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Why Intensity Frontier
with Muons ?
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The Intensity Frontier is.....

® Energy scale reached by the intensity frontier would be much
higher than that of accelerators of O(1 TeV) through quantum
radiative corrections (renormalization group equation = RGE).

Quantum Corrections

¢ Effects are small.

® Rare process searches

e High precision measurements
e High intensity machine is needed.
¢ Indirect searches




Why Muons for the Intensity Frontier ?

Guidelines for Rare Process Searches

(1) Many particles are needed

The muon is the lightest unstable particle and
therefore given energy, more muons can be produced.

(2) Theoretical uncertainty should be small.

The muon does not have strong interaction, and
therefore the processes with muons are theoretically clean.



Project X Muon Source:
Comparison




Comparison : Muon Beam Sources
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Comparison : Muon Beam Sources
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Muon Particle Physics Programs at Project X

Mode Beam Cﬁ:rr]ietnt plgggled Prc;jg;:lt X Priority
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ueN—-eeN DC - 1x10-16
Mu to Mu conv pulsed <8x101 <5x10-1°
muon EDM pulsed | <1.8x10° <5x10-2°
muon lifetime pulsed 1ppm 0.1ppm




Muon Particle Physics Programs at Project X
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Muon Particle Physics Programs at Project X
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Why CLFV ?




What is Charged Lepton Flavor Violation ?

-
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What is Charged Lepton Flavor Violation ?

Neutrino mixing

observed




What is Charged Lepton Flavor Violation ?

Neutrino mixing
observed

Charged lepton mixing
not observed.

: : Nobel Prize-wining
Charged Lepton Flavor Violation (CLFV) class research




cLFV in the SM with massive neutrinos

2
my, 2
2

MW

B(p — ey) = 327‘2 (Vans), (VMNs)e

Observation of CLFV would indicate a clear signal of
pohysics beyond the SM with massive neutrinos.




Comparison of Sensitivity to New Physics
Models (a la Prof. Dr. A. Buras at TUM)

Different
theoretical models
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Table 8: “DNA” of flavour physics effects for the most interesting observables in a selection of SUSY =P radisi’ D.M. Straub, ]
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Comparison of Sensitivity to New Physics
Models (a la Prof. Dr. A. Buras)

Different
theoretical models
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CLFV in SUSY Models

an example diagram

Slepton Mixing

® [hrough quantum corrections (RGE), slepton mixing Is
sensitive to physics at very high energy scale (such as GUT
and neutrino seesaw Models).

®|n contrast to proton decay (~1M tons) and double beta
decays (~0.1-1 ton), CLFV need only 10921 muons.




CLFV in SUSY Models

an example diagram

Slepton Mixing

e By using SUSY, CLFV can provide hints of physics at very
high energy scale that accelerator cannot directly reach.

e SUSY plays a role of a bridge between physics at high (10'°
GeV) and low energy (102 GeV) scales.




Why u-e Conversion,
not u—ey ?




Physics Sensitivity Comparison between
L—ey and p-e Conversion

Photonic (dipole) and non-photonic
contributions

photonic non-
(dipole) photonic

VEes

(on-shell) o

u—ey

U-€ yes
conversion| (off-shell)

more sensitive to new physics




Experimental Comparison between
L—ey and p-e Conversion

_ background challenge beam intensity

® LIey:
e Accidental background is given by (rate)?.
e The detector resolutions have to be improved, but difficult.
e The ultimate sensitivity would be about 1074,
® LI-e conversion :
e A higher beam intensity can be taken because of no accidentals.
e Improvement of a muon beam can be possible.
e high intensity and high purity

LU-e conversion might be a next step.




Why <1078 Sensitivity
for y-e conversion




u-e Conversion :

If signal is seen at 1019,
Target dependence
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R. Kitano, M. Koike and
Y. Okada, Phys. Rev.
D66, 096002 (2002)

By changing muon-stopping target materials, effective
iInteraction of new physics can be discriminated.




Aiming at Single Event ' gignal is not seen at 1016,
Sensitivity of 2x10-19

SUSY predictions
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BR~10""° covers the whole SUSY-parameter space for LHC.
When SUSY is found at LHC, CLFV should be observed.




MSUGRA with right-

handed neutrinos : Fecus Peint TanB=50, <0, A;=0
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MSUGRA with right- |
handed neutrinos N Fecus Peint Tanf=50, 1<0, A0
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will be improved
by a factor of
1000,000.

