07 ppm each

UNIVERSITY




Slide by Lee Roberts (USM2013)

Fermilab Muon Campus Multipurpose Building designed for
future experiments as well
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Slide by Lee Roberts (USM2013)

Fermilab Muon Beam

=== Recycler Ring °

One 4x1012 p bunch to
recycler

Extract one bunch at a
time to target

Use the delivery ring as a
>1,900 m decay line

BOSTON -
UNIVERSITY B. Lee Roberts - Ultra Slow Muon Microscope — 9 August 2013



Slide by Lee Roberts (USM2013)

Schedule

Colls at Fermilab — half the steel Is there

Building under construction
— beneficial occupancy February 2013

g-2 Is the only new start this year in OHEP
Magnet powered 2015
Beam in 2016 or 2017 depending on fundlng profile

24.4 X 24.4 m? high bay
84 cm thick floor
AT==+1°C

BOSTON
UNIVERSITY



The J-PARC g-2/EDM

TITech, SUNYSB RAL, UCR UNM Vlctorl -U,
8 countries: Czech, USA, Russia, Japan, UK, Canada, France, Korea

.
~FEN Y = E
' -\ - . -
! .‘,' < »
(n. I :.. . : 7 v
J 1

)

Dec 2009 : Proposal submitted

Dec 2012 : CDR submitted

Jan 2013 : Stage-1 status granted from PAC (IMSS,IPNS)
P34 >E34




A compact muon g-2/EDM experiment

P= 3 1 GeV/c B 1 45 T

* Advantages

*  Suited for precision control of B-field
Example : MRI magnet , 1ppm local uniformity
* Possibility of spin manipulation
Effective to cancel various systematics
* Completely different systematics than the BNL E821 or FNAL




Ultra-cold Muon

Requirement for zero E-field:
Muons should be kept stored without E-focusing L
—> Beam with ultra-small transverse dispersion,

I.e. APT/P ~0 \/nev
355 nm
2P
| onizati FMu (e ﬂ:‘
Laser 122.09 nm
122nm, 355nm (byman-c)
18 -13.6 eV
l+ | Muonium
H @ & O () Ultra-cold
=0 Y
Surface muons -
re—acceleration
p= 28MeV/c 300 MeV/c

Ap;/p ~3 keV /300 MeV =1E-5



Comparison of experiments

Muon momentum 3.09 GeV/c 0.3 GeV/c

gamma 29.3 3

Storage field B=1.45T 3.0T

Focusing field Electric quad very We?k
magnetic

# of detected u+

- 5.0E9Q 1.8E11 1.5E12

# of detected p-

decays 3-6E9

Precision (stat) 0.46 ppm 0.1 ppm 0.1 ppm
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New Muon g-2/EDM Experiment at
J-PARG with Ultra-Cold Muon Beam

3 GeV proton beam

uA
(333 uA) Graphite target

» (200mm)

o
v
ﬁ Surface muon beam
(28 MeV/c, 4x108/s)

Q S, Muonium Production
u"fa v (300 K~ 25 meV=2.3 keV/c)
Wk S/

Nuon
sioyage

122nm, 355nm

’OQeL\ - Ultra-cold
O e “f 4 u“'

Surface muons ’O\
|

Mu production |
target




New Muon g-2/EDM Experiment at
J-PARC with Ultra-Cold Muon Beam

3 GeV proton beam

uA
(333 uA) Graphite target

(200mm)
W

A
} Surface muon beam
(28 MeV/c, 4x108/s)

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

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

Nuon
stovrage

122nm, 355nm

.

Surface muons

Mu production |
target




Muon storage magnet and detector

Muon storage orbi

ww 006¢

e+ tracking
detector

20




Muon storage magnet and detector

Muon storage orbi

e+ tracking
detector

006t

y & 21



Expected time spectrum of u—=>e*vv decay

Muon spin precesses with time.

—> number of high energy e* changes with time by the frequency :

= 5 (5B

Qo
=105 p>200 MeV/c
T

p

—h — —h

Q\‘ Om Q@
» 1

decay e’ counts
o
(=2}

llllllllllllll[

'

)
lllllllllllllllll

=100% N . =1.5x10"
Awa/wa - Ol ppm O.1ppm
statistical

uncertainty

b

x107°

%

5 10 15

20 25 30

e* decay time (sec) 22



Expected time spectrum of u—=>e*vv decay

EDM tilts the precession axis.
—> This yields an up-down decay asymmetry in
number of e+
(oscillates with the same frequency w)

