J-PARCT D
U-eEnIBIE PRERE SR
— PRISM/Phase-1 -

Masaharu Aoki
Osaka U.

R R AKZFICEPP, 2007/11/06




NA

.’r\/l\ /)7\\7:/:\/

e Lepton Flavor Violation D3k

e U-LFV3=iEx (SIMDRUM II)
o U-ePnHLEIEERREFR
e MECO, muze and PRISM/Phase-1

e PRISM/Phase-1 @ J-PARC
e X& O




Lepton Flavor Mixing

e Quark Mixing : Kobayashi-Maskawa Matrix
e Neutrino Mixing : Maki-Nakagawa-Sakata Matrix
e charged Lepton Mixing : not-yet-observed

e charged Lepton Flavor Violation (c-LFV)

e Neutrino-mixing predicts very small amount of c-LFV via
higher order diagram; it is as small as practically impossible to
observe in foreseeable future.

A. de Gouvea
e cLFV = Physics beyond SM




c-LFV & BXI FNiE

c-LFV 4= slepton mixing

Physics of slepton mass matrix
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Slepton Mixing Mechanism

(m7)ij = mgdi;

@ Plank mass scale

SUSY-GUT

GUT Yukawa interaction
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Quark mixing matrix

SUSY Seesaw Model

Neutrino Yukawa interaction

87_‘_2 h’L ilU'

Neutrino mixing matrix
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LLHC and ¢-LFV

e if LHC finds SUSY particle
e Physics of slepton mass matrix will be
strengthened.
e Further exploration of SUSY
structure (SUSY-GUT, SUSY-Seesaw)

will become more important.,, Focus Teiot Tanp= 0k A0,
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e if LHC does not find 2 '
SUSY particle
e high-intensity exp.
comes forefront.
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LU-e Conversion

e Muonic Atom (S state)

b+ (A, 2) = v, + (A, Z —1)
w  — ew\.lllg
4
e MC:MDO = 1:1000(H), 3:2(Al, 13:1(Cuy
e T(U;AD = 0.88 Us; T(HregU-) = 2.2 Us

* U-e Conversion /

v (A, Z) - e 4+ (A,Z) Coherent Process

et e W )y
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Physics ot p-e Conversion

SUSY-GUT, SUSY-seesaw (Gauge Mediated process)
e BR=105=BR(U—ey) x O(x)
° T—»]Y

SUSY-seesaw (Higgs Mediated process)
e BR=10"1075
e T—In

Doubly Charged Higgs Boson (LRS etc.)
e Logarithmic enhancement in a loop diagram for p-

N — e N, not for y—e Y
e M. Raidal and A. Santamaria, PLB 421 (1998) 250

SUSY with R-parity Violation
Leptquarks

Heavy Z’

Compositeness

Multi-Higgs Models




Principal of Experiment

[ sextupole magnet

e A single mono-energetic electron @ " s |5 ot o
e 100 MeV --
e Delayed : -1pS

e Signal: p +(A,7) = e +(A,2) N Ezi,p:;fu@;*.zﬁgml ||

]

proton beam

PSI beamline 7Eb5

54 G0
a p, (MeVic)

e No accidental backgrounds

o PhYSiCS baCkgroundS A exit beam solenoid F inner drift chamber |

B gold target G outer drift chamber

e Muon Decay in Orbit (MDO) § entior doscops 1 norem et 9!

