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i Motivation

Neutrinos oscillate!

Confirmed by
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ﬁ Neutrino oscillations

Consider simplified two generation example:

Ve | cos 6 sin 0 1
Yy —sinf cos6 Vo

A neutrino created as |v. > at = = (¢, Z) = (0,0) with energy E will evolve as:
ve(x) >= eP1%|vy > +e P27 |uy >
The probability of v, appearance at a distance # = (0,0, L) is

Am%zL

P(ve — vy) = | < vu|v(L) > |? ~ sin?(26) sin®( i

)

= oscillations in vacuum
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3-generation mixing

For 3 generations of leptons, 2 independent Am?j, mixing has 3 6,

C12C13 812€13 s13e %
U = | —s12co3 —c12523513€"?  ciacos — s12823513€°  saszciz |
812823 — C12C23513€0  —c12823 — S12¢23513€°  ca3c13
1 0 0 0 ci2  s12 0
= 0 Cc23 S$23 : 0 1 0 : —S12 C12 0 -P
0O —so23 co23 0 0 0 1
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3-generation mixing
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3-generation mixing

For 3 generations of leptons, 2 independent Am?j, mixing has 3 6,

C12C13 $12C13 8136_'“S
U = | —si12c23 — c12823513€"°  c12co3 — s12823513€¢®  sagciz | 1
512823 — C12C23513€"0  —c12823 — s12c23513€®  ca3cis
1 0 0 0 C12 s12 0O
= 0 Cc23 S$23 : 0 1 0 : —S12 C12 0 -P
0O —so23 co23 0 0 0 1
atmospheric solar &
and long-baseline reactor
experiments experiments

= P - diagonal matrix of Majorana phases

observable only in AL = 2 processes
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Atmospheric oscillations

Super-Kamiokade detector

50,000 ton water Cherenkov detector

(22,500 ton fiducial volume) 250 - e-like |
200 P> 04 Gelie ‘ Superk, 1998;
150 —_+_ 7
11200 PMT(lnner detecor) 100 £ L
900 PMT(Outer deecto 5ol i
_ 0 ——
o 060m undergro:;: cos 6
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Atmospheric oscillations

Super-Kamiokade detector

50,000 ton water Cherenkov detector

(22,500 ton fiducial volume) 250 L o like J
300
- u-like | .
o 040 |- P> 0.4 GeVic 1 SuperK, 1998:
5 180 I ¥ — - =
11200 PMT(Inner detector) 120 iilzﬁzli ] angular
1900 PMT(Outer detector) - - dependent
ol ] deficit of v,

0 06 02 02 06 1 = Vp oscillate!

cos®

1000m underground
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Atmospheric oscillations

Super-Kamiokade detector

50,000 ton water Cherenkov detector
(22,500 ton fiducial volume)

En

11200 PNT(Inner detector]
1900 PMT(Quter detector)

E 2
- SK-I/TI 3
=§ 1.4 3
E_ 1'3 decoherence
% 08
0.6 :
0.4 2
0.2 oscillation
o 3 3 3
1 10 10 10 10
L/E (km/GeV)

250 —— |

| e-like J
0 ke _ |
040 |- P>0.4 GeVic ) SuperK, 1998:

180 F 1 ¥ = E
120 I'il¢|7_+— OngL”Or
' - dependent
! ] deficit of v,
01 06 02 02 06 i = v, oscCillafe!

cos®
Super-K, 2004;

L/FE dependence favours
oscillation solution!
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Atmospheric oscillations

4 T T T T T T | P
e ) Fig from:
o i i
=> . Forero, Torfola
[0 3L global |
€2 | LBL 1 & Valle, 2012
O I i
-
N 2 .
E L 2
< B atmospheric
-I | I | | A o | [ A | | | |

0 025 05 075 1
: 29
Sin o3

LBL - long baseline experiments (mostly MINOS)
ATM - atmospheric neutrino data, Super-Kamiokande

