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LFV from muon decay

Upper limit on Br

ut — ety < 5.7 x 1013
ut —etete™ < 1.0x10712
n~Ti—e Ti < 6.1x10719
Al — e Au < Tx1071°

MEG experiment updates/discovers(?)

ut = ety

COMET/Mu2E will discover(?)

ut —e

In near future


http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Btabular%7D%7Blcl%7D%0A%5Cmu%5E+%5Crightarrow%20e%5E+%5Cgamma&$%3C$&2.4%5Ctimes%2010%5E%7B-12%7D%5C%5C%0A%5Cmu%5E+%5Crightarrow%20e%5E+e%5E+e%5E-&$%3C$&1.0%5Ctimes%2010%5E%7B-12%7D%5C%5C%0A%5Cmu%5E-%7B%5Crm%20Ti%7D%5Crightarrow%20e%5E-%7B%5Crm%20Ti%7D&$%3C$&6.1%5Ctimes%2010%5E%7B-13%7D%5C%5C%0A%5Cmu%5E-%7B%5Crm%20Au%7D%5Crightarrow%20e%5E-%7B%5Crm%20Au%7D&$%3C$&7%5Ctimes%2010%5E%7B-13%7D%0A%5Cend%7Btabular%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Btabular%7D%7Blcl%7D%0A%5Cmu%5E+%5Crightarrow%20e%5E+%5Cgamma&$%3C$&2.4%5Ctimes%2010%5E%7B-12%7D%5C%5C%0A%5Cmu%5E+%5Crightarrow%20e%5E+e%5E+e%5E-&$%3C$&1.0%5Ctimes%2010%5E%7B-12%7D%5C%5C%0A%5Cmu%5E-%7B%5Crm%20Ti%7D%5Crightarrow%20e%5E-%7B%5Crm%20Ti%7D&$%3C$&6.1%5Ctimes%2010%5E%7B-13%7D%5C%5C%0A%5Cmu%5E-%7B%5Crm%20Au%7D%5Crightarrow%20e%5E-%7B%5Crm%20Au%7D&$%3C$&7%5Ctimes%2010%5E%7B-13%7D%0A%5Cend%7Btabular%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%0A%5Ccolor%7Bred%7D%0A%5Cbegin%7Beqnarray*%7D%0A%5Cmu%5E+%5Crightarrow%20e%5E+%5Cgamma%0A%5Cend%7Beqnarray*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%0A%5Ccolor%7Bred%7D%0A%5Cbegin%7Beqnarray*%7D%0A%5Cmu%5E+%5Crightarrow%20e%5E+%5Cgamma%0A%5Cend%7Beqnarray*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%0A%5Ccolor%7Bred%7D%0A%5Cbegin%7Beqnarray*%7D%0A%5Cmu%5E+%5Crightarrow%20e%5E%0A%5Cend%7Beqnarray*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%0A%5Ccolor%7Bred%7D%0A%5Cbegin%7Beqnarray*%7D%0A%5Cmu%5E+%5Crightarrow%20e%5E%0A%5Cend%7Beqnarray*%7D

COMET COMET (COherent Muon Electron Transittion)

http://comet.phys.sci.osaka-u.ac.jp/

 Brfor cLFV processes are quite model
dependent

 Need other experiment(s) with

different physics process (with better sensitivity)!
iIndependently on MEG result

« COMET (COherent Muon Electron Transittion)
SEEMNERFIB



http://comet.phys.sci.osaka-u.ac.jp/

8GeV proton beam

3T muon transport
(curved solenoids)

muon stopping

=
bl F

electron tracker ‘ h

5T pion
capture Experimental Goal of COMET
solenoid

By +Al—se +Al)=26 x 10717

By +Al »e +Al)<gx1071 (90%C.L.)

10 muon stops/sec for 56 kW
proton beam power.

C-shape muon beam line and C-
electron shape electron transport followed by
transport electron detection system.

