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Neutrinos are special

» very light (neutrino mass < 107° electron mass)

> the only (electrically) neutral fermions
feel only the weak force and gravitation

» most abundant fermion in the Universe
336 cosmic neutrinos/cm?® (comparable to 411 CMB photons/cm?)

014

» every second 10** neutrinos from the Sun pass through your body

» neutrinos play a crucial role for

> energy production in the Sun
» nucleo sysnthesis: BBN, SN
> generating the baryon asymmetry of the Universe (maybe)
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» |n the Standard Model neutrinos are massless.

» The observation of neutrino oscillations implies that
neutrinos have non-zero mass.

= Neutrino mass implies physics beyond the Standard Model.
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Neutrino oscillations
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Neutrino oscillations

Flavour neutrinos

neutrinos are “partners” of the charged leptons
(doublet under the SU(2) gauge symmetry)

» A neutrino of flavour « is defined by the charged current interaction
with the corresponding charged lepton, ex.:

™ = uty,

the muon neutrino v, comes together with the charged muon p*
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Neutrino oscillations

Lepton mixing

v

Flavour neutrinos v, are superpositions of massive neutrinos v;:

3
Vo = Z Univi (Oé = emuaT)
i=1

v

U, : unitary lepton mixing matrix:
Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

mismatch between mass and interaction basis

v

v

in complete analogy to the CKM matrix in the quark sector
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Neutrino oscillations

Neutrino oscillations
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Neutrino oscillations

Neutrino oscillations: 2-flavour limit

[ cosf sinf oo o AMPL
U(—sin@ cos@)’ P =sin“ 26 sin 2E,

Am? =m3 —m} — oscillations are sensitive to mass differences
"short" "long" "very long"
rdistance distance distance
081 ) ot
—>
06
o’ 2 2 2[ 52
oal & Am=L 1 27Am [eV?] L[km]
5 nA =12 —m—F—F —7——
4E, E,[GeV]
02—
| R V| L
001 1 10 100

L/E, (arb. units)

T. Schwetz 10



Neutrino oscillations

Neutrinos oscillate!

. T 4
multi-GeV mu-like (FC+PC)

» atmospheric neutrinos Super-Kamiokande

1998: strong zenith angle dependenceJ

of the observed flux of v, 5
» Data

] Predicted

. . I — numu-nutau osc, |
consistent with v, — v, oscillations s ese
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Neutrino oscillations

Neutrinos oscillate!

KamLAND reactor neutrino

. - - 1_4:— « Daa-BG-GeoV, = CHOOZ data
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2004: evidence for spectral distortion J
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Neutrino oscillations
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Global data on neutrino oscillations

various neutrino sources, vastly different energy and distance scales:

sun reactors

accelerators

Homestake, SAGE,GALLEX KamLAND, D-CHOOZ SuperKamiokande K2K, MINOS, T2K
SuperK, SNO, Borexino DayaBay, RENO OPERA

» global data fits nicely with the 3 neutrinos from the SM
3-neutrino osc. params.: 612,613,023, 6, Am3,, Am3,

» a few "anomalies” at 2-3 o: LSND, MiniBooNE, reactor anomaly,
no LMA MSW up-turn of solar neutrino spectrum
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Status of neutrino mass and mixing

Global fit to 3-flavour oscillations

with C. Gonzalez-Garcia, M. Maltoni, 1409.5439
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Status of neutrino mass and mixing

Neutrino masses and mixing

NORMAL INVERTED

vy I v, I
v, I

[mass] 2
— = [v)

Vo> I
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Status of neutrino mass and mixing

The SM flavour puzzle

Lepton mixing:

912 ~ 33°
03 ~ 45°
013 =~ 9°

Quark mixing:

912 ~ 13°
O3 ~ 2°
913 ~ 0.2°

T. Schwetz
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The lepton mixing matrix and CP violation
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Status of neutrino mass and mixing The lepton mixing matrix and CP violation

CP violation

Leptonic CP violation will manifest itself in a difference of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos

Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

Pyo—vg — Poo—ig < J, J = [Im(Ua1 Uz, U1 Ups)|
J: leptonic analogue to Jarlskog-invariant Jarlskog, 1985
standard parameterization: J = 512c12523cz3513c123 sind = J™®Xgin§

present data NuFit 2.0: J™** = 0.0329 £ 0.0009 (10)
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Status of neutrino mass and mixing ~ The lepton mixing matrix and CP violation

CP violation

Leptonic CP violation will manifest itself in a difference of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos

Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

Pyo—vg — Poo—ig < J, J = [Im(Ua1 Uz, U1 Ups)|
J: leptonic analogue to Jarlskog-invariant Jarlskog, 1985
standard parameterization: J = 512c12523cz3513c123 sind = J™**sing
present data NuFit 2.0: J™** = 0.0329 £ 0.0009 (10)

compare with Jarlskog invariant in the quark sector:

Joxm = (306f8%(1)) x 107°

» CPV for leptons might be a factor 1000 larger than for quarks
» OBS: for quarks we know J, for leptons only J™* (do not know 4!)
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Status of neutrino mass and mixing The lepton mixing matrix and CP violation

Complementarity between beam and reactor experiments
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Status of neutrino mass and mixing The lepton mixing matrix and CP violation

Leptonic unitarity triangle
Unitarity triangle based on the 1st and 3rd column of Upmns
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» unitarity is assumed (no test of unitarity!)
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Status of neutrino mass and mixing The lepton mixing matrix and CP violation

Leptonic unitarity triangle
Unitarity triangle based on the 1st and 3rd column of Upmns
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» unitarity is assumed (no test of unitarity!)
» still far from knowledge we have on UT in quark sector
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Status of neutrino mass and mixing The lepton mixing matrix and CP violation

Leptonic unitarity triangle
Unitarity triangle based on the 1st and 3rd column of Upmns
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» unitarity is assumed (no test of unitarity!)
» still far from knowledge we have on UT in quark sector
» main science goal of future accelerator neutrino program
T2K, NOVA, DUNE,... (challenging!)
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Status of neutrino mass and mixing ~ The neutrino mass spectrum

Neutrino masses

NORMAL INVERTED
vy I v, ve
3 Vj —
Vi
o -
g
E vt
=
Vo I
v, I Vs I
» at least two neutrinos are massive
» typical mass scales:
Am%1 ~ 0.0086 eV, Am§1 ~ 0.05eV

much smaller than other fermion masses (me ~ 0.5 x 10°eV)

> 2 possibilities for the ordering of the mass states: normal vs inverted
almost complete degeneracy in present data (Ax? ~ 1)

T. Schwetz 21



Status of neutrino mass and mixing The neutrino mass spectrum

» Why are neutrino masses
so small?

= =
Om (@]
T T
=
charged fermions
|

=
(@)
I
|

mass [€

neutrinos

generation
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Status of neutrino mass and mixing The neutrino mass spectrum

» Why are neutrino masses

= =
Om (@]
T T
=
charged fermions
|

so small?
—_ e
3, 10*+
8 » If the neutrino mass
€ 1021 - spectrum is inverted or

quasi-degenerate it is

10~ o | very different from all
1021 2] other fermions in the SM
10* c

generation
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Status of neutrino mass and mixing ~ The neutrino mass spectrum

Determination of the neutrino mass ordering

» Looking for the matter effect in transitions involving Amgl

> long-baseline accelerator experiments NOvA, DUNE
» atmospheric neutrino experiments PINGU, ORCA, INO

> Interference effect of oscillations with Am3; and Am3;

> reactor experiment at 60 km JUNO

T. Schwetz 23



Status of neutrino mass and mixing The neutrino mass spectrum

Determination of the neutrino mass ordering

> Looking for the matter effect in transitions involving Am%l

> long-baseline accelerator experiments NOvA, DUNE
» atmospheric neutrino experiments PINGU, ORCA, INO

> Interference effect of oscillations with Am3; and Am3;

> reactor experiment at 60 km JUNO

LBNE, p
True NO 34 ol True 10

[}
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0 10kt g
iy

00 2020 2025

0.0
2015 2020 2025 2030
Date

Date
determination of the mass ordering at 2 — 3¢ is likely within 5-10 years
Blennow, Coloma, Huber, TSM, 1311.1822; Blennow, TSM, 1306.3988

T. Schwetz

23



Status of neutrino mass and mixing ~ The neutrino mass spectrum

Absolute neutrino mass

Three ways to measure absolute neutrino mass:

> Neutrinoless double beta-decay: (A,Z) — (A, Z +2) +2e~

» Endpoint of beta spectrum: 3H —3He +e~ + 7,

» Cosmology

T. Schwetz 24



Status of neutrino mass and mixing ~ The neutrino mass spectrum

Absolute neutrino mass

Three ways to measure absolute neutrino mass:

> Neutrinoless double beta-decay: (A,Z) — (A, Z +2) +2e~

(with caveats: lepton number violation)

