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Neutrinos have mass!

add a neutrino mass term to the SM:

“effective” mass term (violates gauge invariance)

neutrino mass requires physics beyond the SM
need new fields (right-nanded neutrinos, new scalar reps.,...)

T. Schwetz, FPCP 2010, 28 May 2010 — p.2



Neutrinos have mass!

add a neutrino mass term to the SM:

3
Loo = —%Wp S: S:Vipgozl)—l_h-c-

a=e,u,7 1=1

3
1 _
LM — —5 ._E 1 V?LC_lyiLmiV — E gaRgoszf; -+ h.c.

oa=e,\,T
The Pontecorvo-Maki-Nakagawa-Sakata lepton mixing matrix:

(Uaz’) = Upnmns
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Upnns

conventional parameterization: Upyng = VPrac DMa)

1 0 0 C13 0 e S13 C12 sio O
Y Dirac = 0 C23 S23 0 1 0 —S12 c12 0
0O —s23 c23 —ei‘sslg 0 C13 0 0 1
* three angles
U 3 . UeZ
tan (923 = = S11 (913 — |U63| tan (912 =
UT3 Uel

Uel UeZ Ue3
Upvmns = | Uyr Up2 Ups
U’T]_ U7'2 U7'3
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Upnns

conventional parameterization: Upyng = VPrac DMa)

1 0 0 C13 0 6_7’5813 C12 S$12 0
Y Dirac = 0 C23 S23 0 1 0 —S12 c12 0
0O —s93 23 —ei‘sslg 0 C13 0 0 1

* three angles
* one Dirac phase ¢ = CP violation in oscillations

 and two physical Majorana phases in D
(no effect in osc.)

T. Schwetz, FPCP 2010, 28 May 2010 —p.3



Neutrino oscillations
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3-flavour oscillation parameters

2 2
Ams, Am3
1 0 0 C13 0 6_16813 C12 S$12 0
U= 0 C23 S23 0 1 0 —S12 C12 0
0O —s93 93 —eiéslg 0 C13 0 0 1
atmospheric+LBL Chooz solar+KamLAND

3-flavour effects are suppressed because
Am3, < |Am3,| and 03 < 1

= dominant oscillations are well described by effective
two-flavour oscillations
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Leading oscillation modes
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The status ot

global data: sin” 6,5 < 0.031 (0.047) at 90% CL (30)
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The status ot

global data: sin” 6,5 < 0.031 (0.047) at 90% CL (30)
5

90% CL (2 dof) -
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w

SK+K2K+MINOS

[10'3 eVZ]

2
31
N

Am

Cx,
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1 L +CHOOZ <

sinfli3 = |Ueg| < 0.217(30) <« |Vus| = 0.2257 + 0.0021
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Hint for non-zero 657

Foqli, Lisi, Marrone, Palazzo, Rotunno
“Hints of theta(13) > 0 from global neutrino data analysis.” PRL08 [0806.2649]

e Hint from solar+KamLAND data (~ 1.50)
fragile, but agreement among groups
depends somewhat on assumptions on solar metalicity

* Hint from atmospheric data
controversial, not confirmed by SuperK wendell et al., 1002.3471

« MINOS appearance data (v, — v.)
Initial ~ 1.5¢0 hint has recently decreased to ~ 0.7¢0

T. Schwetz, FPCP 2010, 28 May 2010 — p.8



Hint for non-zero 657

reference best-fit and 1o errors significance
Fogli et al. [84] sin® 015 = 0.02 4= 0.01 20
Gonzalez-Garcia et al. [18] (GS98) sin” 015 = 0.00957 0 002 1.30
Conzalez-Garcia et al. [18] (AGSS09) sin® @3 = 0.00815 52 l.lo
Schwetz et al. [14] (GS98) sin® @15 = 0.01373017 1.50
Schwetz et al. [14] (AGSS09) sin® 015 = 0.0107 3552 1.30

