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Neutrino Oscillations and Mixing

**Standard model is too good with data before neutrino oscillations
***But neutrino oscillations = neutrino mixing == neutrino masses!
“*How to expend the Standard model to generate neutrino mass?

*Much small masses and much larger mixing comparing with
quarks: not natural if only Dirac masses with v,

“*Mixing matrix s —
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**Anti-neutrinos are the same as neutrinos? | T
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Neutrino Oscillations and Mixing

TS . . Mass (eV)
**More precise neutrino data A mu tau
parameter best fit 1o range 20 range rtmospher
Am3, [107°eV?] 7.60  7.42-7.79 7.26-7.99 . Eﬂ 0.058
Reactor LBL (KamLAND) Solar
[AmZ, | [107%eV?] (NH) 248 241253  2.35-2.59 e ——
|Am3;| [L073eV?] (IH) 2.38  2.32-2.43 2.26-2.48
_ Accelerator LBL v,, Disapp (Minos)
sin” 019/107" 3.23  3.07-3.39 2.92-3.57
Solar Experiments
sin? fa3 /1071 (NH) 5.67 (4.67)* 4.39-5.99 4.13-6.23 Solar
sin? 03 /10~ (IH) 573  5.30-5.98 4.32-6.21 o o — 0009 Atmospheric
Atmospheric Experiments [ e— Y )| =( [EEE————————
sin? 013/10~2 (NH) 234 214254 1.95-2.74 ¢ ? t ?
sin? 613/1072 (IH) 2.40  2.21-2.59 2.02-2.78
Reactor MBL (Daya-Bay, Reno
§/m (NH) 1.34  0.96-1.98 0.0-2.0 Predictive models?
/7 (IH) 1.48  1.16-1.82 0.0-0.14 & 0.81-2.0

May be ruled out by
*Normal ordering or inverted ordering?  €Xperiments!
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Why Neutrinos Have Masses?

**God should use natural way to generate neutrinos masses

“*Sea-saw: tree level Majorana masses of v, & no fine-tuning Dirac
L= —¢ Ly, Ng — %N—RCMNR the.

( 0 mD) _ m, = —mpM~tm} + - --
m

1
— —vimpNg — §NRCMNR + h.c. mp = yu<¢> b M (if mp < M)

very heavy neutrinos

N/

** Radiative neutrino masses: naturally small due to the loop
corrections, less parameters and thus predictive

@ Simple and clean: only Majorana Masses of v,

@ Renormalizable, no counter-term and thus calculable
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Radiative Neutrino Masses

**Zee model (1980) X
. SUQ). | Uy o
¥ 2HDM+charged singlet o | 2 1 P SN
1 1 ; \
€ Majorana Yukawa couplings _ ! ‘
- neutrino mass (1-loop level) VI (e VL
@ Was studied extensively V = o poh”
**Zee-Babu model
@ Majorana Yukawa couplings |+ 2w { Y0 h/ Aw\h
of both L & R leptons bt e
_ _ _ - neutrino mass (2-loop level) 2,
@ Still compatible with data V =uph—"k
0‘0 0 0
+*Ma model U Uy % SR
@R neutrinos are odd underZ, [N | 1 0 [-1 o NS
0 2 172 | -1 RN
@ Inert doublet scalar _ / \
- neutrino mass (1-loop level) > ~ =
® Both can be dark matter candidat®#! candidates (Ay or n°) s IZ(?T %
== (o'
2
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Zee Model

**The general Zee model: both doublets have Yukawa: the Yukawa
couplings matrix cannot be diagonized

(¢°)
**Neutrino mass matrix - ® -
o R , nt \ ¢
M, =k (fM]PYT + ¥ M9 FT) / \
> ’ < < \ <
**There are non-zero diagonal elements Y, 2 <%> lr Y,
“*But tree level FCNC: Wolfenstein Suggest a Z; to prevent l\
the second Yukawa flavor can
change

**Mass matrix with vanishing diagonal efements
“*Phases of f,, are absorbed to L 5/ [ ) — e |+ 22 [ — ) T

+ 2 [ () = Ba(20) |+ (P} DY — DIDT) A+ hc.,

0 m,, M, .

m 0 m 2 couplings f_,
e“ S g = fam =) R EMRMP). PR MP) = — LM are anti-
P T T VR VRV .

symmetric

Dart-yin Soh 2nd, Aug, SI2015



Zee Model

»»Zee-Wolfenstein model was ruled out by data

“*Even when f,, are complex, the mass matrix predicts bimaximal
mixing, thus is not compatible with 6;, = 33.5°70% (729)

