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Introduction l

Neutrino masses are extremely smaller than other fermion masses.
" neutrino < 1eV electron = 0.5MeV tau = 1.8GeV  top = 172GeV

G ; a

1MeV "~ 1kg

— Neutrino-specific mechanism to generate their masses ?

ZN

Yukawa with SM Higgs? Yukawa with new scalar ?

{ e

Seesaw with very heavy particle ? Light new scalar ?

4 4

Far from experimental reach LHC ?
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Large Hadron Collider l

MontBlanc

- — first event of Higgs
first event of Higgs at ATLAS (4 Apr. 2008)

at CMS (4 Apr. 2008)

pp collider at /s = 7, 8, 14 TeV (cf. Tevatron: ppat /s = 1.96 TeV)
26.7km ring (cf. 26.4km loop subway in Nagoya, Japan)

ATLAS:, new phys. CMS, new phys.
ALICE: quark-gluon plasma LHCDb: B phys.

TOTEM (near CMS): elastic and diffractive cross sections
LHCT (near ATLAS): cosmic ray



New scalars at the LHC

N\

Leptophilic Scalars !

DAL

Origin of neutrino masses
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Yukawa Interactions with Leptophilic Scalars l

SU(2)r, singlet

L¢ioy L, s™ @ Singly charged (e.g., in Zee model)

(fr)c s sT* : Doubly charged (e.g., in Zee-Babu model)

SU(2), doublet

vy, ®lioy Ly 1 Neutrinophilic doublet

SU(2)y triplet

L¢ioa AL, (eg. in Higgs Triplet Model)

—_
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Radiative neutrino mass

- Tree neutrino mass
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Model

-| LHC

Yukawa interactions
> Scalar decay into leptons

DA

Goal (Hope)

Origin of neutrino mass

Neutrino mass matrix

T2K, DCHOOZ, Daya Bay, RENO, ... |

Neutrino oscillation data

mop, 21, (31
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> Doubly Charged Scalar g

— —




Doubly Charged Higgs - Triplet - l

Target : hyp [L_giaz ALg,] A= (

!

Higgs Triplet Model

A+ /2
AO

~——— Symmetric

W. Konetschny and W. Kumer, PLB70, 433 (1977)
M. Magg and C. Wetterich, PLB94, 61 (1980)

T.P. Cheng and L.F. Li, PRD22, 2860 (1980)
J. Schechter and J.W.F. Valle, PRD22, 2227 (1980)
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(A%) ~

Yukawa : h,, [L_gz'ag A Lg,]

Neutrino masses : (m,)pn = hyp(A%)

Scalar potential :

1 (@?)?

2

[\ Soft breaking of L#

V = —m3[®T®] + mA[Tr(ATA)] — (u (@ ioy ATP] + h.c.) + quartic
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ot

-

(3 Set up

Target : hyy [L_fgz‘ag A Lg,]

I(mv)eef = h€£’<AO>

= (Uﬂ‘,INS diag(my, moe'™2t, mge'“s1) URL/INS)M,

L 10eV < (AY) < 10KeV

Mat+ <M+

ma++ = 500GeV = o(pp — ATTAT7) =3.2 x 107 '[fb] @8TeV LHC
1.7 [fb] @14TeV LHC

w/o QCD K-factor

2 ()|

1+ dppr Zj m?

BRey = BR(ATE — (H¢7) =
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1 . 2
Information on sign(Amz,)

HTM normal -----
HTM, ‘inverted -

unphysical (BRee + BRGM Z 1)

[ Hm_l

unreachable in HTM
H** £ SU(2)y, triplet ?
(ex. Y = 4 singlet,
SU(2)g triplet)
other mechanism for m, ?

P (ex. see-saw with vR)
04 05 06 ().7

--------- "BR

A.G. Akeroyd, M. Aoki, HS, PRD 77,075010

See also J. Garayoa, T. Schwetz, JHEP 0803,009
M. Kadastki, M. Raidal, L. Rebane, PRD 77, 115023
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Information on Non-Zero My

the lightest mass

O — —

shaded = mg # 0

C .n.,_“__.unphysical_
0.5
o> 047
14
m o3

possible by mg = 0

0.2 B

0.1

0 L | |
04 05 06 ().7

0.3
BR..

0 01 0.2

Note: Knowledge on sign(Am3,) is not assumed



Information on CP-Violation with Majorana Phases

Q\ shaded = CP violation by Majorana phases
0.7

Te T T T
'-

" unphysical

.
.
.
.
.
.
.
.
.
-
.

0.6 -

0.4

BR,

03

0.2 | ™ possible by asq,a31 =0, 7

01F

0 l L L | | |
0 01 02 03 04 05 06 ()7

BR.

