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LHC has much to say on TeV-scale and
CP effects in quark sector

BUT

We need experiments probing lepton-# violation:

- neutrino oscillation experiments
- neutrinoless double beta decay
- charged lepton flavour violation (cLFV)

to further our understanding at & beyond
the TeV-scale

We need all THREE types of experiment.
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BSM Physics

cLFV typically occurs through loop diagrams

g

In SM : W loop and oscillating neutrinos : rate is O(10-9)

BSM : loop : SUSY particles, heavy neutrinos,..: rate is O(10-10-20)
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BSM Physics

But also e.g. through contact interactions, Z’, LQ

e
H v - e/q
N\ Z,Lq,....
q — gle
q g

With sensitivities to scales of O(3000 TeV)
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“‘ esolving Model Degeneracy

cLFV experiments provide complementary information.
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The phenomenology of the universe’s matter/anti-matter
asymmetry will likely not be understood without neutrino AND
CLFV measurements.




\ lavor Physics Observables

AC | RVV2 | AKM | 6LL |FBMSSM | LHT | RS
Do — o % % * * | x * X % % z € Different SUSY
€x * | hkk | Kkk | Kk * *h | hkk and non-SUSY
Ses *hk | dkk [ kx| % x| kkk | kkk BSM models.
Seks *okok | kK * [ kokk | Kkk * f
Acp (B = Xv) * * * | hkk | kkk * ?
Ars(B— K*pp™) | % * * [ kkk | Kkk | Kk f
Ag(B — K p™p™) * * * * * * ’
B— K®yp * * * * * * *
By — ptpm *okok | kkk | kkk [ kkk | kkk * *
K* = ntup * * * * * * ok k| okk
Ky — v * * * * * * ko | ko
S *okk | dokok | dkok | kkk | kkk | kkok [ kokk
— cLFV sensitive to widest
p+N-o>e+N Fok k| dokok | dokok | dokok | kokk [ kokk [ kokk variety of BSM models
dy *hkKk | kkk | kkk | kk | kkxk *x | kkk
d *kk | dkk | Kk * * Kk Kk * | kkk
(9-2), *okok | kkk | dk | kkk | kkk *

Table 8 “DNA™ of flavour physics effects for the most interesting observables in a selection of SUSY W. Altma n nShOfe r, et al
and non-SUSY models % % % signals large effects, Y visible but small effects and s implies that NUCI PhyS B 830 17 (20 10)

the given model does not predict sizable effects in that observable.
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Model

IMensions

Predictions from Extra D
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Many possible cLFV processes and a wide variety of
measurements are required to elucidate the BSM physics since
rates are process dependent. But....

L — ey Limited by detector resolutions and
1 — eee accidental coincidences at high u intensity

T — ey
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T — 2e U

-_ Requires Super-B/KEK-B




LFV Processes

So

[,uN — eN}

Offers best potential in terms
of BSM reach in near future
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Muon to Electron Conversion

Electron Momentum ]
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Decay in orbit electrons
Conversion electrons

x100

- S
u 0.25

3 il

S 02F |

£l

< -

§o.1s~- ‘

0.1} Ll
0.05L “‘ﬁ
L‘-ﬂ
- s ' 'S H
Qo3 103.5

L | - | T S
104 104.5 105 105.5 106
Momentum (MeV/c)

Coherent (all nucleons recoil) neutrinoless transition of 1s-ju to e

[ Eezmu_Eb_Erec ]

Ey ~ Zzoz2m“/2, E..~ mi/(ZmN)




\

Muon to Electron Conversion

Previous best measurement used continuous beam with beam veto counters

events / channel

Class 1 events: prompt forward removed

e -
I S +,~ € measurement
3 L
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Significant backgrounds
Rate limited

COMET seeking to improve sensitivity by factor of 10,000



NO\How to get x10* improvement

1. Pulsed Beam - veto prompt backgrounds via timing cut

2. Momentum
& charge selection - higher S/B using curved solenoids

100 ns
A T MainSProton Pulse
Vel

= Prompt Background

= 56 kW (7pnA) 8 GeV proton beam
>

5 Stopped Muon Decay

% Timing Window

<

Signal
' >

0 Time (us) 1



0% improvement

Utilise backward pions (low-p
muons) with pion capture solenoid

Protons Pion Capture Section

A section to capture pions with a large
solid angle under a high solenoidal
magnetic field by superconducting
maget

Production
Target

Select low-p muons (and reject high-p 1) ]

= using C-shaped “transport” solenoid
= Detector secton
= = A detector to search for

muon-to-electron conver-

sion processes.
Muons P

N T

Select high-p e (reject low-p
backgrounds) using C-shaped
“spectrometer” solenoid

Pion-Decay and
Muon-Transport Section

A section to collect muons from
decay of pions under a solenoi-
dal magnetic field.