[84] Fogli, Lisi, Marrone, Palazzo, Rotunno, arxiv:0905.3549 (MINOS 2010 not yet incl.)
[18] Gonzalez-Garcia, Maltoni, Salvado, 1001.4524
[14] TS, Tortola, Valle, 0808.2016 (updated 2010)
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Hint for non-zero 657

reference best-fit and 1o errors significance
Fogli et al. [84] sin® 015 = 0.02 4= 0.01 20
Gonzalez-Garcia et al. [18] (GS98) sin” 015 = 0.00957 0 002 1.30
Conzalez-Garcia et al. [18] (AGSS09) sin® @3 = 0.00815 52 l.lo
Schwetz et al. [14] (GS98) sin® @15 = 0.01373017 1.50
Schwetz et al. [14] (AGSS09) sin® 015 = 0.0107 3552 1.30

[84] Fogli, Lisi, Marrone, Palazzo, Rotunno, arxiv:0905.3549 (MINOS 2010 not yet incl.)
[18] Gonzalez-Garcia, Maltoni, Salvado, 1001.4524
[14] TS, Tortola, Valle, 0808.2016 (updated 2010)

good prospect for upcoming reactor (Double-Chooz, RENO,
Daya Bay) and accelerator (T2K, NOrA) experiments

see talk by M. Mezzetto
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3-flavour neutrino parameters

mass spectra.

bf +1o acc. @ 3o
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0808.2016v3 mo < 0.5eV H, cosmo
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to-do list

oscillation experiments:

e search for CP violation

compare oscillation probabilities for neutrinos and
anti-neutrinos

- determine neutrino mass ordering sgn(Ams3;)
need to see the matter effect in Am3, oscillations

under intense study (EUROv, NF-IDS), see talk by M. Mezzetto
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to-do list

oscillation experiments:

e search for CP violation

compare oscillation probabilities for neutrinos and
anti-neutrinos

- determine neutrino mass ordering sgn(Ams3;)
need to see the matter effect in Am3, oscillations

under intense study (EUROv, NF-IDS), see talk by M. Mezzetto

non-oscillation experiments:

e find out the absolute neutrino mass scale
 are neutrinos Dirac or Majorana particles?

T. Schwetz, FPCP 2010, 28 May 2010 — p.11



What is the absolute neutrino mass?

non-oscillation experiments:

e neutrino-less double beta-decay
several-o claim 0.16eV S mgg S 0.52eV
GERDA, Majorana, Cuoricino, NEMQO3,...

sensitivities mgsz ~ 0.05eV
talk by F. Bellini

e Tritum beta-decay
current bound mg < 2 eV, KATRIN sens.: mg ~ 0.2eV

« Cosmology (galaxy surveys, CMB), current bound:

T. Schwetz, FPCP 2010, 28 May 2010 — p.12



Neutrinoless double beta decay

(A, Z) — (A, Z +2) + 2"

rate proportional to | Y~ U%m;]

obs. of neutrinoless DBD implies violation of Lepton number

proves Majorana nature of neutrinos

Schechter, Valle, 1982; Takasugi, 1984

W
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Neutrinos and beyond SM physics



Why are neutrino masses so small?

charged fermions

neutrinos

generation

at least

6 orders of magnitude
hierarchy

within one generation!

“v1” ;= state with dominant
mixing with electron

T. Schwetz, FPCP 2010, 28 May 2010 — p.15



Why are neutrino masses so small?

|s the smallness of m,
related to a high scale A
(GUT scale?) via the
seesaw mechanism?

= =
om o
| |
o=
charged fermions
|

or

mass [eV]
[HY
o
|
|

IS new physics at the
TeV scale responsible
for neutrino mass
generation?

neutrinos
|

generation
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Seesaw

Weinberg 1979: there is one dim-5 operator in the SM, which
will lead to a Majorana mass term for neutrinos after EWSB:
LT&* &TL "y

Y? — m, ~Y?*—

A A

for v ~ 246 GeV and Y ~ 1 this implies that the physics
responsible for neutrino masses lives at the very high scale

A~ 10" GeV..

e Impossible to probe at any imaginable collider experiment
e somewhat close to the GUT scale A ~ 10'% GeV

T. Schwetz, FPCP 2010, 28 May 2010 — p.16



Seesaw

Weinberg 1979: there is one dim-5 operator in the SM, which
will lead to a Majorana mass term for neutrinos after EWSB:
LT&* &TL b2

Y? — m, ~Y?*—

A A

3 tree-level realizations of the Weinberg operator:

* Type I. fermionic singlet (right-nanded neutrinos)
* Type II: scalar triplet

* Type Ill: fermionic triplet

T. Schwetz, FPCP 2010, 28 May 2010 — p.16



Neutrino masses from GUT physics?