E Cerenkov hodoscope J magnet yoke
e AE.=350 keV (BR:10710)
e Beam Pion Capture

e w+(A,Z) = (A, Z-D* = y+(A,Z-1)

iy eiler

e Prompt timing

configuration 2000

SINDRUM I

SINDRUM I1




SINDRUM I1

19" SINPRUM I| run2008: ue cenversien on geld forward minus backward in phase minus out of phase

| + + -
1 n —evy

L e e e
50 52 b4
e* mementum (MeV/c)

events per .25 MeV/c
events / channel
events / channel

r.f. phase (ns)

e Need more muons:
® 10T /s
e J-PARC/MR + Solenoid r cap.
| | | ¢ Beam-induced prompt backgrouds:
A e Pulsed beam
e mementum (MeV/c) o LOIlg Muon Beam Line

] e Detector rate might be too high:
BR <7 x 103 e Curved Solenoid Detector.
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MECO, PRISM and Phase-1




MECO BNL/AGS

Superconducting
Straw Tracker Detector Solenoid
20T-1.0T)

Muon Beam
Stop Crystal
Calorimeter Muon Stopping
Target

° BR(M'+A|—>6'+A|)<1 016 Collimators

e Beam Pion Background : Pulsed Beam

T LE : Superconducting
e 5x10'"'u/spill, 1.TMHz pulse Lot eyl

e 8GeV proton beam at AGS (5.0T-25T)

e high field capture solenoid of 4T
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Superconducting
Transport Solenoid
(25T-21T)




MECO BNL/AGS

Superconducting
Straw Tracker Detector Solenoid
20T-1.0T)

Superconducting
Transport Solenoid
(25T-21T)

Muon Beam
Stop Crystal

Calorimeter Muon Stopping |
Target

° BR(M'+A|—>6'+A|)<1 016 Collimators

e Beam Pion Background : Pulsed Beam

T LE : Superconducting
e 5x10'"'u/spill, 1.TMHz pulse Lot eyl

e 8GeV proton beam at AGS (5.0T-25T)

e high field capture solenoid of 4T
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Staging Strategy

On the evening before the MECO cancellation

MECO Construction
PRISM Development Construction
PRISM Pion Capture

Phase Rotated Intense Slow Moun source

Proton Beam @&\NUH%H

=

PRIME A

PRISM Muon to Electron conversion experiment §3
Pion Decay =

Muon-Stopping Target [ | Muon Transport I§§

|

Detector

MECO:BR<1076 PRISM:BR<1078




Staging Strategy

On the evening before the MECO cancellation

MECO Construction
PRISM Development Construction

PRISM Pion Capture

Phase Rotated Intense Slow Moun source 5 ATE AR \\\\i\i\mﬂﬂﬁﬂ
S8

PRIME S

PRISM Muon to Electron conversion experiment

Muon-Stopping Target [ |

|

MECO:BR<10710




After the MECQO Cancellation

AP4 Line

e mu2e(FNAL + xMECO)
e Revive of MECO
e After the shutdown of Tevatron

e Parasite on SNuMI-2

® 2012 ~

e Renovate a Debuncher ring for
beam bunching

Accumubtor (8 Gev)

Debuncher (8 GeY) Linac

R,
) /| } Booster

- r
__-__'_'.-"' - - ~
=

{7 Switc hyard Booster Batches
\ BGeY - o NEUTRINO PROGRAM ~ MUONS 4.6x10'2 p/batch
Ir‘ll . L gy —

III_.-' - - e - ,é._:l:l — ey ey

§ Main Injgctor | ﬂf, . . Accumulator

i 150 G’Zv | T4 Tev Extraction s (NuMI +Muons)
' I ,-"' Target Collider Aborts b
/ K 7 \

J.-' ,H Recycler | 4 \

Recycler
56 x10'? p/sec

(NuMI)

Debuncher (Muons)
4x4.6x10'? p/1467ms = 12.5 x10'2 p/sec
(Alternative: 24 batches=1.6s MI cycle— 11.5 x1012 p/s)

NN T s P E T s R E T T A e L e

1.367s

,f"""."'?\ FO BO Detector %

and Low Beta




Staging ot PRISM

) ~10 years

Phase-1 R&D Construction
PRISM Development Construction -

PRISM Pion Capture

1wy Pion (?apture Sectioh ; Phase Rotated Intense Slow Moun source \\\\\mﬂﬂﬁﬂ
\ A section to capture pions with a Proton Beam \\\\
\\ large solid angle under a high %

\\ solenoidal magnetic field by super- PRIME §
Production ~conducting magnet. PRISM Muon to Electron conversion experiment
Pion Decay
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Pion-Decay and
Muon-transport Section

A section to collect muons ARARAARARAR Detector
from decay of pions under a

solenoidal magnetic field.