03 x10~°
>  [p>200 MeV/c - | current upper limit
2 - d =2E-20€ * cm | |DbyBNLES21
g 0'2: : | T 11.810"% e = cm
cor N
(% B I id . I ] !i I?I' |||| ’” H ||Iﬁ ‘! |||I ‘ll‘ i ||I
g & E O M R M T v-n$.. mm =
5 ond Yy E Ay i ,,"-'j! I |! ,||i*;i|'|,!i1!.i]' i"|:|!I i ,.||'|I|"||||illj" o
- : L i :r j | 2 0 '|,'|i|]|| IM ||!IIII I I||!|| i-li '!’!Hllli ;I‘l ”
Ll
- . |
— d =(2.1+ 0.1)E- . |
oo fitd=(21:0.NE-20ec T
B xzfl'ldf=1 .05 1
C Cl et Ix107®

P
5 10 15 20 25 30
e+ decay time (sec)

&
X
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Milestones (shown at PAC13)

\

® Demonstration of UCM Production

® Muon acceleration test
® Prototyping Precision Magnet
® Demonstration of injection and Kicker

® Demonstration of high-rate tracker

24
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H-line in the MLF experimental hall
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. . ) . Slide by M. Yoshida
H-line beam tracking simulation

Proton

IO " N
? === ¥
.E 4

A T |
el M)

final focusing point



Materials for muonium production in vacuum

/

=
.

# T=2000K (E=0.2 eV) # T=300K (E=0.03eV)

# Used in previous experiments (KEK-  * Not yet used for ultra-slow muon
MSL, RIKEN-RAL) production

* Re-evaluation in progress at J-PARC | initial evaluation at TRIUME

# Prog. Theor. Exp. Phys. (2013) 103C01

* Expected yield at H-line *

Expected yield at H-line (as of 2013)
* Production rate : 1%

+* Production rate : 0.1%

# Ultra slow muon: 0.12 x 10%/sec « Ultra slow muon: 0.02 x 105 /sec

29



Aerogel with sub-mm structure

.

Effective diffusion depth for muonium emission
into vacuum ~ 100um

® New aerogel samples with holes were developed.

® Simulation with experimental inputs suggests a
factor of 5~7 enhancement with sub-structures

simulation (M. Iwdsaki) Silica aerogel wi

7 ™ | ] T
thickness : 5 mm
6 hole size = hole piich ]
separation: 0mm
5 hole depth : 4 mm —
hickn
?..4 - eEﬁ hole depth : 3 mm ]
2 [T
= UL +5
2 o+ [ .
] -QT DMLE hole depth : 2 mm o
FE@TE flat surface
- |-
ol | depth | ., 1. ... I | |
0.1 0.2 0.5 1 2 5 co

hole pitch [mm]

Prepared by M. Tabata (Chiba) and Y. Oishi (RIKEN)
Evaluated at TRIUMF from Oct 8-22, 2013
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TRIUMF data on Mu production

A factor of 11 increase of Mu production yield with substructure

BG systematic

300um pitch uncertainty : ~0.0005

g 0.03 TP e ey AAUUTRTRNUNRUUN SRV SOUROURNNUR e - e e e .
5 plot br R. Kitamura
Z ).025 T E
S~
E .
z n.nz .............................................................................
0.015 Flat | b e,
0.01 /
0.005 .................... .......... vl I ; - o _""4'-"‘-‘—'- - : A ""‘m'
' _; [ NMu,300um pitch = NMuﬂatznnx] ] 4

| | I ;_ N — l [ 1 (I - | | I
é’l 5 22 22.5 23 23.5 24 24.5
100%stop 50%stop Momentum [MeV/c]
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Implication to statistical sensitivity

e
+ With drilled aerogel target, one expects

# Ultra-cold muon rate : 0.2E+6/sec (*)

# Running time : 1E+7 sec (120 day)
polarization 100 % 50%

# Statistical uncertainty on w_: 0.22ppm (0.44ppm)

+ Statistical uncertainty ond,: 4.4E-21 ecm (8.8E-21 ecm)

Good enough to test BNL E821 g-2 results

* factor of two more muons with SiC target is not included.
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Photonics Control Technology Team, RIKEN Center for Advanced Photonics, RIKEN Slide by N. Saito (RlKEN)

Current Status of Coherent Lyman a

Coherent Lyman-a Resonance
Radiation Source

___________________________________________

. OMEGA 1: High energy 212.556 nm source !
' Distributed ~ Fiber amplifier  All-solid-state |
| feedback laser @ A amplifier

—>
! 0.1mJ
' 1062.78 nm (,/5)

! Av=1GHz Nonlinear < 13
i 2ns frequency conversion

Intensity (a. u.) Intensity (a. u.)

e /[ 1 /
c 1 1 L
Qo o,  4e/5 20/5
B =
g% . OMEGA 2: 820.649 nm source |

Multi-stage optical Diode :
| parametric osc. and amp. laser

A<= | ~
! 820649 nm (@) | >
o I ap=zoc G g6l e ]
'8, | Lyman-a Shifter: Krypton gas cell | e 04 w; rce
Kr 4p55p Lyman-a ! 0 il ﬁm X N
o B Y 122.09nm | S o02L w, A
\H ]A): c
N\ o 1003~ — 0 k | | | | =
crap ] | 0 50 100 150 200 250

