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There are MANY
Majorana neutrino mass models...

Tree-level

Radiative: 1-loop, 2-loop, 3-loop, ...
High scale

Low scale

Dimension-5: Weinberg operator

Higher dimensions: dim-7, dim-9, ...
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This talk

Can one unify all models in a master neutrino
mass formula?

Can one find a master solution
to this formula?
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Outline

Master formula

One formula to rule them all

Master parametrization

The most general solution to the master formula

An application

An illustrative example
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One formula to
rule them all

Master formula



The master formula

m=f (y{ Mya+y3 M" y1)
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The master formula

m=f (yi Mya+ys M" y1)

1 : symmetric 3 X 3 Majorana neutrino mass matrix
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The master formula

m=f (y{ My2+ys M" y1)

M : symmetric 3 X 3 Majorana neutrino mass matrix

f . global factor [numerical factors, model parameters, mass ratios, ...]
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The master formula

m=f (y{ My>—+uys M" y;)

M : symmetric 3 X 3 Majorana neutrino mass matrix

f . global factor [numerical factors, model parameters, mass ratios, ...]

Y1 : n1 X 3 Yukawa matrix

Y2 : ng X 3 Yukawa matrix [121 > Nna]
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The master formula

m=f (y{ Mys—+uys M y)

M : symmetric 3 X 3 Majorana neutrino mass matrix

f . global factor [numerical factors, model parameters, mass ratios, ...]

Y1 : n1 X 3 Yukawa matrix

Y2 : ng X 3 Yukawa matrix [12] > Nna]

M : n1 X N2 matrix [dimensions of mass]
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Some examples

To convince you that the master formula in indeed
valid for all Majorana neutrino mass models



Type-|l seesaw

everyone’s 5
model v _
n1 = N9 = 3
(H) (H)
Y1 = Y2 = y/\/i > = | !
| |
2
v | |
M= —Mz;" | |
N N

2 / > ® > O < é <t
Ly Mp Y VL

[ Minkowski, 1977 ]
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Inverse seesaw

—1 A V2 Ty —1 —1
f= m=—y (Mg) " 'uMg'y
n1:n2:3
N B R ) (H)
[ |
sz(MT)_llLLM_l : :
2 R R N F F N |
/ > e T— <
VL Y Mpg 1% Mg Y VL

[ Mohapatra, Valle, 1986 |]
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Scotogenic model

m=f (y{ Mya+y3 M" y1)

_ AU r g
_ 7 A
f 167’(’2 (H) (H)
n]_ — TLQ — 3 > \\\ ///
vl
h=y2 =y/V2 L
22 ) s N
M=—M, ' '
9 "R Sroop i :
/ \
| |
[ Ma, 2006 ] g 5 . - e
VL Y N Mp N Yy 99
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BNT model

m=f (y{ Mya+y3 M" y1)

)\@ 2)4 _ _
[y?; My yg + vy, (M, 1)Tyw]

poder N T A
- 2
2 M2 T
S A () I (8
YL =Yy 7 Y2 = Yy m o O~ T
2 | A\ d
vty Ao
M_EMw / : R
e (Wi
> &<« 0> & <

[ Babu, Nandi, Tavartkiladze, 2009 ] " N AV vy vy
W
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Towards a master parametrization

Neutrino oscillation experiments T

Model parameters
Goal:

of the y; and Yo Yukawa matrices

To establish a general, complete and programmable parametrization

Particular case: Type-l seesaw
Casas-Ibarra parametrization m—
[ Casas, Ibarra, 2001 ]

Master parametrization
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The master parametrization

\ TN

Empt

V=G-h=B-e*r



The master parametrization
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The master parametrization

1 )
_ i t
yi = —V, X, D ~U
v2/f X,
1 2—1/2/\*3\ B
_ t W
= a7 ( X )Dvmm

Dm — dlag (ml,mg,mg) — UTmU

e , U : 3 x 3 unitary matrix
rm = rank(m) ) D jm = diag (v/m1, v/mz, y/ms) T - DU = T
= = I3