Stage-1 approved in 20009.

and calorimeter - RS
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Parametrisation of lepton mixing
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fAavor state & physical state @O %
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Figure 9: Exclusion plot for the oscillation parameters based on the absolute comparison
of measured vs. expected positron yields.
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Matter Effect
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Figure 9: Exclusion plot for the oscillation parameters based on the absolute comparison

of measured vs. expected positron yields.
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57’7’2,%1 & sin 912
AR : RBROZMESIP
4pT+2e” - “He® +2v, +27 MeV
-Io37—38/S
Kamland: 8K~ “200" kmORFIFRER

FE ~ atfew MeV
om? ~ 10 %eV?,0 ~ 1
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http://cupp.oulu.fi/neutrino/
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Q%%//// \\
‘Be+p—> B+y ‘Be +e — ‘Li+v,
B —> "Be +e" +v, Li + p > *He + *He
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Neutrino Flux
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Chlorine Measurements: Homestake

*1960’s: 3’Cl + v, > 37Ar + e

Construction of the Chlorine
detector by Ray Davis

* Depth: 4850 ft

» Detector fluid: 3.8 x 10° | of C.Cl,
* Energy Thresold: 0.814 MeV
*1970 — 1995

Measurements of solar v flux
Sensitive to B & 'Be v's

#
Cleveland et al.,Ap. J. 496, 505(1998)

LP2003 Alain Bellerive
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Gallium Experiments

"Ga+v,—> "Ge +e- Energy Threshold: 0.233 MeV

Radiochemical Target

Charged Current

Small proportional counters are  Sensitive to pp, 'Be, B, CNO,
used to count the Germanium and pep v’s
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46%
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Solar neutrino flux in SK

SK I 1496day 5 0 20MeV 22 .5kt
(Preliminary) May 31, 1996 — July 13, 2001

Best fit J 1
.................. Non-flat BG |
i B { Dpota £

-

Event/day/kton/bin
o
N

.®
-
-*

antes®
TTetretates et tee teue et tE o ggteu,

22385 solar v events

f( B),; night = 2.37+0.03 + 0.08 8B flux : (14.5 events/day)
2.35+0.02 + 0.08 [x 108 /cm?/sec]

=-(0.021+0.020 :3519)  § 465.40.005091 SSM |

0_1 R ot e it L -
L £(®B) gay -232+003+88$
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Neutrino Reactions in SNO

- Q=1.445 MeV
- good measurement of v, energy spectrum
- some directional info o (1 — 1/3 cos0)
- v, only

-Q=2.22MeV
- measures total ®B v flux from the Sun
- equal cross section for all v types

- low statistics

- mainly sensitive to v, some v, and v
- strong directional sensitivity

T

Charged-Current

Ve et
@ \C‘I:erenkov electron

neutrino deuteron \ @
@prolons

Neutral-Current

®
/ neutrino
\’x
¢ — ®
neutron

neutrino deuteron \®

proton
Elastic Scattering
z &

% /

® ® Cherenkov electron
neutrino electron\‘ @

neutrino



SNO 391-day salt phase flux measuremen
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v, and (v, +v,) fluxes
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Three (or 4) different measurements intersect at a point (non-trivial).
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Kamland
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Neutrino Detection: Gd-loaded Liquid Scintillator

1/ T ik ZZT o
Ve _I_ p % e _|_ n Daya Bay 3N Tl LT
T~ 28 pus(0.1% Gd)

n+p 2d +vy(Q2.2MeV)
n+Gd->Gd*+y(8 MeV)

Neutrino Event: coincidence in tfime,
space and energy

From Bemporad, Gratta and Vogel

Observable V Spectrum

|

Arbitrary

Neutrino energy:

s>
v E. + T, +(M,~M )+m.

H(—J
10-40 keV 1.8 MeV: Threshold

T2 3 4 5 6 7 8 9 10
2012-03-08



Reactor neutrino results from KamlLAND

KamLAND collab. hep-ex/0406035

766 ton-year

o T 1 11Tt rrrrr1 B \/
: no-oscillation b 2.6 MeVprompt o g7 AND data
- accidentals - analysis threshold best-fit oscillation
S 12—
> 60 BCo000d 130((1,")160 B ~ best-fit decay
§ best-fit oscillation + BG - best-fit decoherence
) —e— KamLAND data -
N B
<r -
% 40 g o8k |
P a 0.6 : — |
= LT ) :
m 20 04~ | '
L + |
\\\\\ 02 _— - i
O 1 e D T | | 1 1 | | | 1 1 | | | 1 1 | | | i | | | | | 1 1 | | | | | |
0 1 2 3 4 5 7 8 20 30 40 50 60 70 80
e F ! T
prompt (MeV) L/E, (knyMeV)

=>» Clear energy dependent

deficit of reactor neutrino
events.

