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Neutrino

Neutrinos are massless in the SM

But, solar/atmospheric neutrino deficits are observed.
- ... Massive neutrino?
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Neutrino oscillation

o Manifestly oscillating

¢ Data-BG - GeoV,

—— Expectation based on osci. parameters
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> Massive Neutrino (a clear evidence of BSM)
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Introduction

o Massive neutrino can be mixed
Mass eigenstates

Flavor eigenstates
\Eljg = Z (UMNS)@&'{‘i
i

o Neutrino flavor oscillation Neutrino (MNS) mixing matrix
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Tiny neutrino masses

o Oscillation data:
Am2Z, =7.6 x 1075 eV?
|Am3;| = 2.4 x 1073 eV? » my, > 1\/|Am3,| = 0.05eV

Absolute mass scale

/The sign can be determined by matter effects.

I 7.6 x 10 %eV?

A

2.4 x 107 3eV?

<«

4 0 “normal” (m3 > ms3) “inverted” (m3 < m3) [
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Large neutrino mixing

o Oscillation data:

Atmospheric (SK) Reactor (CHOOQOZ) Solar (SK,SNO)
Accelerator (K2K,T2K,MINOS) Reactor (KamLAND)

\
1 0 0 1 0 0 v0.68 +0.32 0
UmnNs > 0 ++v0.5 +10.5 0 1 0 —+/0.32 0.68 O
0 —v0.5 +0.5 0 0 1 0 0 1
45° < 11° & 97 34°
Maximal mixing Small mixing Large mixing

(not yet measured)
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Why are neutrino masses so important?
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Comparison with other fermions

o Extremely small mass = suggest new phys. Scale?

®
3H beta decay de se b
X u-e ce te

Vl L .V2 .V3 ce H. Te
‘ \HHH\‘ HHHH‘ \\HHH‘ HHHH‘ \\HHH‘ \\HHH‘ HHHH‘ \HHH‘ \\HHH‘ HHHH‘ LI ‘ \HHH‘ ‘ HHHH‘ ‘\HHH‘ HHHH‘ HHHH‘ \\HHH‘ L
= o - -
= 3 ¥ & 5 8 3
= < < < < <

o Large mixing = new phys. in lepton sector?

4 10 0

1 0 0 v0.68 +0.32 O \
Unng >~ 0 +0.5 +0.5 0 1 0 —/0.32 +v0.68 0
0 —+v0.5 0.5 0 0 1 0 0 1

1—>\2/2 A AX3(p —in)
Verm =~ 1—\?/2 AN? + O\
\_ AN (1 —p—in) —AN2 1 Y,
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Fundamental fermion?

o Majorana nature for neutral fermions

o Mass term can be written by left-handed field.

1
gm(yL)CuL + H.c.

cf. Charged fermion mass term: mEfR + H.c.
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Connections to new physics

o Dim.5 Weinberg op.

{(’)W = (L<I>)T(L<I>)] — %m(yL)CuL + H.c.

o Possible origin of neutrino Majorana mass in the eff. SM

> Seesaw |, Il and lll (tree-level decomposition)

B(2) ¥*(2) _
AN / \ /
h N\ NR(1> / 4 \:/
/—\ = /—\
L(2) /\\

> New source of mass scale other than EW vev
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Higgs Triplet Model:

A model for Majorana neutrino mass

o Motivations:

o Rich LFV phenomenology H*<

o Interesting collider phenomenology

ncts seminar, 22 Mar 2011 Koji Tsumura (ntu)
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Higgs Triplet Model (HTM)

o Adding a complex SU(2) triplet scalar with Y=2

A = (A+/\/§ ) Doubly charged Higgs boson

AO —AF/V2

_ . L#=-2
O Neutrino mass generation in HTM

x

+ ++ Ut
heer (_(KL)Ca (VeL)c) (A A/O\/i _AA+/\/§) <£,L > + h.c.

2
@ Triplet scalar develops vev: v = \/§<A0> ~ BY

- 2M?

1
5 ZUAhee/ (VEL)CVE/L —l‘ h.C. —l— e

L# violation generates NGB?
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HTM potential

o Explicit L# breaking to avoid NGB (Majoron)

/VHTM = —m?(®T®) + A (®T®)?