[ High resolution tracker & calorimeter]




Key Performance Drivers

1. “Extinction” of stray protons between bunches to at least 10°

2. Heat-load/radiation robustness of high-B superconducting
solenoids : particularly pion capture solenoid.




k Proton Beam Extinction Studies

Fast Kicker to Abort Line _ |

Bucket A /'\,

Bunched slow extraction using
ESS to dedicated target/
secondary beamline

MR

h=9
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\
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N D\Getting to extinction beyond 10

1. Improve the beam chopping in LINAC before RCS injection

2. External extinction (AC-dipole) devices before proton target
- MC (G4Bl) studies show O(10-3) added extinction

Collimator
AC Dipole AC Dipole

~ % N L ,
L

:’ v I~ — — —_




etting to extinction beyond 10-°

3. “Double Kicking” injection into the MR

qst measurements\
show O(10°)
additional extinction

can be achieved

\_ J
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uperconducting solenoid R&D

Pion production solenoid is 1.3m diameter 5T solenoid subject to to 102" n/m?

Neutron irradiation tests of

1 - = "= | Superconductor and Al stabiliser
/; |1 =| at Kyoto nuclear reactor using 102° n/m?

Resistance increased by ~ 2.5uQ

R (Ohm)

«— R (Ohm
~— Temp (K

resistance to pre-radiated value

[ 2 day thermal cycling returns

Date/Time
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k‘ uperconducting solenoid R&D

Design work ongoing (in collaboration with FNAL & vendors)
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N\ Pion/Muon Production Prototype : MuSIC

400 MeV 1pA continuous proton beam at Osaka RCNP facility
using 3.5T pion capture solenoid and graphite target

Pion capture solenoid
Max. Bsol: 3.5T

(Aim is to exceed the R
PSI muon rate of

3.5x108 u/s
\_ J




Pion/Muon Production Prototype : MuSIC

Three commissioning runs in 2010/11 with reduced beam | (6pA [2.4mW])

with Cu and Mg targets for muon beam

Time spectrum - Run 499, Cu target, By=0, 6 pA | h1
a | Entries 799527
9ooo§ : - 12 | ndf 2228/ 191
3000% D 4 Ay % S ( g ,) " | BG 1599 + 6.1
b " A, A1 6310 £ 55.5
e 3 \axexp(——) [A2 755313924
6000 - 1 Y -20.2
E Ty 169.1> 17.7
5000
4ooo§
3ooo§“
20005
| e H RN 1 T " J
0 2000 4000 6000 8000 10000 12000
Time (ns)
Free muon* Cu** Plastic scint.**
7 (ns) 2197.03 £ 0.04 16351 2026.3+1.5

Mark Lancaster : COMET

Observed 2000 pt/s which at
operational 1A is 3.3x108 p/s

‘Per Watt of proton power\
MusSIC is producing
. 3000x more p/s than PSI |

APS/DPF 2011 : p24



COMET Sensitivity Studies

Using MARS / G4Beamline and GEANT4.

Still much to do in terms of optimising collimators/beam blockers/target etc

12000 T LT T ]

pion capture

beamline transfer

10000 |
I —— beamline solenoid
8000 -
6000 |-
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0 i L 4 L L
0O 20 40 60 80 100 120 140 160 180 200
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Momentum selection of u as
passes down transport beamline
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NO\COMET Sensitivity Studies

105-MeV/c p-e electron

Largest backgrounds from:

- e" from Decay in Orbit (DIO) u
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k Muon to Electron Conversion

Single event sensitivity = (N, - N&top feap * Ap-e)™ ' | 2.6 xX10~17

w/p
90% confidence level upper limit 6.0 x10~17

Events per 1x107!¢ BR §Q~ 3.8

Radiative Pion Capture 0.05

Beam Electrons < 0.1%

Muon Decay in Flight < 0.0002

Pion Decay in Flgt <0001 | (" fimates being revised for TOR
Delayed-Pion Radiative Capture 0.002 as simulation becomes more
Anti-proton Induced 0.007 refined.

Muon Decay in Orbit QQ 0.15

Efdéaat;‘f f/uan(ﬁgz;f @) p 8881 DIO uses Shanker calculation.

p~ Capt. w/ Charged Part. Emission | < 0.001

Cosmic Ray Muons 0.002 \ /
Electrons from Cosmic Ray Muons 0.002

Total 0.34




OMET Status

CDR completed in 2009 and secured stage-1 (of 2 stages) approval from J-PARC PAC.
Expect to complete TDR in coming months in readiness of 2"d stage of approval process

2012 2013 2014 2015 2016 2017 2018 2019

MR studies studies

Proton beamline
Pion capture
Muon transport
Detector
infrastructure

data taking

Latest costing ~ S8OM

Mark Lancaster : COMET

construction

construction

construction

construction

construction

installation

installation

installation

installation

engineer-  physics
ing run
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84 people from 20 institutes : 50% non-Japanese.