Branching Ratios (u—ey)

Project X

B(p~ + Al — e 4+ Al) < 10716

Sensitivity of <1018
B(p~ +Ti—e +Ti) <107'®
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MSUGRA with right-
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Project X

sensitive to multi TeV #
energy scale.
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Planned
U-e conversion
—xperiment (Mu2e)




Mu2e at Fermilab
(for single event sensitivity of 3x10-17)

Muon
Stopping Target

Tracker
Proton Beam

Proton
Target

L3 B

Pl T e
i B ==
—

Electrons

Muons Detector

),,, - B=25T Transport Solenoid

B=5T Production Solenoid
Solenoid *Selects low Delivers 0.0025 stopped

momentum u-
*Avoids straight line muons per 8 GeV proton

from production
target to detectors




Muon Intensity for Mu2e

To achieve a single sensitivity of 10/, we need

10" muons/sec (with 107 sec running)

whereas the current highest intensity is 10%/sec at PSI.

Guide s until decay to W’s .

Hiliin )




Background Rejection Methods for Mu2e

Beam-related
backgrounds

proton extinction = #protons between pulses/#protons in a pulse < 109

measured
between beam
pulses

Muon DIO mprove
electron energy
backg round resolution
Muon DIF eliminate
energetic muons
background (>75 MeV/c)




u-e Conversion
=Xperiment
at Project X




Muon Intensity
for Sensitivity < 3x10-1° at Project X

To achieve a single sensitivity of 1079, we need

> 01 2 MUuUONS/sec (with 107 sec running)

whereas the current highest intensity is 10%/sec at PSI.

Guide n’s until decay to p’s .
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Muon Intensity
for Sensitivity < 3x10-19 at Project X

To achieve a single sensitivity of 1079, we need

> 01 2 MUuUONS/sec (with 107 sec running)

whereas the current highest intensity is 10%/sec at PSI.

Guide n’s until decay to W’s .

Multi MW beam
power at Project X
needed




Additional Background Rejection Methods
for Sensitivity < 3x10-'° at Project X

pion free beam

Pion
background

MOoNo-energetic muon beam

1/10 thickness
background target
phase rotation S i

: technique
OptIOﬂS Or developed for muon

. collider and Nufact.
muon beam cooling

long solenoid
Or a muon
storage ring




Phase Rotation Option: PRISM/Project X

PRIME

YN
deteCtor Detector Solenoid

momentum slit J

extract kickers

Muon Storage Ring
(Phase Rotator)

PRISM
beamline

Injection kickers

Spectrometer Solenoid

.

PRISM-FFAG
muon storage ring

J

[matching sectionJ

curved solenoid
(short)

J

pulsed horns

SC solenoid / J




Muon Beam Cooling Option:
Geant4 Simulation of lonization Cooling

Z=0, Rjper =7.5Cm z=2m, Ri.=12cCcm

B,=10T B,=4T |




Sensitivity and Background (preliminary) at
Project X

Sensitivity

® muon beam intensity = 2x10'%/sec
® detector acceptance = 0.2

® single event sensitivity = 2x10°19

® 90% C.L. upper limit = 5x101°

Background estimation

 Radiativemuoncapture | 001 |} |

Muon deca in flight ' ~0 | Momentum cut at extraction

0002 |
. Total | o006 | ]




Muon Particle Physics Programs at Project X

Mode Beam Cﬁ:rr]ietnt plgggled Prgjg;:lt X Priority
uN—eN pulsed <1012 3x10°17 3x10"° | W
Ut —ety DC | <1.1x1012 | 2x10'3 2x10* | YW
U —etete DC <1012 - 1x10' | Yy
ueN—-eeN DC - 1x107'¢ | Yy
Mu to Mu conv pulsed <8x101" <5x1071° **
muon EDM pulsed | <1.8x10°° <5x102° **i
muon lifetime | pulsed 1ppm 0.1ppm | Y




Muon Particle Physics Programs at Project X

Current

planned

Project X

Mode Beam imit goal goal Priority
uN—-e N pulsed <1012 3x10-17 3x10-1°
ut—ety DC <1.1x1072 | 2x10°713
U —etete <1012
ueN—-eeN 1x10-16 **
<8x10"" <5x107" | YW
<1.8x10°9 <5x102° | Y'Y
1ppm 0.1ppm | Y




Summary

. would be
significant and robust at the LHC era. The CLFV would
have sensitivity to study physics at high energy scale, in
particular with SUSY,

e Among various muon programs at Project X, p-e
conversion would be a flagship experiment. The aimed
single event sensitivity is 2x1071°.

