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1. Neutrinos in the Standard Model
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THUS:
at Lleast two Light v's have won-zero mass!
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1. Neutrinos in the Standard Model

In fack there are THREE (ol only a single)
reasons for neubrinos to be massless in the SM:

* o right-handed neutrinos v, in the SM
* o Higgs triplets 7 in the SM

+ only renormalisable couplings in the SM

=>» beyond the SM, we quite generically violate
(at least) one of these conditions

THUS: having nown-zero heutrine

masses is generic, not exotic!!!
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2. What is Neutrino Mixing?
For neukbrinos, it holds that:

mass basis = flavour basis

BUT:
What does that mean?!? In fact, it's simple..

. while an electron e has a well-defined
electron mass m,..

* « ol electron neubrine v, does NOT have
awn “electron neubrine mass* m,, but
instead it is a quantum-mechanical
superposition o} several mass eigenstates
with masses m,,;



2. What is Neutrino Mixing?

Mathematically, this can beinterpreted as a
rotation in an abstract “flavour space™:

mass basis: (v,v,v,) V3
z MULXLIA

e ::_ V L 3

135 m QV&S es

[King, Luhn: Rep.
Prog. Phys. 76
(2013) 056201]




2. What is Neutrino Mixing?

The “oscillation parameters® (= mixing angles
0., 0.3, 913 and mass-square differences m,*-

2 2 21) b '
m,2 and |mz-m ?|) can be measured: e
Normal Ordering (Ax? = 0.97) Inverted Ordering (best fit) Any Ordering
bfp 1o 30 range bfp 1o 30 range 30 range
sin? 612 0.30419013 0.270 — 0.344 0.30419-015 0.270 — 0.344 0.270 — 0.344
012/° 33.481078 31.29 — 35.91 33.4810-78 31.29 — 35.91 31.29 — 35.91
sin? 03 0.45210 052 0.382 — 0.643 0.579100%3 0.389 — 0.644 0.385 — 0.644
023 /° 42.313-9 38.2 — 53.3 49.5755 38.6 — 53.3 38.3 — 53.3
sin® 013 0.0218T0 0510 0.0186 — 0.0250 | 0.021970001;  0.0188 — 0.0251 0.0188 — 0.0251
613/° 8.5010:29 7.85 — 9.10 8.511920 7.87 = 9.11 7.87 = 9.11
dcp/° 306739 0 — 360 254783 0 — 360 0 — 360
Am%1 +0.19 +0.19
e 7.50170-19 7.02 — 8.09 7.5070-19 7.02 — 8.09 7.02 — 8.09
Amgg +0.047 +0.048 +2325 — +2599
Tos vz | T2ATIONE 42317 & 42,607 | —2449%007  —2.590 —» —2.307 | | Ton0 0 T

[Bergstrom, Gonzalez-Garcia, Maltoni, Schwetz

: www.nu-fit.org]
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3. Neutrino Masses & LNV

Nkv are neubrino masses so E.u&ima!:elv
connected to lepton number violation?!?

Very common prejudice:

THE STANDARD EPTON NUMBER.

- Just not brue.... ~—~——
Correct is:
THE STANDARD MODEL ONLY CONSERVES LEPTON
NUMBER PERTURBATIVELY.

= beyond Feynman diagram level, there exist
processes (“sphalerons®) that conserve (B-L)
but violate (B+L)

> Lepton number is NOT sacrosanct
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3. Neutrino Masses & LNV

Thus, new physics beyond the SM generically
violates leptoh number:

+ e, triplet Yukawa coupling:
Ly, = —LioxTyrL® + h.c.

+ e.9. Weinberg operator:
= _Xij (L$H )ioz(HLy;)

+ right-handed neubtrinos can form a so-
led Malorana mass term:

1
i = —§(I/Rw/]:g + h.c.

Each has lepton number -1
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3. Neutrino Masses & LNV

The latter possibility is often used to “explain®
why neulrino masses are so small:

LH aui\/RH neulbrinos
Ly = —l(%? (NR)®) ( . mD> ((I/L)c> S [
2 Ng

m% Mg
145 NR aé(NR)C (vp)*
my, = —mpM ﬁlmg i M>>v i
Effectively, Large X N
RH neubtrine masses  (H)=v (Hy=v

“suppress” Light LH
neubtrino masses

“SEESAW MECHANISM*“
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E:xperimevx&at consequences: LNV processes

- neutrinoless double beta decay (0vpp)

e e

(Z,A) = (Z+2,A)+e +e

Vi

Ve 3¢

Y, "
\JVZ—JJ Vei et Ve WL_ / \

C-Leartj violakes
lepton number
d d bj two units

=>» THE REASON WE ARE HERE THIS WEEK!!!