» Endpoint of beta spectrum: 3H —3He +e~ + 7,

(experimentally challenging)

» Cosmology

(with caveats: cosmological model)

T. Schwetz 24



Status of neutrino mass and mixing ~ The neutrino mass spectrum

Absolute neutrino mass

Three ways to measure absolute neutrino mass:
sensitive to different quantities
> Neutrinoless double beta-decay: (A,Z) — (A, Z +2) +2e~

(with caveats: lepton number violation)
Mee = | 32; Usmi|

» Endpoint of beta spectrum: 3H —3He +e~ + 7,

(experimentally challenging)
m% =2 |U§,-\m,-2

» Cosmology

(with caveats: cosmological model)

> mi
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Status of neutrino mass and mixing The neutrino mass spectrum

Complementarity
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Outline

How to give mass to neutrinos
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Masses in the Standard Model

» The Standard Model has only one dimension full parameter:
the vacuum expectation value of the Higgs:

(H) ~ 174 GeV

» All masses in the Standard Model are set by this single scale:

m; = y;(H) J

top quark: y; =1
electron: y. ~ 107

Leptons )
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How to give mass to neutrinos

Masses in the Standard Model: Dirac fermions

Dirac: need 4 independent states to describe a massive
fermion (spin-1/2 particle)

» left-handed particle

right-handed antiparticle

right-handed particle

[ O A |

left-handed antiparticle

T. Schwetz
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How to give mass to neutrinos

Masses in the Standard Model: Dirac fermions

Dirac: need 4 independent states to describe a massive
fermion (spin-1/2 particle)

BUT: in the SM there are no “right-handed neutrinos”

» complete gauge singlets
(no interaction — “sterile neutrinos™)

» no Dirac mass for neutrinos

» left-handed particle

right-handed antiparticle

-handed particle

d antiparticle
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Let's add right-handed neutrinos to the Standard Model

» Can now use the Higgs to give mass to neutrinos in the same way as
for the other fermions:

Dirac mass: mp = y,(H) ]

» BUT: need tiny coupling constant: y, < 10711

~

(top quark: y; ~ 1, electron: y, ~ 1079)

T. Schwetz 29



How to give mass to neutrinos

Majorana fermions

Majorana:
can make a massive fermion out of only two states

» concept of “particle” and "antiparticle”
disappears
» a Majorana fermion “is its own antiparticle”

> cannot asign a conserved quantum number
— a charged particle cannot be Majorana

i

left-handed state

v

}

4

right-handed state
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The Standard Model + right-handed neutrinos

As soon as | introduce right-handed neutrinos (Ng) | can write down a
Majorana mass term for them

Dirac mass: mp = y,(H)

Majorana mass: Mg (explicit mass term for Ng)

MRZ

» new mass scale in the theory

\4

NOT related to the Higgs vacuum expectation value

v

it is the scale of lepton number violation

allowed by the gauge symmetry of the Standard Model but breaks
lepton number

v
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How to give mass to neutrinos

Remark on pure Dirac neutrinos

» Dirac neutrinos correspond to the specific choice of Mg = 0 for the
Majorana mass

» This choice is technically natural (protected by Lepton number)

» the symmetry of the Lagrangian is increased by setting Mg =0
» Mg will remain zero to all loop order (if there is no other source of
lepton number violation)

» Also the tiny coupling constants y,, ~ 107! are protected and
technically natural (chiral symmetry)

T. Schwetz 32



How to give mass to neutrinos

Remark on pure Dirac neutrinos

» Dirac neutrinos correspond to the specific choice of Mg = 0 for the
Majorana mass

» This choice is technically natural (protected by Lepton number)

» the symmetry of the Lagrangian is increased by setting Mg =0
» Mg will remain zero to all loop order (if there is no other source of
lepton number violation)

» Also the tiny coupling constants y,, ~ 107! are protected and
technically natural (chiral symmetry)

» The values Mg = 0 and y, ~ 107! are considered
“special” and/or “unaesthetic” by many theorists...
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How to give mass to neutrinos

Testing the Majorana nature

Neutrinoless double-beta decay: (A, Z) — (A, Z +2) + 2e~

» observation of this process would prove that lepton number is violated

» in this case Mg = 0 will no longer be “natural”
Schechter, Valle, 1982; Takasugi, 1984

|
I
10°F | -4 =
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_ T q 1F ]
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. |
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How to give mass to neutrinos

Let's allow for lepton number violation

What is the value of Mg?