Time (ns)



Photonics Control Technology Team, RIKEN Center for Advanced Photonics, RIKEN Slide by N. Sajto (RlKEN)
Current Status of Coherent Lyman a

Coherent Lyman-a Resonance E.
Radiation Source € og
| OMEGA 1: High energy 212.556 nm source | > o- )
| Distributed  Fiber amplifier  All-solid-state | ‘w7
: feedback laser @ A amplifier CIC) 0.2
| ﬂl::#:]}_) —> Z o0 L | | | | —
! 0.1 mJ . ;

' 106

42 e Generation of Ly-a was confirmed with new system. M
 The system is being tuned at RIKEN now
 Mu ionization test will be done at U-Line |

212.556 nm

WVIUIT=-Stage optcal vioae — 0 I_
] ] ] ] =

1
| parametric osc. and amp. laser |

A === - | | ' |
| 820.649 nm () | > 0.8 \hWWWWWWMMMW

) Av, =230 GHz | o]
Bl e S o6t < el |
'3 Lyman-a Shifter: Krypton gas cell i é‘ 04k w; rce
E< Kr 4p55p Lyman-a ) ' ﬁ H X 7
! o By 122.09nm | S 0.2l w, i
LN o 10003 7| - 0 L . . . | _
! Kr 4ps Ay I 0 50 100 150 200 250

Time (ns)



Muon acceleration

0.34 MeV 1.2 5.1 13.8 42.3 MeV 200 MeV
B=0.08 B=0.15 p=0.3 B=0.46 B=0.7 B=0.94
ut - D RFQ IH IH (IH, CDS, DAW ... ?) Disk loaded structure
Initial Acc. Low-J3 Middle-B High-B

Disk loaded structure

| st e (TITech) KEKB electran,lmac
"



Slide by M. Yoshida

Ultra cold muon acceleration

4000 R
Target size 70 x 40 jnm? | :
o . 3500 3500
- Target material W : :
3000}~ Temperature 2000 K %°F W
2500k Maxwell-Boltzman disteidition 2500
2000 :'- 2000 ;— 2000 :_
1500; 1500:— 15005‘
10003— 10002— 1000
s00F- 5005— 5005—
O;‘ TITE FE PR FEW S | N S :.,,, (3 PR sl aasalag N L Lot 2l ot TR
0 4 6 8 10 12 14 16 18 20 %O -15 -10 -5 0 5 10 15 20 .020 15 -10 -5 0 5 10 15 20
p, keV/c p, keV/c p, keV/c

Initial acc. time 256.3 ns

RFQ acc. time 455.7 ns

Total 712 ns

Losses due to ' lifetime 18.5%
Efficiency 45 %

RFQ (3.192 m)

Target voltage 5.66 kV
15t electrode 5.62 kV
2" electrode 5.35 kV
3'd electrode 3.41 kV
4t electrode 0 kV

28.5cm

N(out)=62.21%
N(712 ns)/N(0)=0.723513
N(out)*0.723513=45%




Slide by M. Yoshida

Middle-3 design / CDS
* Cut Disk Structure ey
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. Slide by H. linuma
Conceptual design of beam transport line

Introduce horizontal-vertical coupling
Bend beam down to 25 degree to match the tunnel

wy T T T ] L T T T L T T

T w T T T T

.
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Magnet
Entrance

E— \\/I/ f“/ i 1 i
: 1 2 3 4 5
LINAC |\ e e - —
EXT |3 2 g8 2 3 2 2 2 &g 2 8
= = SR ~10ton total
o 5-bm
side view
~2m

2014/4/10
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Muon storage magnet

Injection
region

\
/
storage |

region

* Magnet consists of four super-conducting coils surrounded
by correction coils and iron yoke.

# mainfield:  B=3T(local uniformity 1ppm)
* injection field: B, >0 (z>5cm)
« focusing field : B,/B, = 1oppm/cm (n=1E-4) (|z| < 5 cm)

39



Magnet Latest Design

* Detail design is being developed
considering the actual assembly

2x ICF152 7%
. (R 1 .
ide by K. Sasaki
i 1% o3 MEo

¥ BER)
[ | =n-we

SRR
RE®)

B1 Sa—F U8R U/AERELABER (ERKER)




Precision field measurement

* Required precision : <0.1ppm cW-NMR WEBSystem=(KEK)

£

S <

——
# CW-NMR system (KEK, UTokyo)

* New waveform sampling system and analysis algorithm

* Precision improvement : 0.15ppm = 0.05-0.10ppm
* Absolute calibration probe (KEK)