 SM fermions of one generation + RH neutrino:

L ) L ) v ,’U,R,’U,R,’U,R,dR,dR,dR, VL 7£R
dr, dr, dr, 59

fit Into 16-dim. spinorial representation of SO(10).

« SO(10) GUTs usually include Higgs
representations containing SU(2) triplets

= SO(10) provides a very natural framework for
type-l and/or type-ll seesaw



An SO(10) example

fermion masses from 10 and 126 Higgses: Aulakh, Mohapatra, 83

Mg = Uclzoylo + Uclz%YiQG
M, = Uioylo + UiQGYiQG
M, = Uclloym — 3U61z26Y126
Mp = UiOYm — 37]11,?6}/126
Mp = wvrYi%

Mpr = vrYi2s

light neutrino masses:
M, = My — MpMz'Mp

T. Schwetz, FPCP 2010, 28 May 2010 — p.18



An SO(10) example

fermion masses from 10 and 126 Higgses: Aulakh, Mohapatra, 83

! ! IIIIII' Iil IIIIII' ! 1]
10 126 \ |
10 126 - Z
M, = v, Yio+v,7 Y i 3 1
20 - = [ 7
10 126 N i ]
M, = (O Yio — SUd Y96 < [ ]
10 126 - ]
Mp = v, Y10 — 30, Y12 10L
I /
Mp = wvrYi I | sd
M p— v Y O_ L1l ml#
. o120 10" 10° 10°
. 2
: : sn'6,,
light neutrino masses:
M, = M; — MDM]glMD Bertolini, Schwetz, Malinsky, 06

very constrained = definite predictions

T. Schwetz, FPCP 2010, 28 May 2010 — p.18



An SO(10) example

“minimal” renormalizable SUSY SO(10) GUT:
Matter: 16,,, Higgses: 10}],%}], 1265, 210y

Aulakh, Bajc, Bertonlini, Fukuyama, Malinski, Melfo, Mohapatra, Okada, Senjanovic, Vissani, ...
Higgs potential + Yukawa = very constrained (26 parameters)
= failure of gauge coupling unification due to m,-scale

Miusy Mpo Moy Moan Mg pseudo-Goldstone bosons at

M2
M o~ seesaw 1010 Gev
g Maur

due to the breaking of accidenta
global symmetries

Bertolini, Schwetz, Malinsky, 06
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An SO(10) example

“minimal” renormalizable SUSY SO(10) GUT:
Matter: 16,,, Higgses: 10}],%}], 1265, 210y

Aulakh, Bajc, Bertonlini, Fukuyama, Malinski, Melfo, Mohapatra, Okada, Senjanovic, Vissani, ...
Higgs potential + Yukawa = very constrained (26 parameters)
= failure of gauge coupling unification due to m,-scale
one possible alternative: e.g., Albright, Barr
give up renormalizability and allow for non-ren. operators

* get rid of large representations like 126 or 210

e more freedom for fermion masses

* |ose predictivity and conceptional beauty

T. Schwetz, FPCP 2010, 28 May 2010 — p.19



Neutrino masses from the TeV scale?

Maybe the BSM physics expected around TeV can
also be responsible for neutrino masses:

= TeV scale neutrino mass models

Generically in such models seesaw suppression is not sufficient,
one needs additional means to obtain small neutrino masses:

* putting small numbers by hand
e cancellations between large terms
* radiative neutrino masses

T. Schwetz, FPCP 2010, 28 May 2010 — p.20



Neutrino masses from the TeV scale?

