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The Standard Model is
considered to be
iIncomplete.

New Physics is needed.

The Standard Model of
Particle Interactions
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Leptons Quarks
Force Carriers
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charged lepton flavor violation (CLFV)

[ muon decay parameters

Lamb shift of muonic atom j
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Static
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Ay = (gu_2)/2

Experimental value

a = 116592089(63) x 10~

Theoretical value

a, " = 116591828(50) x 107"

Deviation (more than 30)

Aay, = a,; P — aEM — 261(80) x 10~

Experimental and theoretical
uncertainties are almost the
same.

Polarized muon beam needed.



a, = (9,—2)/2 ® FO89@FNAL: aims at <0.14ppm

| (a factor of 4 improvement).
Experimental value o T
a = 116592089(63) x 107" el |

Theoretical value

a," = 116591828(50) x 10~

Deviation (more than 30)

Aay, = a,; P — aEM — 261(80) x 1071

. g-2 project @ J-PARC!

3 GeV proton beam
(333 uA)

Experimental and theoretical o o
uncertainties are almost the
same.

Polarized muon beam needed.







£=ﬁxﬁ+gxﬁ
dt

current limit (from g-2)

d, <28 x10""e-cm

mass scaling of lepton EDM
Np Ty
d, o 3

d, < 87 x10"*¢-em

Some theoretical models avoid
mass scaling.

Polarized muon beam needed.



§=ﬁx3+jxﬁ
dt

current limit (from g-2)

d, <28 x10""e-cm

mass scaling of lepton EDM

d, < 87 x10"*¢-em

Some theoretical models avoid
mass scaling.

Polarized muon beam needed.

e £34 at J-PARC: aims at EDM
du<1.3x1021 e-cm (statistical only).

® BNL proposal on muon EDM
du<10?4e-cm in a storage ring.

The muon spin precesses vertically

(Side View)
Upper Detector
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Lower Detector
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Quarks | $ - Quark
& ' transition
observed

Neutrino
transition
observead

Leptons

Charged lepton
transition
not observed.
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/\ 1S the energy scale of new
physics (~mnp)

Cnp is the coupling constant.

dimension 6



/\ IS the energy scale of new
physics (~mnp)

Cnp is the coupling constant.

dimension 6

New Physics could be....

very high energy scale /A with Cnp~1

olf

very small Cne with not-high energy /\
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/\ 1S the energy scale of new
physics (~mnp)

Cnp is the coupling constant.
dimension 6

ex: Charged lepton flavor violation (CLFV),
u—ey (B<5.7x1019)

CNP - (6)
Az

Clie e 0" upd A > O(10°) TeV with Cpe~O(1)
A2 e

olf

A>2x10°TeV x (Che)? .

Cue~0(109) with A < O(1) TeV.




m, 2

B(p — ey) = |Z (VMmN s) M(VMNS)elM—z
4%

327

GIM suppression
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327 M‘%V

GIM suppression




B(p — ey) =

GIM suppression

|Z (VMmns) (VNS el

_
327 M‘%V




Osaka University




SM suppressed process amplitude
| A + €NP|2 A |ASM|2 + 2Re(Asmenp) + \61\1\2

subject to uncertainty of SM prediction

SM-forbidden

\ASM =+ SNP\2 ~
e

rate
OIFOCESS

could go higher energy scale

NP contribution




SM suppressed process amplitude
| A + €NP|2 A |ASM|2 + 2Re(Asmenp) + \81\1\2

subject to uncertainty of SM prediction

SM-forbidden

\ASM =+ 6NP\2 ~

rate
OIFOCESS

/AsM/\Q—FQRG SMENP) +

could go higher energy scale

NP contribution
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SUSY model extra dimension model

B(uTi — eTi) x 1012 fte10 tan 8 = 10 o8 Mgy = 10 TeV
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W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub
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The pattern of measurement:
* % % large effects

* *
*

visible but small effects
unobservable effects

IS characteristic,
often uniquely so,
of a particular model

AC [10]

RVV2 [11]

AKM [12]

SLL [13]

FBMSSM
[14]

LHT [15]

