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Muon physics

e A Neutrino Factory is also a Muon
s
B-factory: E at CM = Y(4S)
e*(3.5 GeV) e(8 GeV)
o(tt)~0.9nb, o(bb)~1.1nb
A B-factory is also a t-factory!
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Factory

Kiyoshi Hayasaka
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Muon physics

charged Lepton Flavour Violation (cLFV)

- povey, p—eee 7 talks
- p2e, T CLFV

Precision experiments

— pHFS 8 talks
- g2

— p-Lamb Shift

— p-capture

Muon Facilities 16 talks

— present & future

Muon applications 2 talks

total of 33 talks

Including WG1+4 (1 session 3 talks)
& WG3+4 (3 sessions 11 talks)




u-applications

Get a proton beam

Shoot it on a target

Compute the particle flux

Find a mine to put an experiment




lop of the atmosphere

u-applications

Get a proton beam

Shoot it on a target

Compute the particle flux

Find a mine to put an experiment Ground level

CR Muon Intensity vs. Depth
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Crouch World Survey, 1987
Crookes and Rastin, 1973

+ Bergamasco et al., 1971

> Stockel, 1969
Castagnoli et al., 1965
Avan and Avan, 1955
Randall and Hazen, 1951

+ Bollinger, 1950

+ Clay and Van Gemert, 1939
Wilson, 1938
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Intensity (cm?s”'sr™)

n,K-muons
n.K-muons + I

I =2.17x10"%cm?s s’

i
6 8 10 12 14 16 18
Depth (103 hg cm'2)

E. V. Bugaev et al.,PRD 58 054001 (1998)




Search for ores

e Nothing comparable with present technology
e Does not give false positives

Forward Model

Doug Bryman

Forward model

e Given topological data and target
ore body

e Calculate mass length [ pdL (or
anomalous mass length [ ApdL)

@ Calculate muon flux at detector

level

e Estimate muon counts (used for
uncertainty estimate)

Simulation samples
e Based on forward model, generate noise data
e Used to design survey and perform NULL hypotheses tests
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Volcanoes & earthquakes

* Imaging of volcanoes, seismic faults with unprecedented resolution

— aiming at “real time” mrad — :
5 42(0 ) Seigo Miyamoto
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density (g/cm?)

e Detector technology derived by neutrino physics
— Opera experience with scintillator bar array + emulsion

scintillator



Questions from Nufact 2011
What we expect at Nufact12

MEG

- New results
[I-e conhversion
- MuZe
- COMET
- R&D : MuSIC
J-PARC MUSE activities : H-Line
- Mu HFS
- DeeMe
- g-2/EDM
FNAL g-2
PSI: y>eee, muEDM

T-sector
- combined Belle and BaBar results

- Prospects for Belle-ITI and
SuperB

- Precision tests
- u lifetime (MuLAN)
- cross sections (MuSUN)

WG4 summary

R&D of intense muon source
MuSIC
Laser ionization of Muonium
Muon production Joint with
Pion collection WG2,3

Leading work towards muon
collider

MICE related talk
Muon production and cooling

PRISM/PRIME

High intensity proton driver
physics / intensity frontier
physics

- Rare K

- nEDM Joint with
Theory e

- Reflect LHC search results to

the physics scope of the WG

- Implications due to new
measurements of B;3, dsp
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Highlights of 2012

® 913 IS big
e (SM) Higgs boson is at 125 GeV
e SUSY not seen so far Bob Tschirhart

ATLAS SUSY Searches™ - 95% CL Lower Limits (Status: ICHEP 2012)
MSUGRA/CMSSM - 0 16p + 'S + Ey o B G=Gmass @ | roT
MSUGRA/CMSSM : 1 lep +j's + Er ., - g =g mass _ _ 1
MSUGRA/CMSSM : 0 lep + multijets + £, . (It evizs o si0Gev] gmass (arge my f Lar={0.05~4.8) &
Pheno model : 0 lep +j's + Eq e - : Gmass (m@ <2 Tev, lightx) Is=7TeV
Pheno model : 0 lep +j's + E; ;.. ; eVl lg mass (m(@ <2 TeV, lightx)
Gluino med. ™ (§—=q) - 1lep +i's+ E . : ; mass (mé) <200 GeV, méc) =§(ma°)+m@) AT_LAS
GMSB : 2 lep OSSF + E; e : . asS (tang < 35) Preliminary
GMSB : 1 +j'S + ET,n'na < - j mass (tang >20)
GMSB : 2t + j's + E.’_J',-e . < 5 mass (tang >20)
) GGM yy + E : gmass (mfx;)>50 GeV)
(virtual miss I mass (m(;) <300 GeV)
(virtualg) :0lep +3bj's + Ep .. ‘gmass (mx)) <400 GeV)
(realb) -0 lep + 3b-j's + Eq 0 eVl g Mass (mfy,) =60 GeV)
gtz (virtualt) : 1 lep + 1/2 bj's + Ey e ] (") <150 GeV)
5—»%“’ (virtualt) - 2 lep (SS) + 'S + Er e gmas (mG)) <210 GeV)
Gty (virtual) : O lep + multi's +E7 ice @ mass (m(i‘:)<1m GevV)
Gtlx, (virtuall) 0 lep + 3 bj's + E; s § mass (m(x) <50 GeV)
§§»Bt?§f (reald) ) . Gfnass (m@) =60 Gev)
. 1—>bxl :0lep +2-bjets + E .. _ b mass (m(x <60 GeV)
T (very light), T=b%> - 2lep + E ... : eV Tmass  (m?)=45Gev)
T (light), T=b%" : 1/2 lep + b-jet + E; ries |L=87®".7 TovICONF20120701  120-1781GEW [ MASS  (mG)) = 45 GeV)
E(heavy),z—» 10 lep + b-jet + E ., |L=47",7 TeV ICONF-2012-0721 380-465 _tmass
tt (heavy), t—=tx - 1lep + b-jet + E; ... |L=47m",7 TV ICONF-2012-0731 230440Gev| t mass (
it (heavy), T=tx, : 2 lep + b-jet + Ey ,, |L=47",7 Tov ICONF-20120711 298305 Gev | Tmass (m@)) =0
tt(GMSB) - Z(—ll) + b-jet + E__ |27 Tev tiz08673eNNF0GEV! t mass (115 <m() <230 GeV)
- T Tk, -2lep + E,::: L=471",7 TeV [CONF-2012.0761  [§3i80IGeWN | mass (mG)) =0)
i""’_i’—;lv(h‘,‘)» % 22lep + E . |L=47 "7 TeV ICONF-2012-0761 PasEseeew ;. mass (m&: 0, m(T,V):Q(m&:)-rmﬁ: )
o 5I(lvv)+v+2 |t e, 7 Tev WFML— %, mass | (m@) =mGx), mG;) =0, m{i¥) as above)
AMSB : long-lived - 1 %, Mass (1<) <2ns, 90 GeV linfit in [0.2,90] ns)
Stable § R-hadrons : Full detector 5 G g mass
Stable b R-hadrons : Full detector b mas
Stable T R-hadrons : Full detector t ma
Metastable § R-hadrons : Pixel det. only : mass ((g>10ns)
GMSB : stable® - Tmass (5<tang f20)
RPV : high-mass ep v.Mmass (a,=0.10,1,,,=0.05)
Bilinoar APV - 116p + 5 + £, .. |8 iios s TR Ga G =0 M2 (c,., <15
BC1RPV :4lep + Ey oy g mass
Hypercolour scalar gluons : 4 jets, m; =~ m,, |1-3apb”, 7 Tev r1110.26031 1005185GeV| sgluon mass  (not excludedim,,= 140 = 3 GeV)
Spin dep. WIMP interaction : monojet + E; .. : > M* gcale (m, <100 GeV, vector D5, Diracy)
S| | [ IM’; Sl (ml<100|GeV,!e?sot[l)9, Dlim?‘)l Ll