Maybe the BSM physics expected around TeV can
also be responsible for neutrino masses:

= TeV scale neutrino mass models

Generically in such models seesaw suppression is not sufficient,
one needs additional means to obtain small neutrino masses:

* putting small numbers by hand
e cancellations between large terms
* radiative neutrino masses

at LHC = dilepton (or multi-lepton) events, e.g.:
lepton number violating: /*/* + jets or
lepton flavour violating: /(] + jets

T. Schwetz, FPCP 2010, 28 May 2010 — p.20



Type | seesaw at LHC

Meg = v Z YOX}/&

[/

If heavy neutrino masses J/; are not so heavy there
are two possibilities to obtain small neutrino masses:

1. small Yukawas Y,,;, ~ 107 (electron Yukawa)

2. cancellations in the sum over N;
Buchmiller, Wyler, 1990; Pilaftsis, 1992

T. Schwetz, FPCP 2010, 28 May 2010 — p.21



Type | seesaw at LHC

[/

Meg = v Z Yﬁm

If heavy neutrino masses J/; are not so heavy there
are two possibilities to obtain small neutrino masses:

1. small Yukawas Y,,;, ~ 107 (electron Yukawa)
2. cancellations in the sum over N;

add 1: since /N, are SM singlets they interact only via
Yukawas =- tiny Yukawas imply negligible production
rate at LHC.



Type | seesaw at LHC

[/

Meg = v Z Yﬁm

If heavy neutrino masses J/; are not so heavy there
are two possibilities to obtain small neutrino masses:

1. small Yukawas Y,,;, ~ 107 (electron Yukawa)
2. cancellations in the sum over N;

add 2: cancellations could be motivated by
symmetries, but decouple LHC signatures from light
neutrino mass matrix kersten, Smirmnov, 07

T. Schwetz, FPCP 2010, 28 May 2010 — p.21



Seesaw at LHC with tiny Yukawas

Way out: give N; some interaction for prod. @ LHC, e.g.:

e Low scale Left-Right symmetry
C]q — WR — NV — U + jetS e.g., Keung, Senjanovic, 1983

» Type Il seesaw: N — A scalar triplet
q7 — Z°(7) — AT AT — 000t

Hektor et al., 07; Han, Mukhopadhyaya, Si, Wang, 07; Garayoa, Schwetz, 07;
Akeroyd, Aoki, Sugiyama, 07; Kadastik, Raidal, Rebane, 07; Fileviez Perez et al., 08

Br(A — fafg) X (m,,)ag

» Type lll seesaw: N — T fermionic triplet
qq — W~ =T T° — (" +jets

Foot et al., 89; Ma, 98; Bajc, Senjanovic, 07; Franceschini, Hambye, Strumia, 08; ...

T. Schwetz, FPCP 2010, 28 May 2010 — p.22



R-parity violating SUSY

Allow for “tiny” R-parity violation
(be sure of not violating proton decay bounds!)

= neutrino mass generation is related to lepton
number violating terms in superpotential

can study neutrino properties by observing R-parity
violating decays of the LSP (neutralino) at LHC

e.g.. Diaz, Dedes, Eboli, Hirsch, Porod, Restrepo, Romao, Senjanovic, Valle, ...

T. Schwetz, FPCP 2010, 28 May 2010 — p.23



R-parity violating SUSY

Allow for “tiny” R-parity violation
(be sure of not violating proton decay bounds!)

= neutrino mass generation is related to lepton
number violating terms in superpotential

can study neutrino properties by observing R-parity
violating decays of the LSP (neutralino) at LHC

e.g.. Diaz, Dedes, Eboli, Hirsch, Porod, Restrepo, Romao, Senjanovic, Valle, ...

LSP Is not stable
e neutralino no viable DM candidate

e gravitino DM (decay suppressed by R-parity and Mp;)

Takayama, Yamaguchi, 00; Buchmuller, Covi, Hamaguchi, Ibarra, Yanagida, 07

T. Schwetz, FPCP 2010, 28 May 2010 — p.23



Radiative neutrino mass generation

Example: Zee-Babu model zee, ss, s6: Babu ss

add two SU(2) singlet scalars: h™, k™

,C,/ = faﬁLZCi02L5h+ + ga5%635k++ -+ /Lh_h_k++ —+ h.c.

M x
5 Jmeg mefT

m]/ %
A48T m;;

Ly,

T. Schwetz, FPCP 2010, 28 May 2010 — p.24



Radiative neutrino mass generation

Example: Zee-Babu model zee, ss, s6: Babu ss

add two SU(2) singlet scalars: h™, k™

[,,/ = faﬁLZCiO’QL@h—I_ + ga@%635k++ -+ /Lh_h_/{?++ —+ h.c.