Note: Knowledge on sign(Am3,) is not assumed
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Doubly Charged Scalar - Singlet - '

Target : hy, [(ER)%}% s++]
k

\/ Symmetric

= A. Zee, NPB264, 99 (1986)
Zee-Babu Model K.S. Babu, PLB203, 132 (1988)

Yukawa : hgyp [(ER)CE'R 3**] . for [L_gz'az L, sﬂ

\,\! Q Mass eigenstate
Neutrino masses : st-7 | R
it gt \
diag diag / \
(M) ep o< (f m, °hm, f)w ) —F) 0o (P »

U1 \J L
(v b v lr (Lr)“ (L)
diag _ | '

m, ° = diag(me, m,, m;) (°) (")

m++ = 500GeV = o(pp— s7Ts ) = 1.4 x 10~ '[fb] @8TeV LHC
7.2 x 107! [fb] @14TeV LHC
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[ Det(my) ocDet(f) =0 —— My =0 or ms :OJ

di di
(my)ﬂﬂ’ > (f mglag hmzlag f) o

No € contribution (assumption)

i[BRW:BRM:BRTT ~ 1:0:0

BR,y = BR(Sii T gifﬁt) X |hggr |2

2
my, My

T T Sl i ~ 1:0.06:0.003

m;  m2

K.S. Babu and C. Macesanu, PRD67, 073010 (2003)
D. Aristizabal Sierra and M. Hirsch, JHEP0612, 052 (2006)
M. Nebot et al., PRD77, 093013 (2008)
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> Singly Charged Scalar g

— N
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Singly Charged Higgs - Doublet or Triplet - l

Neutrinophillic Doublet s.Gabriel and S. Nandi, PLB655, 141 (2007)

S.M. Davidson and H.E. Logan, PRD80, 905008 (2009)

/~  10nly for neutrinos

Neutrino Yukawa : (y.)irs [V_m(bvia2 Le] Vpi, ®v 1 Z, 0dd

@ Dirac neutrinos :  (m,),, = (v,)ie(¢)

(@)) < {d5m)
( Spontaneous Symmetry Breaking => m o « (¢,) )

Scalar potential : [~ Soft breaking of Z,
V= —m3 [, Bsm] + m2,[@]®,] — (-m.f._)_[@gméy] - h.c.) + quartic

2
mas




Set up for Dirac neutrinos

Target : (4,)i [T @) doa Le|  { (mu)ie = (w)ie{)) |
= diag(ml,mg,mg)Ug/INS
(24

10eV < (¢Y) < 10KeV

m <m L
S Mg

m + =500GeV = o(pp — ¢7 ¢, ) = 8.0 x 107?[fb] @8TeV LHC
4.2 x 10~ '[fb] @14TeV LHC

Set up for Majorana neutrinos (“HTM-like” case)

Target : hyy [L_gz'ag A Lg,]
I(mv)eef = hw(AO)

— (UIT/INS dlag(ml ’ m26ia21 9 mBeia31) UI—\I./[NS)

oy

L 10eV < (AY) < 10KeV

Mat: = Max = Mao (See also, S. Kanemura and K. Yagyu, arXiv:1201.6287 )

ma+ = 500GeV = o(pp = ATA™) = 3.4 x 10~2[fb] @8TeV LHC
1.8 x 10 '[fb] @14TeV LHC



2 A2 M8l
BR, = Z BR(¢} — £ty;) = Z BR(AY = ¢+7;) = > M |(Unns) il
i i

2
2.5 M
0.7 . . 0.7 ' .
Normal hierarchy Inverted hierarchy
0.6 E TU ml < m3 . 06 } ml > m3 i
= 05 0.5
N L
T o4 04
+2a + s
% 0.3 < 03l
= :
& 0. & 0.2
0. 0.1 } -
0 1 1

0.001 0.01 0.1 1
msleV]

S.M. Davidson and H.E. Logan, PRD80, 905008 (2009)

BR. sign(ms — my)
BR,

mo(= min(my,ms))
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P. Fileviez Perez et al., PRD78, 015018 (2008)



20/27
Singly Charged Scalar - Singlet 1 - l 1

- A/\
Target : f,p [ng‘az L, s+]

~ Mass eigenstate (assumption)

Antisymmetric

Simplest Zee Model A. zee, PLB93, 389 (1980)
L. Wolfenstein, NPB175, 93 (1980)

Doublet Yukawa : (?Z;‘f) [L_e @, ER} (62)
1 [
|
No Flavor-Changing-Neutral-Current o7 LT TSNS
’ \
/ \
I
(my) g o< (M7 —mi) fee (vp) — I @— vy,
(Lr) ! (0r)°
Excluded by Oscillation data (°)
e.g., X.G. He, EPJC34, 371 (2004)
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General (Original) Zee Model A zee, PLB93, 389 (1980)

i 0
Doublet Yukawa : % [Le P, ER] + (y2)eer | Lo (@2 — % @1) f}g]
1 T L 1
\,\_)_ i Incl. FCNC
13— Set up
Target : fu [L_EZ-@ L, Sq\ ~ Mass eigenstate (assumption)
N Antisymmetric
. 4@ (6), (#7)
Neutrino mass :/\ m,'*® = diag(me, m,, m,) :_
() = (X f 4 (Xm f)7) N
7 J \
~ / T T ! ‘— X f v
msr (XngTE + (f )ET(X )Tf) (VL) (ER)C : (EL)CO_ L
|
7 dominance (assumption '
(@ssumption) (69), (&)

m,. = 500GeV = o(pp — sTs~) = 3.4 x 10" ?[fb] @8TeV LHC
1.8 x 10~ '[fb] @14TeV LHC
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[Det(m,,) = m, Det (XngTgf - (fT)gT(XT)TgJ) =0 ——> m; =0 or mg= OJ