T
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Phase-1:BR<1071¢ Full PRISM:BR<10718




Why Staging, why 1078

e Staging
e Early Realization, Discovery
e Understand the phenomena in a
real-world step by step; we may
see something new in every step
e of factor 10 improvements

le-z (GBV)
L. Calibbi, A. Faccia, A. Masiero and S.K. Vempati PRD 74(2006) 116002

25 am T o Why 10718, Why full-PRISM
2 e vesr I 2Ny | e Covering almost entire parameter
space
e Study of interaction types
® Ty al=880 ns, Typp = 82 ns

2 15¢
1

0.5 F
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Z

R. Kitano, M. Koike, Y. Okada PRD 66(2002) 096002




Phase-1



Phase-1 Overview

A section to capture pions with a

large solid angle under a high
solenoidal magnetic field by super- o J—PARC/ l\/l R

Production conducting magnet.

(it only 60 kW out of 450kW
e gs-capture SC-solenoid

PRIME J 8
A detector to search for Y I O W u /S (PSI 1 I O u /S)
muon-to-electron con-

Version processes.

#N Pion Capture Section Lar gc H YIGIdS

Pulsed Proton Beam
e 7i-b.g. suppression

[T asen000000c

Pion-Decay and 1A Curved-solenoid detector

Muon-transport Section

A section to collect muons AARARMAAARRE d
from decay of pions under a ® LOWGI’ CtCCtOI‘ I’ate

solenoidal magnetic field.

W

Upgradability to PRISM
e add Phase-Rotator-Ring




Pulsed Proton Beam




O A
o NI
e w+(A,Z) & (A ZD)* 2 Y+(AZ1), Y2 ere | —XREFE—LAIC[FES

e P decay-in-flight, e scattering, neutron streaming

o 55
Nbg = NpxRexex Y mpx AnxPyx A
e U +(AZ) — e +(A7) : JBYE (-1ps) Np : total # of protons (-10%)
Rext : Extinction Ratio (1079)
0.7 s I Yp : myield per proton (0.015)

B2 Ay : ;wacceptance (1.5x107°)

Py : Probability of Y from 5t (3.5x1075)
A : detector acceptance (0.18)

BR=107% Nj, < 0.12

Ll R

slow beam spill ~ 0.5 s EthIlCthn: < IO 9

Power: 60 kW (4x103 pps@8 GeV)

1.47 second accelerator cycle




J-PARC
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§| ast Extraction
B at

3 GeV Ring

2 Buckets

25 Hz

(d0msec/cycle)

|
-

S 50 GeV Ring %32

-Eu et by Vo ! | !

E ]I'|_|u.l|.ll 1 § % "‘.I| [] BllLl\Cl&
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: - . ] R

: 3GeV §

rocim for
kicker rise:

e LINAC

e 0.4 GeV

e 47 mm.mrad
e RCS

e Painting: 300 times

1445t mm.mrad

e Extraction: <81 mm.mrad
e MR

e Injection: 81t mm.mrad

e Extraction: 1ot mm.mrad

@ 30 GeV

adiabatic dumping




Bunching Scheme @ J-PARC

MECO @AGS

e Tomizawa Scheme

 RCS : h=2 w/ empty bucket

; ! ISt test
- @24GeV

10°

P
t

e MR : Empty bucket Scheme
® h=9 or h=8 e !
e Bunched Slow Extraction : '

L
-3 ° . |

— e
el

o

Beam Intensity

b—

10
1.17us 0 200 400

Time (ns)

2 Z2N S Extinction (1st test)
unch |\ e .
NN e|nter buchet: 10-6
*Empty bucket: 10-3

« ot moction - :J 2nd test (7.4GeV) : 107
e Transitionlc K 5 EAL ?

