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What to talk about?

o Neutrinos from the sky and reactors
Observation of oscillations - masses and mixing

o Neutrinos for the future

Origin of neutrino mass?
Dirac/Majorana, hierarchy, absolute mass scale

o Neutrinos at LHC

New particles for neutrino mass
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e
Neutrino oscillation

Neutrino masses and mixing - oscillations

three masses : ey = Ueilvr) + Uss|vo) + Usslus)
Am2, = |m2—m2| |v) = Unlon)+ Ulvs) + Usls) three anlges
oup S e f” ' pEIP2A P one + two phases
A/rn’.sol ma — my vy = Usilvn) + Uralvo) + Usrslvs)
1 0 0 co., 0 s,.¢°\/co, s, O\/1 0 0
U= 0 coys Sos 0 1 0 %9, Co, O[O €2 0
0 —%,, Cogs ) \ =970 0 cop, 0 0 1/\0 0 ¢
atmoshperic reactor solar Majorana
Am32,(eV 2 )L(km)
P., = sin?26 sin? [ 1.27—2
. E(GeV)

E: “VAVVVVRRRR, E:

E,=p,=FEt=L

:Vp?+mi”E+ﬁ




Neutrinos kind to us
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e
Oscillation measurements

Parameter best-fit (£10) 3o
Am2 [1075 eV 2] 7.5870-22 6.99 — 8.18 Ami,
Am%| [1073 eV 2] 2357012 2.06 — 2.67 [Amj3, |
sin2 019 0.306 (0.312)T9018  0.259 (0.265) — 0.359 (0.364)
sin? 63 0.421005 0.34 — 0.64
sin? 03 [140] 0.021 (0.025) 0805 0.001 (0.005) — 0.044 (0.050)

sin 613 [142] 0.0251 + 0.0034 0.015 — 0.036




Undetermined Mass hierarchy
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-
World competition

Experiment Isotope Mass [kg] Sensitivity Status Start of Sensitivity
TIO/”2 [yrs] data-taking  (m,) [eV]

GERDA 6Ce 18 3 x 10% running ~ 2011 0.17-0.42

40 2 % 10% construction ~ 2012 0.06-0.16

1000 6 x 10%7 R&D ~ 2015 0.012-0.030
CUORE 130T 200 6.5 x 10%%*  construction ~ 2013 0.018-0.037

2.1 x 10%6* 0.03-0.066

MAJORANA CGe 30-60 (1—2) x 10%  construction ~ 2013 0.06-0.16
1000 6 x 10%7 R&D ~ 2015 0.012-0.030

EXO L6 Xe 200 6.4 x 10% running ~ 2011 0.073-0.18

1000 8 x 10%° R&D ~ 2015 0.02-0.05

SuperNEMO 828e 100-200 (1 —2) x 10%¢ R&D ~ 2013-15  0.04-0.096
KamLAND-Zen  BXe 400 4 x 10% running ~ 2011 0.03-0.07
1000 10%7 R&D ~ 2013-15 0.02-0.046

SNO+ 150Nd 56 4.5 x 10%4 construction ~ 2012 0.15-0.32

500 3 x 10% R&D ~ 2015 0.06-0.12

AMOoRE CaMoO, 250 3x 102%° R&D ? 0.02-0.06

(TAUP 2011)




Neutrino mass from Cosmology

0.056 (0.095) eV < Y m,

< 6 eV

™~

o Neutrino dark matter (hot)

Q =>m _/92.5h?eV = 0.022(2Xm /1eV)
o Power spectrum of CMB & large scale structure

Negr

I I
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Neutrinos toward New Physics

o Neutrino mass requires more than Higgs.

o Dirac with a (singlet) chiral state?
L, = yyLHN 4+ h.c.
my ~ 0.1eV = y, ~ 10712

o Majorana with more physics beyond EW?
Ly = g7 LHLH + h.c.

