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Introduction to Flavour



Quark and Lepton Mass
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Angles and CP
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Yukawa couplings
Yij Hpi);

H VVhy so small

s = ¢ (apart from
—?'J—J top quark)?
%



BSM idea: Effective
Yukawa coupllngs
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: H Yukawas small




Mp Flavour scales can be
1 from the Planck scale

to electroweak scale
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The Standard Model



The Standard Model




SM gauge group and fermions
Gsm =SU(3)e x SU(2), x U(1)y

gi; = (Zl> (3,2,1/6) Yy =0 — 15
)
i (3,1,2/3) y —=2_L_1
LT3 2 6
diR (3717_1/3) 1 | 1 1
=T33 7%
giLE (e‘/l) (1727_1/2)

e (1,1,—1)




Family universal couplings of gauge bosons to fermions

D,agr = |9, —i2A Gk —iSr, Wi 'g/B
udr = \ ou 12 k M_IQTJ I l6 u | 9qL,

s 28’
Jy ig2 MGl —i §Bu> g

/

p) helta
| /
Dl = au—i%cjwd | i‘g;Bu) qr
- . _ Spot the
Dye; = (du+igBy) eg p
deliberate

mistake?



Higgs mechanism
SU(3)e xSU(2)L xU(1)y — SU3)e X U(1)em.

0 = (’fbg) ~ (1,2,1/2) Q=T1T3+Y
V(9)=u29'o (0/9]0) = (O)
V2

(@ A >0, u>>0 b) A >0, u><0



W and Z masses

_I_ —
W‘LC:,B“ H Wu ,Wu ,Zu,A“

/

My = A4 tan By = 2
2 g
Zy = COSGWW£ — sin By By,
V MW

M, = 2 2 _ —
7=V +8%; —rm

Massless
photon AH

cos Ow By + sinGWWﬁ’

- ggd o
e = \/g2+g’2 = gsin By = g cos Oy




R /o,
(Yu)l] %LéﬁuiR T (Yd)l] @Lq)diR + (Yé)l] ZL¢€iR + H.c.

G G are Goldstone bosons eaten by W and Z
— 1 : H is the physical Higgs boson
2 (v+H +iGy) v is the vacuum expectation value
(B — i’L’z ¢T
Ly = — (V)T — (Ya); dipdig + —= (Y0);; @

—LYy = = Uu)jj Wil WiR d)ij 4L 4iR ()ij €iL€iR

V2 V2 V2

| (Yu)ij _ (Yd)ij - | (Yé)ij _

uir H -

eiRH

| Uj €
V2 i v2

Note: Higgs boson H couplings are proportional to Yukawa couplings



W and Z couplings

g — —0
— %cc = ﬁ [ulg ’}’u d,g + Vi }’u 8,‘2} WJ— + H.c..
_ —0 — _ :
e = oo (M — AL d) + V) ey 2sin’0y I | 2,
2 _ l -0 —0 _ _
T = 5 (TP ) + WP ] — 5 | Aoy df + dp ¥ dy| — [0 €] + 7"

The zero superscripts remind us that the Yukawa matrices are not yet diagonal

BUT even when diagonal the neutral current retains the same form:

Lo = : [EL’}/HML—EL’}/“C{L—I— VL’}/‘LLVL—EL’}/HEL—ZSiDZGW‘]ng ZIJ

Hence no Flavour Changing Neutral Currents (GIM mechanism)



In the Standard Model, lepton couplings to the gauge bosons are identical:

( Z,Vl

1\
Neutral current: / /V\A/< Charged current: |V ’\/W<
l D

QzeaﬂaT Y l=e,u,T

Lepton Flavour Universality : couplings equal for e, mu, tau
Lepton Flavour Conservation: does not change e, mu, tau flavours

® The branching fractions (BF) to different lepton generations only differ due

to lepton masses
» Higgs couplings, phase space, level of helicity suppression

® | epton Universality has been thoroughly tested over the years at LEP,
PIENU, NA62, BES-IIl, CLEO, KEDR and many other experiments.