20 VA Y 5k . J-PARC/MR: Transition ;




2B YN DA E D

RCS RF bucket
h=2, 1bunch
REFF 3 VIN—5 > TDE—LICKDRETH

_ _ Empty Bucket NDRFF 3 v /\—[C K Dim1LIAH

scraper

RFQ DTL
[ "l l/l r -]
J |

chopper

chopper

. RCS RF bucket
32 h=1

"RCSZEE/NTVEL

chopper =T




Emittance Control

o Adiabatic dumping o« 1/By

e NP-Hall Acceptance: 1om(245) mm.mrad
®* 30 GeV : 10 2 8§ GeV : 34m!!??
e Vertical: Reduce RCS painting area
e Horizontal: 2ZULVEXD 1 U 78 5 (& < sx mm.mrad

 in Tomizawa Scheme
o BHERSE L
o {K/\>F 27 D RIF£L: 1K space charge
o /J\ RCS painting area. /J\3-50BT + MR —




Tomizawa Scheme

8Ge\/ extraction

T A LIl
| Il.ll'ul. 1 : I":" L 'llI

RCS: h=1. 1banch
MRE: h=9 4batch, 4banch

total time(s)=1.47

2r

"] Slow Extraction

oo

0.16x10" ppb (1/2.6 of designed 0.4125x10" ppb)

=]

(R

144x (0.4GeV) = 36n (3GeV) —=15x (8GeV)
RCS tune shift -0.046

Momentum{c eV /o)

n

L 0.17s

s

A .93 (0.4GeV) > 23x (3GeV) —>10x (8GeV)
S P ot = b RCS tune shift -0.072




Extra Extinction Devices

External Extinction Dev.
. *AC-dipole

.fextinction e I/ I00O

AC-dipole ' AC-dipole
P = r p

AGS Internal Extinction BROODKHAVEN

- Stripline AC dipole at 80 kHz excites coherent vertical betatron resonance

BunCh Cle aner - Fast (100 ns) kickers cancel AC dipole at the bunches

- Kicker duty factor is low 100 ns / 2.7us = 4%
* AC-dipol -
lpo e « Concept tested | Filled
1 in FY98 using = B P Bunches
.FaSt chker existing AC dipole || JTR: ) TF, Wi \

and kickers

=1
35 P& 3 % @]-PARC/MR j,[ TN =

. ~ Fast Kicker
Pulses




Muon Beam Line



Pion Production

Matching Solenoid * Pion Production Target
e Graphite : 6ocml, 4cm®
e 2 kW energy dissipation

for 56 kW
* He gas cool

Proton Beam :
Production Target

Radiation Shield

e Backward Extraction

1400
[ A00

« @ Reduce high-p 7t-b.g.

800
600

e Reduce heat-load to

200

| | | O
0.8 1

P (GeVio solenoids
MELC, MECO idea




Pion Capture

W shield H'Yleld VS BmaX

SC Coil \ 3
\ 1400 -~

e Parallel beam for p
\ \ ‘ | selection downstream
e R UL LT o yields : 0.05 (st+w)/proton

Magnetic field (Tesla)




e Heat LLoad
o 2 kW @ target
e 35 kW @ W Shield

n-Solenoid

e AE density: 2 x 105 W/g
behind W shield
e 20cm-Cu SC coil : 1 kW
MECO design

MARS simulation

e

D o0
= =
T

NN
=,

Design goal < 100 W
e 2 x3cm-Al SC coil : 10 W

radial position (cm)

\®)
=)

=

O T

| ‘ | | | | ‘ |
100 200

300
z position (cm)

Energy deposition (GeV/g/1ppp)