®|1-e conversion experiment needs a pulsed muon beam
of 1-2 MW. Project X would provide such a beam, but
PSI cannot.

* Muon fundamental physics programs at Project X is rich
and would have high discovery potentials.
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Various Models Predict Charged Lepton Mixing.

Sensitivity to Different Muon Conversion Mechanisms

Supersymmetry
Predictions at 10-1°

Compositeness

A, = 3000 TeV

Heavy Neutrinos Second Higgs

. doublet
'U uN UeNl2 = )
8 x 1013 ngle =10 x gH.u_u
Heavy Z',
Leptoquarks Anomalous Z
coupling
M= M. = 3000 TeV/c?

3000 (A, ghoo) 2 TeV/c?

B(Z — ue) < 10-17

After W. Marciano

W. Molzon, UC Irvine The MECO Experiment to Search for Coherent Conversion of Muons to Electrons September 27, 2002 i



CLFV Predictions by
Extra Dimension Models

Myz = 3 TeV
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CLFV Predictions by
Little Higgs Model (with T parity)

i lD_ll

Blanke et al.

1013 | PR - 110713

10715 | . i iiEEEeE {10-15

10717 Lt 0-17

10716 1014 1012 1010 10™

Br(u—ey)

Mirror lepton masses between 300 GeV-1.5 TeV
Generic angles and phases




SUSY Leptogenesis with CLFV (1)

Assumptions:

* No cancellations

o hierarchical neutrino Yukawa eigenvalues: y <y <y
1 2 3

(Leptogenesis requires A>10'° GeV, so no need to assume a large cut-off)

16

Y
VAmL Amiin,

10

Al, Simonetto

-6

10
ffi (eV)

mg=200 GeV, tanp=10

-1

1__

Including flavour effects
in leptogenesis




SUSY Leptogenesis with CLFV (2)

u-e conversion at 10-18??

R(uTi— eTi) 2 10°'° ( M, ): ( ms )_4 tan/g \~
| U 2% 1010 GeV/ \200 GeV/ \10 GeV

Expectations from leptogenesis,
(for mg=200 GeV, tan=10)

Natural region for m:
No flavour effects: R=10-18

“typical” flavour effects: R=2x107"
“extreme” flavour effects: R=2x107°

10 L

10° 00 100
] oo . i (eV)
Note that in deriving this result we have assumed the worst case

scenario for the detection of w — e flavour violation:

e R-parity conserved.
e Universal soft terms at the cut-off scale.
« Yukawa textures that minimize the flavour violation: (YVT Y ) diagonal.

e Also, it is unlikely that M, saturates the lower bound (this requires optimal CP phases).

— in general, much larger rates expected




SUSY Predictions for cLFV

p—ey in the MSSMEN with the MSW large angle solution

M,=130GeV., mg:=170GeV, m, =0.07V, m, =0.004eV

107

muZe, COMET,super-MEG

tanfi=3,10,30

Theoretical predictions are just below the present
experimental bound.




slepton mass matrix

2 92 9
Mmy1M9TN 3

Minimal SUSY Scenario m?2 = ( m§2m§3)

[
m 7772 7772
3177327733

Planck energy scale

.
New physics at high energy scale would
introduce off-diagonal mass matrix elements,
resulting in slepton mixing.

neutrino seesaw mechanism (~10"°GeV)

grand unification (GUT) (~10'°GeV)

@ Weak energy scale (100 GeV)




cLFV History

First cLFV search

Pontecorvo in 1947
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Muon Decay In Orbit (DIO) in a Muonic Atom

e Normal muon decay has an
endpoint of 52.8 MeV, whereas
the end point of muon decay in
orbit comes to the signal
region.

® good resolution of electron
energy (momentum) is needed.
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x (AE)?
10-1® goal
® 150 keV energy resolution of MECO goal
electron detection is sufficient -
for <1078 sensitivity. 1018 goal

PRIME Adoal .
100 104 102 103 104 105

electron energy (MeV)




COMET at J-PARC
(for single event sensitivity of 3x10-17)

A section to capture pions with a
. large solid angle under a high
solenoidal magnetic field by super-

- .
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Pion-Decay and
Muon-transport Section

A section to collect muons AREEEREEEEE
from decay of pions under a
solenoidal magnetic field.
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