Am3, = (2.2—-274) x 1073 eV?
sin? Oa¢m = (0.36 — 0.68) - consistent with maximal mixing
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* Solar oscillations

The Sudbury Neutrino Observatory

SNO, 2000 & 2002:

6000 m.w.e. overburden

1000 tons D,O

siEmiamcte fepnie eseel:
1700 tons Inner Shield H,O

Support Structure 9500 PMTs,
60% coverage

5300 tons Outer Shield H,0
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* Solar oscillations

The Sudbury Neutrino Observatory

SNO, 2000 & 2002:

6000 m.w.e. overburden

N
< 8
1000 tons D,O )
w7
12 m Diameter Acrylic Vessel g
©
9 6
1700 tons Inner Shield H,O ~
£ D
&
Support Structure 9500 PMTs, 4=
60% coverage C
5300 tons Outer Shield H,0 2F

o
[
(NG
w
I
ol
o

= Measurement of NC confirms flavour conversion of v

= Oscillations as explanation likely, but not proven
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Solar oscillations

Rock lining KamLAND 2002, & 2008:

& Outer water tank

Inner tank

Lig.-seinti.
Container

Aluminum sheets

Phototubes
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Solar oscillations

Crane

Rock lining KamLAND 2002, & 2008:

&

5
|

0\ ,i Outer water tank : e« Data-BG-Geo Ve
e inner tank 1‘_ — Expectation based on osci. parametets
R Liooscini - determined by KamLAND
| Container 2 I +
H Auminum sheets ;c.: 031 .
'8 -
o i
Phototubes E 0.6 B { + e
EAN i
E 0.4~
o :
0.2~
0|_||IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
20 30 40 50 60 70 80 90 100

LyE, (km/MeV)

= Measurement of LE proves neutrino oscillations

= LA-MSW Oscillations as only explanation for v
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Solar neutrinos - fit

-I LI | | I LI L [ I_
- KamLAND g
15 B
N, : \ p— Fig from:
] : Forero, Tortola
Q e = & Valle, 2012
NEE-; _ ]
o 2 S
Uy i g el e

%.1 0.2 03 04 05
; 29
sin 0,,
KamLAND - reactor data

solar - SNO, SuperK, GALLEX, CL, etc ...
global - combination of all data

AmZ = (7.27 — 8.01) x 107° eV?
sin? 6 = (0.27 — 0.37) - consistent with 1/3.
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i Reqctor neutrinos

Probability

= 7 Ve (E < 8 MeV)

Well understood, isotropic source
of electron anti-neutrinos

Oscillations observed
as a deficit of ¥,

o

4

sin®26,,

Unoscillated flux
observed here

Survival Probability
P =1 - sin?20,, sin*(1.27 Am* L/E)

L,

Distance

~1000 meters
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Reqctor neutrinos

PRL 108 (2012) (arXiv:1112.6353)
sin?(2013) = 0.086 £ 0.041(stat) & (0.030)(syst)
Non-zero @ 2 o C.l.

PRL 108 (2012) (arXiv:1203.1669)
sin?(2013) = 0.092 % 0.016(stat) £ (0.005)(syst)
Non-zero @ 5.2 o c.l.

PRL 108 (2012) (arXiv:1204.0626)
sin?(2013) = 0.113 & 0.013(stat) £ (0.019)(syst)

lRENO Non-zero @ 4.9 o c.l.
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% Don’t know v°s

I

Amgl > () Amgl <0

Open qguestions:
Which hierarchy: Normal or inverted?

What is the absolute neutrino mass scale?

Is there CP violation in the lepton sector?
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% Don’t know v°s

I

Amgl > () Amgl <0

Open qguestions:
Which hierarchy: Normal or inverted?

What is the absolute neutrino mass scale?
Is there CP violation in the lepton sector?
Is lepton number violated???
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Absolute mass scale

Tritium decay end point searches:
KATRIN:
ml) = /3 [Uei2m? < 2.2 6V mb <0.2eV
2017 (?7?)