30 mm x § mm

NbTi

32 strands

NbTi/Cu

1.28 mm diameter

NbTi: Cu: Al = 19%: 34%: 416%
v density: 4.0 g/cm3

e B=5T, D =300mm
e 12.3 M]J, 12.5 kJ/kg

®
BessP-Proto

- _
M-E conversion
@]
H
CMs@E4T)
under construction 1

. !
BessP (1.05T) L
SDC-profo

® ATLAS-CS (27)
L 3 BESS FEUS | COF
5¢ ALEPH
FWASA & * o0 o
CMD-2
CLEOI
BABAR

1 100 1000 10¢

Stored energy (MJ)




Muon Beamline

*Guide s until decay to YU’s : i
eSuppress unwanted particles Vertical Drift in Torus

°U’s : pu< 75 MeV/e
°c’s : pe < 100 MeV/c

2

Capture Solenoid

Matching Sclencid

Capture Sol. Curved Sol.1l Curved Sol.2 Target Sol.
Matching Sol. Decay Sol.

Target Solenoid

Decay Solenoid




Compensative Vertical B
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Muon Beamline Optimization

fffff b TR | e Compensative Vertical B
e 0.038 T and 0.052T
R = 175 mm
R N S L = 15 m (baseline)

roton

$
o
o
[©]

Number of muons /

o
=

yields : 0.002 Y’s/proton
® 0.0002 (pu > 75 MeV/c)

125 150 175 200 225 250 275 300 325
Inner radius of transport solenoid (mm)

=
S
=)
o
)
o
~
)
c
s)
>
£
e
o)
o
[o
o
i)
7]
=
S}
N,
)
o
E
>
=z

[

(muons/0.5M protons/dMeVi/c)

Number of muons (P, >75MeV/c) / proton

125 150 175 200 225 250 275 300 325
Inner radius of transport solenoid (mm)




Detector



Curved Solenoid Spectrometer

Detector Section

Curved Solenoid




Curved Solenoid Spectrometer

* Moderate U-Stopping €

Capture Sol. Curved Sol.2

* €-0.29 (Geantqg MC)

Matching Sol.

L\M‘MH_(UJL‘JM\ UJHHJ‘LHL‘M\L

® 0.0007 U-stops/proton
e Compensative vertical B

(muons/0.5M protons/4MeV/c)

o

e Select 105 MeV e

3

YYyvyVvYyyYy

' f ; ; e e — ————
k7 : ; ;
100 ] : :
R ! } }
A0 ] : :
k RREKK : ;
rS j ;
PR ] !
(5 RS : :
RO ‘ !
XORERRXXO | : | |

ROttt ooteelatorcyle



Muon Stopping Target

e Light material for delayed measurement
e Aluminum : Ty = 0.88 Ms
e Thin disks to minimize energy loss in the target
e R =100 mm,200Umt, 17 disks, §0 mm spacing
e Graded B field for a good transmission in the downstream curved
section.

ID
Entries
Mean
RMS

\\\I\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ |
IER R VEI2o R BRIt s ARt 16t 75t kit iz ) (1725 0 8 | fi7.5, 1 1l 17175 OB ERANRERN D RS VAESY
102 104 106 108

Pe (MeV/c)




Electron Transmission
| Decay-in-Orbit

e Use torus drift for rejecting low
energy DIO electrons.
® rejection : 107-1078, < 1kHz
e Good acceptance for signal e’s
® 30-40%

|

Collimator 3gpev/c \

=~ 60MeV/c
105MeV/c

Curved solenoid
Detector solenoid spectrometer

Traget solenoid

Top view Side view

DIO/Stopping-u

-— - -— -
o o o o
& & ' ]

=\
°.
- 1 1
N ) A N
T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ TT

-—
S,
=

Eth (MeV)

Transmission efhiciency

D 0.6¢
O i
(=

Q.