1% * T
~ fmeg myf
4871'27712

my

good prospects to see doubly-charged scalar at LHC — like-sign
lepton events; BR(k** — (20]) « |gag|?

iIf k™ is within reach for LHC the model is tightly constrained by
perturbativity requirements and bounds from LFV

Babu, Macesanu, 02; Aristizabal, Hirsch, 06; Nebot et al., 07, Ohlsson, TS, Zhang, 09

T. Schwetz, FPCP 2010, 28 May 2010 — p.24



Lepton mixing and the problem of flavour

T. Schwetz, FPCP 2010, 28 May 2010 — p.25



Why is lepton mixing large?

Lepton mixing:

(505
UPMN = — 1 1
R O(1) o

Quark mixing:

1 € ¢
Uckm =1 € 1

€
€ € 1



Why is lepton mixing large?

Lepton mixing:

(o) o) o
Upyng=—=1 O(1) O(1) O(1
R O(1) 0(1) O(1)

consistent with random (“anarchical”)
neutrino mass matrix

In this case 63 has to be close to the bound

and 6,3 should not be very close to 45°
e.g., deGouvea, Murayama, hep-ph/0301050



Is there a special pattern in lepton mixing?

example: Tri-bimaximal mixing
Harrison, Perkins, Scott, PLB 2002, hep-ph/0202074

Sil’l2 015 = 1/3, SiIl2 Or3 = 1/2, Sil’l2 015 = 0 =

2/3  1/v/3 0
U = | —1/vV6  1/v3 1/V2
1/v/6 —1/v/3 1/v/2




TBM mass matrix

TBM implies a special pattern for the neutrino mass matrix

mrem = Urpm diag(mi, ma, ms) U%BM
[ a b b \
— % s(a+b+c) s(a+b—c)
\ % % Ya+b+c) )

with

1 1
a:§(3m1—|—m2) b:§(—m1—|—m2) c = ms3

T. Schwetz, FPCP 2010, 28 May 2010 — p.28



Flavor symmetry?

maybe the special values of the mixing angles indicate a flavour
symmetry (u-7 exchange sym., Sy, Ss, Ay, Dy, D5, Dg, A(27),...)

see recent review Altarelli, Feruglio, 1002.0211
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Flavor symmetry?

maybe the special values of the mixing angles indicate a flavour
symmetry (u-7 exchange sym., Sy, Ss, Ay, Dy, D5, Dg, A(27),...)
see recent review Altarelli, Feruglio, 1002.0211
example Aj:

* symmetry group of the regular tetrahedron

* representations 1,1',1”.3

e smallest group with 3-dimensional irrep.

* m7py IS INVariant under one of the generators

T. Schwetz, FPCP 2010, 28 May 2010 — p.29



A, models

Barry, Rodejohann,
1003.2385

Table 1: Particle assignments of 44 models in the literature. Lepton doublets, charged
lepton singlets and right-handed neutrinos are denoted by Ly, & and v, respectively. A
denotes the Higps triplets in the type I seesaw mechanism. Models that also study the
quark sector have the superscript ¥, those that embed A, into a GUT group have the
superscript. *.

Tvpe L e vy A References
Al 3 L1 - - [111-20] [21)*
A2 1,1,13 |22[23]

B1 s 111 3 - (1424l 27]# [os] o]+ [2ollu1]
B2 13 42]#

1 - 12|

€2 5 3 ] 1 43ll44] 45]#
3 13 146

4 11,13 7]

D1 - ls]la0]* [50051]
D2 5 3 3 1 [52) [53]*
D3 1 |54]*

D4 1.3 |55|*

E 3 3 111 - I56]57]
T 3 lorl 58]

G 2 L11" 1L1.1 - |59]

H 3 L1l - : 160)

I 2 111 111 - |61

] 3 111 3 _ 6262

= —— - .30



Flavor symmetries - models

some general (maybe personal) remarks

e full models get often quite invovled

» “strong” breaking of the symmetry required
(charged leptons)

* need many fields with complicated charge
assignments

 VEV alignment
o difficult to extend flavour symmetry to quarks
(very few examples)

Altarelli, Feruglio, 1002.0211



Conclusion

Maybe the surprising properties of neutrinos tell us
something important about the physics beyond the
Standard Model and/or about the origin of flavour.

Thank you for your attention!