10" 10 55
1 T V Mass scale [TeV]

Inclusive searches

3rd gen. squarks
gluino mediated

3rd gen. squarks
direct production

EW

*Only a selection of the available mass limits on new states or phenomena shown




Focus of 2012

e How p-physics is influenced by the news!? Lorenzo Calibbi

6,; dependence

Type I |: in general the connection between seesaw couplings and the
PMNS is ‘washed out’ by the matrix R Casas et al ‘10

However, theoretically motivated examples where the correlation is there:

e Trivial mixing from RHv (i.e. R~1) :

/ T e |2 . .
—> BR(p — ey) x |(’uj:” )2 UUZ, (hierarchical RHv — k=3)

107 01 0 ey
e omy=(10",10 107 ) GeV
10_82_ v _ nvu“““u"“ E

109

= 10"0¢

[ a 3
10*11 é_—-i'L ..l
Qo

SPS.1b_+.
SPS2
SPS3 =
SPS4 ©
SPS5

6 8 10

%13 (°) Antusch et al. ‘06

LFV vs 0,3 Lorenzo Calibbi (MPP)

e Not only a direct dependence on the angle




Focus of 2012

e But also the mass scale that is tested is far beyond the LHC

Introduction

Lorenzo Calibbi

Why LFV?

* Unambigous signal of New Physics
» Stringent test of NP models

* It probes scales far beyond the LHC reach: BR(y— ey) <1075

Process Relevant operators Pres. Bound on A (¢ =1) Fut. Bound cn A (e =1)

o 8 T 107 1

wore (e en) (ern''er) 17 TeV 166 TeV
oz (Frer) (Prer) 10 TeV / 08 TeV

oz (I yten ) (dpytdy) 33 TeV 577 TeV
p— e in Ti B
Tz (Firer)(drdr) 59 TeV 1000 TeV

7 by

/

LC Lalak Pokorski Ziegler ‘12 BR(p1 — eece) < 1071 CR(pg —ein Ti) < 5 x 10717 Susan Gard ner

[ — eee

LEVvS 615 Note too recent CMS limits [120s.0272) on pair-produced new particles at 95%

CL:

mg > 1098 GeV my > 737 GeV m;z > 223 GeV

In the absence of signals from the LHC, EDMs can give crucial insight.
Note talk by K. Blum.

S. Gardner (Univ. of Kentucky) EDMs@Project X NuFact 2012, W&M/JLab 6/1



Focus of 2012

But also the mass scale that is tested is far beyond the LHC

Lorenzo Calibbi
0,; dependence

Type I |: in general the connection between seesaw couplings and the
PMNS is ‘washed out’ by the matrix R Casas et al 10

However, theoretically motivated examples where the correlation is there:

 SO(10) GUT (‘PMNS mixing’ case): BR(p — ev) }yt #SU;E

mo € [0, 5] TeV
{ 0 for mSUGRA
0, 5] for NUHM1 o
mysp € [0.1, 2] TeV
Ag €[— 3mg +3my)|
sgn(p) € {—

Ampyg €

U5 = 0.11

/1000 2000 3000 4000 5000
LHC M,[GeV]

124.5 GeV < my, < 126.5 GeV
LC Chowdhury Masiero Patel Vempati, to appear

LFV vs 0;3 Lorenzo Calibbi (MPP)




cLFV Experiments

R. Bernstein

CLFV Experiments

* CLFV in the Muon System

History of 4 — ey, uN — eN, and u — 3e

1
10

107

10°

Introduction

w

= = A AMEG Expected 2013 104

ormwse s B iMprovement
Mu2e, COMET £
i followed by
Project X, PRIME [

10-19 | I I | | | I I | | | I I | | | I I | | | I I | | | I I | | | I I | | | I I | | | I I | | L1 additional
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
X100 followed

by...