+ M (®TR)Tr(ATA) + A5(®T0°®)Tr (AT A)

+ (\/%p;(@Tz’aZN@) + h.c.)

\_

~

+M2Tr(ATA) + Xo[Tr(ATA)]? + A3Det(ATA)

/

2
Triplet scalar develops vev: va = \/§<AO> = 5]\32

Soft L# breaking parameter
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Possible realizations for tiny neutrino mass

O Possible realizations

2
[(Mu)w = V2vA hgpr ~ 'L;M2 hw}

oHeavy triplet scalar (M) : often called type2-seesaw
oSmall Yukawa (h_lI)

oSmall L# breaking (p1): moderate (M & h_|)

- h_ll can affect low energy LFV,
and triplet scalar can be discovered at the LHC
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HTM at the LHC
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Phenomenology of double charged Higgs bosons

o Pair produced by gauc
qq — Y, Z* — HTH, ~

q H—H—
/ —~
g
\ H
N \
q N H ©

. , .
o Clear leptonic decay signal i
++ + o+ H*
H™ — Ej ¢ S
Decays of doubly charged Higgs bosons o
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Discovery pot. of triplet Higgs boson @ LHC

o Akeroyd, Chiang, JHEP11(2010)005

Discovery potential |
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LHC vs Low energy data

0+ _ 0 oo 0
i 1 s < et
\ > < >
ot \ \ /
- _ _ _ H\ e N /
gf e ~
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Rich Higgs phenomenology in HTM

o Yukawa (h_ll) prop. to Neutrino mass

2
[(Mu)w = V20 hop ~ —2 hw]

v
2M?

o Rich Higgs phenomenology
oH++ can be produced at LHC;, M <1 TeV
oH++ decays (Testable!!)
VS neutrino oscillation data
vs low energy LFV (Lepton flavor violation)

Vs low energy L#V (Lepton number violation)
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20



A4 flavor symmetry

A4 group: alternating group for 4 letters

flavor sym.: Origin of fermion masses and mixings

ncts seminar, 22 Mar 2011 Koji Tsumura (ntu)
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Why are we focusing on A4 symmetry?
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Large neutrino mixing

o Oscillation data:
Atmospheric (SK) Reactor (CHOOQOZ) Solar (SK,SNO)
Accelerator (K2K,T2K,MINOS) Reactor (KamLAND)

\
1 0 0 1 0 0 v0.68 +0.32 0
UmnNs > 0 ++v0.5 +10.5 0 1 0 —+/0.32 0.68 O
0 —v0.5 +0.5 0 0 1 0 0 1
45° < 11° & 97 34°
Maximal mixing Small mixing Large mixing

(not yet measured)
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Neutrino mixing

o Tri-Bi-Maximal mixing: good agreement with experiments.

‘ /\E FN
SENVE
U —Ume=|_- - =
MNS TB \/6 \/g \/5
11
1 1
1 11 1 72 0 — 75
2 1 1
w_627,7'r/3 ...............................

/3 symmetry
iIn charged lepton sector

/2 symmetry
INn neutrino sector

76, S3 also contain Z2 and 73, but there is no irr. 3-rep. > A4
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A4 group (alternating group for 4 letters)

O even-permutation of 4 letters (12 elements)

o Elemental transposition S: S?2 =1 > Z2
o Elemental transposition T: T3 =1 - Z3

others can be obtained from products of Sand T, ex., ST, STS, ...

(112:3?4) [ E_ > (112=3?4)
UESL (2,1,4,3)

ay =T, (1 3 4,9)

a :
\_ 1 > (2131?4)

ncts seminar, 22 Mar 2011 Koji Tsumura (ntu) 25



Irreducible representations of A4

. 2 3 3
o Transformations under A4 S*=T"=(5T)" =1
T iieios mioa —
1" . Sl”:l”a Tlrr:wzlu

3-dim.rep.: 3= (3,|: S3=(0 -1 0|3 T3=[0 0 1|3

K 3. 0 0 -1 100/

3-dim. rep. may be related for 3 generation of fermion family

ncts seminar, 22 Mar 2011 Koji Tsumura (ntu) 26



Computation rules
393=10101"03,03,|

3—=1: (ab)1 =a,b, +a,b, +a.b,

X
33 —1": (ab)y = a,b, +w?ayb, + wa.b.