8 i
S 0.4;

<

s o.5§

0.3

G T W |
20 40 60 80 100
Momentum (MeV/c)




Electron Detector

e Rate < 1 kHz

o Straw-tube tracker layers
* Op =230 keV/c
 Trigger calorimeter

Straw-Tube Tracker

Trigger Calorimeter

—k

S,
-k
(7S]

DIO/MUC

—

Q
—h
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—
D|

Signal

N

08104 105
Ee (MeV/c)

100 102 104 106 108

“*Pe (MeV/c)



Cosmic Ray Veto

e Passive Shield
o Active Shield
e Double layers of scintillator: 99% each

=TRIRFE [ Eb

e PIFKZEoTcbAEILRZHED D,

Concrete

CR Active Shield
Strip Scintillator

Floor Level
|

N
N

//////////////////////////////////// Steel

' MNNNNWWY
|
I,y S

\

' Curved Solenoid Spectrometer




Detector Acceptance &
Signal Sensitivity

1UU Ils IUU IlS .I.AJ.LLLLAb VY ALANALU VY UL A VIV VLLIULL

Acceptance - -

(Geometrical Acc. 0.73 /

Electron Transport 0.44

Energy Selection 0.68

p: > 90 MeV/c 0.82 g

Timing cut 0.338

1
Total 0.07 BT & A7 LS gy

Nu [ fcap [ Ae

Proton Intensity 4 x 103 Hz ONU = 5,6 x TOL7
Running Time 2 x 107 SEC ‘fcap = 0.6 for Aluminum

U’s yields per proton 0.0024 *Ac = 0.07
H-stopping efficiency 0.29 *B(u + Al = e + Al) = 4 x 1077
<107 (0% C.1.)

Total 5.6 x 10"7 stopped M’s




Background

Background estimates for 1071
*: assuming the extinction 1079

Background Events | Comments

Muon decay in orbit 0.05 | 230 keV (sigma) assumed
Pattern recognition rrrors <0.001
Radiative muon capture <0.001
Muon capture with neutron emission <0.001

Muon caiture with charied iarticle emission | <0.001

Radiative pion capture 0.002 | due to late arriving pions

Antiproton induced for 8 GeV protons
Cosmic rays induced with 10~ veto inefficiency

| Total




Straw-man’s Layouts
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Toward full PRIS

Phase Rotated Intense Slow Moun source -“mﬂﬂﬁﬂ
! ohd i N

A section to capture pions with a Proton Beam \\\\

large solid angle under a high N

N
solenoidal magnetic field by super- PRIME _.§'
uction
Pion Decay

Pion Capture

Pion Capture Section

PRISM Muon to Electron conversion experiment

—
—
—
—=
—=
—=
—=
—=
—=
—=

Muon-Stopping Target|[ | Muon Transport Igéﬁ

a-'§:

AARAARRARAS Detector

solenoidal magnetic field.

T

Phase-1:R<10716 Full PRISM:R<10718

eSame Beam line, Detector
*Replace Target & mt-Cap. Solenoid

e Add FFAG Phase -Rotator
eLast-Extracted Proton Pulse



Full PRISM at NP-Hall

Fast Extraction (to NP-Hall) Scheme exist
e Add 2 kickers
e Slow bump ON;, E Septum OFF, M Septum all ON

e Need more study, but promising.

Slow extraction Fast extraction

ESS SM1 SIAE SM3 ES SM1 SM2 SM3

=== ePrecise measurement

*Target A dependency
*[nteraction type

*By-products




MECO,muze and Phase-1

MECO

mu2c€

Phase-1

Machine

BNL/AGS

FNAL/Debuncher

J-PARC/MR

Energy

7.5 GeV/c

8 GeV/c

8 GeV/c

Pulse

1.4 Us

1.7 1S

I.I US

Extraction

Bunched Slow

+—

+—

Target

Tungsten

+—

Graphite

Muon Beamline

Curved Solenoid

Curved Solenoid
+ Vertical Field

U stop

102 muons/s

10 muons/s
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Japan & Fermilab:
Collaboration work on pulsed-proton beam
AC-dipole, Extinction Monitor, etc.
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