R. Bernstein, NuFact 2012 WG4
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u—ey search status

44 P—>ey ‘experimental signature g Elisabetta Baracchini

x
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I 1
Run20094+Run2010

N\

u*/é

v /v

Il AL llll | I

Run2010

100

Number of |1° on target

L1l l‘ll‘l‘ll'l 11l llll | II

+

u st rest Physics BG Accidental BG 80 |
Signal (radiative muon decay) * <52.8MeV 60
40

* 52.8MeV .« <52.8MeV * Any angle 2011 > 2010 + 2009

* Back-to-back « Anv anale * Random 20 . a2
- Time coincidence || . Tin}:e cgincidence l 1 .‘ i | statistic!ll
14/06/1103707/11 21/07/1108/08/11 27/08/1114/09/11

/ Last Updated on Wed Jan 25 07:05:09 2012

llll | IIIIIITI I II |

!
!

T e T R e T A 7 E.‘;COHC'USiOhS & PI"OSEZCTS{E

Most intense DC muon beam of
3 x 107 muon/s at PSI

¥ 2009 + 2010 MEG data analysis consistent with null signal

| Quasi-solenoidal spectrometer I ) : db 5
& low mass drift chamber for e Most stringent UL on LFV improved by a factor

o /
%ﬁ N * kinematic measurement BR(u*— e*y) < 2.4 x 102 @ 90% CL I
11‘903"‘—’ 5 e .~ Timing Countet / e \ L
/A /8 2
"1$FH

COBRA Magnet
Drift Chamber

¥ scintillator bars and fibers for ¥ MEG 2011 dataset > 2010 +2009 statistic with improved frigger, DAQ and DC
e’ timing read by PMT/APD noise conditions

Stopping Target

I T J 1

Liquid Xenon
-ray Detect:

.

\— 1 ) : ¥ Liquid Xenon calorimeter for Expected sensitivity with 2011 data: 1 x 10°%
photon detection read by PMT Stay tuned!! :)

7% ~107 fully efficient trigger bkg ¥ 2012 data taking starting this week
suppression

Eeimas e s $ Upgrade proposal getting finalized and soon to be presented to INFN (this week)
of uniform B field for and PSI (end of the year)

T Constant beﬁding radius independent good momentum oo 14
e+ quickly swept out of emission angles resolution and high pile Upgrade proposal sensitivity O(107%) |

up rejection

E. Baracchini - MEG Experiment: status and prospects - 24™ July 2012 - NuFact



u—ey search status

e MEG Upgrade towards (5+6) x 1014

A DC Upgrade: DRAGO

¥ etector concept:single volume low ma as aevectror, wi mall cell ~ /X/mm and a ereo
¥Detect t:single vol | ss gas detect th small cell ~ 7x7 d all st

#Use of fast electronic to perform cluster timing for improved hit position resolution

#Less material along e+ path and fracking until TIC hit

drift tube

cluster timing:reduce time
luctuation of first cluster adding
information from other cls

all clusters

" bfem] |

$RA&D status Expected performance from
MC simulation:

€er = 90%
op = 110 KeV
Oy/6 = 6-5 mrad

€Preliminary frontend developed and successfully tested
¥ small prototype for resolution study nearly ready
€ Additional prototype for aging study under construction

E. Baracchini - MEG Experiment: status and prospects - 24™ July 2012 - NuFact

0,606 \ viewer-0 (OpeninventorXt)

* New Experiments? SN
— convert the photon

Elisabetta Baracchini

Other problem:

Need target extended in z
(~150 cm) since gamma is

pointing in from so far out.

Putting calorimetry / tof
On sides doesn’t work...

They could go inside
converter if they’re not
too thick

Fritz DeJongh

16




Which is the ultimate reach of a p—ey search?

And, in the meanwhile we want to hear, in 2013
- The updated MEG result

- The sensitivity and schedule of the new upgrade

- Calibration & alignment of the new chambers

Photon conversion promising, but still problems
- How to deal with the high rate of positrons?

- pattern recognition?

- background from positron AIF?

- Which are the characteristics of the new tracker?

- At which muon momentum?




e Need 107 p/sec. Two stages

o

The Mu3e Experiment Double Pulse Resolution ming Detecto

New experiment to search for y—eee? Pge
e LOI at PSI for a new p—eee experiment (HV-MAPS + fibers)
©

Recurl pixel layers

Ratio of unresolved Double Pulses

Scintillator tiles Inner pixel layers

—_—
—_—
——— ¥ pBeam Target ¢
R
T

Sdintillating fibres

o resolved to
o unresolved double pulses

« 527 +0.01 us

I I I « Raftio of
(I

Outer pixel layers
resolved DP

+ Target double hollow cone
¢ Muon beam O(107/s) » Silicon pixel fracker

+ Helium atmosphere + Scintillating fiber tracker
« 1T B-field * Recurl station

» Tile hodoscope

; 5elay fus]

® Dirk Wiedner, Mu3e collaboration 7/24/2012 ® 14 ® Dirk Wiedner, Mu3e collaboration 7/24/2012 @23 >oration

e
Inner Double Layer Schedule

+ 2012 Letter of intent to PSI, tracker prototype,
technical design, technical design report

* 2013 Detector construction
* 2014 Installation and commissioning at PSI
« 2015 Data taking at up to a few 108 u/s

* 2016+ Construction of new beam-line at PSI

« 2017++ Data taking at up to 3107 p/s Dlrk Wledner

Very stable self supporting structure

18

® Dirk Wiedner, Mu3e collaboration 7/24/2012 27 ® Dirk Wiedner, Mu3e collaboration 7/24/2012 ®31



Which is the ultimate reach of a py—eee search?

And, in the meanwhile we want to hear, in 2013
- Update on the p—eee detector

- Tracking with silicon/fibers

- Track reconstruction

s there a way to merge a p—eee with an ultimate
sensitivity y—ey?




cLFV in the T-sector

T-LFV: T has many LFV decays — sensitive to many models

Belle is working on the final result of T=py: expected late 2012
— 980 fb!
— not only Y(4S) but also Y(15), Y(2S), Y(3S), Y(5S)
— Combination of Babar and Belle results

SuperKEK physics starts end 2015

Which is the status of SuperB?