GLOSSARY

RH currents & U(1) flavor
symmetry

SU(3)-flavored MSSM

RH currents & SU(3) family
symmetry

CKM-like currents
Flavor-blind MSSSM

Little Higgs with T Parity

These are a subset of a subset listed by Buras and Girrbach
MFV, CMFV, 2HDMyr, LHT, SM4, SUSY flavor. SO(10) — GUT,
~SSU(9)un, FBMSSM, RHMFV, L-R, RS, gauge flavor,

RS [16] Warped Extra Dimensions




“DNA of New Physics”
(a la Prof. Dr. A.J. Buras)

W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub
e Trovve L arnt | i | pBMSSM The pattern of measurement:

— x| x| = * % * large effects

ex * | kkk | Kkk * %  visible but small effects
S KAk | Fokk | Kokk * unobservable effects
Seks *kk | Kk IS characteristic,

Acp (B = X.7) *x | * often uniquely so,

Ars(B — K'p'p) | %k * :
B oK) | % | % of a particular model

B — K®up * * GLOSSARY

B, — ptu” AC 110 RH currents & U(1) flavor
Kt — atve * * - SIS

Ki — 7% * * RVV2 [11] SU(3)-flavored MSSM

p—+ ey *kok | okok AKM 112 RH currents & SU(3) family
T — Wy *kok | okok [12] ST

L oLL [13] CKM-like currents
*kok | dekok * FBMSSM

Fookok | kokok | ok * [14]

(9 —2), *hkk | hkok | kK * LHT [15] Little Higgs with T Parity

Flavor-blind MSSSM

These are a subset of a subset listed by Buras and Girrbach RS [16] Warped Extra Dimensions
MFV, CMFV, 2HDMyr, LHT, SM4, SUSY flavor. SO(10) — GUT,
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process present limit future
u—ey <5.7 x 10713 <1014 MEG at PSI
—eee <1.0x 1072 <1010 Mu3e at PSI

uN—eN (in Al) none <1071 Mu2e / COMET
uN—eN (in Ti) | <4.3x 1072 <1018 PRISM
T—ey <1.1x107 | <10°-10" superKEKB
T—eee <3.6x10% | <10°-101 superKEKB
T— L) <4.5x108% | <10°-101 superKEKB
T— LU <3.2x10% | <109-101 KEKB/LHCD




Process

present limit

future

p—ey

<57 x1013

<1014

MEG at PSI

u—eee

<1.0x 1012

<1076

Mu3e at PSI

uN—eN (in Al)

none

<1076

Mu2e / COMET

uN—-eN (in Ti)

<4.3x 1012

<1018

PRISM

T—ey

<1.1x107

<1079-10"0

superKEKB

T—eee

<3.6x 10°

<109-1010

superKEKB

Ty

<4.5x 108

<109-1010

SuU

nerKEKB

T L

<3.2x 108

<109 -1070

KEKB/LHCb
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1s state In a muonic atom

%@

muon decay in orbit

u —evv

nuclear muon capture

u +(A %) —=v, +(AZ-1)




1s state in a muonic atom Neutrino-less muon
nuclear capture

u +(A,2)—e +(AZ)

%@

muon decay in orbit

u —evv

nuclear muon capture

u +(A %) —=v, +(AZ-1)




1s state in a muonic atom Neutrino-less muon
nuclear capture

u +(A,2)—e +(AZ)

@ Event Signature :
& a single mono-energetic
S % electron of 105 MeV
Backgrounds:
muon decay in orbit (1) physics backgrounds

_ - ex. muon decay in orbit (DIO)
(2) beam-related backgrounds

nuclear muon capture ex. radiative pion capture,

_ muon decay in flight,
u +(A,2) =v, +(AZ-1) (3) cosmic rays, false tracking
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Beam

background

challenge

beam
Intensity

p—ey

continuous
beam

accidentals

detector
resolution

limited

u—eee

continuos
beam

accidentals

detector
resolution

limited

L-€e
conversion

pulsed
beam

beam-related

beam
background

no limitation
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normal muon decay

U-e conversion and
muon Michel decays
are well separated.

