Status of neutrino mass models
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Neutrino mixing
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Neutrino mixing . .
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Parameter Best fit 1o range 30 range
sin? f15/10~1 3.0 2.87-3.13  2.7-34
sin? #13/10~2 2.3 2.07 — 2.53 1.6 — 3.0 «

sin?fy3/10~1 (NH) | 4.1  4.075-4.137 3.4-6.7 «
sin? f93/10~1 (TH) 5.9 5.68 - 6.11  3.35 - 6.63
8/m 1.67 0.9 — 2.03 0-2

Gonzalez-Garcia, Maltoni, Salvado, Schwetz
see also:
Forero, Tortola, Valle

Fogli, Lisi, Marrone, Montanino, Palazzo, Rotuno



Symmetries of the mass matrices

Ml = Diag(me,mu,mf) Ml — hTMlh* €.g.Z3, h = Diag(l, ezm/3, e4i7r/3)

Z, %7, Kleinsymmetry M =S"M S

M, =U,,sDiag(m, ,m ,mg, )U;MNS

S =U,, s Diag(£1,£1,21) U, 1, detS=1




Symmetries of the mass matrices

Ml = Diag(me,mu,mf) Ml — hTMlh* €.g.Z3, h = Diag(l, ezm/3, e4i7r/3)

Z, %7, Kleinsymmetry M =S"M S
: T
M, =Up,nsDiag(m, ,m_,mg)Up,\

S =U,, s Diag(£1,£1,21) U, 1, detS=1

Choice of Z, XZ, symmetry = mass matrix structure

e.g.
00 Ve=(v,=Vv)/N2 (=)
U=l 0 0 1 HT { 0. =0 Bi-maximal
0O 1 O 13 7
122 vQ:(ve+vﬂ+vT)/\/§ (+.+)
Sy == 2 -1 2 { Tri-maximal
2 2 4 VL=(2V6—(V;1+VT>/\/5) (+,-)




Origin of symmetries

Direct: G, . — 57 X7,

family

(9) 5 Zé

eg. U,Sy, . ZvC S, =(Z,XZ,)XS,cSUB3), UcA, (S, "accidental")

Emergent:  Z,xZ,ZG,., eg. G,.=AR7)cSU®B)

L‘;ﬁf =da l//z¢1iz31//j¢1j23 +0 l//z¢;3l//]¢2j3 { Symmetric under
T,5
¢123 o< (1,1,1), (Pz o< (1,0,0), q)3 oc ((),(),1) TBM
A

Vacuum alignment



Symmetries
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Anarchy?

Symmetry breaking perturbations ?

New symmetries ?



Symmetry breaking perturbations

2 2 2
L =mgy(Vv,+e,v,+.) +m (v,—€,v,+.) +m,(V, +.)
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v,=—(v, -V, 1
a 1/2( H ) Vd:ﬁ(vﬂ_vf)
TBM vb=ﬁ(ve+vu+w) GR V, =8V, +Co(V, +V,)IN2 1 =1/¢
1 V. =c,V,—s,(V, +Vv_)/~2
V. =—(2v —-Vv —vV c T07e TOLTu U1
c \/6( e u T)

913;'_-() —> mustbreak U = v, and/or Vv,.  mixing



® General mixing (TBM case):
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® Restricted (bilinear) mixing (TBM case):

2 2 2
L =mgy(Vv,+e,v,+.) +m (v,—€,v,+.) +m,(V, +.)

m_

v :L(V ~v,) [, B s
‘ \/15 g Jo 3 5 €
TBM vb:ﬁ(ve+vu+v7) U = _ﬁ %_%eié %+%e—i5
1 1 C s io C s —i0
VCZﬁ(ZVe—VH—VT) L 7 ﬁ+$e —$+ﬁ€ )