Upper limits for t LFV searched for at

Belle
P s A Kiyoshi Hayasaka

T P T L

—h
e
L3

. A ' : : .
® ' ' : ' ' : BN HFAG-Tau
: P : | ' 2011

-
o
&

3 ® CLEO
e ] 0 BaBar
1 e Belle

—k
<

~J
I

—k
<
=]

= | 1 I 1 1 I =

= | ] I ] [ I -

i T L e e s I B B

=R FE R RS P B G v a's'e 2R R i R R MR A RR Wi i <I<<I<
" 1 @

¢ T2l Fo'z g 0HEe's gy TOE e LN kR ld LR PSR P X

90% C.L. Upper limits for LFV t decays

I@Iil@ Ij_ldl |1|m Ii‘@ Ii‘@ Ij_"q, Ii‘@ |1 2 B Iﬂlh I!‘!

Reach upper limits around 10-8 ~100x more sensitive than CLEO
Update using full data samples will be finalized soon! ™




Final [imit on T-cLFV decays!?
- combination of Belle & Babar

Status of SuperKEK, SuperB




High precision muon physics

* Mulan, TWIST, pCap — 2011
e Proton radius measurement with p-H Lamb shift

the proton radius puzzie R. Hill

————
CREMA 2010 - inferred from muonic H

CODATA 06
CODATA 02 ) )
2fit,p, n,x - inferred from electronic H u

zfit,p,n
zfit, p

TGRS - extraction from e p, e n scattering, TITINN

Sick 03

SELEX 01 data (this talk)

Rosenfelder 00

Merge! et a 96 - previous extractions from e p scattering The Pr0t0n radius is still a PUZZIE.

Wong 94

McCord et al 91 (as tabulated in PDG)

Simon et al 80

Borkowski ot al 74 - ‘iiwse edndane resolution may be ~50 shift in Rydberg (less mundane resolutions

Yu et al 72
Frerejacque et al 66

Hand et al 63 POStUIated)
‘ L

0.95 1

uod— v,nn
e pSun: p-capture rate on d better than 1.5% —_—

MuSuno=1.2%
Cargnelli 1989 exp.

— pp fUSiOn, SNO, 3H B-deca\/ Bardin 1986
Bertin 1973
Wang 1965

Future full EFT 6=0.5%
Marcucci 2011, hEFT

Summer 2011, Run 4: 5e9 good muon stops Ricci 2009, SNPA, hEFT
with decay electron — First analysis pass Chen 2005, pionless EFT
recently completed Ando 2002, hEFT

.. Adam 1990, SNPA
Fall 2012: Commission newly reconstructed

- Doi 1990, SNPA
beam line at PSI Tatara 1990, SNPA

Summer 2013, Run 5: After modest upgrades 350 '4(|)OI o
to TPC, preamps, triggering scheme - Collect
another 1E10 muon stops

2014, Run 6?: TBD

Status and Outlook

Robert Carey




Keep us up-to-date




Status of (g-2),and d,

* Measuring g-2 is possible through a series of “magic” things

ar _ &
dr _g2mc

FHS, + (9 3 2) 5 P05, PP*.

—a,‘)BXE

ILL — 6/)/ ‘C‘:-:)V
B

Cut in Ee
_}

BR(p — eV Hisano et al. ‘09 cut N angle
1071 — I

)
[

T T TTTTIT

o

T T FIITM

"
-

-
o

Million Events per 149.2ns
I

|é‘}{-¢| 04 o]
|65 88| =10 »

M Tre

60 80 100
Time modulo 100us [us] 2 4




Status of (g—2),and d,

e QED contriibution calculated at 5 loops in May 2012

116 590 000

t

(9.4 ppm) CERN 1L

—s—CERN U

E821 (97) 1
E821 (98)

- E821 (99) u:f
< E821(00) U
- E821(01) W

11

116 592 000
X

116 593 000
116 594 000

116 595 000
10

p—

James Miller

QED now calculated to 5-loops!

Complete Tenth-Order QED Contribution to the Muon g — 2

Tatsumi Aoyama,!*? Masashi Hayakawa,®? Toichiro Kinoshita,*? and Makiko Nio?
! Kobayashi-Maskawa Institute for the Origin of Particles and the Universe (KMI), Nagoya University, Nagoya, 464-8602,
?Nishina Center, RIKEN, Wako, Japan 351-0198
3 Department of Physics, Nagoya University, Nagoya, Japan 464-8602
! Laboratory for Elementary Particle Physics, Cornell University, Ithaca, New York, 14853, U.S.A
(Dated: May 29, 2012)

We report the result of our calculation of the complete tenth-order QED terms of the muon g — 2.
Our result is aLl " = 753.29 (1.04) in units of (a/m)®, which is about 4.5 s.d. larger than the leading-
logarithmic estimate 663 (20). We also improved the precision of the eighth-order QED term of a,,
obtaining af,&t' = 130.8794 (63) in units of (a/7)*. Using the best non-QED value of &, we obtain the
standard model prediction a, (SM) = 116 591 840 (59) x 10!, to be compared with the measured
value a,(exp) = 116 592 089 (63) x 10~!'. The difference ay, (exp) — a,(SM) = 249 (87) x 10~ is
about 2.9 s.d.

PACS numbers: 13.40.Em, 14.60.Ef, 12.20.Ds

« arXiv:1205.5370v2 [hep-ph] 27 May 2012
« 12,672 diagrams




(g-2) at FNAL

3.6 o: Theory & Experiment must do better (ames gl

The New g—2 Experiment:
An experiment to Measure the Muon Anomalous Magnetic Moment

to =0.14 ppm Precision

* Experiment: E989 at Fermilab = X4 better

— relocate the storage ring to Fermilab (operations $)

— use the p-bar beam line and debuncher storage ring (now called
the delivery ring) as a long decay line.