® Neutral Currents measured to be universal with <2%o. precision
® Charged Currents measured to be universal with <2%o. precision
for the first two generations



Quark Flavour



Quark Yukawa couplings and CKM

i —v“Y“uLuR ded e

0

tr) Uckmy' W,

Unitary matrix UTU — ]




Parametrising the CKM mixing matrix

(Via Vius Vi
Vcd Vcs Vcb

\Via Vis Vi )

(

Vud Vus Vub d
(@et) V| Ve Ves Voo | | 5| W
Via Vis Vi b
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Quark CP violation
Vud Vus Vub d
(@et) V| Ve Ves Voo | | 5| W

Via Vis Vip b .

UnLta ritgj Lmplies for example * * ¢ B
orthogowaLitkj of 1st and =rd columns: V;,dl/;,b + I/Cdl/cb + I/tdl/tb — O




=

0.7

1 | ! 1 1 | 1 1 1 j 1 | | T

I—To! _]

i ! Am & Am —
0.6 :_3\’ I Y AM d S e fitter
5 B8 ! d K ICHEP 16 —

= 8 =
05 g sin2p ! =

— | © I sol.w/ cos 2 <0 —

— 8 I (excl. at'\CL > 0.95) ]
04 —3 : -

- z -
03 — -
0.2 = N
0.1 =

= o | \]
0.0 1 1 1 | 1 1 1

-0.4 0.2 0.0 0.2 0.4 0.6 0.8

P
[ | | O
CP violating phase 7 ~ 013 =~ 70

Quark CP violation

1.0



Some flavoured mesons

charged:

Kt ~5su, D"~cd, Df~cs, B"~bu B~ bc,
K~ ~stl, D ~¢d, D; ~Cs, B ~bu, B, ~ bc,
neutral:

K ~ sd. D ~ cu, B, ~ bd, Bs ~ bs,

K~sd, D~cu,  Byg~bd,  Bs~bs,

he neutral K,_D,_Bci and BS_ mesons mix with their
antiparticles, K, D, By and Bs thanks to the weak interaction
(quantum-mechanical two-state systems).



Examples of Quark Flavour
Changing Processes

Flavour changing e No tree level FCNCs
charged current / B d u
— ¢ VvV
R o (W
s > > U
d ¢ d § ur
(@) K) — e v, Forbidden by GIM mechanism

Flavour changing neutral currents generated

effectively at one loop
W /%
d > ¢ d d > ¢ d

u,C,l‘v vl/l,c,t M,C,tv Vuacyt

/4 ) W

(a) KU — KO mixing (b) B?l — B—g, mixing



Flavour changing penguin

o

Antistrange

-

Antibottom
Quark
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g R deliberate
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Quark

e

Quar



B— K4+ 1"+ ‘

Homework:
make this
look like a v

penguin —— -

® b—s|*|" transitions are rare in the SM (no tree level
contributions: GIM, CKM, in some cases helicity suppressed)

® ideally suited for indirect New Physics searches
(indirectly sensitive to energy scales O(100TeV))



Anomalies in b quark
transitions

® five different experiments:
ATLAS, BABAR, BELLE, CMS, LHCb

® vastly different collision environments requiring

different analysis strategies: hadronic (abundant) VS
leptonic (clean)

® processes with different SM contributions:
tree level semi-leptonic decays, loop level FCNC transition

® many clean observables:
angular observables, branching fraction ratios



LFU tests with B> K(*)UH and B2 K(*)ee

decays: R(K) and R(K*)

® Theoretical uncertainties on the exclusive B—K(*)lI
branching fractions are reduced to a per-mille level
in ratios (hadronic effects cancel):

- BT > Ktputpuo
. BT — Ktete—

BO%K*O +

R(K —
() BY — K*0ete—

® SM, R(K) and R(K*) expected to be close to unity.

® Sensitive to new neutral and heavy gauge bosons,
lepto-quarks, Z' models.