Myx ~ X-101°GeV
o Who gives £;,? Where 1s My?
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e
Three Seesaws

Fermion Singlet Scalar Triplet Fermion Triplet
(Type I) (Type II) (Type III)
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Neutrinos & Higgs

o Naturalness question with Higgs coupling

to a heavy fleld Farina, Pappadopulo, Strumia, 1303.7244
- A\3 M? _ ,
o Typel: 52 = T M= =) fi ~ Mp

| 1672my, 1/3 _— 9
M <my [ A ~ 0.7 10" GeV x VA

m,

N 6g2 + 30 3 M2 M2 T
2 _ 172792 Y 17,2 - —
o Type Il: 52 = -1 i QI Ty 2+ )

M <200 GeV x VA

4 12
o Type III: om* =+ 4;)4 MA36In =5 = 6) | MS0.94TeV x VA




Type I 1n a gauge model

2 ) (1)

SU(2)y breaking v, giving heavy masses to N & Wy

oll(DEenl( ). +c, U1, + c, U(l)y
Eg — SO(10) xU(1)y, — SU(5) xU(1)xxU(1)y
e IO =l 1+ (5 +5)4 1
U(1) breaking v’ giving heavy masses to N & Z/

L=y HLN 4+ ynySNN

2013-08-19 Jirisan "Neutrinos" EJChun@KIAS
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Type I at LHC

o Typical signatures: SS2L+jj probing
Majorana nature of N. Keung, Senjanovic, 1983

qgqg — 2" — NN
— [FFWTWA




N-W, Search

| B T T |_ T |_ _| T T 7 T T T T 7 T T -1 B T T |_ [ I_ _I T T
% == VWith mixing, ee+Hup+ep, Expected %' minn W!th mixing, ee+Hup+ey, Expected 7
= - === With mixing, ee+up+ep, Observed = ~ === With mixing, ee+up+en, Observed .
EE L =v= No mixing, ee+uy, Expected E:’“' - == No mixing, ee+uu, Expected s
| = No mixi Ob ed .-~ | == NO Mixi
O mixing, e+, ser'ur““‘ _[L dt=21b" 2 0 MiXing, ee+u]l, Observ?g i _[L dt=21fb"
- ATLAS © - ATLAS - R =
i s=7TeV _ s=7TeV _
SS+0S | OS b
3 | 'ar:,"’r’r 1
1 o — 1— _?‘m}p" _|
. 1 —‘l‘“f‘f - -
z ] |
{] B — 1 1 1 1 1 1 I 1 1 1 1 1 1 1 F_ 1 | 1 1 1 | ﬂ . 1 . 1 1 1 I — L L 1 1 l 1 1 1 1 I 1 1 1
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/
7, search

E 1 § T T T T T I T T T T I T T T T I T T T T I T T T T | T T T T E
m% s ATLAS Preliminary  ___g,octed limit
o 1o B Is=8TeV W Expectedt 1o |
S Z - Expected+ 26 3
R — Observed limit 7]
102 W Zssy =
= N —Zy 3
_ —Z, _
10° —
4
10 = ee, uu:det: 20
10'5 ] 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | L L 1
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Mz [TeV]




6(pp -> Z)Brin fb

N
N-Z search

Bandyopadhyay, EJC, Park, 1105.1652

T T T il []'45 T T T T T T
GBr(Z->]l) === ‘:‘ l\f}l—:n: —
1e+06 aBr(Z-zvy) e wo IN O 0/ £ T XAT NSAY s i
Z, SERm ] WS N asholawii
GBrEZ—b'uu} s gy, N ,w | .........
i oBr(Z->dd) =w=== | 035 - T ———l e D ..Q_;t.p_,y_'_l'z )
03+ m,=1meV .
[,
100 + 025 - ]

/15% to Higgs |

] ] 0.15 / -----------------------------------------------------
0.01 | e N Ve

Branching fraction

01 - e -
005 | _
0.0001 b . . . ]
1000 1500 2000 2500 3000 T 1 R ]
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Associated Higgs production: another handle to probe h - bb




Type II Seesaw

o SM + a triplet boson (Y=1):

a= ("4 s

1
BN —# o LZC?LTQAL@ + —pu BT A® + he. = yp = MU_‘P

V2 M3
o Triplet VEV generates neutrino mass

matrix: vA _
Mes = fapla = faﬁg ~ 107"

o Collider can tell the neutrino mass
pattern: Measure BR(AT+ 225 117))!