» CDO expected very soon. James Miller
* Building construction will begin in November 2012

* Precision x4 (+0.14 ppm)




(g—2) In Japan

e g-2 J-Parc uses a completely different approach
e Off magic momentum (no E fields)
e Ultra-cold muons from muonium emission

Lower energy & Compact storage ring
BNL E821 / FNAL g-2

.

1GeV/c,B=1.45T

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

Tsutomu Mibe
J-PARC g-2

1 1 A—72 MRIEEOHRK



(g—2) In Japan

, , Tsutomu Mibe
e Extremely important to reduce/understand systematics

o
3 GeV proton beam F
(333 uA)

Graphite target
‘ (200mm)

g -

Surface muon beam

(28 MeV/c, 1-2x108/s) 66 cm diameter

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

..‘\;\\ ok ad) 1 Super Precision Magnetic Field

(3T, ~1ppm local precision)

Resonant Laser lonization of Muonium
(~10° u/s)

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

a ’
*Dec 2011 CDR
°Jan 2012 stage 1 recommendation




2 complementary measurements ongoing

* p-HFES input to g-2.

e Previous number from LAMPF 1999
— statistics 107 ppb, B field 56 ppb
— improve to <1 ppb
— reach LAMPF statistics in 28 hours

Physics Motivation
Muonium = u" + e~

2
e 2 Sl/2

_A_ z 1047 MHz
Shift in HFS? <
NeW phySICS'P A=244nm 22P1/2

A 2455 THz

/ Hyper File Structure
Two-body bound state F=1, (AE, _ oOrAv_)
e\ Ml
of pure leptons. - —— MM/ T mu/mp
IS, \y

F=0

Precision measurement of AE___. “u/ W m / m
Sensitive test of two-body bound state QED

Yoshinori Fukao

e ultra-slow p production at RAL.
e cold moderator

® muonium ionization Dai Tomono

Wy Hial muvi vediil )
muonium

— slow muon t - ultrg slow muon
o >0 o o
— -~ - A J
L e '

R

=" . »

A

e muon beam

o
o

-

Ai_,, _; -
B
- L ]
=

e o

solid rare-gas film tungsten film
laser light

e Test for muonium ionization
materials

e Efficiency still too low << 1%
e Suggestion to use metallized aerogel




Proton EDM

e On the same line of dipole moment measurements

* Reverse Eand B Y. Semertzidis

e protons kept in orbit by electric field

14 As shown on the March 2011 review

The prOton " 2mp— with limited straight-section length
EDM ring

or cyclotron
excitation

Weak vertical focusing to optimi

. 16
SCT and BPM operation B: quadrupoles




Schedule in US and Japan
Detector design
New measurement of pHFS

Ultra-slow muons
- efficiency of the extraction
- polarization of extracted muons

Can be more specific in the different systematics
- magnetic field monitor




u—e transition

Muonic Atom (1S state)

p” + (4, Z) = v, + (A, Z - 1) 4 ———
& 0
L —e vv 4

— MC:DIO = 1:1000(H), 2:1(Si)/13:1(Cu)
— 1t(free p-) = 2.2 ps

Masa Aoki

—T(u3Si) = 0.76 ps Endpoint Spectrum showing
Charged Lepton Flavor Violation (CLFV) kground and MuZ2e signal

p +(A,2Z2)—e +(A2) p-e Conversion in Nuclear Field icted Signal (Tracking, backgrounds
Tl + (A, 2) — e~ + (A, 2)] ’ ’

BRI~ +(4,2) » e +(A2)] = 5o a5 o v T (AZ 1) ition, “Exact” DIO, Straggling, Timing, etc.)

7.56e+17 stopped muons |— DIO

Clear EV|dence Of the new phySICS 1e-15 Conversion Rate |—— Conversion

00 103.30 MeVic < P <104.70 MeV/c
U277 1U.U NSEC i DIO integral # 0.208 + 0.009 |

nactive>=25 : | _Conv.integral= 46717+ 0.464

tlerr<1.0 -
e ' 7.56 x 10'7 stopped p-

fitcon>1e-3 —! 4+ [47CEatR, =10
4 4 [021DI0

Pt t

N }

4 | Signal . : |
* A Reduced
ettt : | Resolution

0llllllllllllllllllllllllllllllIllllll llll Tails
101 1015 102 1025 103 1035 104 1045 7105~ 1055
M
22

Events pet

I |

Ed Hungerford

{Illlllll

-~

l




Extinction & beam transport

e There is no coincidence as in p—ey
e Monochromatic high-energy positron at the end of the spectrum
* Create muons — wait = measure

Peter Kasper

Extinction

> Ratio of “out-of-time” to “in-time” beam

1695 ns (0.59 MHz) ———

31 Mp/pulse £50% —

10710 Extinction

fe——— 925ns —Ibl

, 670 ns —> Search Window
EREEENIEENEEEE

500 1000 1500 2000
Time (ns)

e Need extinction < 1010




u2e @ FNAL apparatus

Production Detector

Transport Sol i
Solenoid olenoid 1.0T

Production J 2.0T Stopping Calorimeter

Target Collimators Tracker

Target

(not shown: Cosmic Ray Veto, Proton Dump, Muon Dump, Proton/Neutron absorbers,
Extinction Monitor, Stopping Monitor)

e Beam extinction monitor looks at the generated secondaries = monitor the
production target




Two schemes under consideration

Two Schemes Under

Consideration

> Pixel Tracker
* Located above and behind the proton absorber

* Samples 3 to 4 GeV/c positive charged secondaries
* Pixel detectors reconstruct and count straight tracks

with a well defined direction in 25ns time bins

» Mini Spectrometer
* Located beside the proton absorber
* Samples ~ 1 GeV/c positive charged secondaries