R(K) and R(K*) results

LHCb focusses on the g regions with reliable theoretical predictions and
small contributions from the resonant modes. Precision limited by statistics.

e LHCb = Belle + Babar

:‘ 2_ T LN R B B B | T 1T 20 I T T T T | T T T T | T
< fRun1 LHCb ¢ [Runi
1.5F | - = 1) y
1:— } — 1.0:—» po— S— < < —
—— : 4 ]
0.5 y 0.5 ® LHCbH 7]
: " LHCb el
O 0.0 T T I TP
0 5 10 15 202 0 5 10 15 20
[PRL 113 (2014) 151601] q* [GeV~/c*] JHEP 08 (2017) 055 q° [Gevz/(ﬁ]

Ry = 0.74570%9(stat) + 0.036(syst). 2.60 Deviation from Standard Model

0.69 = 0o% (stat) & 0.05 (syst) for 1.1 < ¢% < 6.0 GeV?/c?.

0.66 © 0ot (stat) & 0.03 (syst) for 0.045 < ¢ < 1.1 GeV?/c,
R0 = | 2.1-2.40



R(D") and R(D) results

Tree level semi-leptonic b—clVv transitions are excellent test
modes for charged currents:

SM New Physics?
| q > q | q » q
B D B D
) — < ¢ (u) b — - ¢ (u)
\ W H™ WU
T+ 7.-+-
Vr U,

® abundant (crucial for the T mode) and theoretically well
understood

® the ratios of branching fractions are known with a precision of a
few % and can be precisely measured:

=0.260(8) SM

R(D*) = B(BY — D* ttv,)
- B(BY = D*utu,)



R(D") and R(D) results
Combined R(D") and R(D) significance is
4.10 w.r.t SM (R(D") alone 3.4 O)

0.5
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Belle, PRD94,072007(2016) == S5M Predictions

Belle, PRLL118,211801(2017) R(D)=0.300(8) HPQCD (2015)
LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015)
Average R(D*)=0.252(3) S. Fajfer et al. (2012)
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NB! Updates not included (small combined effect on the tension):

* mild change in the published LHCb R(D*) from hadronic T channel
* updated SM predictions [|[HEP || (2017) 061]




Introduction to
Neutrinos




Where do neutrinos appear in nature?

Nuclear Reactors Sun

Supernova
(Star collapse)

Particle accelerator

Astrophysical
accelerator

The atmosphere
(Cosmic Rays)

Earth’s crust
(Natural radioactivity)




Neutrinos from the Sun

Solar radiation: 98 % Light
2 % Neutrinos
We observe: 66 Billion Neutrinos/cm?/sec

Hans Bethe (1906—2005, Nobel prize 1967)
Thermo-nuclear reaction chains (1938)




First measurement of neutrinos from the Sun

Inverse beta decay
("Neutrino capture")

_ 600 Tonne
Dry cleaning fluid

Homestake Solar neutrino-
Observatory (1967-1994)




Physics Nobel Prize 2002 for Neutrino-Astronomy

Ray Davis Jr. Masatoshi Koshiba
(1914-2006) (*1926)

,, for pioneering contributions to astrophysics,
in particular for the detection of cosmic neutrinos”



Results of Chlorine Experiment (Homestake)

(1 FWHM Results) ApJ 496:505, 1998

1.4

= 1.2

<

g :

g 1.0 e
< ! ,

g 03 J ¢ 1 { Avg.

8 ® ] Ratge 4 %
= UN Z
.S 0.6 |

8 [|

=

e

@)

ot

o

—

<

L]

on

I
0.4 I 1! ’
0.2 | | | | [ ‘ | lp \l | | | ‘ | * | | l
0.0 ¢ +1Te L l l ol | N
1970 1975 1980 1985 1990 1995
Year

Average (1970-1994) 2.56 £0.16,, = 0.16,, SNU
(SNU = Solar Neutrino Unit = 1 Absorption / sec / 1036 Atoms)