U—eee LU-& conversion

i

52.8 I\/IeV 105 MeV
electron momentum spectrum
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 Pion capture in solenoid

» Phase rotation

* Muon cooling

 high power proton driver

» proton bunch length (short)

* muon beam transport

 requirements for kickers and
RF (for proton driver)

» technique in machine design

» beam dynamics studies
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 Pion capture in solenoid

* Phase rotation

» Muon cooling

 high power proton driver

» proton bunch length (short)

e muon beam transport

* requirements for kickers and
RF (for proton driver)

» technique in machine design

» beam dynamics studies
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high power proton beam

high muon yield

pulsed muon beam with proton extinction

muon beam with momentum selected

narrow energy spread of muon beam

pure muon beam (pion< 10-29)

low emittance (cooled) muon beam
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... In the short-term

B(pN — eN) < 1071°
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high muon yield




high muon yield

Proton Beam

Pion Capture Solenoid

Matching Solenoid

Production Target

/' Radiation Shield

proton target in a
solenoidal field (~5 T)

a long proton target
(1.5~2 interaction length)
of heavy material




high muon yield

Matching Solenoid proton target |n )
solenoidal field (~5 T)

Proton Beam :
Production Target

a long proton target
(1.5~2 interaction length)
of heavy material

Pion Capture Solenoid --"'..Ra diation Shield

C)(‘I 01 1) StOpped IJ_/SGC note: dependent on
for 50 kW prOtOﬂS solenoid field and aperture,

proton target material.
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GM cryocooler

3.51 and graphite target

2.0T with 0.04T dipole field

Proton beam line

SUS radiation shield 4 AN ) N4 Transport Solenoid

Beam Dump

Graphite target

Pion Capture Solenoid

3.57
Iron yoke

Osaka University
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3.51 and graphite target

&

GM cryocooler

&

nw&?@ Y, & 4
%

. 11 o9 D ; == : :
SUS radiation shield E NS -'é‘ 2 N Iransport Solenoid

2.0T with 0.04T dipole field

Proton beam line

Beam Dump

1
1y
-1
=

I Graphite target

Pion Capture Solenoid

3.5T

\FRATD—DCHHII1—F %ttt
BEEDMECERITIEE
[MuSIC]. FEHDI®ED(CA D
COleDH\ FHEIFEDKIFERT
DI T\ DHVE, KED=Z1—
Z 2 ERFRIMZEREL T3 9%
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3.5T and graph|te target

GM cryocooler

Muon Science Intense Channel (>2011)

8/ &
1Wx2 fb g
'@ '
1W. n
1.5Wx2 + 1W

SUS radiation shield ' , Transport Solenoid
W\‘é\ \ N\ 2.0T with 0.04T dipole field

Proton beam line

Beam Dump

!
o~
—

a | N

- - D
T T p—
= 1

I Graphite target

Pion Capture Solenoid

3.5T
Iron yoke

\ =M FD—DChdIa1—A 7%t
EEDMERTCERIDEE
[MuSIC]. FEDIIED(CAIHFE
CoIleDh. FHIFEDKLDIIFEEIT
. EDIIoTL\BDh%E, KEDZ1—
7 ERFE T EERMEL CRZR T D
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3.5T and graph|te target

GM cryocooler

Muon Science Intense Channel (>2011)

& 4 ‘/’ 2
1Wx2 ta X 7/

1Wx2 é
1.5Wx2 + 1W > o e - .
SUS radiation shield i gl Y(/}/ Iransport Solenoid
\ € 2.0T with 0.04T dipole field

Proton beam line

Beam Dump

4 Graphite target

Pion Capture Solenoid

3.5T
Iron yoke

| Time spectrum - Run 499, Cu target, By=0, 6 pA | h1 | | ‘ ‘ hist
" [Entries 799527 st
9000} ) %2 I ndf 222.8/191 oo | RMS 159 .
B(: t \ l.‘\il)( - ) 1 BG 1599‘{”61 '} - o d
8000 a4 t6. Characteristic u I'l yle S
: / 6310 + 55.5 50
7000} E X ot energies from Pb
b Az x exp [ —= A2 7553 + 1392.4 | N
60001 T -20.2 40 o )
o T, 169.1: 17.7 q e*/e- Annihilation + . 8
| & 511 keV X S TOr
E 30 -
’ Muonic Mg decay l ’
3 "1 1x10%/s for 400W
L e ~ | M
2000 4000 6000 8000 10000 12000 10—
Time (ns) l ! | : ]
Free muon* Cu** Plastic scint.** 0‘ ‘