* Magnetic spectrometer with 4 scintillator stations
measures dE/dx, time of flight, and momentum of
identified particle tracks

e Take a decision by the end of the year

Peter Kasper

Filter for Pixel Monitor @

Filter magnet Monito

Production (too small to -
solenoid

Target

(too small to see)

Proton

— |
: : i
Beam —
Primary beam
absorber
0

2

Entry and exit
collimators
>

m
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e Got CDT inJune 2012!
e Starting in FY2019
Muon Production at FNAL 8! m

anti-proton complex — | Campus
G-2, NOVA, Mu2e Share Rec. Ring
Ring Revolution (1694 ns) fits

t(Al) = 864 ns

Recycler Rin
s:‘ F‘f Y g

Recyclerto P1 connection Muze PrOton Beam
8 GeV -8 kW

|
?\ and Extraction Kicker 4 )
i~ 4. 3.7x107 p/1.7 ps
. - o T
@3- “NOVA injectior P o

kicker T .’f A‘
/ i R \g TR,
J ‘% ‘r.‘ - '% e
; < 2, 3% . A / Muon Campus
Debuncher Ring g " = : Beamline
N — i 92
4 ; /

Debuncher
Ring

7/21/12 Lepton Flavor Violation 1

N
- b AN 1

u2e @ FNAL Status

e Antiproton complex = muon campus

Ed Hungerford

Schedule

H

CD-2/3b

1
Solenoid

1
Solenoid Instdllation

Infrastructure
1

1032232 |[BIsuU|

u A‘

suopesado

1
1

FY14

FY15

FY16

FY17

FY18




u2e in Japan = Comet phase | e |l
e Strong PAC endorsement in March 2012. Submitted proposal in July 2012

e Start construction in 2013

physics measurement + background study

COMET @J-PARC

Protons Protons Pion Capture Section

\\\ \ A section to capture pions with a large

\\ \\\ solid angle under a high solenoidal

\\ % magnetic field by superconducting

. Productlon Production maget
Pions '§ Target % Target

= —
Muons — =

TR0

I — I Stopping

Target

pesl

\
N

L

Staging approach

_Pions .
Detector Section
A detector to search for
muon-to-electron conver-
sion processes.
Muons P

/W/Mﬂﬂ:m %0000000000000000 00

Pion-Decay and
Muon-Transport Section
A section to collect muons from [HHHHHHHHHHF

decay of pions under a solenoi-
dal magnetic field.

"L

COMET Phase-l :

physics run 2017-

BR(u+Al—e+Al)<7x10-1° @ 90%CL
*8GeV-3.2kW proton beam, 12 days
*90deg. bend solenoid, cylindrical detector

*Background study for the phase?2

COMET Phase-Il :

physics run 2019-

BR(p+Al—e+Al)<6x10-17 @ 90%CL
*8GeV-56kW proton beam, 2 years

*180deg. bend solenoid, bend spectrometer,

transverse tracker+calorimeter

[ A. Sato

Pr
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Status of COMET project

® \We have submitted a LOI of a staging plan and ap roposal of Phase-| to the J-PARC PAC.
COMET Phase-I: A proposal has been submitted (July 2012)
® B(u+Al—e+A)<7x107° @ 90%CL
8GeV-3.2kW proton beam, 12 days
90deg. bend solenoid, cylindrical detector
® Background study for the phase2
COMET Phase-ll: Stage-1 approved (2009)
® B(u+Al—e+A)<6x10" @ 90%CL
8GeV-56kW proton beam, 2 years

180deg. bend solenoid, bend spectrometer, transverse tracker+calorimeter

After a discussion in the last PAC meeting (16-17, March, 2012), We got a strong recommendation from
the J-PARC-PAC.

"COMET is a high priority component for the J-PARC program.” (KEK/J-PARC-PAC March/2012)

The IPNS proposed, as the first priority item in the next 5-year plan, to construct a proton beam line
and the 1st half of solenoid magnets for COMET Phase-I. The PAC endorsed the laboratory plan.

J-PARC plans to submit a budget request to the Ministry of Education, Culture, Sports, Science
and Technology, the budget includes 20M-USD(1USD=100JPY) for the COMET-phase1.

The construction will be started from 2013.




Points of COMET(S.E.S 1015,

Akira

Production
Target

W/%

T

Wb

ARAnAAnn

it
]

i
i

Tl

Stopping
Target

e

\

il

COMET Phase-l :
physics run 2017-

BR(u+Al—-e+Al)<7x10'° @ 90%CL
*8GeV-3.2kW proton beam, 12 days

*90deg. bend solenoid, cylindrical detector

*Background study for the phase2

Intense Pulsed Proton Beam

S 3.2kW (12 days)

width~100ns, separation>1pus

Extinction level < 102 i d 0 cEi il

Pion Capture Solenoid
5T superconducting '« -

Long Transport Solenoid

L>10m eliminate
energetic p (>75 MeV/c)

Curved m Solenoid pions

Thin Stopping Target
Al 200pum x 17

improve
e” energy resolution

Electron Spectrometer
Curved Solenoid

Cylindrical drift chamber

Goal of COMET Phase-l

® Background Study for COMET Phase-I|

® direct measurement of potential background sources for the full COMET
experiment by using the actual COMET beamline constructed at Phase-|

® Search for y-e conversion

® a search for y——e~ conversion at intermediate sensitivity which would be
more than 100 times better than the SINDRUM-II limit




Results of Extinction Measurement (June, 2012)

Extinction @ J-PARC MR Abort

Measured Extinction
TTT IIII|

I IIHIIII [ IIIIIIII

LI IIIIII|

1 1 1 l L L L L l L 1 1 L l 1 1 1 1
150 200 250 300
RF voltage (kV)

o

® proton extinction factor of 1.5 x10-'" has been achieved.
at MR abort line after acceleration up to 30GeV.
Next step: measurements at SX line.