Theoretical Prediction 6—9 SNU
“Solar Neutrino Problem” since 1968

heoretical
Expectation

Average
Rate



Neutrino-Oscillations

Pontecorvo & Gribov (1968 ,, Solar neutrino problem”)

e Neutrinos are quantum superpositions of mass states
Vo= +C0S0 v{ +sin0® vy
Vy= —sin® vq +cos 0 v,

eDifferent propagation speeds gives neutrino oscillations

Probability v = vy,

sin2(29)

sin® 260 sin

L Lis distance travelled

E is energy of neutrino

2 2

Oscillation AmQ = m5 —m

Length






Detecting neutrinos in water

p§

*

Electron or muon
(Charged particle)
e
‘/f/./ .
20

Cherenkov
Ring




NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
Sun center:

SNO

SUDBURY NEUTRINO OBSERVATORY [SNO]

ONTARIO, CANADA

PROTECTING ROCK

Both electron neutrinos

alone and all three types of
neutrinos together give sig-
nals in the heavy water tank.

L]

HEAVY
WATER

RADIATION

v

(%4

X .

CHERENKOV

L

2100 m

|

'4

',//

1Bm

lllustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences



Super-Kamiokande Detector (since 1996)

Southampton
Civic Centre
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Atmospheric Neutrino Oscillations (1998)

Discovering Mass
CORpIInG the 880 of Svors of AUIIOS COTING " Bucug v Earm
m-’-c"f?f'owmwmﬁmhymwm / 1.8 I |
SIPER KAVBORANDE DETECTOR |- / ﬁ?w —~ 1.6
, : Q
3 1.4
E 1.2
S '
O il
= 0.8 : * + L|,'
&’ 0.6 | &
8 04F
A :
0 o2 =
Ob— vl v uil
2
1 10 10
L/E (km/GeV)
2
o Am=L

Prob. = sin® 260 sin

1T858 A b P

Atmospheric neutrino oscillations show characteristic L/E variation



“For the greatest benefit to mankind”

Rifpcat VoAt

The Royal Swedish Academy of Sciences has decided to award the

2015 N OBEL PRIZE IN | PHYSICS

U

Sudbury Neutrino

Super N2
Observatory (SNO)

Kamiokande

Takaakl Ka_] ita and
Arthur B. McDonald

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”

'Nobelprize.org

The Official Web Site of the Nobel Prize



First neutrinos from nuclear reactors (20th July 1956)

Clyde Cowan- - " Fred Reines
(1989-1974) | " (1918-1998)

™ ’ e Nobel prize 1995
Anti-Electron Neutrinos

from beta decay of fission

products in

Hanford 3 Gammas
Nuclear in coincidence

reactor




Modern Reactor Experiments

Double Chooz

I.'f L.‘-"an&"!/]

Double Chooz




Eamioka

Long-Baseline (LBL) Experiments

g7 g (3180m)

250m

Earunizarva

VLo
Super Kamiokande
" " (Kemioka cho) .

e

K2K Experiment
(KEK to Kamiokande)
measured precise
neutrino oscillation
parameters.

Since then other LBL
Experiments:
 Minos (US)

* Opera (Europe)
 T2K (Japan)

* Nova (US)

Tsukuba to Kamioka (T2K)

currently running
experiment



'World LBL experiments

(2008 ) ICARUS (2010 ) 732km

NOVA

currently \

running

~ T2K (2010-) 295km
e (Hyper-K 295k

I
N



Neutrino Mass and
Mixing



The 6 observables In
neutrino oscillations

*The atmospheric mass squared difference Amgl
X The solar mass squared difference Amgl

X The atmospheric angle 023

XThe solar angle 912

XThe CP violating phase 5



‘ solar7.5 x 107° eV?

atmospheric — —
2.5 x 1073 eV?

atmospheric

2.5 x 1073 eV?
$solar 7.5 x 10~ eV?

- - __

?

-
U
e
©
-]
o

Q)
Y
A
©

>
O
=

s
wjd
=)
&

=

.0 T N
Neutrino oscillations depend on Am;; =










Lepton Mixing Matrix
(e

P nteCOrVO - 7 Y Normal <] Inverted
M ki p \ my = | |_m,~

PMNS matrix Neutrino mass states

m? m?

atmospheric
~2x1073eV?

