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What we know about neutrinos

@ The best fit of neutrino mass and mixing parameters:

Quantity | Value
Am3, (eV?) (7.59 4 0.21) x 10~5
o (2,535 8) x 1073 (NH)
Ama (e ~(2473%) x 102 ()
i 0.015
sin? 01 032073915
0.08
, 0.4979:%8
in” 0 0.08
e 0.5315 707
0.003
0'026t0.004
sin? 013

40.003
0.0277 5 004

Forero, Tértola, Valle (2012)

@ The origin of neutrino mass, type of hierarchy, the CP-violating parameter,
and whether neutrinos are Dirac or Majorana are still unknown.



The origin of neutrino mass (seesaw mechanism)

@ Adding right-handed neutrino N¢ which
transforms as singlet under SU(2),,

L =f, (L-H) N+ I MgNN*
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@ Integrating out the N°, AL = 2 operator is
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<

induced:
L BLH(LH)
ff=—————
e MR
. . . Minkowski (1977)
@ Once H acquires VEV, neutrino mass is Yanagida (1979)
induced: Gell-Mann, Ramond, Slansky (1980)
5 V2 Mohapatra & Senjanovic (1980)
my >~ f,; Vir

@ For f,v ~ 100 GeV, Mg ~ 10** GeV.



Lepton flavor violation

@ Neutrino mass and mixing can generate rare
muon decay.

@ The induced branching ratio is extremely
small, i.e. BR(u — ey) ~ 107%.

@ The current limit:
BR(u — ey) < 2.4 x 1012,

@ Rare muon decay could probe new physics at
TeV scale.

Cheng & Li (1977)
Petcov (1977)

Marciano & Sanda (1977)
Shrock & Lee (1977)




Radiative neutrino mass generation

@ One alternative is radiative neutrino mass generation, in which
neutrino mass is absent at tree level but arises at loop level.

@ The smallness of neutrino mass is caused by loop and chiral
suppressions.

@ The new physics scale could be at TeV.

@ Some LFV processes may be observable.



AL = 2 operators

O1 = L'UUHH'epej

02 = L'ULFe"H'ejen

O3 = L'UQ"dH'ejew, L'UQ*d H'eies}
Oy = {LU'UQuacH ey, L'UQuicH e}

Os = L'UQ"d“H'H™Hiejiekm

Os = L'LQuicH H Hiey

O; = LQéeQuH H H eirjm

O = L'éid He;

Oy = L% e €ejen

Babu & Leung (2001)
de Gouvea & Jenkins (2008)



Operator O,
@ Introducing a singly charged scalar and extra scalar doublet,
L= LR e + pH ®Ph ™ ea + hic.
Zee (1980)

@ Neutrino mass arises at one-loop.
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@ The minimal version of this model in which only one Higgs doublet
couples to fermions yields

0 m m 2 2
Oe“ e fy  (mj —m;)
my = Me myr mj ~ B —
w W ) i = 1m2 A
Mer  Myr 0

It requires 012 ~ w/4 — ruled out by neutrino data.

Koide (2001)
Frampton et al. (2002)
He (2004)



Operator Oy

@ Introducing singly charged and doubly charged scalars to break lepton
number

L= L h e+ gjefef k™~ +ph™h k™™ +he

Zee (1985); Babu (1988)

(mu )largest ~

(1672)2

@ One of the neutrinos is (nearly) massless.
@ AN~1TeVforf~g~0.1

@ Fit the current data.
Babu & Macesanu (2002); M. Nebot et al. (2008)



Operator Og

@ Operator Og = LiH;d“ucécej; induces neutrino mass at two—loop:

o

<H>

m:-mpmev

= (1672)2A3

my
@ The new scale is at TeV.

@ Leptoquarks are needed.



Model
@ Introducing new interactions under SU(3)c x SU(2). x U(1)y gauge
group:
L= YilidiQeap + Fiefufx /% + uQ Hx " + hec.

W23

Q= < 13 ) (3,2,1/6); x *~(3,1,-1/3)

@ The simultaneous presence of these three terms will break lepton number.