ll + Single bunch kick injection

New

residual

protons
e

' 598ns shifted at
. primary injection

N \_’

for injection
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Schedule of COMET and Mu2e

e"&

__—-._-:
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Design

Nyt
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, R&D

Do
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Final Design

\y

COMET

i
X
|
|

Eng. Phys. COMET Phase-I -

Run Run S.E.S < 3x1071° :

|
|
|

Design, R&D

COMET Phase-Il i
St

Eng. Physics Run 1

Run

Design, R&D

MuZ2e ;

S.E.S = 2.4x10'17:

Final Design

Engineering Run Physics Run




Status update
Extinction measurement solution (FNAL)
The results of the extinction measurements




u—e in the meanwhile: DeeMe

e Deeme search for p2e @J-Parc with a 10-"* sensitivity in 2015

— Stage 1 approved in 2011

e Production target is also the conversion target (SiC to have high-Z material)

- -

Parc H-beam line

D M P4 1 Muon Target Ma
ee e Proton >
T Pion Production

Process : u +(A,Z) > e +(A,2) Pion — Muon o
A single mono-energetic electron | ¥ Muonic Atom Formation 0

. 105 MeV - —1—

« Delayed : ~1pS %}V-P BG P;"“Pt BG J
No accidental backgrounds ———— |Delayed | |

_ 105 C || Magnet

Physics backgrounds Prompt Kicker Spectrometer

(I\/Iuon Decay in Orbit (DIO)
* E.>102.5 MeV (BR:10™%) > e Low Energy main part: suppressed by the

* E.>103.5 MeV (BR:101%) beamline.
S————————— ®High Energy tail: Magnet Spectrometer (Ap <
Beam Pion Capture 0.3%)

¢ T[-+(AIZ) 9 (Alz-l)* % V+(AIZ_1)

> e Main pulse: Kicker to reduce the detector
rate.

y—>ee

- Prompt timing ) eafter-protons: Suppressed owing to the

extremely small after-protons from RCS --

Rap< 10'17.

sa Aoki
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H-line Construction Status

H-line is multipurpose beamline
& hﬁ»', -DeeMe
%o 19 .g-2/EDM
o -muonium HFS

A

imeynorkshop@ 2 ?75 - uCF and other muon programs

. ~e

ML St v bt Front-end magnets are already fabricated.




SiC Rotating Target

Extremely important to increase the physics sensitivity:
® fcxfmc = 0.08(C), 0.46(SiC).

® proton loss: 5% — ~10%
Discussion with neutron group is ongoing

Development of a graphite rotating target has almost
completed. It will be installed in the summer 201 3.

Build another one with SiC fins instead of graphite fins;
planning to install in 2014.

rotating target module




Question for DeeMe:

Keep us up-to-date with the schedule

SiC Target
Spectrometer
H-Line
Prompt Kicker

Run

©
S
u\\’\’»

’»

S5
bs\'\\ ‘

T
~NY
<O ‘\\r\,

o

-
»
> X
o\

u\'\’\q’

fabriSHONN BEESERN ifStallation
design = const.  test&inst.
design test ~ construction




J-parc muon facilities

e U-beam line is under construction
— Curved solenoid tested and installed

Yutaka lkedo

3GeV proton beam U - I i n e

25 Hz repetition rate
333uA, IMW Muon Target

. Proton e __Superomega beamline

. beamline * The second muon beamline under ,
e . construction on U-line in MLF/J- xd solenoid
PARC.
Superomega * First aim of Superomega is surface

beamline muon source for Ultra Slow muon

ik [lTl  beam with high intensity and high

luminosity.
» D-line: In operation.

Decay and surface muon.
Intensity: 1 x 107 u*/s

» U-line: Under construction.
Superomega beamline.
Design to capture and transport
muons up to 45 MeV/c.

O U-line
% Ultra slow

muon beamline

Curved solenoid is placed on the
trolley with radiation shields.
And linearly inserted into U-line
tunnel on the linear guide.




Novel beam lines

e MuSIC at Osaka University

e Produce 10% p/sec with only 400W p-beam

Akira Sato

Muon collection at the MuSIC

Conventional muon beam line

proton beam

proton beam
-1000kW

target
graphite
t20mm
@70mm

Capture magnets

SuperOmega

broton beam loss Q:400mSr

<5%

to the neutron facility

MuSIC,COMET/Mu2e,PRISM,
Neutrino factory,
Muon collider

MuSIC

proton beam

<\\7 Transport solenoid

MusSIC

proton beam
-0.4kW

target
graphite
t200mm
@40mm

Capture solenoid

Collect pions and muons
by 3.5T solenoidal field

to a beam dump

Akira SATO

Large solid angle & thick target




Akira Sato

Schedule

storage ring \

Matching and ]

Pion and muon
transport solenoid

J

Injection system

2013-2014 JPY

Constructed in 2009 JPY
and operated

‘ Proton beam line

10000 solenoid * The schedule depends on
- the budget situation.

2015-2016 JPY

Pion capture

Akira SATO MuSIC ; Status and Prospects -, 201 2/07 .4




Number of negative muons at the 36 deg exit for | JA proton beam

beam test simulation

e Measured the # of muons from target. At low p-current. JlCumeime ieo [ a7z09n0 | 1t
Proton beam | Im‘ u:ip‘m

nnnnn

— muon iC X_rays [ energy spectrum | P
700 F Full enir
. . . Mg-ulLa _rLa(74.7ke 2 pea
— muon lifetime (capture in Copper) )| By L N W
. 500 DT T R “"’z.mé}‘
e Extrapolate at high proton beam —
4ke -rays (51 IkeV
h ' ) ' N (296fk V) y-rays ( )
— can the target survive? Yes!
100
Muon Life O 200 300 @00 500 600 700
8 Stopping target : Cu Energy [ke
Enfies 799548 PSS