+ Known neutrino
flight length

Accurate

measurement of
Am,,?




Allowed (4m,,?, 6,,) parameter region
W Soiar neutino exp's

Am? (eV?)

10°

Solar : KamLAND

----95% C.L. -95% C.L
[ - g9%cCL 99% C.L.
-  —99.73% C.L. - 99.73% C.L.

B * solar best fit ® KamLAND best fit

With the 2005 SNO NC
results

1.2x10™

Am? (eV?)

1x107*

8x107
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Solar + KamLAND

P 9s% C.L.

99% C.L.

B 99.73% C.L.

B global best fit

Best fit 6,,=33.9deqg.

68, 95, 99.7%CL
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2- ﬂavor analysis update (SK] -4)
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NOONZ2004 Ishii

1. Introduction

« K2K is the first accelerator-based long-baseline neutrino
oscillation experiment to investigate the neutrino
oscillation observed in atmospheric neutrinos.

P Super-
sin?20- sin?(1.27Am?LIEv) Kamiokande |

Atm.-v K2K
L 10~10*%km  250km(fix.)
Ev 0.1~100GeV  ~ 1.3GeV
Am? 107" ~10%eV2 > 2:1073 eV2
ﬁ Ve IV 50 % ~1%

- Do v, events decrease ?
» I's Ev spectrum distorted ?
* Does ve appear ?

KEK-
126eV PS




2. 12K Experiment

After March 11 earthquake, T2K Operatlon was restored and running from March 2012.

J PARC AcceleraturOT{}km

Super-K@Kamioka

Huge
Far detector

ngh lelmﬂﬂ lntlznse beam
T, T, T, T
D SK(Ev) V,V,V,V @,,ND(E,,)H“MM'

protons

e High Power Accelerator CERN NA61
® Intense and High Quality Neutrino Beam mﬁll’;zﬂt-

e High Resolution Near Detector
® Huge Far Detector

\'

12486 A5 A AER



K2K final results

hep-ex/0606032,

K2K-1 + || DATA MC R.Terri, in this meeting
\
FC 22.5kt 112 158.1*925 5 [B) Number
1ring 67
u-like 58
e-like 9 Energy - Oscl. |
Multi Ring 45 spectrum analysis
18
16 [ MC normalization:
;_' 14 L number of events
£, (58) _ -
? No oscillation ]

—
o %)
T I
", <
&
R

8 ]
/Bestflt

6 [ : ]

4 [ E ]

2 r : “F 7

0o Sty s reconstructed Ev

By Gev (GeV)



7\ .
" Neutrino vs
Antineutrino

o
o

! | | | ! ! ! ! |
90% C.L.
MINOS v, Neutrino Beam

— MINOS ¥, All Data

W

_MINOS PRELIMINARY
- 3.36 x 10°° POT, v, Mode

[ 10.71x 10%° POT, v, Mode
| 37.9 kt-yrs. Atmospheric Exp.
] | | ] | | ] | |

N

% v, Best Fit Al
— MINOS v, All Data A ¥, BestFitAl

/

(IAM? or IAm1)/(10° eV?)
N
@)

—
Ol

0.7 08 09
sin“(20) or sin%(26)

31 MINOS @ Neutrino 2012 by Ryan Nichol

A

New data has
resolved the
tension between
the neutrino and
antineutrino
results
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Double ChoozZEERD =¥ D5 E

Near detector
Distance: ~400 m

topology

Far detector

topology

Distance: ~ 1050 m
Overburden: ~300 m.w.e. hill

H. De Kerret @ LowNu2011
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Daya Bay Experiment: Layout

. TR RPCs
] o - %ﬂ ;

¢ Relative measurement to cancel Corr. Syst. Err.
= 2 near sites, 1 far site

¢ Multiple AD modules at each site to reduce Uncorr. Syst. Err.
= Far: 4 modules, near: 2 modules

¢ Multiple muon detectors to reduce veto eff. uncertainties
=  Water Cherenkov: 2 layers
= RPC: 4layers atthe top + telescopes
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y? Analysis

Sin220,, = 0.092 + 0.016(stat) + 0.005(syst)
v2/NDF = 4.26/4

I

o

te
he near-
ent.