Double beta decay: Majorana neutrino!

my” =3, U%m; < (0.25 — 0.5) eV KamLAND-Zen
& EXO-200

Cosmology (CMB Planck + LSS + - - - ): depending on data set!
Planck only:

S.my, <(0.3-1.0)eV <= S, my, <1.0eV

Planck+BAO:
= Recall for hierarchical neutfrinos: > .my,, <0.3eV

\/Ami,, ~50meV  and  /AmZ ~9meV
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Future experiments

Currently running / under construction / comissioning:

EXO-200 GERDA-I/II CUORE KamLAND-Zen
AZ 136Xe 76@6 130'|'e 136Xe
Mass 160 kg 35 kg 200 kg 400 kg
Method liquid TPC jonization bolometer scint.
Location WIPP LNGS LNGS Kamioka
Starts (?) 2010 2010 2012 2011
Ty (est) | 6.4 x10%° | 3x10%°- 1.6 x10%20 * | (2-6.5) x102 6 %1026
(my)(est) eV 0.19 0.28-0.12 0.03-0.05 * 0.02-0.06 **

Assumptions:

* - Background level 1072 - 1073 ¢/(y - kg - keV), i.e. improvement ~ 20 — 200
** - Phase Il with T ton: 0.020 @ 5 years, BG with MC simulation
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Short aside on neutrino Masss

or

Why is m, so small?
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% Dirac M,

If Lepton Number is Conserved:

£ — ESM + }/ijy'LiHVR,j

Experimental data requires: |Y, | ~ 10712

Fit fo all oscillation data possible and simple, but ...

= Any “predictions” of this scenario???
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% Dirac M,

If Lepton Number is Conserved:

£ — ESM + }/ijy'LiHVR,j

Experimental data requires: |Y, | ~ 10712

Fit fo all oscillation data possible and simple, but ...

= Any “predictions” of this scenario???

(i) No double beta decay

(i) No charged lepton flavour violation
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Majorana M,

If Lepton Number is Violated:

Weinberg, 1979

(LH)(LH)

m’/_/\/le

vy, vy,

Which scale?
Many realizations:

(i) Seesaw mechanism: Type-I, Type-ll, Mipnv =~ Mgur
Type-lll, Inverse seesaw, etc ...

(iiy Radiative models: Zee, Babu, L ... or
(i) SUSY neutrino masses: H,,
W) - .. Mpnv = Mpew
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Seesaw mechanism

Seesaw type-l, right-handed neutrinos: <i ) <:_I>
YV2’U2 M \‘\ VR /I
my2 ~ (= My M) /%e\
= For My; ~ 1015 GeV h, ~ 1 v v
<12_ _’ﬁﬂ
Seesaw type-Il, scalar triplet: N L7
2 he
myzYT<A%>:YTU— LA
mAa /\
= For My ~ 10'° GeV Y ~ 1 VL v
(H) (H)
Type-lll: Replace vy by & = (1,30, 7). 1 +
\\ ZO ,I
Y22’U2 }%
~ (— M \
m1/2 ( ME ’ E) /
= Similar to type-l, but & = (1,39 £7) " "
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ﬁ Linear & inverse seesaw

Inverse seesaw, basis (v, v, S):

Mohapatra &

O mp 0 Valle, 1986
Mz/ — mg 0 M ’
0 MT

After EWSB the effective light neutrino mass matrix is given by
M, = mDMT_l,uM_lm%.

Linear seesaw: Akhmedov
0 mp My, et al., 1995

M, = m% 0 M

M{ MT0

Light neutfrino mass:

—1\T —1 T
MV:mD(MLM ) —I—(MLM )mD
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i Radiative models

Zee, 1981: .