(—S’ a*;]’,'b:i: —sz(—ay)(—by) + w(_az)(_bz)
4 — a:::b;r: + wQ afyby + wa; b:

—T> ﬁyby -+ wza;bz + LL*'a:rrb;r.'

N = w(&;-ftl);,g + wgayby + wazbz)

[9X
X
[9S

§ & § — &3 . (ab)Ss = af:{b:.!: + (s'»:::b:: ({lb)-?'s — (bﬂ)gs
ﬂ*;::hy + Iag,r‘i‘:):::
3®3—3,: (ab)g, = | a.b, — a,b. (ab)g, = —(ba)s,
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A4HTM:

The minimal A4 symmetric extension of the Higgs triplet
model with soft A4 breaking terms
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A4HTM (particle contents)

0
Yir | Yer | Ysr | Yar= ( bar )
Var
Ay 1 1 1" 3
SU(2)r || singlet | singlet | singlet doublet
Uly | =2 ) ) -1
+ s+t AL A+t
Py = ¢6‘ 5= V2 + Aa=| V2 "4,
) 60 < A0 A%
V2 A V2
3 1 3
doublet triplet triplet
\ 1 2 2
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A4 Yukawa interaction for charged fermions

o Mass generation

4 — )
- 1 1 1\ (¥R
(\Ime (I)x, \IfyL (I)y, \Isz (I)z) 1 w w2 yQ\If;R ‘|‘hC
2 _
L 1l w w ys‘Ing )

o Developing aligned vev: (¢2) = (¢2) = (#°) = v/V6

o Mass eigenvalues:

{ U _ Y _%J
Me = —, m“: y mr- =

2

Structures are same for up and down quarks
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A4HTM potetial 1

Vasatm =V + Vi + Vo +Va + Va + Vs + 1V,

Vin = —m2 (®T®); + M2 Tr(576) + M2 Tr(ATA)4,

Vi =5 (270)1 Tr(676) + Aa (@T@)1 Tr(ATA),
+ {Nap (®T@)1/ Tr(ATA)1 + hec.}
+ Mass (PT®)s, Tr(ATA)3, + Maga (BT®)s. Tr(ATA)3,
+ iMgAsq (BT®)s. Tr(ATA)3, + idgaas (BT®)s, Tr(ATA)3.
+ {Nis 050 [Dga (BT®)3, ], + Nyg 054 [Asa (BT®)s, ], + hoc.},

Vs =55 (PT0'®) Tr(670%6) + Asa (BT0'®)1 Tr(ATotA)q
+ {X5a, ( (®T0'®)1/ Tr(ATo"A)1 +hec.}
+ Asass (BT @)z Tr(ATo A)s, + Aspaa (210 ®)s, Tr(ATo*A)s.
+ IA5A 5 (@Tai¢)3s TI(ATO'iA)3a + 1A5Ags (<I>J'Ji<I>)3a TI(ATUiA)3S
+{ X5 (670")ap [Aga (270" ®)a, ],

+ X5, (676%)ap [Agq (<I>Tai<I>)3a] ,+he}.
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A4HTM potential 2

VasarM = Vi + Vi + Vo + Vo + Vo + Vs + V,
Vi = A [(@10)1]% + Ap (@1 @)1/ (BT ®) 4
+ Ass ((PT®)3, (RT®)3, ), + Aaa ((2TD)5, (2TD)s3,)
+ X150 (BT D)3, (21D)3,,
Va = Ags [Tr(616)]
+ A2 [Tr(ATA)1]% + AaapTr(ATA)y Tr(AT A1
4 Aonss (Tr(ATA);;s Tr(ATA)gs) |+ 200 (Tr(ATA):;a Tr(A’fA)?,a)

1

1
F idpAsq (Tr(ATA)gs Tr(NA)sa) 1

+ Agsa1 Tr(870) Tr(ATA)1 + A2saz (63a0ur) (Apaldis )1

‘I’ {)\25A3 56055:7) [AB(XALU’Y] 1 _|_ hC}

_|_ {)\Z(SAS 56a [ABO‘(AZ)’YAW'Y)3S] 1 _|_ hC}

+ {Mos5n0 050 [Dsa(AL,Auy)s, ], +hec.}.
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A4HTM potential 3