§| 5.2 ¢ for non-zero 0,
t—1 L
5115
LT
SR
i
z 105F st
= 01..1:;' |'...!|_
- 0 0.05 0.1 0.15
i — e S
- imé
- EH1" EH2
095 ~—_ }
- EH3 F}_
09—
_l | | | - I Ll 1 I L1 1 I L1 I L1l | L1 1 I L1 1 | L1l I L1 |
0 02 04 06 08 1 12 14 16 18 2

Weighted Baseline [km]



Far Detector




sin” 26, =0.113+£0.013(stat.)£0.019(syst.)
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appearance DX DEAFALMV = ! 1 !

v, appearance DA ZE#E R
(v, 2V, Osclillation)

Phys. Rev. Lett. 107, 041801 (2011) — Published July 1

preprint : arXiv:1106.2822:
“Indication of Electron Neutrino Appearance from anAcc

Dec 20, 2011 76



v, appearance ERDHER

Result with T2K 1.43 x 10%° p.o.t.

RIEIZER =AM RV M 6
sin2 20, ,=0D HAFFiE 1.5+0.3

1.5+0.3 DEAFFETEA N FRAIS N DFEREIX 0.7%
- v, appearance (6,570)®indication !

Dec 20, 2011 77



Number of events

Further v. selection

Invariant mass of assumed two
rings (<105MeV/c?) [POLfit]

Reconstructed E, < 1250MeV

10

200

0 100

Invariant mass (MeV/c?)

e —+— RUNI-3 data
. ] (2.5%5x 107" POT)
0 events B Osc. v, CC
B v, +V, CC
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RUN 1+2+3 MC Expectation w/ sin?20;3=0.1
2.556x1020 por | D22 §ig_l;ﬂ BG total | CC (vuiv;) | CC(veive)| NC

e-like 19 8.70 | 13.23 2.30 4.07 | 6.86
Evis>100MeV 18 8§50 | 11.47 1.49 4.03 594
No decay-e 13 731 | 8.56 0.28 319 | 5.09
POLfit mass 10 682 | 3.67 0.07 221 |1.39
E,e<1250MeV 10 6.61 | 247 0.05 136 | 1.06
(MC sin?2613=0 case) 0.15) | (2.58) (0.05) (1.47) | (1.06)
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v, PVe—a1—hrJ/IREIDIRE

P(v, —v,) ~sin? 26,,5in? 6,,5in?(1L.27Am% L/ E )

- _ Reconstructed Ev of
’ ?&E)JL—CEE*LT;VEG) | <1| v CCQE enriched sample
CCQE&FC‘%**-d_ 3 | (at Super-Kamiokande )
Ve TN 9@ +P : Assuming
: sin?20,5, = 0.1
2 -

Am? 5 = 2.4x103eV?

INVD TS0k
@ Okintrinsicev,
NC =° production

Signal / B.G ratio ~ 3

Number of events /(250 MeV)

—
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6. Result

Runl+2+3 data (2 55620 POT) HI = 10

s e Method 1.3

Preliminary
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# of events
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2_— 68% C.L. —
- sin’0, =04 .
& Zzsin’6,=0.5 }
. — sin:HQ,:U.f) -
) - - Reactor g range
0 -
B Runl-4 data (6.393¢20 POT)
-1 - Inverted hierarchy
- [Am3,|=2.4%107 e V?
2 _
-3:— . ; ; ! —
0.2 0.4 0.6
nes of Ocp NOT 2D contours sin’20),,
¢ normal hierarchy
sin®260,3 = 0.15019-032
VS ¢ inverted hierarchy:
sin?26,5 = 0.1821)-046
Assuming
Am?23,|=2.4X1073 eV?
5in226 ,3=1.0
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Aim of OPERA
VH9VT Appearance detection

Neutrino decay .- Vq;
V Oscillation V N e
w, h-,e
<Ev>:17 GeV /‘
Negligible prompt v._ v, CC int

-Realize ~1000 ton mass for Tau Neutrino detection
- Topological Detection of the decay of Tau lepton produced by v, CC int

— only Nuclear Emulsion can detect v_ CCint.