100 200 300 400 500 600 700
Energy [keV]

T (ns) 2197.03 £ 0.04 1635+ 1 2026.3+1.5







Cosmic Ray Veto not shown

Detector Solenoid

Production Solenoid Proton Beam

Calorimeter
Tracker




Cosmic Ray Veto not shown

Detector Solenoid

Production Solenoid Proton Beam

Calorimeter
Tracker

Single-event sensitivity : (2.9£0.3)x10/
Total background : (0.36=%0.10) events
Expected limits : < 6x10'" @90%C.L.
Running time: 3 years (2x10/sec/year)
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Walls formed

e panel prototypé % Ws) for  vaculiffeests

._ &




Osaka University




8GeV proton beam

N

3T muon transport
(curved solenoids)

muon stopping

electron tracker
and calorimeter

5T pion
capture
solenoid

electron

.., fransport

Flp
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.8GeV proton beam _
5T pion

capture
solenoid

3T muon transport
(curved solenoids)

muon stopping

ransport

79
.’f
» t
= ﬁu&‘ﬁ“

electron tracker
and calorimeter

Single-event sensitivity : 2.6x10717

Total background : 0.32 events
Expected limits : < 6x107"@90%CL

Running time: 1 years (2x107sec)
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COMET Phase-| COMET Phase-l

Protons ”T” namans  Pion Capture Section
\\\ \ N A section to capture pions with a large
\\\ L 1' L solid angle under a high solenoidal

CIC L
T magnetic field by superconducting

.§\ Productlon Production ~Maget
:§ Target
Q

i

Detector Section

A detector to search for
muon-to-electron conver-
sion processes.

= 00 TaL
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Pion-Decay and
Muon-Transport Section

| \
A section to collect muons from AAEEAAARAEE — %
decay of pions under a solenoi- \\
dal magnetic field.

W
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nnnne  Pion Capture Section
Protons
\ N A section to capture pions with a large
solid angle under a high solenoidal

CIC L
T magnetic field by superconducting

Production maget
Target

2
v

MW//@

0]

I

AAnAARARRAAN
i

f
:

T

Stopping
Target

e

]

|

6x10° stopped muon/sec
with 3.2 kW

Detector Section

A detector to search for
muon-to-electron conver-
sion processes.

Stopping
Target

A |
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Pion-Decay and
Muon-Transport Section ‘

\:'
A section to collect muons from AEEmEEE %
decay of pions under a solenoi- \\
| %

iRl
W

®\\\\\\E

S
S
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dal magnetic field.
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detector system muon transport system  pion producti®® system




Single-event sensitivity : 3x10°1°
Total background : 0.2 events
Expected limits : < 6x10° @90%CL
Running time: 1/3 years (2x10°sec)
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Experiment Room




COMET Building at J-PARC EON YA

Installation Yard
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Proton beam energy 38 GeV 300 MeV
Beam power 8 kW 8 —100 kW
Beam width 200 ns (< 200 ns)
Proton on Target (POT) (*) 3.6x102%0 3.6x10%1 — 4.5x10%2
Duty factor 0.32 0.90
Extinction <1010 <1012 ?
Muon stops / POT 1.7 x 103 1.0x 104
Muon stops / kW 7.6 x 1016 4.7 x 1016
Total muon stops 6.1 x 10 (**) 4.7 x 101 @100kW

/.7 times more muons are available. Due to low energy proton
beam, less backgrounds are expected.