20r3 = :
D —=d \/ \/
v tag (v/m1, ima, Vo) Leptonic mixing matrix
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The master parametrization

M=V"EV, s
Singular-value decomposition f} — ( 0 Opy—n )
Viing Xng Ony—n,
i:nlxng Vo 1 mo X no 21 mXn
Unitary matrices Y, = diag (01,02,...,0,) (o; > 0)
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The master parametrization

L STEWAYN
ylz—Vl X1 D\/EU]L
V2 f X,
1 o w127+ B = T
=gy () by

Arbitrary matrices
Xyt (n1 —n2) x3 [ Note: absent if 717 = Ny = N ]
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The master parametrization

— = r = rank(W)
W = (W W) < min(n, 3)
W :nxr
W' : n X m unitary matrix W s (n—r) AZsiu?Lf

W = W =1,
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The master parametrization

A rx3 T :rxr Cp:rx3
A TCO Invertible upper triangular matrix Numerical matrix whose
— form depends on

1 . .
(T)ii € R, (T)4 >0 r, andr
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The master parametrization

B :rx3 Cg 3 X3
~ B —1 Matrix wh
B ( D ) B=(17) " [0y Co+ K €]

rm andr
B:nx3 B:(n—r)x3 , Absentif K :rxr
n=rwr antisymmetric
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The master parametrization

Forr,, =1 =3:
113

0
111 0

[ Different matrix forms for other values of (Tm, 7“). Ask me if you want to see them ]
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The master parametrization

1 _
_ T T
Y1 = —F— Vl X1 D\/m U
V2T X,
1 R2WEB \ -
= A D mU!
SVoN ( X3 ) v
Summary:
Experimental Model Free
input: input: parameters:
[ D f T17 T A
v-data < vm D XW K | A
M 1,2,3 B
U Vi (Ca) B
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The Casas-lbarra limit

Particular case: Type-l seesaw

’02

m=—y Mgy
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The Casas-lbarra limit

Particular case: Type-l seesaw

SRR
m=—Zy Mgy
f=1
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The Casas-lbarra limit

Particular case: Type-l seesaw

,02

2

m = —yTM};ly

( Vi=Vo =V (=1 in mass basis)

X1,2,3 , V_V and B are absent
P = WIWA—B - B (AT)

1

= R=WA
\_ orthogonal 3 X 3
J R'R=RR" =1

Vienna, 29/11/18
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The Casas-lbarra limit

Particular case: Type-l seesaw Casas-lbarra parametrization [Casas, Ibarra, 2001]

,02

m=—y Mgy

y=%"Y2RD U

( Vi=Vo =V (=1 in mass basis)
n1=n2:n:3

X123, W and B are absent

WIWA=B = B=(AT)""
y1:y2:y/\/§ ( )
5 = R=WA
M = U_Mgl N orthogonal 3 x 3
J

RT'R=RR" =1
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An application



BNT model

generations SU(3). SU(2), U(1),
P 1 1 4 3/2
VL R 3 1 3 —1
ot+++ L L L
| e —L Oy LH g+ y; IO + Myt
_|_
(g)o An example of Y1 ?’é Y2
A@Ug
(@7) =
0 A 20/2M?2
¢LR($ ) VD)\@HBCI) V2 ¢
w—_ L.R §& AL — 2

Lepton number violation

[ Babu, Nandi, Tavartkiladze, 2009 ]
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BNT model

m=f (y{ Mya+y3 M" y1)

)\@ 2)4 _ _
[y?; My yg + vy, (M, 1)Tyw]

poder N T A
- 2
2 M2 T
S A () I (8
YL =Yy 7 Y2 = Yy m o O~ T
2 | A\ d
vty Ao
M_EMw / : R
e (Wi
> &<« 0> & <