Nakagawa
Sakata

Reactor




PMNS and CKM mixing

—10
SGs ,5 S .5 SHIELS
(/ (/
_312623_612523313‘?(S CoosmlpsaRihic = ZhEL
Ty (/ e Yo (/
> % C192o32in Cosiate S Rt il

12523 ~€12C93513€

For Majorana neutrinos = x diag(1, e’®21/2, ¢'@31/2)

Same form for quarks and leptons
(but very different angles)




A Brief History of Progress in
Neutrino Physics since 1998

VL
) —=
Atmospheric v, disappear, large 623 (1998) @ SK

Solar v, are converted to v, +v  (2002)  SNO

Reactor anti-ve disappear/reappear (2004) Kamland

Accelerator v, converted to v, (2010) OPERA
Accelerator v, converted to Ve, 613 hint (2011) T2K

Reactor anti-v¢ disappear, 613 meas. (2012) DB, Reno



Latest NuFIT Fit 3.2

NUFIT 3.2 (2018)

Normal Ordering (best fit)

Inverted Ordering (Ax* = 4.14)

Any Ordering
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Quark vs Lepton mixings (again)

BN

137 24 855 ZQOO

1+0.1° +0.1° +0.05°

34°  45° 85 80
110 a0k +0.15° +50°




Open Questions

Is CP violated in the leptonic sector? (Probably)

Are neutrino masses NO or |O ! (NO preferred)
B VWhat is the lightest neutrino mass?

~ . , .
Are neutrino masses Dirac or Majorana!




News in Neutrino 2018

Super-K atmospheric (Y. Hayato) T2K (M. Wascko) NOVA (M. Sanchez)
~ LI B B B B B . NOVAFD  8.85x10%° POT equiv v + 6.9x10*° POT ¥
> | Inverted hierarchy . ) Inverted - - _..NHLoweroctant ] Z
E_ s it —~ 4:_ IO .. - NH Upper octant _: ;
255 - - ,l’hve rtEd\ ==+ IH Lower octant ]
g 20;— 8 3;_" " — |H Upper octant _E @
4 E c r <13
N 15\ (] =3
: = 13
e = <
sk 2 .
E\\ n :
nClbes, "
-3 on
0 2 4 6
8CP

Already some interesting indications:
=>» NO favored by these 3 experiments at ~(1 ~ 2) sigma level each.
=>» These experiments give some favored J., region(s).



Future experiments that will tell us the neutrino masses hierarchy

We would like to be convinced the neutrino mass ordering by consistent results
from several different technologies/methods with > 3 ¢ CL from each exp.

.

KM3NeT/ORCA Preliminary

-100  -50 0 50 100 150 200
> (m) PR s s

...and the LBL experiments will tell us about leptonic CP violation - important to know
because it is related to leptogenesis and the origin of matter-antimatter asymmetry




Future LBL Neutrino
Experiments






FERMILAB, IL HOMESTAKE, SD

V BEAM (800 miles)




Neutrino Oscillations in vacuum

Am?jL
Pop =0ap —4 ) Re(U}UpUs,U3, ) sin® e

1>

X By

AmgjL
+2) Im(U%UsUs;U}) sin

i>7
Am? 3 L B GeVim

X

4hE 4hc

2
Am,




Electron Neutrlno Osallatlons -
P(Ve s Ve, B L) =Lt COS4 013 Sll’l2 2019 SlIl2 Aot Ay = Zlg .

— sin® 2613(cos” f12 sin® Asy + sin® 615 sin” Ass)

Oscillation probabilities for an initial electron neutrino Oscillation probabilities for an initial electron neutrino
1.0 1.0

Ve Ve

0.8 0.8

Electron
disappearance

0.2 V’T V/’L

Probability
Probabilily

—

T

=
o

NNM‘

’ i
0 I 1000 2000 3000 4000 99 15000 2000025000 30000 zsom

L/E (ki /GeV (M/MGV) ;
Daya Bay 2
RENG el 5
(1st atm max) 4& -

L/E (km/GeV) (m,/MeV)

Amg L
4F




Muon Neutrino Osallatlons
P(V,u e E,L) — = sin2(26’23) Sin2 (%) -+ (’)(6)

Oscillavon probabilities for an initial muon neutrino

Vl.n V’T
Muon _ 'f,ﬁ

disappearance .