... In the medium term

B(pN — eN) < 10718






narrow energy spread of muon beam







allows a thinner

muon stopping
target




allows a thinner

muon stopping
target

decelerate fast muons (coming earlier) and accelerate slow muons
(coming late) by RF with a narrow proton beam.




allows a thinner

muon stopping
target

decelerate fast muons (coming earlier) and accelerate slow muons
(coming late) by RF with a narrow proton beam.

pure muon beam (pion< 10-2)




PRISM (=Phase Rotated Intense Slow Muon source)

P R I SM Osaka University

PRIME
detector

MW beam

Detector Solenoid

Spectrometer Solenoid

momentum slit J

PRISM-FFAG
extract kickers muon storage ring
\_ Y,
Muon Storage Ring
(Phase Rotator) matching section
PR|SM curved solenoid
beam line (short)

pulsed horns

SC solenoid /
Injection kickers







Background rejection by PRISM

(1) Long muon flight length (eliminating pions in a muon beam)
(2) Narrow muon beam energy spread

(3) Muon beam energy selection

(4) Beam extinction at muons



Background rejection by PRISM

(1) Long muon flight length (eliminating pions in a muon beam)
(2) Narrow muon beam energy spread

(3) Muon beam energy selection

(4) Beam extinction at muons

Rough Estimation on Experimental Sensitivity

* x(1/2) from reduced beam acceptance from solenoid to  from MyeongJae Lee’s
FFAG presentation in HINT2015

* %3 from removing detection time window (no pion)
* X3 from pion capture improvement

* x20 from 56 kW—=>1MW
~~ I_J




Background rejection by PRISM

(1) Long muon flight length (eliminating pions in a muon beam)
(2) Narrow muon beam energy spread

(3) Muon beam energy selection

(4) Beam extinction at muons

Rough Estimation on Experimental Sensitivity

* x(1/2) from reduced beam acceptance from solenoid to  from MyeongJae Lee’s
FFAG presentation in HINT2015

* %3 from removing detection time window (no pion)
* X3 from pion capture improvement
* x20 from 56 kW->1MW

— O(10"3) stopped p/sec

for O(1) MW protons
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demonstration of phase rotation has been done.







PRISM Task Force

The aim of the PRISM-FFAG Task Force is to address
the technological challenges in realising an FFAG
based muon-to-electron conversion experiment, but
also to strengthen the R&D for muon accelerators in
the context of the Neutrino Factory and future muon
physics experiments.

The following key areas of activity were identified and
proposed to be covered within the Task Force:

- the physics of muon to electron conversion,

- proton source,

- pion capture,

- muon beam transport,

- injection and extraction for PRISM-FFAG ring,

- FFAG ring design including the search for a new
improved version,

- FFAG hardware R&D for RF system and
injection/extraction kicker and septum magnets.

J. Pasternak

P R I SM Osaka University

UK-Jdapan




... In the long term

B(pN — eN) < 10~
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low emittance (cooled) muon beam




low emittance (cooled) muon beam
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low emittance (cooled) muon beam

Background rejection

(1) small-size thin muon stopping target

(2) no punch-through at muon stopping target

(3) back-tracking of signal electrons

0

BXelelelllgle




low emittance (cooled) muon beam

Background rejection

(1) small-size thin muon stopping target

(2) no punch-through at muon stopping target

(3) back-tracking of signal electrons

0

Experimental sensitivity

f?

BXelelelllgle
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- Low energy muon particle physics, in
particular CLFV, with high-intensity and
high-brightness has great potential of
discovery.



- Low energy muon particle physics, in
particular CLFV, with high-intensity and
high-brightness has great potential of
discovery.

* y-e conversion has potential to accept
high-intensity muon beams to achieve a
big jJump Iin sensitivity.

* In short-term, B<O(10-9) in sensitivity
* In mid-term, B<O(10-'8) in sensitivity

* In long-term, B<O(10-29? in sensitivity
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* The technology required for these
progress is well aligned to the R&D
required for MC and NF.




- Low energy muon particle physics, in
particular CLFV, with high-intensity and
high-brightness has great potential of
discovery.

* y-e conversion has potential to accept
high-intensity muon beams to achieve a
big jJump Iin sensitivity.

* In short-term, B<O(10-9) in sensitivity
* In mid-term, B<O(10-'8) in sensitivity
* In long-term, B<O(10-29? in sensitivity
* The technology required for these
progress is well aligned to the R&D
required for MC and NF.

* A high intensity proton machine is also
needed for all of them.
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