EJC, Lee, Park, 0304069
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Lepton Yukawa reconstruction

o Neutrino oscillation data (assuming vanishing
CP phases) determines the coupling f = M¥/v ,:

NH IH
0.00403 0.00816 n,nnzm\ 0.0479 —0.00557 —0.00573
M” = | 0.00816 0.0264 0.0215 —0.00557  0.0239  —0.0240
0.00259 0.0215 H.HQSG/ —0.00573 —0.0240 0.02693

o Assuming 100% BF for di-lepton channels (v ,<104 GeV)

Br (%) | ee el T ol R
NH (Qe62%05.11 | .O:b1 | 26.8 [ 35.6 | 314
[H1 ] |27 el 3Ot [T 23570 14.9
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Triplet signatures

o SS2L from H** H— pair production
o 3L from H** H- associated production




e
CMS s eaI'Ch CMS, 1207.2666

Benchmark point Combined 95% CL limit [GeV] 95% CL limit
for pair production only [GeV]
B(®dTT —wete™) = 100% 444 382
B(®TT —eTut) =100% 453 391
B(dTt —ef1h) =100% 373 293
B(®TT — ptut) =100% 459 395
B(dTT — ut1t) =100% 375 300
B(®Tt — tT1T) = 100% 204 169
BP1 383 333
BP2 408 359
BP3 403 355
BP4 400 353

Benchmark point | ee | epy | et | up | pv | 17

BP1 0 |0.01]|001|030]0.38]0.30 b =< Expeciedlimit (par-production)
B2 1/2| 0 | 0 | 1/8|1/4|1/8 I
BP3 1/3 0 0 1/3 0 1/3 5 - - - -
BP4 1/6 | 1/6 | 1/6 | 1/6 | 1/6 | 1/6

Cf.) : : : : : : :

NH [0.62[511]051]26.8]356]314 150200 230 300 | 350 400 450 500

Mass of == [GeV]

THT ot 27 e w23, 7 1419 B < 0.22
Mpyg++ < 100GeV




ATILAS search

ATLAS, 1210.5070

BR(H; " — (+'%) 95% CL lower limit on m(H; ) [GeV]
etet ”:l:”:l: E:l:‘u:I:
exp. | obs. || exp. | obs. || exp. | obs.
100% 407 | 409 || 401 | 398 || 392 | 375
33% 318 | 317 || 317 | 290 || 279 | 276 =~ NH : BR(up) =~ 27%
22% 274 | 258 || 282 | 282 || 250 | 253 IH: BR(ee) = 47%
11% 228 | 212 || 234 | 216 || 206 | 190

§ 1 02 E T 17 T T T T T = - 102 ET LA L R B B R B
= - —— Observed 95% CL upper limit . é = —— Observed 95% CL upper limit 3
0 i ---- Expected 95% CL upper limit ] Q = ---- Expected 95% CL upper limit -
B [ Expected limit + 1o | o i [ Expected limit + o i
"[‘ [ ] Expected limit + 20 T [_| Expected limit + 20
% 10 ——olpp —H" H), BR(H - e'e*)=1 1 10 = olpp —H" H), BRH "= nu*)=1—
= Eiop>HIH).BRH > ee)=t 3 = L | St olpp — HT HL), BR(HE > wi)=1 =
i - ' i R R .
m 4 s ]
X _ X
I n )
T | T
+ 1 = i + 1 -
T = ATLAS 4 = T - ATLAS
T C _[Ldt =47 N ] T [ |Lat=47m" ; ]
o 9 | o .
e [ \s=TTev & [ \s=7TeV ) 7
~ D -~
Sl Loy oy by by by ey Al ooy o by by by sy |
107700 200 300 400 500 107700 200 300 400 500 600
m(H) [GeV] m(H) [GeV]




H+*+ > W+ W+ search

o H** =2 1" 1* + X from ATLAS SS2L. data:

20

,_.
Lh
T

Cross section [fb]
o

Lh

40 50 60 30 90 100

70
m,, . [GeV]

Kanemura, Yagyu, Yokoya, 1305.2383




Type III Seesaw

o SM + fermion triplets with Y=0:
ST > o Y T = (2N Yeh

o Additional Dirac & Majorana masses for
leptons:
Linass = mp(I"Et +v3°%) + METE™ + 1 M350
o Neutrino mass matrix by Seesaw (mp << M):
MV = mp ﬁmg
o I-X-/v-3° mixing
- L-X gauge vertices x gmp/M ~ 10°

Al =, > B = 7500

2013-08-19 Jirisan "Neutrinos" EJChun@KIAS 24



LHC signatures

o decay: Zi - lih, l:I:Z, VW:I: Franceschini, et.al.
n 0805.1613
RN 7, =W T
o X production: pp — =tx-, £+x0
o Four lepton final states at ATLAS
P 1= Z R (55

o Higgs production associated with charged
leptons: pp — =20 — (FiEAW T
Bandyopadhyay, Choi, EJC, Kang, 1112.3080
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N
ATILAS search