Vasrm = Vi +Vi+ Vo + V3 + Vi + V5 + V),
Vi = s { [1(6'8))% — Te([60]) )
Yoo { [Tr(ATA),])" - T ([(ATA),]*) }
Asa {Tr(A’fA)l, Tr(ATA)1r — Tr((ATA)y (NA)l,,)}

.
.
A?,Ass{ (Tr(ATA)s, Tr(ATA)s, ), — Tr((ATA)s, (ATA)s,), |

e {0
Xsnsa { (TH(ATA)s, Tr(ATA)s,), — Tr((ATA)s, (ATA)s,), }

A35A1 { Tr(576) Tr(ATA); — Tr(((ST(S) (ATA)l)}

N »—\L\D|»—\l\3|»—\l\3|»—\l\3|»—\l\3|»—\l\3|»—t

= Assas {%(Aﬁa * )10y —Tr (5T(AN)15)}
4.

ncts seminar, 22 Mar 2011 Koji Tsumura (ntu)
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A4HTM potential 4

VasrrmM = Vi + Vi + Vo + Va + Vi + V5 4+ V),
V3 = ...

1
1
{

_I_

1

E A56A3 ((56045* ) [ABGAW’Y] 5,3045* [AﬂyAwa]l) + h.C.}

1

)‘2,36As (5205 [ABQ(AZJ’YAW’Y)33] 1 5204 [A57(A27Awa)3s] 1) + hC}

)‘g(SAa(;;a [ABOA(AZVAwW)%] 1T h-C-}a

1
. 92 - 2
Bop), (1026 )ap + 5 ha ((cpacbﬂ)?,s (io A‘r)aﬁ)l +he

| = o

1
Vuzﬁﬁw[

o Soft A4 breaking terms

- 1 , 1 .
[Vu = 5H (@8], (i6%6")ap + N (2846 ®.5)(i0° Al )op + h-C-J
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Quark mixing

o Unitary transt.

L. s eR 1 0 O Vip
L,|=Ul | ¥, pr| =10 1 0 ) | ¥r
L. U,; TR 0 0 =1/ \¥3p
4 I
L= (WL) , (11 1 1 0 O
/r, Ur=— 1|1 w w? 0O 1 O
V3 1 w? w 0 0 -1
\ J

Z3 sym. in quark and charged lepton mixing

o Quark CKM mixing [ Uckm = (UDTUR =UlUL, =1 ]

Unit matrix at LO.
(or Quarks can be coupled with other ®[1], next slide)
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Possible quark sector

o Effectively Type-X 2HDM

Quarks and leptons couple to other Higgs doublet

1
)= —(®,+P,+9,):

for leptons
/3 P
®, 1 for quarks
2
3 -3 iL
ViR Y | Yie=| _. ¢,
V.
Ay 1 1 1 1
SU(2)r || singlet | singlet doublet doublet
Uy | 4/3 | -2/3 1/3 1

ncts seminar, 22 Mar 2011

Koji Tsumura (ntu)
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Neutrino mixing

o Tri-Bi-Maximal mixing: good agreement with experiments.

4 ( \/z 1, \\
3 V3
1 1 1
U U= - — —
MNS TB \/6 \/§ \/5
11
\_ \ V6 3 \/5}/
1 _ 1
(111 » 0 -5
~ 7§ 1 W w2 X 0 1 0
2 1 1
1 w* w 7 0 7
/3 symmetry /2 symmetry
iIn charged lepton sector INn neutrino sector

($2) = (¢y) = (¢2) =v/V6
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Triplet Yukawa interaction for neutrino masses

-

~
h5i0‘25 hAiO'zAz hAiO'QAy Vor
U)o, (U,.)e, (U,.)e) | haio?A,  hsic?d  haic?A, v, | +h.c.
9 Y y Y
hAi02Ay haio?A,  hsio?6 U, r ,
o 2-3 maximal mixing is preferred in this basis
) =L (Al =22 (AD)=(A%) =0
0
1 h5’l)5 0 0 xL
= (W25, @l Wo)e) | 0 hovs hava | {90, |+ +he.
0 hAVA  hsvus gL
4 )
h5U5 0 0
MV = \/5 Ug 0 h5?)5 hAUA UL
0 hA”UA h5v5
\ J

ncts seminar, 22 Mar 2011
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Neutrino mixing

o Tri-Bi-Maximal mixing: good agreement with experiments.