Wl
.(- .)-

HO

1/3 1/3

@ The p parameter will cause mixing between x> and w™

2
m,, pv . 2uv
<MV mi):>5|n29_l\/72 I

Mio = 3 [me + m} F /(m2 — m3)2 + 4u2v?]



Neutrino mass model

X3 X 1/3 X 1/3
PR PR PR
’ N ’ N , N
/ \ / \ / \
D ) T 1 e ———«
VL d¢ o dg VL vLoode dp oy uf e, VL VL e LUt e, v
A 7/ N 7
~ 5 - ~5 -
W H e
- T
(Mv)j = m0Yi(Da)x(V T )w(Du)i(FT)ji(De)jli + transpose,

A — 3g2sin20 mempmy
O = \(16m2)2 M2

D, = diag. {ﬂ,ﬂ,l} . Dy = diag. [ﬂﬁl} . Dy = diag. [Eﬂl}
me me mp mp mr  mr



Neutrino mass model
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Neutrino mass matrix

1my 1
im 2, e Y 1 Z{m
My, ~ mg Em—‘:xy m—:‘xz 52+ Em—:‘x
1 1 1my
5y 52+ 3 me X 14+ w
=t Vs _Ya_FopYe <£) (1) lia
F3 Y33~ Y33 F5 Y3 \m: mp ) s
F5 m,
A . ~ ., 13 me
mg =2 moF33Yssls, (My)u ~y—=>—mo
F35 mr

@ This mass matrix has normal hierarchy structure.
@ The (1,1) entry is highly suppressed, i.e. < 0.01 eV.

@ w may be significant for Mo < 800 GeV.



Predictions for w < 1

@ Forw k1,
1my 1
1m0 2mm7 Y 21m
. . .
M, ~ mg 5—’—mT xy —Lxz 5z + —Lme
1 1,071 my
2y 32+ 55X 1

9 det M, =0, together with (M, )11 ~ 0,
m~0, a~0, f~20+7
m3
Am3,

sin? 2013 ~ 0.16

2 . 2
tan® 013 ~ sin” 012

which differs by 4.20 from Daya Bay result.



Predictions for w > 1
@ Forw > 1,

F3, Y- m, ms\ I
w = %ﬁ <—C> <—S> P2 51 o |FaYal < |Fa2Yal
F33 Ys3 \m: mp /) I3

@ This could generate (M, )13 ~ (M, )11 ~ 0.
Glashow, Frampton, & Marfatia (2002)
Xing (2002)
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@ The value of 613 is consistent with current measurements (the blue lines
correspond to 20 allowed value from Daya Bay).



Predictions for w > 1

@ Requiring |F32Y32| < 1 implies that LQ cannot be heavier than 800 GeV.

20
15f ]
K
Z 10F P o ]
- ’»“/
osf ]
OO L L L
0.00 0.05 0.10 015 0.20
sin®20;3

@ The fit gives | Yis| ~ | Yas].

@ The smallest value of Y23 corresponding to |Fas| ~ 1 can be found from
neutrino mass fit.
— the rate of some LFV can be predicted.
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GIM—like cancellation

2 2 2

F(x )Y1, Yoi |? +{H( )Fqui 7.8 x 1020 ) = = M. Xg = my;
Xu; ; i 2 i 2

xd o M2 GeV*4 M M3

1 (1 —x)(5x+1)+2x(2+ x) Inx

x (17x)(5+x)+2(2x+1)lnx _
H = =15 (1—x)*

12 (1—x)*

F(x) = —
@ For w?? mediated process, the two graphs in the limit my, < Myq cancel
out because Q 23 = —2Qq.

@ From neutrino mass fitting, only Yis, Y23 are constrained but not Fis.
— This model cannot predict the lowest rate of © — ev.



€ €
\E/'/ Since now photon is off-shell, the rate
2. % can be predicted.
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[t — € conversion in nuclei

q q

* Tx R
Sl \‘S / \\
1 1 ! L
I q; e wooq q;
q
1
/ S q
e -
qj e
oy -
e 5 q

@ Consider a muon is "trapped” inside an atom.
@ In standard muon decay: p — ev, V..
@ Due to inverse beta decay: p+ N(A,Z) = v, + N(A, Z —1).