—— Observed 95% C.L. upper limit

------ Expected 95% C.L. upper limit

Expected limit+ 1o

|
.~ Expected limit+ 2o

—
Om

o(pp — N°N%),BF(N*— Z *)x BF(N°— W 1)=1
o(pp — N°N)x BF(N*— Z f)x BF(N°— W |)

V_|=0.055]
|V |=0.063 -
V=0 )

ATLAS Preliminary
i JLdt =581 \s=8TeV

150 200 250 300 350 400 450 500
my [GeV]

o(pp = N° NF)x BF(NF — Z F)x BF(N® = W 1) [fb]




Search for h->bb in type III?

Decay modes| Branching ratios
my 250 GeV 400 GeV
- , ¥ = hy 0.17 0.22
Pr{}dI_l(ﬁ‘.tljiloﬂz‘_.ﬂﬁ;\%:F_-‘-E'(I‘.Zl[(_:]};lﬁ;(_.(f::l) S0 75 097 0.9
m 250 GeV | 400 GeV :
~ 20 S wEF| 056 | 052
©te?| 4391 73.8 n T E—— =
p— — : 2> — hl 0.17 0.22
INDY 320.0 50.0 T T — —
p— — — - —= Zl 0.27 0.26
DD 221.8 32.3 T — :
X = W 0.55 0.52
»E 5 2% | 0.009 | 0.003
Bandyopadhyay, Choi, EJC, Kang, 1112.3080
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8o | 2.20

50 with
6.7/tb | 52/tb

100 | 30

2013-08-19 Jirisan

ob + SSD

> 2bh — jet + SSD

Signal Backgrounds
BP1 | BP2 | tt |tthb|ttZ | tth |V V |[ttW
127.38129.09124.0( 7.5 {41.6]29.0{ 0.0 [41.4
Mb—b
Signal Backgrounds
BP1 | BP2 | tt |ttbb| ttZ |tth |V V |tEW
60.61110.39]8.0]1 3.0 110.616.5( 0.0 | 9.6
Mp—b—1
Signal Backgrounds
tt |tthb | ttZ | tth |VV [(EW
BP1|117.37]4.010.35(7.002.67| 0.0 |2.50
BP2| 11.74 |0.0] 0.0 {1.7110.12] 0.0 | 1.05

"Neutrinos" EJChun@KIAS
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EEE————
More on Type 11

o Same-sign tetra-leptons

Triplet-antitriplet oscillation EJC & Sharma, 1206.6278

o Higgs boson Phenomenology

EWPD
Perturbativity & vacuum stability
Higgs-to-diphoton rate EJC, Lee & Sharma, 1209.1303




Type II scalar sector

o Scalar potential of type II seesaw

V(®,A) = m2®T® + M2Tr(ATA)
+ A (®TP)2 4+ N\ [Tr(ATA)]?2 + 2X\3Det(ATA)
+ A (DTR)Tr(ATA) + X5(®T7; @) Tr (AT A)
= %ILL(I)T/IJTQA¢ + h.c.

o Five boson mass eigenstates

At AT AY

0 0 40 + ++
P —> RO, HY A% H* H
)

2013-08-19 Jirisan "Neutrinos" EJChun@KIAS 30



Scalar mixing
o Doublet-triplet mixing controlled by £ =
Vu/Ve:

f,.-'}? —GY - 2{40 0T =GT + \/ELH * {.'J% - aé H !

AY= A"+ 2660 At =HY VGt AL = [0 4 ac

a=2+ (4)\1 = )\4 _-— )\5)U§)/(M12{0 = mio)

o We will work in the limit: £ << 0.01.
o (note) p parameter constraint:

p=(1+282)/(1+4&%) > £ < 0.03

2013-08-19 Jirisan "Neutrinos" EJChun@KIAS 31



-
Scalar spectrum

» Mass gap among triplet components:

Ay — A
Mpe = M?+2°2 2012

i ) AM = My+ — My++
Mps = Mpes + 2 M 3
g A5 M
Mo g0 = Me + Qg—'zﬂ-ﬁ,. ) 2 M 44

» Two mass hierarchies:

e e Mot <MH0/A0 if A5 >0
Mg++ > Mg+ > Mpgojq0 it A5 <0




Triplet decay channels

o Gauge decays for non-vanishing AM (\;):
H°/A® — H=W* — H=EW*W™* @ AM ()s)
JEIR N P/ S0 A T T

o Di-lepton (same-sign) decays through f:
H—H__)l(jz_lg; H+—>l(—)|zl/5; HO/A0—>I/QV5 <:| f()éﬁ

o Di-quark/di-boson decays through &:

R = AT TS HO/AY — tt, bb <: ¢ VA
— ZW, hW Al

(¥) £€ ~ 10712

2013-08-19 Jirisan "Neutrinos" EJChun@KIAS 33



Triplet—antitriplet mixing
o Triplet (lepton) number is conserved in the production:

o Triplet number breaking by doublet-triplet mixing:

L= %,UJ(I)TZ’TQAT(I) + h.c.

NOR 0
% X X A>
o It induces a tiny mass splitting between H° & A° :
1 :
Lx= E;L(DTWQAT(I) e s 1 L
2 2 2
Yatle va  Mpo
= OMpa ~ 2M o
AT VaME, HA T SVH 2 M2, —m?,
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B-B Mixing

_ AR "
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q B P 3 - b
th t th
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A-A Mixing

A

h

A

N\
N\

No Mixing ANAN

Mixing ANANANAS

1™ -5 Meson “Daughter”
j B Meson

‘O
Proton ; 3 < Anti-Proton

-
.
*
.

-
-
d

A

u~ -Anti-B Meson “Daughter”

Anti-B Meson

-

HT
XL L _ __ sson “Daughter”
k B Meson

Proton 9 " 6 Anti-Proton

Anti-B Meson

Matter-Antimatter Mixing

A

p* ~B Meson "Daughter”




N
A-A Oscillation

o Initial A = H° + 1 A° evolves as

A1) = g+(1)|A) + g-(1)|A) [T = Tgo = T 0]
Tl %e—“ﬂ (ez’MHot 4 ez’MAot)

o Probabilities of A going to A or A are

Jo_ dtlg=(®)P?

X+ = T )
fo dtlg+ @) + J;~ dtlg— ()]
(SN2 % TV
et 2(1—|—:II2) e _ Tdec
X+ = S 2 :L.:T_Tosc
w 2(1—|—$2)




EEE————
Same-Sign Tetra-Leptons

o Lepton number violating processes:

pp — AYA? = AOA0  grtHTIW - — HtTHTH4W—
ATAY = ATA?  gt+-Htow— - HTtHTT3W—

2
_HA | BR(H0/A° — HEWF)
L+ g4
x [BE(H* — H¥*W#)]" [BF(H** = (*(*)]*;

9 9
24 a5, Thy

o (4 +3WF) = o (pp— H*H" + H*A) [

o (4 L AWT) = o (pp — H°AY) l ] BF(H" — H*WF)BF(A" — HE*WF)

1+ o, 14 0%,

x [BF(H* = HEWF)]? [BF(H*E = (£%)]°.




Same-Sign Tetra-Leptons

o Is this observable?
1) H** is the lightest and {5 > &.
i1) AM sufficiently large to allow A° > H* W- > H** 2W-.
ii1) Sizable oscillation parameter: x~1.

V2 G4 AM?
5MHAN2—§-—MHO FHO/AON il 3
Vg (L

| va~107'GeV, AM ~2GeV = 6Mpa ~ Trosao ~1071GeV |
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EEE————
Triplet decay channels

770 A0 g+ H++

— tt — — th — (it
— bb — bb =ty | WEWH
— v — v — WtZ

—~ 77 — ZhY — Wtp0

4

S BOR0 | S HEWTF | o W
s HEWF




AO

Mg ti=
300GeV

< Mg+
< MHO/AO

H++

Logio Va
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AM (in GeV)

Maximizing the branching fraction

100

10

1

2013-08-19 Jirisan

10
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AM (in GeV)
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SS4L cross-section

o SS4L production including the oscillation
factor:

LHCS8 LHC14
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MHi:t = 400GeV

o Benchmark point:
v,=7x107 GeV, AM=1.5 GeV.
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Event numbers

Final State|o /th (8 TeV)|o/th (14 TeV)
HtHY 0.761 2.031
H+ A 0.761 2.931
H-HY 0.275 1.209
H- AD 0.275 1.209 NO baCkground
Lepton selection cuts only
HY A" 1.014 4.322
Pre-selection|Selection
(F(=(*(* (LHCS8-NH) 4 3
15f b_l + g+ gt pt
(F(=(*(* (LHCS-IH) 9 8
_, (F0FrFrF (LHC14-NH) 110 94
100fb
(EE0EF (LHC14-1H) 240 210
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Mass reconstruction
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-
Higgs-to-diphoton

o 1-loop process — sensitive to New Physics.
o Deviation from the SM prediction?
o Its precision data is important to constrain NP.