4 ( \/z 1, \\
3 V3
1 1 1
U, =Uppg=| - — —
MNS TB \/6 \/§ \/5
N
\_ \ V6 3 \/5}/
1 1
(111 5 0 -5
~ 7§ 1 w w2 X 0 1 0
2 1 1
............. A B
/3 symmetry /2 symmetry
iIn charged lepton sector IN neutrino sector
(¢2) = (8)) = (¢9) =v/V6 (A2) = 2 (A0) = (A%) =0

7
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Neutrino masses and mixings under A4

. . .
N2 my, mze'™?) = Uyng My, Unmns

\ )

o Diagonalize: diag(mse

a8 ( \F
mq1e**2 = hsvs + hAVA 3

mo = hsvs € R

1

V2
1 1 1

L \ V6 3 ﬁ}/

UuMns = Ut = | —

>l= Sl

m36m32 = —hsvs + hAUA

o A4 sym. + vev alignment = TriBiMaximal mixing
Good agreement with experiments.

o Note: TB-mixing can be obtained in model without 5[1],
but it is required to solve mass degeneracy of ml1 & m3.

h5’05 0 0
M, = V2 Ug 0 hsvs hava | Ug
ncts seminar, 22 Mar 2011 T ) 0 hava hsvs Jag




Approximate symmetry in the broken phase

o Doublet vev is symmetric under T

\

/v/\/é 0 1 0\ [v/V6 v/\/6
)= ) () -
\1}/\/6 1 0 O 1}/\/6 ’U/\/g )

o Tiny Triplet vev is symmetric under S

A4 - Z3 sym

.

0

”(wﬁ)
0

S

1
— 10
0

0

—1

0

)(4)-(4)
0 0 = 0
—1 0 0 A4 > 72 sym

J

= approx. Z3 symmetry
(slightly broken by triplet vev)

All the particle in A4AHTM can be classified by approx. Z3 charge !!

ncts seminar, 22 Mar 2011
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Z3 classification

: 4 . - )
o Singlets: by default | 1:71=1
ll . Tl/ — wl/
1// : Tl// _ w21//
\__ — —
( 1 1 1 )
o Triplets S fle =1 e wl (e
a¢ V3 1 w w? a,
\§ J
\/ga,g =ag; +ay+a, Lay—l—az—l—am :\/gag
\/§a77 = a, + wzay + wa, L, Ay + w?a, + wa, = w\/gan
\/?:ag = Qg + Way + w?a, L, a, +wa, + w3a, = w2\/§a<
4 I
1, a¢ l, y QAn l” y A¢
Z3—charge 1 w w?
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Z3 charges for leptons

0
V1R Var V3g Var = ( wéL )
VAL
Ay 1 1 1" )
SU(2)r || singlet | singlet | singlet doublet
ULy | -2 —2 ) -1
Z3 A4 /3 A4
1 /er 1 0 0 Yip\ L 1 /L. U1
wlpr]=(0 1 0] [vR]|l w|L,|=U}[¥,.]3
W2\ 7R 0 0 —1) \wir/ 1" 2\L, U,
4 )
Le, er Lua ur | Ly, Tr
Z3—charge 1 W w?
- J

ncts seminar, 22 Mar 2011 Koji Tsumura (ntu)
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Doubly charged Higgs bosons

o Mass eigenstates can be determined approximately
by neglecting tiny effects from triplet vev

Hft 1 0 0 0 1 w w? 0 A+
( 2++\ 1 (0 1 0 0\ (1 w?  w 0 \ (A;ﬁ\
Hf V| V3]0 0 cex sag| |1 1 1 0 A+
\HIJFJ \0 0 —s44+ cC44 \0 0 O ﬁe_iaii) \5++)