0,,#0 = mustbreak U = v,, or V,.  mixing

5912 small —> residual Z, symmetry = bilinear mixing

STBM — va,b ° STBMT — va,c SGR — va,b ’ SGRT — Va,c
Hall, GGR

ﬁ Luhn




Model | v perturbation sho 5/ (1o) 8/ (30) s2, 52,
TBM | v mixing (NH) 0 |[+(0.36047)] +(0.05 1) 0.33 _
(TH) 0 0.51-0.67) | =(0.08 1) 0.33 -
(NH) e | £058 - 1) 0-2 0.29-0.38 _
(TH) JE Il (0 \0.51) 0-2 0.20-0.38 _
TBL/I /‘T‘I’T\ rat L N f\\ﬁ\ ) at 00 _
sy, = ‘L+ e s ]
23 \/5 13 2 B}
L :m@((vu—vr)/\/5+s13e"'5(ve+v#+v1))2+mO e+v#+vt)/x/§—\/Eswe"‘s(vu—vr)] i
TBM N 2 0.45-0.56
GR 913 i
gssy) U O o) T\ONYO 1.2Z) . ZT0U -
(NH) e | 4(1.65-2.07) 0\ 2 0.25 0.3 _
(IH) Jme || (1 165) 0_ 0.25 0.3 __
GR Vac mixing (NH) ( . \
GR (TH) 2 _c s o0
b 7 e e
: _iS
(IH) — 1 c ___S s, !
U % K- F5¢€ +5e
GR None
1 C S l6 Ky —l5
BM — < _ 1 S
: \ J6 3 T 2 ¢ 2 T V3 € )
Fit to data (NH) [6]

(IH) [6]




Model v perturbation shy d/7 (lo) d/7 (30) 879 853
TBM vap mixing (NH) 0 +(0.36 - 0.47) | £(0.05 - 1) 0.33 -
(IH) 0 +(0.51-0.67) +(0.08 - 1) 0.33 -
(NH) ::: +(0.58 — 1) 0-2 0.29-0.38 -
(IH) = +(0 - 0.51) 0-2 0.29-0.38 -
TBM Vae mixing (NH) +(0-0.38) 0-2 0.33 -
(IH) 0 +(0.51-1) 0-2 0.33 -
(NH) 1 /%ﬁ +(0-0.4) 0-2 0.29-0.38 -
(IH) ::: +(0.5-1) 0-2 0.29-0.38 -
TBM None V2 s13 0.7-13 0515 - 0.45-0.56
GR Vqap mixing (NH) 0 +(0.15 - 0.33) | £(-0.03-0.79) 0.276 -
(IH) 0 +(0.4 - 0.7) +(0.06-1.22) 0.276 -
(NH) ::Z +(1.65-2.07) 0-2 0.25-0.3 -
(IH) :‘l; +(1-1.65) 0-2 0.25-0.3 -
GR Vac mixing (NH) 0 -0.39 - 0.39 0-2 0.276 -
GR (IH) 0 -0.39 - 0.39 0-2 0.276 -
(NH) : /%:— +(0-0.36) 0-2 0.25-0.3 -
(IH) %ﬁ +(0.52-1) 0-2 0.25-0.3 -
GR None V253 || £(0.35 - 0.4) | +(0.32 — 0.45) - 0.45-0.56
BM - 0.75-1.25 - 0.485-0.487
Fit to data (NH) [6] 0.9-2.03 0-2 0.287-0.313 (10) | 0.408-0.414
(IH) [6] 0.9-2.03 0-2 0.287-0.313 (1o) | 0.34-0.67




0,, charged lepton or neutrino origin?

— <V _nl v oy
S,y = 8y, — 05,055

LV v Vv _idp;
Sip =8, — 12C23clze

9136 913e 0,,5,:€

m, 0.

Cabibbo haze: / mu R (L1) texture zero

! M small mixing ..dominated by 6,
0. =0, 0.=60 s’ z@
AR N L) MY : tri-bi-maximal
v _ 1 2 1 2
L = m@[ﬁ(vu —vf)} +mg [ﬁ(ve +v, +vT)]
Datta, Everett, Ramond
If 6, =6. (GUT?), 6,, =9"!