@ This model can generate u + N(A, Z) — e+ N(A, Z),



[t — € conversion in nuclei

Element BR Constraint
B <4 x 10-12 "’,'Lylz'yzj . aﬁFlé'FZ' : ”,'LYQ'YZ/' . bjl"?FlszZ)j' 2 < 5,2><1(le6
m2, w2 w2 GeV
208pp, <46 x 10710 A, e[ biLylz'Yzf' + b;?FgFZ*j ’ 9,7><10:14
mg, ms mg, ms GeV
Lo_ 8728y _ (VI |, LR _072f . pL— 072z
ay = (2A—Z)[Tf—fll ;aj =2Zeh;; by =2Ze"g;
8248y, FtF 2
bR = (A+2) [—”3 y_ (FAu 4)11} +2Z6? Fy(xu;)
+ Sﬁcpmi FS(Xt) (%A — Zsin? ew) 53j
2 o 2 1—x+Inx
~ _ 1 my . _ 1(g _ M y. _ X Izxwnx
gz = 5(2-3In m—g) hi2 = 5(5—12In ’"§<) Fs(x) = 3 1—xp2
_ —449x—5x3+2(2x3 +3x — 2) Inx
& = 36(1 — x)*
b — (x — 1)(10 4 x(x — 17)) +2(x® 4+ 6x — 4) Inx
> 36(1 — x)*

Kuno & Okada (1999); Chiang et al. (1993); Czarnecki & Marciano (1998)



( — e conversion in nuclei (predictions)

@ Titanium

—13 1 4
0 Fe= 150
10—14 L 4
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10716} 4
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@ Since for w?/3 mediating process there is cancellation, the dominant contribution
comes from x1/3 mediating process. For |Foj| ~ 1,

400 GeV 2
(Aa,)VP =25 x 101 (76)
My
SM __ —11
a, P —a;" =249(87) x 10
Aoyama, Hayakawa, Kinoshita, & Nio (2012)



Neutrino mass model with vectorlike quarks

@ Introducing LQ doublet and charge 2/3 iso-singlet vectorlike quark:

Ww2/3 -
QE( i > U, e

£ = glidfQ+ hiLiUQ) — f,Q;UH + A[Q?HP¢|> + h.c.
L d°
|
ta
I
I
! EN
L ve oy oQ

@ The AL = 2 operator is generated:
L'UQ dH' ejen

@ This scenario can be embedded into MSSM + 10 + 10 of SU(5).
Moroi & Okada (1992); Babu, Gogoladze, & Kolda (2004); Babu et al. (2008)



The two-loop diagrams (in Re gauge):
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Neutrino Mass Matrix

1h 1h 1h
§%M22+2,,IM11 §%M33+§ﬁ/\/’11
1h 1hy
Moy 25 Mss + 5 5y M2
1h 1h
§%M33+ §%M22 Ms3

3
M = hingka; Fi = mo z oaVar(Dd)iclok
k=1 a=1
g Ms 3 g’my
) = diay —,—,1); my = —
‘ & (mb my’ ) °7 2 (1672)2

@ det M

— one of the neutrinos is massless

@ Both normal and inverted hierarchies can be accommodated here



Fitting
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Figure: The allowed value of Z—i in NH (left panel) and IH (right panel).

@ NH predicts BR (7 — evy) ~ 5 x BR (u — e7).
@ The current upper limit, BR (i — €)exp < 2.4 x 10722,

@ If BR (7 — ey) is found to be near its current upper limit (107%), the NH
scenario is ruled out.
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Conclusions

@ In model with leptoquarks, the value of 013 is predicted to be consistent
with the current measurements.

@ This model also predicts that the neutrino mass hierarchy to be normal.

@ Some muon processes such as 1 — e conversion are predicted to be within
the forthcoming experiments sensitivity, while © — ey may be unobserved.
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@ In the model with vectorlike quarks, a consistent value of 013 could be
obtained.

@ One of neutrinos is massless while both normal and inverted hierarchies
can be accommodated.

@ The measurement of 7 — e helps determining the type of neutrino mass
hierarchy.
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