Additional slides
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Prospects foid;

Discovery potential at 3 ¢ for NH

T2K |
NOVA
DayaBay
DoubleChooz[]
RENO i

)
sin 2613

S

10

2010 2012 2014 2016 2018
year

Mezzetto, TS, “013: phenomenology, status and prospect”, 1003.5800;
Huber, Lindner, TS, Winter, 0907.1896
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Prospects foid;

Disco
I

very potential at 3 ¢ for NH

-
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e
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)
sin 2613

10

T2K

NOVA
DayaBay
DoubleChooz
RENO

==
S

________

2010

2012

2014
year

2016

Hhint”
Sin2 913 = 0.01

Mezzetto, TS, “013: phenomenology, status and prospect”, 1003.5800;
Huber, Lindner, TS, Winter, 0907.1896
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CP violation - in theory

neutrino oscillations in vacuum:

_ Z Uﬁ] Okuﬁk e—zAm?kL/QE

Pya—>V5

* * —1 2
Prumny = ZU&jUﬁjU&kUﬁke AL /20

“weak phase™  Arg(U;.Us;iUaUj,;)
“strong phase”. Am;, L/2E



CP violation - in theory

neutrino oscillations in vacuum:

Z Uﬁ] okuﬁk e—zAm?kL/QE

Pya—>yﬂ

* * —1 2
Prumiy = ZU&jUﬁjU&kUﬁke AL /20

APCP = Pyoovy — Proyny X Im(UaJUﬁjU*kng) X sin o sin 643

= need a # G, i # k, sinf3 > 0
only the appearance channel shows explicit CPV

T. Schwetz, FPCP 2010, 28 May 2010 — p.35



CP violation - In practice

Real exps are performed in matter. ..

- = Udiag (O, A;g%, %g%l) UT 4+ diag(v/2GN,, 0, 0)

2
HY. = U*diag (0, AZggl, AZ?“) UT — diag(v/2GrN., 0, 0)
maitter potential changes sign for » and v

e for experiments in matter P =+ Py, v, €VEeN for real U

T. Schwetz, FPCP 2010, 28 May 2010 — p.36



CP violation - In practice

Real exps are performed in matter. ..
i = Udiag (0, 572, 5784 ) UT + diag (v2G'# ;. 0,0)

» 2F, 7 2K,

H; = Urdiag (0, 57, 57 ) UT — diag(v2G PN, 0, 0)
matter potential changes sign for v and ©
e for experiments in matter P =+ Py, v, €VEeN for real U
. and are made out of matter (and not anti-matter)

e cross section and fluxes are different for v and v

T. Schwetz, FPCP 2010, 28 May 2010 — p.36



CP violation - In practice

Real exps are performed in matter. ..

- = Udiag (O, A;g%, %g%l) UT 4+ diag(v/2GN,, 0, 0)

v = U*diag (0, égfl, Aﬁl) UT — diag(v/2GrN., 0, 0)

matter potential changes sign for v and ©
e for experiments in matter P =+ Py, v, €VEeN for real U
. and are made out of matter (and not anti-matter)

e cross section and fluxes are different for v and v

—> Assume standard 3-flavour oscillations
perform a parametric fitto 0

T. Schwetz, FPCP 2010, 28 May 2010 — p.36



Determination of the mass hierarchy

the vacuum oscillation probability Is invariant under
Amz, — —Am3, ocp — T — OCp

key to resolve the mass hierarchy is the matter effect
resonance condition for v, — v, oscillations:

2EV

2
Amz,

— cos 203~ 1 can be fulfilled for

neutrinos if Am3, > 0 (normal hierarchy)
anti-neutrinos if Am3, < 0 (inverted hierarchy)

T. Schwetz, FPCP 2010, 28 May 2010 — p.37



Determination of the mass hierarchy

the vacuum oscillation probability Is invariant under
Amz, — —Am3, ocp — T — OCp

key to resolve the mass hierarchy is the matter effect
resonance condition for v, — v, oscillations:

2EV

5 = cos20i3~ 1 can be fulfilled for
Amz,

neutrinos if Am3, > 0 (normal hierarchy)
anti-neutrinos if Am3, < 0 (inverted hierarchy)

need L = 1000 km and £, = 3 GeV in order to reach the regime
of sizable matter effect

T. Schwetz, FPCP 2010, 28 May 2010 — p.37
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