T. Schwetz 34



How to give mass to neutrinos

Let's allow for lepton number violation

What is the value of Mg?

seesaw / GUT

motivation
103 eV keV 10'S GeV
10'0 GeV i

T. Schwetz 34




The Seesaw mechanism

let's assume mp < Mg, then the mass matrix (

0 mE
mp Mg ) can be
approximately block-diagonalized to
m, O . B m?,
<0 MR) with m, =

where m,, is the induced Majorana mass for the Standard Model neutrinos.

T. Schwetz
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The Seesaw mechanism

let's assume mp < Mg, then the mass matrix (

0 mE
mp Mg ) can be
approximately block-diagonalized to
m, O . B m?,
<0 MR) with m, =

Seesaw:

the Standard Model neutrinos are
light because Ngr are heavy

T. Schwetz
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How to give mass to neutrinos

What is the Seesaw scale?

» assume mp ~ m; (or y, ~ 1)
> neutrino masses of m, < 1 €V then imply Mg ~ 10'* GeV

» very high scale - close to scale for grand unification AgyT ~ 101 GeV
GUT origin of neutrino mass?

» Ex.: SO(10) grand unified theory Mohapatra, Senjanovic, ...
16-dim representation contains all SM fermions + Ng

T. Schwetz 36



Sterile neutrinos: at the GUT scale?

Am? ~10- eV? to fit better
solar neutrino spectrum

TeV scale L-R models,
radiative neutrino mass,

inverse seesawy, ...

sterile neutrino
dark matter

motivation '

(’seesaw / GUﬁ

103 eV keV

TeV 10> G

eV GeV 10'° GeV

short-baseline| |Leptogenesis via Leptogenesis

anomalies oscillations

T. Schwetz
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What is the Seesaw scale?

2
_mMp

my, = MR ; mD:}/V<H>

> assume mp ~ me (or y, ~ 1079)
» neutrino masses of m, < 1 eV then imply Mg ~ 1 TeV

~

» potentially testable at LHC

(however: couplings are too small...)

T. Schwetz 38



How to give mass to neutrinos

Sterile neutrinos: at the scale TeV?

Am? ~10-° eV? to fit better
solar neutrino spectrum

sterile neutrino
dark matter

103 eV keV
eV GeV

seesaw / GUT
motivation

10'5 GeV

short-baseline| |Leptogenesis via
anomalies oscillations

T. Schwetz

100 GeV
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How to give mass to neutrinos

VMSM Shaposhnikov,...

TeV scale L-R models,

Am? ~10-% eV? to fit better | |radiative neutrino mass,

solar neutrino spectrum inverse seesaw, ...
seesaw /| GUT
motivation
103 eV 10> GeV
eV 1010 GeV
short-baseline Leptogenesis
anomalies

very economic model with minimal amount of “new physics”

T. Schwetz



How to give mass to neutrinos

Sterile neutrinos at the eV scale?

TeV scale L-R models,
Am? ~10- eV? to fit better | |radiative neutrino mass,

solar neutrino spectrum inverse seesaw, ...
sterile neutrino seesaw / GUT
dark matter motivation
103 eV keV TeV 10'S GeV
eV GeV 10'° GeV
short-baseline| }|Leptogenesis via Leptogenesis
anomalies oscillations

exper. hints, however, inconsistent with each other and with cosmology
Kopp, Machado, Maltoni, Schwetz, 1303.3011
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How to give mass to neutrinos

Neutrino mass DOES NOT imply right-handed neutrinos!

It is easy to arrange for lepton number violation without introducing
right-handed neutrinos
Ex., extending the scalar sector of the Standard Model

» SU(2) triplet Higgs (“type-1l Seesaw”)

» neutrino mass generation via loop diagrams Zee; Zee, Babu;...

» typical involve new physics at TeV scale
» can also be linked to a DM candidate e.g., Ma, 2006;...

T. Schwetz 42



How to give mass to neutrinos

Higgs-triplet / Type-1l Seesaw
Let's add a triplet A under SU(2); to the SM:

La=fplIC T imALy+he.,

A H—&-/\@ H++
B H®  —H*/V2
The VEV of the neutral component (H%) = v /+/2 induces a Majorana

mass term for the neutrinos:

1
EI/Z;C_lmZb vip+he  with  mY =V2vrf, $10710GeV
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How to give mass to neutrinos

Higgs-triplet / Type-1l Seesaw
Let's add a triplet A under SU(2); to the SM:

La=fplIC T imALy+he.,

A ( HY /2 HH+ )
- HO _H+/ﬁ

The VEV of the neutral component (H%) = v /+/2 induces a Majorana
mass term for the neutrinos:

1

5y[ac—lmgb vip+he  with  mY =V2vrf, $10710GeV
need either low v or small f,5, or some combination thereof

small vy from Higgs potential — Seesaw type-ll (very heavy Triplet)

T. Schwetz 43



How to give mass to neutrinos

Higgs-triplet / Type-1l Seesaw
Let's add a triplet A under SU(2); to the SM:

La=fpllC Tl imALy+he.,
A H—&-/\@ H++
B H®  —H*/V2

The VEV of the neutral component (H%) = v /+/2 induces a Majorana
mass term for the neutrinos:

1
5y[ac—lmgb vip+he  with  mY =V2vrf, $10710GeV

TeV scale triplet: test at LHC

pp — Z*(7*) = HTYH— = etet oo

T. Schwetz 43



How to give mass to neutrinos

The Weinberg operator

Assume there is new physics at a high scale A. It will manifest itself by
non-renormalizable operators suppressed by powers of A.

Weinberg 1979: there is a unique dim-5 operator consistent with the

gauge symmetry of the SM, and this operator will lead to a Majorana
mass term for neutrinos after EWSB:

LTH* HIL H)?2
)2 : . mV~y2<>
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How to give mass to neutrinos

The Weinberg operator

Assume there is new physics at a high scale A. It will manifest itself by
non-renormalizable operators suppressed by powers of A.

Weinberg 1979: there is a unique dim-5 operator consistent with the
gauge symmetry of the SM, and this operator will lead to a Majorana
mass term for neutrinos after EWSB:

LTH* HIL H)?2
)2 : . m Ny2< /\>

A : scale of lepton number breaking

» generically effects of “A" are either suppressed by the high scale or by
tiny couplings y

» hope for other “new physics” effects beyond neutrino mass

T. Schwetz 44



How to give mass to neutrinos

Lepton flavour violation

» Neutrino oscillations imply violation of lepton flavour, e.g.: v, — ve

» Can we see also LFV in charged leptons?

ph = ety

T = iy

ut — etete
pw+N—-e +N

T. Schwetz 45



How to give mass to neutrinos

Can we see also LFV in charged leptons?

Yes, BUT: u* — e® in the SM + v mass:

o W
m : 2
> X >
Ve Ves
2
Br(u — ev) ‘Z —”’ < 107>

> unobservably small (present limits: ~ 10713)

> observation of ;1 — ey implies new physics beyond neutrino mass

T. Schwetz 46



i — ey and new physics

generically one expects
TeV\* [ 0oy \?
-10 ep

we are sensitive to new physics in the range 1 to 1000 TeV

Examples:
» TeV scale SUSY

» TeV scale neutrino masses (triplet, Zee-Babu,...)
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i — ey and new physics

generically one expects

TeV\* [ 0o, \2
—-10 e

we are sensitive to new physics in the range 1 to 1000 TeV

Examples:
» TeV scale SUSY

» TeV scale neutrino masses (triplet, Zee-Babu,...)

LFV does NOT probe neutrino Majorana mass, but (lepton number
conserving) new physics presumably related to neutrino mass
LFV: dim-6 operators, Majorana mass: dim-5 operator

— need a lepton number violating process to test mass directly
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Outline

Final remarks
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Final remarks

In the SM neutrinos are massless because. . .

1. there are no right-handed neutrinos to form a Dirac mass term

2. because of the field content (scalar sector) and gauge symmetry
lepton number! is an accidental global symmetry of the SM and
therefore no Majorana mass term can be induced.

3. restriction to renormalizable terms in the Lagrangian

!B-L at the quantum level
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Final remarks

In the SM neutrinos are massless because. . .

1. there are no right-handed neutrinos to form a Dirac mass term

2. because of the field content (scalar sector) and gauge symmetry
lepton number! is an accidental global symmetry of the SM and
therefore no Majorana mass term can be induced.

3. restriction to renormalizable terms in the Lagrangian

Neutrino oscillations imply that at least one of those have to be violated

= physics beyond the SM!

!B-L at the quantum level
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Final remarks

» identifying the mechanism for neutrino mass is one of the most
important open questions in particle physics ... may be a difficult task
(the answer could be elusive forever)

> Let's hope for new signals:

collider experiments at the TeV scale (LHC)
searches for charged lepton flavour violation

lepton number violation and absolute neutrino mass
astroparticle physics

v vy VvYyy

> neutrinos may provide crucial complementary information on physics
beyond the Standard Model and a possible theory of flavour.
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