L [The slope consists of three exp. components: LA 5963

- |11=2.197 pus: p* ' . RMS 4830

72=2.026 ps : p in C (Plastic) Xz / ndf 9938 /1173

73=0.164 ps : p in Cu pO0 1184+ 185.6

p1 173.3+16.8

. p2 1055 =+ 8.9
Terminal Temperature bs

p4 255.5+1.0

z N = Ag + Aq e 2l M 5e /™
T — TO _|_ (Tf - TO)(]_ 800; [2x108[u+ /séc/uA] was observed with 6pA proton beam. ]
Tr~ 4.4K soof-
400 = M
—REF1_2ND (PLC) 200
—REFz_ZND(pLC) :1111111111111111111111111111111
—REF3 2ND (pLC) 00 2000 4000 6000 8000 10000 12000 14000 16000
_OUTER1 (PLC) Akira SATO MuSIC = Status and P:L:;t]s?(zro]lj/?ﬁ 7 E
OUTER2 1 Status and Prospects - 2012/07
OUTER3
INNER1
INNER2
—INNER3
INNER4
—INNERS .
| —INNERS Akira Sato

2012 2012 2012 2012 2012 2012
06/21 06/21 06/21 06/21 06/21 06/21
18:59 19:05 19:11 19:147 19:23 19:29

The coll temperature up to ~6.5K is acceptable.
MuSIC can work with 400W proton beam.

50



Question for MUSIC:

nich Is the spectrum

nich is the rate as a function of p

nich is the polarization

Possible experiments in the beamline
Pion and Muon transport solenoid status




The Future

* Project-X, PRISM/PRIME
- p2eto3 x 107"

e to have more muons — forward capture and cool

e at the limit of technology for B intensity, radiation etc...

See WG3+4 joint session
talks

Muons NOVEL MUON BEAM FACILITIES FOR PROJECT X AT FERMILAB * . . . -
H oA 3 Fermilab FFAG Ring Choice L)

(osract o et b ion e . “Candelabra Beams” ’ ‘ M

to-electron

conversion are described. Elaborating upon a previous single-beam idea, . ab Project X [2] Emac. A varieey of . mt 11 N L
desizn concept for a system to mwmmmmmmmdul ! T =

sign) from a single beam of protoms. As a first step, mpmmdpnsbylndscd 8 o -

pmﬁummmmxhxnrm being simulated with the
8-GeV results from the previous study.

MECO[S)

eon Fasi
came  highar

hﬂlywuuhgh-zmmﬁmﬂ; = ) ) 1;7‘1/7 l wt prcf(on rr’l 7l 7771

P:q-:x-dxh. 33-GV CW KT s
SGeV = ~ |
oV CW lizmae. The a0t i the CW Bxacis 1 mA, S Figure 4: Layout of single dipole with two targets and four wedzes to 14 i

b-nw-m of | 2233 MW 2t 1 md 3 GeVl sapaceisly m produce four monoenergatic pioa beams from 2 single protoa beam. € hd 4 2 0 2 4 3 & %ﬂ

p(MeVic) for Pions per Watt from 1, 3, & 8 GeV Protons onAu ' I I ‘ = - -2 0 2
|

4 6

ot Tho liftize of 3
10 Smes shorser i that

P,..=200 MeV/¢ | B=5.i irecti 1GeV  cos(8) vs. p(MeVic) per Watt on Au 3GeV
With (Cul Without We x - In
o 5 vl il R G
;. i L A | " & i e S
L ; - 3 A - I o e
£ - v

x[m]
Non-Scaling

Reference design

* We need to decide
about the possible baseline
. update very soon.
s e e o © % « The choice is dictated by
mmﬂmgmmmwmmﬂ the performance.

‘normalized to 1 watt of beam power. The placement of the plots (right/left &

ol s e ocaionet e i g Advanced scaling FFAG

Figure 3: The fuxes of x (ums)lxlr (Gower) exiting Cas(ﬂ *chuck(@nmonsine. com
and PVeV/ )hmﬁl&vﬂeﬂﬂmnﬁﬁv(nmwﬂ We wsed *Work supported in part by purchase order # 605028 from Fermilab

a2 6 10

Advanced NS-FFAG

J. Pasternak

C. Ankenbrandt, V. Blackmore, J. Pasternak, T. Luo...
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The Future

Layout of the PRISM/PRIME 8y

QR
" Pion Production Target
and Capture Solenoid

w

]
N
N4 / \\

\

W, 5

gt

"

AnAnAn

=
= -m

Muon Transport
Channel

PRISM - Phase Rotated Intense Slow Muon beam

HT‘A_A
R i 3
'\\ﬂ_‘ LT
TR

Uiy

Muon Stopping
Target
K > See WG3+4 joint session
talks

Electron
Spectrometer

Detector
Solenoid

Single event sensitivity — 3x10-1°
——
The PRISM/PRIME experiment based on FFAG ring
was proposed (Y. Kuno, Y. Mori) for a next

E{I:l%r;rir:fdrggha;e 7 r
generation cLFV searches in order to:
- reduce the muon beam energy spread

by phase rotation,
- purify the muon beam in the storage ring.

J. Pasternak




Questions to NUFACT 2013

e R&D of intense muon source
PSI
e MEG New results & Upgrade MusSIC |
° u—eee J-PARC Beam lines
u-e conversion Muon production
e Mu2e * Muon collection / Cooling (MICE...)
e COMET Phase | & II e Work towards muon collider

e DeeMe *p-EDM

J]-PARC MUSE activities : H-Line *Beyond

e Mu HFS * Project-X

e ultracold-p production * PRISM/PRIME

¢ g-2/EDM * Theory

FNAL g-2 ° Refle.ct LHC results
T-sector ° Higgs

e combined Belle and BaBar results * Supersymmetry

e Neutrino oscillation parameters

Precision tests ° Jis
e cross sections (MuSUN) * dcp

* news on proton radius

e Prospects for Belle-1l and SuperB




Thanks

e The Organizers
e All WG4 participants for the fruitful discussions
* My co-conveners