2 Higgs doublets Bt ' - 1 w9
N 5 y2...

+ 1 charged singlet: SN My & 1672

Cheng & Li, 1980; .
Zee, 1985; Babu, 1988: W

1 singly charged singlet
+ 1 doubly charged singlet: v, [, 1l Z

+ many others - -+ = Mynv ~ Mgw
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111,
Charged lepton flavour violation

or

At which scale is the new physics?
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ﬁ Experimental stafus: LFV

Decay Current Limit .
S 14.10-8 Particle Data Group
T — ey 3.3-1078 20] 2
©— ey 2.4-10712
T — 3p 2.1-10~% Updated MEG, 2013:
- S e—utu— .10-8
T e up 2.7-10 BI’(,LL N 67)§J57 10—13
TT —etuT T 1.7-1078
— S uete 1.8-1078
- Proposed MEG upgrade:
T — ute e 1.5-108 < 14
T — 3e 2.7-10~8 Br(y — ey)~6- 10~
pn— 3e 1-10—12

MudE and MUSIC:
Br(u — cee)N1016

IDPASC 2013, 07/05/2013 — p.24/ 4.



% Experimental stafus: LFV

Capture Current Limit .

825 Lo 829 | 7.10 11 Particle Data Group

=328 et 328, | 9.10710 2012
uw=Ti— e Ti 4.3.10712
u~Ti— etCa 3.6-10~ 1

= Pb — e~ Pb 4.6-10~11 Future sensitivity:

p~Au — e Au 7-10719 MuZ2E (FermiLab)

& COMET (Japan):

~ 10—16

2020+7?

Prisme/Prime (J-Parc):

-~ 10—18
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Guaranteed CLFV

Oscillations experiments have shown that m, # 0:

Br(u — ey) ~
Am? 2

327r (ZZ 2,3 ’U,Z m%vl )
< 10—53

Y
Y

= GIM suppressed by small neutrino masses
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Guaranteed CLFV

Oscillations experiments have shown that m, # 0:

Br(u — ey) ~
Am? 2

327r (ZZ 2,3 ,Lu, m%vl )
< 10—53

Y
Y

= GIM suppressed by small neutrino masses

Any observation of charged LFV
points to physics beyond neutrino masses
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CLFV beyond m,

Simple example: Heavy neutrinos (N) with mpy O(TeV):

Br(s — o) ~
a3s%v mi % m?\fk 2
25672 m%/VFP« (Zz KpiKeiG( m%/V ))

2 2
<9 x 10—6(2 K* K G(m))
> i Dpithed 2

w

Y
Y

— K, heavy neutrino - lepton mixing
— G(x) loop function, G(1) = 1/8
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CLFV beyond m,

Simple example: Heavy neutrinos (N) with mpy O(TeV):

Y
Y

— K, heavy neutrino - lepton mixing
— G(x) loop function, G(1) = 1/8

Br(p — e) ~
m5 m?\r 2
w * . k
i (0 KGKaGEe))

2

—6 * N )
<9 x 10 (Zi KW.KQ,L-G(m—Q))

w

Practically any extension of SM
with new states at TeV scale
generates large charged LFV!
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(OLFV - Models

= Example models that produce sizeable CLFV:

- TeV scale seesaw: Inverse seesaw, linear seesaw, etc.

- Radiative neutrino mass models: Zee-, Babu-Zee model, efc.

- RPC Supersymmetry
- RPV Supersymmetry

- Practically any extended Higgs sector:
Little Higgs models, addifional Higgs doublets, triplets, efc...

- Extra (large) dimensions
- efc ...

= In fact, many models generate way to much CLFV;
"Flavour problem” of BSM
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ﬁ The MISSM: Superpartners

Superfield Bosons Fermions SUR)¢ SU@); Uy
Gauge Multiplets

G g ] 8 0 0
1% W Wwa 1 3 0
% B B 1 1 0

Matter Multiplets
L (7,é7) (v,e7) 1 2 -1

EC ek e 1 2
Q (ip,dr)  (ur,dr) 3 2 1/3

Uc a, u$ 3* 1 -4/3

D¢ dr, s 3 1 2/3

Higgs Multiplets

H, (HY,H;) (HY, ;) 1 2 -1

H, (Hif,HY)  (Hf,HY) 1 2 1
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Slepfon mixing

Soft SUSY breaking:

Off-diagonal elements induce decays,

such as: Example only!
m2~
Y 510 = ( 2L)21 <10—4
Msusy
0 ~ (m? )21
i N
| \
! - ' €
0
Xk
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msugra

Boundary conditions: mSUGRA ("minimal Supergravity”) :

My = My = Mz = M, /5,

mg =mj =mg,
MC% = M?] = M% = M% = M% =mZls, < Flavour blind SUSY breaking!