Marzocca, Petkov, Romanino, Spinratt

Antusch et al

.but 8!, = 0.. inconsistent with other plausible GUT relations i



Symmetry fights back - I

Klein symmetry: Z,XZ,: Stav.r> (UXCP)piy

Harrison, Scott

Feruglio, Hagedorn, Ziegler
Ding, King, Luhn, Stuart
Talbert, GGR

S,U | S,(UXCP),,, | SU,(UXCP),,,
Va (+’_) (+a$) (_’$)
vb (+a+) (+7i) (+ai)
vc (_7+) (_7i) (_7i)
Mixing | - v ,tiv, - v ,tiv,
( 2 _C_ Leiiﬂ'/Z \
J6 V3 V3
U=| —%F H~7¢ st e
1 C S Fim/2 . s tin/2




Symmetry fights back - T

Klein SymmeTr'y: 22 X 22 . STBM,GR , (U X CP)Diag Feruglio, Hagedorn, Ziegler

Ding, King, Luhn, Stuart

Generalised CP () Hop x, o (x") (S4 x Hep)

| Sin cvg; = Sinavg; = sindcp = 0

. 9 2 i2 . 9 1 . 9 1 /3sin 26
sin“ 013 = $sin“0, sin“0p = 5——5, sin“ by =3 [1 + 2+f;229]

1. Sin 91 — O sin 31 — O |SiIl 5CP| — ].

WD By N | .2, 1
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1 2
. 9 .9
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1. 3= ¢ 12 15 V3 00520
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23 443 cos20’ 23 4+ /3 cos?20
s | V3 +2cos 26 sinal | 44/3 sin 26
sin agq| = . Sin anq | = .
21 2+\/§COSQ(9 ' @31 5 —3cosdf |
o V4 —2/3 00820(4+\/§00829)sin29
|sin dcp| =
5 — 3 cosdl




Symmetry fights back - IT

Direct: Z, X Z'2 XZ,cG

family

G

family

= A(600): sin’0,,=0.028, sin’H,,=0.38

G

family

=A6n*)=(Z,XZ, )xS,, neven

oooooooooooooooooooooooooooooooooooooooo
ooooooooo

Trimaximal mixing, 0a3 = 45° F 613/V/2.

0=0,71

Lam

King, Neder, Stuart



Symmetry fights back - ITI

0
1
Emer'genfl <¢atm> — % (}) Vatm; <¢sol>

1 | 1 |
W;uk ~ KHQ(@atm ’ L)Natm + KH2<¢SOI ’ L)Nsol

WR ~ gatm atm =+ fsol sol

Vo U% ((@atm)(éatm>T <¢sol> <§'§sol>

A2 +

m

T
<‘£atm> <§sol> ) / 1 parameter fit (m,/ms)

912 34°. 923 41° 913 °, 0 ~ 106°, 77=?”




Vacuum alignment (A, model)
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Symmetry fights back - IV

Mixing and masses from an extremum principle

~ _ _ ~ M
— Ly =qrYpHDp + qr. Yy HUp + (1, YEHER + 01, Y, HN + h.c. + 5 NyyN
ocat  _ 5 <Yl> N Alonso, Gavela, Isidori, Maiani
G]ltamilly o [SU(3)] ® 0(3) ? Allonso,'(favella,,lflerfjnanldrz, Merlo, Rigolin

Grinstein, Redi, Villadoro

Y, dynamical variables- "Natural extrema”

SU@)

e.g. x SU(3) adjoint:

V{,,1,): 1,=Tr(x*),1, = Det(x)



"Natural extrema”

Quarks:

SU3), ® SUB) @ SUB)p —> SU(2), ® SUQ2)y ® SU2)p ® U(1)
mg = diag(0,0, c) |

Leptons:

A

my
UP

Add perturbations:

1+5+06+n6—n)

my,

v

(0)

v2

M

|

2

M

MNS —

SU3),®03)—=SU2), ®U()

Uckm =1

: 2
diag(y1, ¥2y3,v293) .