u




3. Neutrino Masses & LNV

Experimental consequences: LNV processes
- heubrinoless double beta decay (OVBB)

- =et conversion in muonic atoms
« also violates lepton number by two unikts
w great experimental acdvances expected

- (di-)muonium conversion
"9 tﬁf’[’@hiﬂ' bbulfld 5[’&[’25 (6.3. e+"'ﬂ-)
w quite generically hard to measure

- lepton number violating processes at future
lepton colliders (e.g. e‘e’ =» I I* + 4W*)
w may be an inleresting route to go
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3. Neutrino Masses & LNV
What do we learn if we observe ovpp?!?

[Schechter, Valle: Phys. | Schechter-Valle theorem: ANY Ov@3-operator
Rev. D25 (1982) 2951] | |eads to a Majorana neutrino mass

14

- [/e

arbitrary Ov-operator

TRUE ... unless the ope.ra&o»r ts UPrduP;dePyef
« then the mass conkribution is zero!!
[Durr, Lindner, AM: JHEP 1106 (2011) 091]




3. Neutrino Masses & LNV
What do we learn if we observe ovpp?!?

[Schechter, Valle: Phys. | Schechter-Valle theorem: ANY Ovf-operator
Rev. D25 (1982) 2951] | |eads to a Majorana neutring.x

oV . vV
Gy S
&" \\ to '\,OV\ Ve
ud clus—
ey\o Cov\ arbitrary OvBpB-operator

W\
TRUE St"o > the QPQJ’QEQT’ s uPrduPrdePre”
w then the mass conkribubkion is zero!!!
[Dirr, Lindner, AM: JHEP 1106 (2011) 091]
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IF: ovpp is mediaked bv Light vxeul:

6\\
o b 1 .
QXCkaMSQ; THEN H\Q 7 D- s N X?>6 ASCTraLns
the effective neubrive= i 7 _rmm_]:
MQSX‘Z cancellation quasi—degenerate
2 C‘zx% al (only normal)
\’rrllxcx‘Z E,\/ AmAC%B COS 2012
= [ =
?DG : ; ~a
\rrﬂ.}e6 01t V AmACB
; A1l 8 \
> =
— 001 ¢ ; 1_t%2—25%3
g | T4,
= i ;
[Lindner, AM, 0.001 ¢ mi;%cf:; . ,
Rodejohann: \/mg312c23 \/Am m;S;fz 13
Phys. Rev. D73 ) hoo1 tVOmas || _ ._......mAerlsm
(2006) 053005] 0 0001 0.001 0.01 0.1

(2) |nor > |m(3) Inor

m [eV]

|me1)ln0r > Im(2)|nor




3. Neutrino Masses & LNV
I ovpp is mediated bv Light neutri

exchange, THEN the ampt> 2.0 _nstrains
the effective neutriv— | :

cancellation quasi—degenerate
(only normal)

2 2
t1o—2875
2

5
Amz;© >0
7”1‘3%20%3

' 0.001 ¢
[Llndher, AM, ; e
© 2
Rodejohann: | /AmZslick iy et
Phys. Rev. D73 - +y/Am3s}, A TS
(2006) 053005] 0.0001 0.001 0.01 0.1 1

l.mé%) |n0r > |7ngz)lnor m [eV] | mgi) |nor o [m((a%) |n0r



3. Neutrino Masses & LNV

In the long run, we may nevertheless probe
classes of theorectical
models...

mverted ordering
normal ordering 2x10! kg x year

T 8
S pe<NMES 5% 3x10° kg x year

2x10° kg x year

3 : ]
/é)’ )y =13
/% 10" -

=
g ) g
Z‘j e S )
2 e 4 :
Og 10 S % +2 fme ! it + iyt = gt
2011 2013

w A QTEE,CU,LQ"' Lf WE (S NP |
theoriskts and

. . Vi £ Vi =2vVmy
externmev\ta'u}.nsts |
co

Laborate!!!

- —1/2 -
m +m21/:2m3

[Agostini, AM, Zuber: 1506.06133] N

Disfavored by 0vS8

0010 0.100
|mee| [eV]
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e Neutrinoless double beta decay... would
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* Neutrinos... probably hold mysteries because
they just seem not to be like SM-fermions

* Neutrino mixing... is experimentally established
and suggests to go even further

e Neutrinoless double beta decay... would
revolutionise the field if seen

«w 50 please do your best!!! ;-)