# pulsed-NMR system (Umass, BNL)
* To beusedin FNAL g-2

* Design and prototype of Pulsed-RF distribution circuits
(BNL)

* Absolute calibration probe (UMass)

* Comparison and cross calibration of the NMR
systems and probes is essential to identify
systematics
«  Will start with a small MRI at Umass (bore 89gmm®)

*  Need a magnet with good uniformity and large bore >
MRI magnet at J-PARC



Silicon strip tracker

Detector module # Tracking e+ from muon decay (p = 200-300 MeV/c)

il
H # No contamination of B-field (< 1ppm) and E-field
(<1tomV/cm) in the muon storage region.

i 7 « Efficient and stable over ~5 lifetimes (33s)

* Instantaneous rate changes by two orders of
magnitude.

(Ul K. Ueno IEEE-NSS 2012
G4 simulation
AT

| e Partial match
L1 | .| I | I L1 1| | I | L1 i L1 11

0 5 10 15 20 25 30 35 40

Number of vanes: 24-48 Elapsed time (us)

400mm

AY
N

—
— -
o
—
[

o
o

o
[-)

:III!III!IIIJ_HM'!iﬁFI

single track finding

Efficiency of

e
»

e
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Silicon-strip sensor
+ Optimal strip pitch determined

by G4 simulation -

* 220 um for radial strip

* 100 um for axial strip
* Test sensor

* Single-sided sensors

* 64 strip [ sensor

* Lab characterization completed.
* To be tested with beam.

V4 REH—

0'55 9?
0.45F Eoo
: : 758 — :
. 0.4F i 58 F— fie
waveform taken with IR l[aser | 7 A
- F i —~ aF VA
_ E . | S
I g 0.3F ! LoF o / =
I E F e R S S S S
u I T , O / 3 ;
LTy T P i 02_' T ——— 7| sensor Name - F i / (0.0796V i 0.07) x107%
I 0.15F - R1 26.3°C 3 v g
\H/ |75 mV X - R2 257C o /
“E - Ra 25.7°C g
[ 0.05; *« R4 258°C 47 ; 94:V i
cu 20 40 60 slo 100 120 1‘;0 1(IiO 1FI10 200 20 40 60 80 100 120 140 160 180 200
TBE V) EE (V)
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Frontend ASIC

* 2nd prototype were developed
and evaluated.

* Silterra 0.18 /64 ch
* ENC1300 e-at 15pF
* No major problem found

R

+ Test with sensor started.

Evaluation by S. Shirabe, S. Koura (Kyushu), K. Ueno

N
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ENC [electrons]

| [
L I I i n i
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| I ;
-

requirement

1600

EENC - 934 +25.9 x Cdet [pF]

1400 ;‘ ., ........ I‘, .......................... frossrs ,
| REUH—EE 23pF '
. i :

1200

- : I AT ; _ :
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Milestones and prospects

Milestones

® Demonstration of UCM Production

® Muon acceleration test

® Prototyping Precision Magnet

® Injection and Kicker

® High-rate tracker

~ Status & Prospects

—

Major improvement in Mu yield
Full demonstration at H-line

Secured J-PARC RFQ for test.
Demonstration at U-line&H-line

Partial demonstration by Mu-HFS
magnet.

Prototype test completed. Grant-
in-aid awarded for electron
injection test

Beam tests at J-PARC and Tohoku
planned. Grant-in-aid awarded for

alignment R&D




A part of the master plan of Science council of Japan

Elucidation of the origin of matter with an upgrade of J-PARC experimental facility

Intended Schedule (JFY2017-)

FREE

H24
(2012)

H25
(2013)

H26
(2014)

H27
(2015)

H28
(2016)

H29
(2017)

H30
(2018)

H31
(2019)

H32
(2020)

H33
(2021)

H34
(2022)

Accelerator
(Main Ring)

Neutrino Exp.

This Project |

Hadron Exp.

Beam Intensity Upgrades

Further Intensity Improvements

Next Generation Neutrino Experiment

Hi-momentum beamline

» Hadron Hall Extension J

Muon Particle
Physics Exp.

Meutron and
Muon at MLF

M

ET phase-|

COMET phase-lI

(%) Accelerate to compete with US projects

Polarized neutron /muon

Oversea Projects

Slide by N. Saito

g-2 at Fermilab
(~2016) 0
GSI-FAIR (Hadron Experiments)

(~2018)

21)




* J-PARC g-2/EDM experiment aims to measure g-
2 in 0.1ppm, EDM <2E-21 e * cm sensitivity with
completely different experimental technique.

+* R&Ds for all components are in progress.

* Intensity of ultra-cold muon beam can be large
enough to test the BNL g-2 anomaly better
than o.5ppm precision. Further improvements
are in progress.
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