[ Babu, Nandi, Tavartkiladze, 2009 ] " N AV vy vy
W
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data NH within 30 My, € [0.5,2] TeV datanmpep V2= 10 GOV
v-data NH within 30 M, € [0.5,2] Te v-data M,y = 0.5TeV

Log,olBr(u—>ey)l

1O}

0.5F

0.0F

T[1,2]

-0.5F

Black: Trivial scan [W =T =1& K = 0]

Purple: General scan

—1.0F, . , . )

A large parameter space that 0.0 05 1.0 L5 2.0
can only be covered with the Ti ]

master parametrization Model in SARAH and scans with SSP [Staub]

BR computed with FlavorKit [Porod, Staub, AV]



Final discussion



Final discussion

The master parametrization allows one to explore the parameter
space of any Majorana neutrino mass model in a complete way

Potential limitation: models with Yukawas that have additional
restrictions

Easy to program: parameter space exploration easier than ever

The master parametrization may also provide analytical insight on
some scenarios
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Apologies to
those whose No, Heineken
favorite beer was does not qualify

not mentioned as “beer”




Backup slides



Type-ll seesaw

m=f (y{ My2+ys M" y1)

N\ m = YAUA
f=1
ny = no = 3 (H)\ /<H>
= i
Y1 — Yo — H/\/§ > N i ~
b £
M = YA VA I
J | A7
]
> ¢ <
[ Schechter, Valle, 1982 | YL i VL
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0

T
(Tm,’l“) — (373) C1 =13 Co :H3+K12£ 0
1714 0

. 1 0 21
L. Cl_<0 1 22> C2=
/ withl 4 27 + 25 =0
(rm,7) = (3,2)
1% & 2" columns \ 1 4+7 0 _

1 0 O T 0O 0 O
(Tmar) — (273) Cl — ]I3 02 — 0 1 O —|—K12 T—13 0 0 1
0 0 0 A0 -1 0
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1 0 O
1 0
- Ci= ) =01 o0
|.1. 0 1 29
: 5 5 0 0 -1
withzi +25 =0
(Tm,”l“) — (27 2)
1
1%t & 2" columns \ d 1 +i 0 o 0 0
of WA .. d O = 0 0 1 2

1 0 0
(Tm,m) = (2,1) Ci=(1 +i 0) Co=[0 -1 0
0 0 0
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Parameter counting

#iree = #y1 =+ #y2 — #eqs — #extra

12 forr =3or2
#y, =0m #eas = { 10 forr =1
#,, = 6no #extra : any extra condition on Y1,2

Hrree = #x, +H#x, +H#x, +H#7 +#w +#x +#5 + #c,
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Parameter counting

Scenario | n1 ma N case #oqs  Hextra | #rree | #x, #x, #x, #r #Hw #g #p #o
1 3 3 3 (3,3) 12 0 24 - - - 9 9 6 - -
2 4 3 2 (3,3) 12 0 42 6 6 6 9 9 6 - -
3 3 3 3 (3, 2)a 12 2 22 - - - 4 8 2 6 2
4 2 2 2 (3, 2)a 12 0 12 - - - 4 4 2 - 2
5 3 3 3 (3,2) 12 4 20 - - - 4 8 2 6 -
§ 2 2 2 (2,2)a 12 0 12 - - - 4 4 2 2
7 2 2 2 (2,2)b 12 2 10 - - - 4 4 2 - -
8 2 2 2 (2,1) 10 4 10 - - - 1 3 - § -

} T ' }
Absent if
(i, 1) ni = nNo Absent if
Absent if n=r
NnNo =N

The general parameter counting can be easily adapted to any model
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A philosophical moment

Occam’s razor:

The simplest explanation is the correct one

Occam’s laser:

The most awesome explanation is the correct one

Occam’s hammer:

My explanation is the correct one

All credit goes to
Alberto Aparici
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