Probability

=

Ve

¥ | 1000 2000 3000 4000

L/E (km /GeV) A\ = Am%l / 28

Accelerator LBL Am$,L « 4 ;
(1st atm max) AE 2 €=Am5/Amgz ~0.03




Muon Neutrino Oscillations
P v o bl —Fi P+ 0 (62)
2

Oscillavon probabilities for an initial muon neutrino

Y

Probability

0.0

0 1000 2000 3000 4000

L/E (km /GeV)

Accelerator LBL Am3,L =

Vr
Electron = njﬁ
appearance %
2 A“A,Av‘J \) Ve

(1st atm max) AFE 2




Muon Neutrino Oscillations
P v o bl —Fi P+ 0 (62)
2

1 1 —(ra)AL
P1 == Sin2 (923 SiIl2 (913 sin2 ( ( @) > -

(1 —TA)2 2

By =8 o (O AL i (AL g (DAL

%

2 ”I“A(l e KA
CP phase Matter effect

Electron appearance N Amgl/ZE

depends on CP Phase | | e = Am2, /AmZ, ~ 0.03
A, 0 change sign for antineutrinos

JT — COS (912 SIn (912 COS (923 S1n (923 S1n (913




Future LBL experiments

| BNF to (\ JEEP U Beams of

Sa f dUd ergro
Research Fac Ity

NEUTRINO

- = = .

NEUTRINO
PRODUCTION

PARTICLE

DETECTOR
UNDERGROUND

PARTICLE DETECTOR

\\
\\

-1 “Tokai to
\ Hyper-Kamiokande \

\ A gigantic detector to confront
elementary particle unification theories
\ and the mysteries of the Universe's evolujios

(and maybe Korea)




Highly complementary experiments:

DUNE T2HK

L = 1300km L = 295km

4T

A

Flux [10™"/GeV/m?/PoT]
Flux [10°/50 MeV/cm?/10%'PoT]

Wide Band Beam Narrow Band Beam (off-axis)
LAr detector Water detector




CP violation sensitivity
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Neutrino Theory



The Electron Mass

e :
7 Dirac €r

@l‘ meaeR M

Left—ha noled Rig ht-handed
electron electron




Neutrino Mass

Left—ha noed Rig ht-hawnded
neutrino neutrino

v L Dirac

@l‘ mDﬁyR

@l‘ myﬁyz

Left-ha nded Ri@ ht-hawnded
neutrino antLneutriino

’&*»
Majorana ¢
¥ L * L




Right-handed neutrino mass

C

A\

Majorana

@*» MRURVS, R g e

Right-handed Left-handed
neutrino antineutrino
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Is Majorana mass renormahsable"
Renormalisable where A is light Higgs triplet with [
AL =2 operator 7\\, LLA VEV < 8GeV from p parameter

Non-renormalisable 7\-V TLHH = 7\’\/ <HO> v v
el

AL =2 operator M M eL Weinberg

This is nice because it gives naturally small Majorana neutrino
masses m;, ~ <H>2/M where M is some high energy scale

The high mass scale can be associated with some heavy
particle of mass M being exchanged (can be singlet or triplet)

il H
See-saw

mechanisms
75




The three reasons for zero neutrino
mass in the Standard Model

1. There are no right-handed neutrinos
2. There are nwo Higgs terLets oS8 @
-«

3. There are no non-renormallzable terms

Many (many) possibilities for the origin
of neutrino mass...