1

0

0

0 1/v2 1/V2
0 -1/v21/v2

E+mn O0+kK

€E—"N

1

1
0 —K

Difference due to Majorana

masses restricting redefinition
of neutfrinos

Quasi degenerate neutrinos

Normal or inverted hierarchy
2 large mixing angles
O,5 generically small



Epilogue
®  Masses -Froggatt-Nielsen

-Xtra-dimension/Composite



Epilogue

Masses -Froggatt-Nielsen (<9%)”

-Xtra-dimension/Composite

5D mass parameters

a
Yip.,ij fv/ dy Ysp.i; () e~ (ML;+Mg;)y+Mu(y—a)
J0

(ML, +Mg,;>Mn) / \ (ML, +Mp;<Mmu)

~Yoge Mre K o~ Y e MEitMRy)a

e

Flavour blind
..Dirac neutrinos
0, large

Flavour hierarchy
.q,l

4D strongly coupled AdS/CFT analogue

CFT - Walking Technicolour

Agashe, Okui, Sundrum

Leptons elementary - couple to Higgs via fermionic operators in strong sector

Exponential suppression factors come from RG running with large scaling dimensions



Epilogue

® Masses —Fr‘ogga‘r‘r—Nielsen Majorana or Dirac

. . . } N I/T ted
-Xtra-dimension/Composite Q‘L’,Z'S“f_‘de;!ﬁ;;! (0(3))



Epilogue

Majorana or Dirac

. . . } Normal/Inverted/
-Xtra-dimension/Composite Quasi-degenerate (0(3))T

®  Masses -Froggatt-Nielsen (<9%)”

T Radiative generation of ©;;

10° g L L1 B 111 N B R E11) B B R R L) Wy =y IOOE UL LU R L R R LY BN LR LLL SO W =
7 ’ E MSSM, tanf=20 7 -
______ e s
10 /
g E 30 limit P
"I' - MSSM, tanf=5 ]
R U = E
Ni E Planck effect E
0 e E
: M InvertedE
10-6 o ol vl ol 104_ T T T T
10° 10* 10° 107 10" ¥ + X 2 1
v 10 10 10 10 10
m, [eV] .
m, [eV]

Dighe, Goswami, Rodejohann
Ellis, Lola



Epilogue
®  Masses -Froggatt-Nielsen

-Xtra-dimension/Composite

2 Am?
> —25 ol TymM
3Am

atm

-Texture (zeros) eg. sinfs =

Krishnan, Harrison, Scott



Epilogue

®  Masses -Froggatt-Nielsen
-Xtra-dimension/Composite
-Texture (zeros)

®  Quark-lepton unification?

-Spontaneous breaking (natural extrema)

-Hierarchical see-saw



Hierarchical see-saw (Sequential Dominance)

Quarks, charged leptons, neutrinos can have similar Dirac mass

q,l,v ! c_j ! c_j N c_j i c_j
LD’,-,;,C = W,¢3Wj ¢3 + B Wiq)mqu)zs + Wi¢231//,-¢123 TY Wi¢23l//j¢23245 o> :B

d d
e =015 a" =1
<gt e +¢ —e+¢ ’

M Pirae £ =0.15 a*=-3
= | e+e* agt+E —uet+ € ’
" =0.05 a"=1

" =0.05 a"=0

m, = 3m,

m =m, (.DHTZ)

m
’ e +e" —ag’+¢ 1 m, =9m,



Hierarchical see-saw (Sequential Dominance)

Quarks, charged leptons, neutrinos can have similar Dirac mass

q,l,v ! c_j ! c_j N c_j i c_j
LD’,-,;,C = W,-%W,- ¢3 + B Wiq)mqu)m + W,-¢231//,-¢123 TY Wi¢23l//j¢23245 o> :B

d d
e =015 a" =1
Jyrn <g g+et -e+¢ 015 ot =3 m, = 3m,
g =0.15, a° =~ ~
= | €+¢&* aet+e —agt+€ m,=m,
m € =0.05 a"=1
’ &+t —ue?+ € 1 ’ m, =9m,
" =0.05 a"=0
Majorana mass structure M, <M, << M,

Ly =09y (a9, + be 0l + 2201101

small
<¢,, >=¢€(0,1,-1),

By >=€"(LL1)
B’ i (@t By i 5/ o
ﬁ l//i¢23l/j jr23 t l//z¢3l//./¢3 = T~ 0(e)

2 3 Mg

2
L /szﬁ—t//.gbi v ol +
eff i

Ml 1237 ;7123




Epilogue
®  Masses -Froggatt-Nielsen (<9%)”

-Xtra-dimension/Composite

-Texture (zeros)

®  Quark-lepton unification?