++ g+t 4 +4
Hy™, Hy H, Hy

Z3—charge 1 w W
- J
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Doubly charged Higgs Yukawa interaction

1 w w?  w? w?
_ 9 _
[(hiﬁ)w (r)e ¢y, H* +hec ] 75 ha (e g+ rp)er f HYH
N
/ | 0 —1 0 : \
hit+= —3 ha _01 8 (2) Zeros are consequence of Z3 sym.
1 0 0 1
hoxt+ = —F=ha |0 2 O
3 1 0 0
1 2 0 0 1 0 0
hs++ = % hact+ |0 O 1| +hssyre [0 0 -1
0 1 O 0 —1 O
1 2 0 0 | 1 0 0
hat+ = —7 has++ |0 O 1| +hscege =0 0 -1
0 1 O 0 —1 O
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BRs of doubly charged Higgs bosons

o A4HTM predicts unique Ratios of BRs.

~

/ B(H-— — o)
ee(11) : pp(ww) : 77 (w?w?) : ep(lw) : erT(w?) : pur(ww?)
H+(w) 0:0:2/3:1/3:0:0
H3 ™ (w?) 0:2/3:0:0:1/3:0
H3*(1) Ry=/(1+R3™):0:0:0:0:1/(1+ R3™)
KHfi(l) R7=/(1+R;"):0:0:0:0:1/(1+ R;™)

/

HH+

ncts seminar, 22 Mar 2011

o+ Rt — 2hact+ + V3 hssppetotE|?

> 9lhaces — V3 hssypeiort|?

++ _ |2hasiy — V3 hscyyetdEE|?
ot T 2lhas++ + V3 hscppeiot|?
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Lepton flavor violation £; — £; £ £;

o A4HTM (approx. Z3 sym.) forbids specific LFV modes
In particular, ,u_7¥6_6_e+

w M > \ p et 1
\
4 )
Le, er | Ly, ur | Lr, TR H e 1
Zs—charge 1 W w? \<< e 1
- J
Same for  _ T e
T =€ € e U U pu e e o pue
w? 1 11 w? wow 11 w w w1

o A4HTM predicts specific LFV tau decays

T ety p,ute e
w? l w w w? 1 1
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(Triplet-like) Singly charged Higgs Yukawa interaction

[\/i(hii)gg/ WE/L H:_ + h.C.]

ncts seminar, 22 Mar 2011 Koji Tsumura (ntu)
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Decays of singly charged Higgs bosons

o Ratios of BRs B(H™ = tv)=) B(H™ — (v

4 B(H~- — fv) I
ev . uv . TV
HF 1/6:1/6:2/3
Hy 1/6:1/6:2/3
Hy | R3/(0+R3): 5/(1+R3): 5/(1+ R3)
KHf Ry /(1+Ry):3/0+Ry): 3/(1+Ry) )y

44 R — 12hact + V3 hsspetox|?
H* S 2|hAC:|: — \/ghgsieiai |2
- ++ |2hA8:|: — \/gh(scieiaiP
Vj LT 2|hA8:|: + \/ghgcieio‘ﬂz
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Lepton flavor violation £; = 7

o Natural suppression

4 )
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Neutral Higgs phenomenology

o Only couple to neutrinos

o HO, AO phenomenology may be poooooooor

vV

HY AY
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Summary

o HTM provides new source for neutrino mass.

o A4 sym. can give large neutrino mixing and small
guark mixing even in HTM.

o Remaining Z3 sym. plays an important role in AAHTM.

o Unigue predictions of triplet Higgs decays

o Natural suppression of muon LFV

Thank you very much for your attention.
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Back up
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Lepton universality

o Charged Higgs contributes to leptonic decay

[2\/§(GW + Gpeeer ) (Veyu PrLp) (€v" Prve )]
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Non-standard neutrino interactions

o Charged Higgs contributes to NSI

[2\/§Gpe£j<(f’yquf)(De’Y“PLVe') J

e%’ _ Z (hii)ﬁ’u(h::t)ﬁe
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Doublet like charged Higgs bosons

o Doublet-triplet mixing is suppressed by vev ratio

Hf, . 1 w w?\ [of
Hf | = % 1 w? w 5
H¥a 1 1 1) \¢f
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