Status of the v_ Search

Years

2008-
2009

Status

Finished

# of
events
for
Decay
search

2783

2010- In analysis 1343

2011
2012

Started

Expected

L

(Prelimin
ary)

2.1

Observed

V¢

Candidat
e Events

Expected
BG for
14 T
(Prelimi
nary)
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From 2012 kLBL appearance + discf.ppcacxr"ctnc:;v':f data plus lsolar" + KamLAND Jdv:n'cr:t:

|

LBL + Solar + KamLAND

0.06 prrrrrrrr [rrr T [rrrrrrors ]
[ NH ]
normal oosk 3
hierarchy & | :
t ;
v r .
0.02F -
02 0.8
sin® @,
D.DE _I rrrrTa Iﬁk"}u‘l rrrrrorroTtd I rrrrrriula I_
i S IH .
inverted 0.04f E
hierarchy <= E
UE, C ]
0.02F -
HEEEN] |'|"|a|| L l:bidsnuldl Illl";.l 11111
0.2 0.4 0.6 0.8
sin® 8.,
Gianluigi Fogli

f

we obtain for both hierarchies, NH & IH:

@® two quasi-degenerate and
anticorrelated solutions
(merging above 1c)

@ with a marginal preference
for the first octant (< 1)

Moreover:

> a weaker constraint on 6,;

for inverted hierarchy
(as already known from T2K, MINOS)

NEUTRINO 2012, Kyoto, June 5, 2012



Adding ?BL reactor dcn‘cmJ (Chooz, Double Chooz, Daya Bay, RENO):

f

LBL + Solar + KamLAND + SBL Reactors

0.8

D.DB_ ||||||||| [rrrrrrrot [rrrrrrros ] U.DG_IIII T TTTTTTT T TTTrIrr]
C NH ] C NH 7
normal 0.04F- 1 oub E
hi h o F 1 o | _ ]
lerarcny o 1< ¢F LI TIT :
t 1% [ ]
0.02 — =] 0.02 — ., - -

-l L L L L 1 L1 |- -l LAL L L L 1L 1.1 I LU L L L L L 1 1 I L L L L 1 1.1

0.2 08 02 0.4 0.6
sin’ 8, sin’ 9,,

D-DB _| rrrri |.|||"|..| rmrrrrrtd I rrrrrrril |_ U-DB _l rmrrrrrrrn I rrrrrrrrita I rrrrrrrida |_
s s H X H 3
inverted 0.04f- 1 oub E
: o f 1 2 B e ]
hierarchy = 18 | e o
= 1 | @ P
0.02 -1 0.02F < -
-I LL L L1 |'10| I Ll Ldsh L.l 1 I Illh;.l L L1 I- -I L L L L L1 I LU L L L L L 1.1 I LU L L L 1 1.1 I-

0.2 0.4 , 0.6 0.8 0.2 0.4 \ 0.6
sin” 6,, sin” 8,

Gianluigi Fogli NEUTRINO 2012, Kyoto, June 5, 2012

0.8

for both NH & ITH

large 6,5 preferred |

NH

further preference for
the solution with

@ higher6;

lower 0,5
(1s* octant)

IH

only a marginal
preference for 15" octant

27



Adding SK atm data; the preference for 0,5 in the 15" octant is corroborated
|

LBL + Solar + KamLAND + SBL Reactors

D.DB_ ||||||||| I ||||||||| I ||||||||| ] G.DG_III I TITTITTT I TTTT1T1T1] G.Oﬁ_ll TTIITTT T]
" NH . " NH 3 .
hormal 0.04F 1 oo4f 1 o.04f 3
' o i - C ve i C ]
hierarchy < & f e, 1< :
= “c : 1€ ]
w « X : X j @ X ]
0.02F 4 o02F 4  o0.02F -