Am =Y N
C2 C2
= 222 5 21 Not acceptable
|c23512513 + C12523€%°|
)
RURE= \ ’fl“' 4 _tan 013 6_2-6
BR, 17 | BRe=Y BR(s » ;) | Jer 523
BR, — BR. _ 15 :
} feu @ Arbitlary
Sil’l2 2913 ~ 0.118 :

-

O~

\(Lon=r

1 1 ‘ml

813_3 \/— ~ (.17
~1 —> H46~r

) = 78 = v Y
23 /2 12 /3
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Set up

(Singly Charged Scalar - Singlet 2 -

S

Target : [y [L_giag L, s+]

~ Mass eigenstate (assumption)

N

Antisymmetric

@ Majorana neutrinos :
1

(M) g [(VLE)C Vw]

= %(fo)M’ {(Vw)c ’/Lf’]

Example : Zee-Babu model

”—r~~

2

~

S /’ | N S
) N
! : \
c (M (L
(vy) f S vy,
- VI?L : lr  (Lg)° :(EL)CU
| |
(") (0°)

Dirac neutrinos :
(M) [VRi VLE]

= (X f)i [Vm VLE}

Example : 1-loop model

82_ /’—®~\\ S_
4 \
/ \

'I ®_VL

(Cr)" i (tr)°

(")

©

VR

A. Zee, NPB264, 99 (1986)
K.S. Babu, PLB203, 132 (1988)

S. Nasri and S. Moussa, MPLA17, 771 (2002)

S. Kanemura, T. Nabeshima, HS, PLB703, 66 (2011)
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. BR, ~ 2 : [5+2V2s13¢c086] : [52\/5513(:055]]

Jer

fur

fe/.e
fur

tan 912
cos 63

tan 912
cos B3

(S —>El/@ = Z|f£gr

oS 53 + sin B3 tan 3’ ~ 7Y -+ ﬁ s ol
, 1 1 |
Sin fs3 — oS B3 tan B3’ ~ S ﬁ size’?

K.S. Babu and C. Macesanu, PRD67, 073010 (2003)
D. Aristizabal Sierra and M. Hirsch, JHEP0612, 052 (2006)
M. Nebot et al., PRD77, 093013 (2008)

S. Kanemura, T. Nabeshima, HS, PLB703, 66 (2011)
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: BR, = 2 : [14+0.5sin”2613] : [1+0.5sin” 26;3] ]

e a E Z | feer|?

fci = —tan6’23 ~ —1
feu

tan @ : :
Jur = 13 =i~ T < 0.3¢ %
e cos 653

K.S. Babu and C. Macesanu, PRD67, 073010 (2003)
D. Aristizabal Sierra and M. Hirsch, JHEP0612, 052 (2006)
M. Nebot et al., PRD77, 093013 (2008)

S. Kanemura, T. Nabeshima, HS, PLB703, 66 (2011)
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Summary of My Hope -1 l

SU(2), triplet : hyp [L_Eiaz ALgr]

(M) eer = hw(AO>
Doubly charged : BRyw —>+ Amj3; >0 ornot? mo =0 ornot?
sinas; = 0, sinag; =0 or not ?

—

(my)eer = hyp (A°)
i or (muy);e = \Yv )i (358
Singly charged : BR,, ~ BR,, BRe (M )ie = (Yo)ie(Pu)
BR, Am2, >0 ornot ?
mo

SU(Q)L doublet : (yv)iﬁ [V_R@ ¢, 109 LE:I
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Summary of My Hope - 2 l

singly charged SU(2), singlet : /i [L_Eiaz Ly S+]

nmy = 0
BR.:BR,:BR, ~2:5:5 —> 4 _
(my)eer o< (fX fleer or (my)ie o< (X f)ier
(Majorana) (Dirac)
BR.:BR, :BR, ~2:1:1 = + @

—

BR, 17 (my)eer ~ ms (Xfrfw + (f")er (XT)TE')
BR, -BR. 15 — ms = 0, sin®2013 ~ 0.118, § ~ 7, a9y ~ 7

doubly charged SU(2)y, singlet : hp [(ER)%}% s**}

BR[JM : BR‘[,LT :BR;7 ~1:0:0 i Zee-Babu model ?7?
(my)ggr X (fm?lag hmglagf)ggr