Neutrino oscillations have shown lepton flavour is not sacrosanct and
requires BSM physics.

While the LHC will (hopefully) say much about the TeV-scale the elucidation
of leptogenesis and physics beyond the TeV-scale will require lepton flavour
experiments.

Charged Lepton Flavour violation processes have no observable SM rate
and not withstanding backgrounds etc are excellent probes of BSM physics.

Beyond MEG, muon to electron conversion experiments promise the
best reach into BSM physics in the next 10 years.

COMET has 1 of 2 stage J-PARC approval and significant milestones have

already been reached in proton extinction, s/c magnet design and
pion capture @ MuSIC.




BACKUP
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urved Solenoids

1 1
D = iebend_ (C089 + >

qB 2 cos 6
In a curved solenoid the centre of the D : drift distance
helical trajectory of a charged particle B : Solenoid field

drifts towards the perpendicular direction Ovena : Bending angle of the solenoid channel

) p : Momentum of the particle
to the curved solenoid plane. g : Charge of the particle

0 : atan(P1/PL)

p 1 1
Bcom - A 0
Pogr2 (COS i cos@)

A compensating magnetic field is .
introduced, according to: p : Momentum of the particle
q : Charge of the particle

r : Major radius of the solenoid
0 : atan(P1/PL)

Mark Lancaster : COMET APS/DPF 2011 : p32




PSI™ (uE4) | MuSIC | COMET®@ | NuFACT®

Muon intensity (/sec) 3.5x108 1089 10M 101213
Muon momentum (MeV/c) 85-125 20-70 20-70 170-500
(total range)
Time structure Continuous | Continuous Pulsed Pulsed
Proton beam power/eneray | 4 o\ /0500 | 400/04 | 56k/8 AM /8
(W/GeV)
Beam current (uA) 1.8 1 7 Not given
Production target Graphite Graphite Tungsten | Mercury jet
Capture Solenoid Max 50 35 50 20

Field Strength (T)

(1) Based on: “A New High-intensity, Low-momentum Muon Beam for the Generation of Low-energy Muons at PSI”, Prokscha, T.;
Morenzoni, E.et al. (Hyperfine Interactions, Volume 159, Issue 1-4, pp. 385-388)

(2) COMETCDR

(3) Based on The Muon Collider/Neutrino Factory Target System, H.Kirk and K.McDonald (Aug.14,2010) and Study-Il report




NO\VUSIC Plan (Budget Permitting)

2014: Matching & injection

. ‘ 2012-2013:
— W , & N Transport solenoid

’/.% -—
S
)‘ Proton beam

Fion capture system

2009: Pion capture solenoid
Complete and operated




Mu2e COMET
8GeV, 20kW 8GeV, 50kW
bunch-bunch spacing 1.69 psec bunch-bunch spacing 1.18-1.76 psec
Proton Beam rebunching empty buckets
Extinction: < 10-'? Extinction: < 10
Muon
S-shape Solenoid C-shape solenoid
Transport
Straight Solenoid with gradient field |C-shape Solenoid with gradient field
Tracker and Calorimeter Tracker and Calorimeter
! .
Detector 2
S a SES: 2x10-V SES: 2.6x10-"7
ensIIvVIty (909 CL UL: 6x10 90% CL UL: 6x10-7




DO Spectrum

A. Czarnecki, X. Tormo, W. Marciano : Phys. Rev. D 84, 013006 (2011)
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Total rate of decay-in-orbit events, for
aluminum, with electron energy larger than x,
normalized to the free muon decay rate [,
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Use FFAG to create narrow energy-spread muon beam
and reduce it background.
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dependence of BSM physics

c
. @)
| B ]
o PRISM would use Ti
| [ vs Al in COMET
| £
. . .
T [ "Would like to N
< | E measure at high and
5 | LA R = low-Z but high-Z
ol Y\ K ". NN [ e,
~ AN RS © difficult due to
~3 Led Uy ©
N LW ‘ ‘ \ © .
= /q,ﬂ/ \ S 9 smaller muonic atom
0, et N L lifetime
3‘ o
2
a)
Z h \ aluminum | titanium | lead
| Atomic number 13 22 82
\_ Lifetime of muonic atoms (usec) 088 | 0.33 0.082
\ Relative = —e™ conversion branching ratio 1 1.7 1.15
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8x1021 n/m3/10%7p
2x10°5 DPA/102'p

Neutron Flux




Tungsten target cooling by water. Color indicates temperature from 300 K (Blue) to 356
K (Red). Water with initial temperature of 300 K flows in a thin layer surrounding the
target rod from the left to the right.
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