I L L. L I

0.8 0.2 0.4 0.6 0.8 0.2 0.8

0.2 , : ,
sin® 6,, sin® 6,,

D.DB_"""'Jl"P'lllllll||I|||||||||_ GIDS-IIIIIIIIIIIIIIIIIIIIIIIIIIIII- G-DB_lllllll |I|||||||||I|||||||||_
d S H 7 F H F IH

0.04F -

......
||||||

0.04
(] o

inverted 004k
hierarchy = ¢

.
..............
.

.......

sin® 0,

|
sin® 8,
I L]
|||I|||||||
sin® 8,
T
|

0.02F 0.02F 0.02F

.........
..............................

"""" 3o

- . . - - - -
- - . - - - - -
llllll|1'|I|||Il‘|lllllll'l"lllllll IIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIII

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
sin 8, sinf 8, sin’ 8,

Note: overall goodness of fit very similar in NH and IH. No hint about hierarchy yeft..

Gianluigi Fogli NEUTRINO 2012, Kyoto, June 5, 2012 28



Synopsis of global 3] oscillation a

nalysis

4y

D-III | |

"|"'|"'|":(: T

65 70 75 80 8520 22 24 26 28|00 05 1.0 15 20

m210° eV?

D-IIIIIIII |

Tm%10” eV?

—

025 030 0.35

03 04 05 06 07p.01 0.02 0.03 00
B .2 -
sin™ _, \ SiN" .y, sSIn” _;,
Gianluigi Fogli

NEUTRINQO 2012, Kyoto, June 5, 2012

Previous hints of 6,5>0

are now measurements|

(and basically independent
of old/new reactor fluxes)

Some hints of 6,5 in the 1<
octant are emerging at ~ 2,
worth exploring by means

of atm. and LBL+reac. data

A possible hint of 5, ~ 7

is emerging from atm. data
[Is the PMNS matrix real?]

So far, no hints for
NH <= IH

37
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M<<M THEIDEIDBTLELGN, ZOESIEEESIBRE,
fthiZH EF#H1E(loop correction) THI KRB H S, ZeetZ ! -radiative seesaw
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Fukugita,Yanagida

Leptogenesis
FEHDO/N)A A
FHEICIEN)ATVLNRNZEDFHEA —#&IZ Baryogenesis
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LFV —— New Physics in Oscillation Experiments

Lepton Flavor Violation ZNE 3 2L DI E BIZILES N T AR RSN
LHE. LN DR AT RKEN

AZZ:Lepton Flavor Violationh=a2—M)/IRENAHN TEHRABITT |

(BEFLO)H2EHARNNT=H
MSSM with RH neutrino (Seesaw MOdG') Borzumati, Masiero; Hisano et al
Large Flavor Changing Slepton Mass through renormalization

13 x
W= Jy NiLﬁHU

d(m?) P d(m?) F
p—— = | p—— (=0)
d dp .
MSSM

B S Fo .9 argt. 2e | =8 g i b
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SUSY breaking m'“; scalor lepton doublet
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5 ;
my;  doublet Higgs
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»Diract pi1+Dirac
V 1.



Lepton mixing SUSY Breaking Mass
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Neutral Lepton Flavor Violation, nLFV, {5 &
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MSSM with RH neutrino (Seesaw Model)MD {5  otasato

Example of €3, (Source): W-penguin diagrams

Ve,

— P —q

Tz).-— q L‘I}-J—g

(1)-(c)

—_— —— —_— ) —
p—qk+p—gq b=

(111)
o v, [ attaced.

oSU(2) limit, Divergence cansels among them



MSSM with RH neutrino (Seesaw Model)MD {5  otasato
Box diagrams for

s
€t

o Calculation straightforwad

o For € there are other graphs.



MSSM with RH neutrino (Seesaw Model) @ 4l

Ota,Sato
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