Ag=AgYy, Au = AgYa, Ae = AgYe.
= # of parameters: 41 (mo. M 2, Ao. tan 3, sgn())

= Sometimes also called the CMSSM (C = constrained)

= All low energy masses can then be calculated by RGE
(“renormalization group equations”)

= No neutrino masses and no LFV
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ﬁ mSugra and RGEs

Seesaw type-I: Borzumati & Masiero, 1986

(AMI%)v;j ~ —SLf(moon,Ml/z, ---)(YJLYu)v;j Hisano et al. 1996, 1999

2 Arganda & Herrero, 2006

Note: L; = log[Mg/Mi].
= 9 new independent parameters

Seesaw type-ll: Rossi, 2002

1
(AM%)ZJ ~ _8?9(’”?/0, AO, Ml/g, )(Y;YT)W log(Mg/MT)

= @ entries, but proportional o YT%

= Measuring all enfries in (AM%)Z-]- “over-constrains” type-Il seesaw!

Note: type-lll equation as type-l, but larger LFV ... see below
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u — ey IN mMSugra sessaw

my=M,,»,=300 (GeV), tanB=10, Ay=0 (GeV) my=M;,,=1000 (GeV), tanf=10, A;=0 (GeV)
10-7 10-9 T T T
-8 L
10 1010
10° | |
= ST I i S
1 1 ‘ ‘ 1
2 01 2 [
5 10 5 10'12 45
10712 I
. Bl N . — _
1032 : i i ]
102 103 10t 108 1016 102 103 10t 108 1016
MSeesaw (GeV) MSeesaw (GeV)

= The three different seesaws are: type-lll, type-Ill and type-|
= General expectation: "Large” LFV for “large” Mgeesaw

= General expectation LFV in type-lll > type-|
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i m,o and LFV in SUSY seesaw

M., (TeV)

Seesaw type-l:

Type | : MR=109 GeV,A=0, >0

— —
| |cMS:125.3+0.6 GeV

o

4.0 i/%///% ~~~~~~~~~~ 7.0 2

5.0

3.0 o]
%// §§§§§§§§§ 1253 9
2.0// ]
~~~~~~~~~~ . \\\\5.0
o - 0 \\
1.0 V) Charged LSP  ~~X_ . m- (TeV) 7
m ,(GeV) N '
h S Mg =800 GeV
Y A ————
0.0 1.0 2.0 3.0 4.0
m, (TeV)

5.0

112 (TeV)

Type | : M_=10" GeV , A =0, >0

o [

= M, = 10° GeV (left) and M, , = 10'* GeV (right)
= Yellow: Allowed band from m;o = 125.3 £+ 0.6 GeV

= CLFV constrains large M,

4.0 5.0
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ﬁ m,o and LFV in SUSY seesaw

Seesaw type-ll.

Type Il : M, =10° GeV , A= 0 TeV , >0 Type Il : M=10" GeV , A =0 TeV , u>0
10.0 10.0 : , : , . , .
/ = 107
sog 4 T s
128
6.0 {// -
\\\\\ 7.0
= 4.0 125—.5 """""""" l\_\\\\ .
. 126.5
\\\\ N \~\
207----__ 30 \\\ AN \~\_ -
BN 50\ N\ \ MEG
124 v
0.0 , | ) [ R ru""‘r - 1
0.0 2.0 4.0 6.0 8.0 10.0
m_(TeV)

= M7 = 10° GeV (left) and Mt = 1014 GeV (right)
= Yellow: Allowed band from m;o = 125.3 £+ 0.6 GeV

= CLFV and m,o constrain large Mt
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ol

Schematically:

U — e: u — 3e p-capture:

Can we learn about
different BSM models
from different LFV processes?
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1 — ey versus . — 3e

Consider u — ex:

Some physics
beyond SM
generates blob:

€

W

IDPASC 2013, 07/05/2013 — p.37/4«



{ 1 — ey versus . — 3e

o
Consider u — en:
Y

generates blob:

Some physics f
beyond SM 1 ‘ e

Compare u — 3e:

e “ e
Same blob \

appears in €

u — 3e u____ e + e e

IDPASC 2013, 07/05/2013 — p.37/4«




{ 1 — ey versus . — 3e
T

Consider i — ex: oo
photon

Y diagram dominates:

beyond SM
generates blob:

a X Br(e —1; + )

Some physics f Br(l; — ljlklk) ~

Compare u — 3e:
e

N

Same blob
appears in

u — 3e u .

+
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Simple example

Babu-Zee model for neutrino mass:
Cheng & Li, 1980

L= f(LTD)hY + g(eher)k ™ — ph TRt R~ Béii' 1222
/”1—\\
’ I s
h e : \\ h Neutrino mass is
K ' \ 2-loop suppressed!
1 | \
|
|

Babu & Macesanu, 2003
Avristizabal & Hirsch, 2006

8 m2 Large neutrino mixing angles
of = E 5 faamagaymy frsT(—5), require large CLFV
b (1672)2m3 m3
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CLFV in Babu-Zee model

2 2 2 2
9 By if 1~ 9.
If < o If <o
fr y éf |
h ] kK
! : I ' :
V a
€ IJ e
e K €
A |
U e
V e
Photon dominance! u — 3e free-level!
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Photon dominance?

——

From Buras et al., 2010: Different partficle models predict different ratios for ...

ratio LHT MSSM (dipole) | MSSM (Higgs) SM4
Br(p~ —e ete”) wE&.10-3 wE&.10-3
5] 0.02...1 6-10 6-10 0.06...2.2
ey 0.04...04 ~1-1072 ~1-10-2 | 0.07...2.2
Br(r _—p—pp”) 0.04...0.4 ~2.1073 0.06...0.1 0.06...2.2
Plr(T—:u'Q _
Br(TBrZ:é’fy)“ ) 0.04...0.3 ~2-1073 0.02...0.04 0.03...1.3
Br(r i eteT) 0.04...0.3 ~1-1072 ~1-1072 0.04...1.4
(Br(T—me) )
Br(+— —e e e
Br(t7 —p u T puT N
BI‘(T — U ete— ) 0'7"' -I'é 02 5--- -IO 1417
R(pli—ell) 10-3...102 ~5-10—3 0.08...0.15 | 10~12...26
Br(p—ey)

LHT: Little Higgs model with T-parity
MSSM: Minimal supersymmmetric model (with Rp)
SM4: Standard model with 4th generatfion
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u-capture: Different fargets

Fig. from Cirigliano et al., 2009

' Kitano et al., 2002
4l
: v (2)
3L
L | -capt
5 | p-capture
§2; bl on different
2 !l nuclei
| v normalized
— to 26|
1 D
@/\F 5
0 B e —
VA

= use different nuclear targefts to distinguish different operators
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ﬁ Conclusions

= lepton flavour is violated - neutrino oscillations

= all (active) neutrino angles have been measured
= Amg; known with precission

= Since 2012 all active neutrino angles measured
= CP-violation not yet proven experimentally

= lepton number violation? - neutrinless double beta decay
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% Conclusions

= lepton flavour is violated - neutrino oscillations

= all (active) neutrino angles have been measured
= Amg; known with precission

= Since 2012 all active neutrino angles measured
= CP-violation not yet proven experimentally

= lepton number violation? - neutrinless double beta decay

= charged lepton flavour not observed

= several orders of magnitude improvments expected
[Room for discovery!
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