Roadmap of neutrino mass
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# Dirac or Majorana! "”"

SFK 0712.1750

Dirac

Majorana

mLﬂLVE

C
YR

Majorana




Neutrino Mass Limits from the Laboratory

Many currently running experiments: GERDA, Majorana, EXO, CUORE, Kamland-Zen

This decay (on the left) The rarest form of beta decay, if observed,

Is commonly observed would give a precise mass measurement
[Double beta decay]

Neutrino
mMass
<0.2 eV

Ve
This would also

prove that the

Double beta decay Neutrinoless neutrino has a
which emits anti-neutrinos double beta decay Majorana mass




Experimental determination
of neutrino mass

(no signal if

Tritium beta decay Neutrinoless double beta decay Dirac)

Excluded at 90% confidence level | Guzowski

/////////////////////////////////////////////////////////////////////////Jﬁ 9 4/9 8}

NIIIIII

Combination (CUORICINO, EXO-200, GERDA, KamLAND-Zen, NEMO-3)

/////////////////////////////////////////////////////////////////////// (LLLLLLL

o

Inverted Hierarchy

Planck
95% limit

2 e"
E :|U€Z ' Normal Hierarchy

Present Mainz < 2.2 eV
KATRIN ~(0.3beV




Roadmap of neutrino mass
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Planck
brane

Extra dlmensmns

e

Overlap
wavefunction of
fermions with
Higgs gives
exponentially

suppressed Dirac
masses,
depending on the
fermion profiles
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Loop Models of Neutrino Mass

X
I

H,(Hy),

Zee (one loop) Babu (two loop)

1406.4137

la (lb)c

Ny

Scotogenic model Cocktail moodel Effective theory
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R-Parity Violating SUSY
O Majorana masses can be generated via RPV SUSY

O Scalar partwners of Lepton doublets (slepton doublets) have same
quantum numbers as Higos doublets

e R—parl’ca Ls violated then sneutrinos ma Y get (small) VEVs
induciing a mixing between neutrinos and neutralinos

\DE\D

\ \
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Type I see-saw mechanism  Type II see-saw mechanism (SUSY)E

P. Minkowski (1977), Gell-Mann, Glashow,
Mohapatra, Ramond, Senjanovic, Slanski,
Yanagida (1979/1980), Schechter and Valle
(1980)... Yz

Lazarides, Magg, Mohapatra, Senjanovic,
Shafi, Wetterich, Schechter and Valle...

"I_/’ / u

X X

N\

HO\\ ké'// HS

u

Heavy
triplet




Type ITI see-saw mechanism
Foot, Lew, He, Joshi; Ma...

Supersymmetric adjoint SU(5)
Perez et al; Cooper, SFK, Luhn,...

SU(2), fermion triplet

|
—
- b

See-saw w/extra singlets S

Inverse see-saw
Wyler, Wolferstein; Mohapatra, Valle

0 Mpi 0
M e n e

oM M = TeV=>»LHC

M, =MpMT uM~'MZ

Linear see-saw

0 MD ML
MmO
M{ M50

Malinsky,
Romao, Valle

Type IIT

LFV predictions




Minkowski; Yanagida;
Gell-Mann, Ramond,

Seesaw mechanism ..o e

v%) (

T 1 Y MR

0

mp

2

mp

~ Mn

Schechter, Valle;...

C
"D L One family
Mg ) \Vr

Seesaw assumption

~ (J.1eV Physical neutrino mass
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. TeV sterlles
Nu-MSM,

DM,GeV s:éterlles MR (Gev)

keV steriles

eVsterlles 10~ ~ 1()5 1()10 1015
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Leptogenesis
suggests
MR~31 010 GeV

AfR(CkﬂJ)
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Two right-handed neutrinos:
the Littlest Seesaw

1512.07531

0 b
mp=|a 3b Mp = ( 0 MSd)

my, = 1Mp— T seesaw formula in matrix form




The Littlest Seesaw._....

my, — MTNgq

4.0,

o O O

0 O 1
1 1) +mp| 3
1 1 1

v © W

Ballett, SFK, Pascoli, Prouse),

hng 1612.01999

6i27r/3

el N

2 input parameters
Predicts:

3 neutrino masses,
3 mixing angles,

1 Dirac CP phase,
2 Majorana phases
= 9 observables

B 64 Very predictive!
Am3,
B Am3;, Currently measured
5 observables

Good agreement!

see talk by Sam Rowley