“»Symmetric mass matrix UM ,U,=D,=diag(m, .m,.m5) )'fzf'ﬁlf("z%&)

—_aqT
HV_MVMV UiHVUy:D;kDV:diagdml|2’|m2|2"m3|2)

**Only solution of inverted ordering is possible, but it give large
sin® 20,,,,, <=1, far from the current data

“*Babu and Julio imposed a family-dependent Z, symmetry acting

on the leptons Li:(=i.ii);

e¢: (=i, —i, —i); .
X a b . Babu, Lulio (2014)
a Y c H1—|—1, HQ—I, h—l
b ¢ ¢

“*Non-zero diagonal but avoid FCNC, somehow save Zee model
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1 Extensfien of Zee Model without Flavor Sym?

*Can we extended the Zee model without imposing a flavor
symmetry?

**2-loop corrections can generate diagonal masses

**To be compatible with data,'|feu|mi2|fe7|mi>|f,,c}|m3

“»2-loop correction (m)w=7v2 fufialm?=m)=y(Im*F¥Ya P

4
. : Chang, Zee (2000) .---*----.
“*Correction to sin’ 26, 8 Zeel )/ ‘

2 2
Vellfulfwl _Ifed (m) s
167|f ] 1672 \ m;

A Y
\

‘lel
M 3

1
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® h X ¢

**Even 2-loop corrections can’t help to save the model
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A New Extended Zee Model

“*Type-l 2HDM with 2 extra charged and neutral singlets as the 2
Higgs doublets

¥ N + ¢ X1 X
?, = ( 90%) ) = ( (Ul+7711+i¢1) O, = ( 90%) ) = [ (vz+7722+i¢2) ) 0 _ (M11+)(1+i)(2) 0 _ (Mi%LX3+i)(4)
4 V2 %2 vz T YT
Litgim = (Dy®@1) (D*D1) + (Du®2) (D ®2) + Dyxy DY¥xT +8,(x)) ¥ x) + Dyxy D¥x5 + u(x) x5
**Both doublets & neutral singlets can get VEV, and no mixing of x7.x5
tanB = vy /vy a = upyfug X = cos a)((l) + sin a)(g o= sina)((l) + cos a)(g
DG I Ir oL UR dr 0, ®) X7 X5 X 0
¢ Symmetry Z g3(-1) | g3(-1) | g3(-1) | g3 (=1) | g3(-1) | ga(+1]) | e(-2) | ga(+]) | g2(+1) | g2(+1]) | g2(+1)

SUQ)yL | 2 1 2 1 1 2 2 1 1 1 1

Lepton L | 1 1 0 0 0 0 0 +2 +2 0 0

Z, 1 1 1 1 1 -1

. , T - , R
o Liepsig = albL?LT CL[J?'LGZJX P+ fczlbLiZ CLie'x] + fasz?LT CL[;LEUXE + faszl-Z C L€'y,
Lizy =x1(D5 @) — O Oy § + k(D5 @) — O D)5 + hc.
0 0y, — 0 O\ —
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A New Extended Zee Model

**Mass Matrix is complex, but...

(mjy —mg) 1 I 2 2 a2 1
- utan Bl fyya F(MY Miy) + fo F(M3 M3)] e

Map =

***2-loop correction to the diagonal

@ _ O i il 20 2 a2y "
( n ) i,j=1,2 c,d=
,J_ 54 C, _ea/*l’T /,——‘-~\\\

. . . -2 S o "
**The ratio contributing to sin“ 26,,,,, becomes [ F
1 %) v " N : v
|My11] 1 K_\*z\rlfe K1+ feukal 1 mp o RSN
= et for+ f bl — # o + fol g%

|M,23] T |f,ulTK1 + f,uzTK2| 1672 m,e

**There’s room to make our prediction consistent £

with the solar mixing angle and there’s CP phase! N S

(©

**Fit the parameters f,,.x,and constraint from FCNF and 0vf3S decay
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A New Extended Zee Model

**There’s also scalar dark matter candidate!
o= sina)((l) + cos a)(g, <p>=0
**It’s constrained by the neutrino part directly
*But po—x"x —I'I'vv can be sensitive to the neutrino parameters

**Maybe we can also consider a su,(2) extension of Ma model
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Outlook

“*We will fit the parameters to constrain our model with the current
neutrino data

**Interesting LHC phenomenology, e.g. 2 TeV heavy resonance
***Relic density for the dark matter candidate
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Thank youl
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