-Spontaneous breaking (natural extrema)

-Hierarchical see-saw

® Symmetry/Anarchy?



Epilogue
®  Masses -Froggatt-Nielsen (<9%)”

-Xtra-dimension/Composite

-Texture (zeros)

®  Quark-lepton unification?

-Spontaneous breaking (natural extrema)

-Hierarchical see-saw
® Symmetry/Anarchy?

-Sparse data; departure from e.g. pure tri-bi-maximal mixing...
will need precision measurement and prediction to decide






Mass relations:

ﬂ . ei5 mu
ms mC
m, (M ) =m,(M )

m, (M yr)=3m (M g7 )

1
m,(M ) = gms(MGUT)

0, =

1
Gatto et al, Weinberg, Fritzsch

<e* 1€’

M'=m,| 18 3¢ ¢
|
Georgi-Jarlskog

Parameters Input SUSY Parameters
tan 3 1.3 10 38 50 38 38
Y 0 0 0 0 —0.22 +0.22
Yd 0 0 0 0 —0.21 +0.21
Ve 0 0 0 0 0 —0.44
Parameters Comparison with GUT Mass Ratios
(mp/m. ) (Mx) 1.0075°%" 0.73(3) | 0.73(3) | 0.73(4) 1.00(4) 1.00(4)
(3ms/m,)(Mx) 0.7019 55 0.69(8) | 0.69(8) | 0.69(8) 0.9(1) 0.6(1)
(ma/3me)(Mx) 0.82(7) 0.83(7) | 0.83(7) | 0.83(7) 1.05(8) | 0.68(6)
det V2 (1) 0.577098 0.42(7) | 0.42(7) | 0.42(7) || 0.92(14) | 0.39(7)

GGR, Serna




.but @), =0, inconsistent with other plausible GUT relations

Vv m
- - <et & <¢ V—’d = [—¢
: m
OC —| [=4 _ pi0 u M*=m,| ¢ g2 g2 is s
g . 1 |
Hall, Rasin

m, (M ) =m,(M )

m, (M) =3m (M g7 ) M =m <1883 .};2 ¢?
1 b
me(MGUT)ZSms(MGUT) : : 1
. = |Me _ O
12
) 3
91
Y Ho
913 — ﬁ =3 ..needs additional neutrino contribution

How do we distinguish between these possibilities?

..correlations between mixing angles and phase



Vacuum alignmen’r

6, 29, 29,

— ocqbl

eg. Z,XZ. Z)’

— a0

o, >0 —oao,

Choice of discrete symmetry

Z,, <¢> =(1,1,1) A>0
Vacuum structure : Z3 X Zn — {

Z., {(¢)=(0,0,1) A<0
Vig)=—m"¢"'¢ +...+ Lm’0'D oo



Vacuum alignment

> 2

P O <P>0,0,;— my, 0,0,
> 4 > >

Viee =13, 1 Q3 I +m3, 10,50, |

2 4 2 4 2 4 > 2
Vea = 0mi, 19, 1 +Bmi, 19, 1 +yms, 19,0, 1" +0m3, 19,0, 1 +...

v2 _ w2 __
515 = S93 = 0.5

¢123 oc (19191)9 ¢2 oc (19090)9 ¢3 oc (09091)9 ¢23 o< (0919_1)

o,f<0, 7,0>0



Bi-maximal mixing “perturbation”

11 g
V2 V2
v2 v2 VV — _1 1 1
1 _1 1
2 2 2

B ¥ S
cosa —e ¥ sina 0

VéM =| e 'sina cosa 0
0 0 1

S13 = CY/\/§
s2, ~ 1/2+acosd/V?2

s33 ~ 1/2—a?/4
5§ = &