(s=7TeV.L<51fb" {s=8TeV,L<196 "

CMS Preliminary m, = 125.8 GeV I ! o I [ I
Yo ATLAS Preliminary i m, - 125.5 GV
H — bb (VH tag) el :
: W,ZH — bb :
H — bb (itH tag) ] : Vo=7Tev: [Lat=47 107 ® :
: Ve =8Tev: [Ldt= 131" :
H— 1t (0/1 jet) H— 1t
5=7TeV: [Ldt=461" :
H — 1t (VBF tag) P o
H—- WW ' — v
H — 1t (VH tag) \s=8TeV: Ldt= 131" £ g
H — yy (untagged) H-y
H— vy (VBF tag) - Qlﬂ%i e =
- HoZZ'' — 4l ,
H— WW (0/1 jet) t:5=?TeV:][Ldt=4.6fb'1 E o
Ve =8Tev: |Ldt=2071" :
H—- WW (VBF tag)
Combined =1.43 +0.21
H— WW (VH tag) \==7Tev: Lat-=a6-48m" B : i
¥s=8TeV: Ldt=13-207 b
H—2Z L | | | | | | |
2 4 0+




Higgs-to-diphoton

o H** & H* contribution:

}Tt,yJiﬂ Hii,;wif“ HT v H** v
}‘ | J‘ } ".v-"‘-h.\ .v--'-\-.."
e ——a” = e &~ ++= e W . -
G T Ty ’u..x'qifi W tq,’{{
HT % HTT e H=* e
v 7

G
I'(h—=yy) = 121;C~:f'_ﬂ;; Z Qfg}lfﬂ?;z(i“f}ﬂ—gﬁfwﬂjf(:rw]

h h h h 2
+og+n-Ao(Tu+) + 495 ++ 5 - Ao (Tp++)

° QEH H+ — A‘_,fl‘ —Q—Mv . Arhrib, et.al., 1112.5453
HY 0 Kanemura, Yagyu, 1201.6287

Akeryod, Moretti, 1206.0535

h _
® YIg++u++ — — 2 Mz,




Higgs-to-diphoton

mpg++ = 100GeV mpg++ = 150GeV mpg++ = 200GeV




Vacuum stability & perturbativity

o Scalar sector of type II seesaw:
V(®,A) = m2®T® + M2Tr(ATA)
+ A (®T®)? + Ao[Tr(ATA)]? + 2X3Det(ATA)
+ A (DTR)Tr(ATA) + A5 (DT 7;@) Tr (AT A)
+ 5@ i A® + h.c.

o Vacuum stability of the SM boson changes due to
its couplings to the Higgs triplet.

o Triplet self coupling (\,) tends to diverge rapidly.
o Strong constraints on A, 4.
o Take \;=0.13 and p << v,.
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-
Vacuum stability & perturbativity

o Demand the absolute vacuum stability
COndlthIl. Arhrib, et.al., 1105.1925

@ A1 >0,

o A2 >0,
¢A2+%A3>U

° Ay A5 +2v/A1A2 >0,

® Aa = As + 21/ A1 (Ao + £Aa) > 0.

o Perturbativity: |\| < V4r.




-
Vacuum stability & perturbativity

o Use 1-loop RGE: TR
167200 = 203 4 (903 — 307 +1203) + Jod + 2 (6° + 6)°
— Gy 4 3A1 + 2)F
16#% = Xa(—12¢" — 2493) + 69" + 9g3 + 129" g5 + 28A3
+  8AoAz +4A] + 2X% + 2)F
16720 = Ag(—12¢" — 24¢3) + 608 — 24963 + 613
+ 24X0A3 — 4\E
16%% = A4(—§ ” Z’gg%) + 247 4 63+ Aa(120
4+ 16Xo +4A3 + 4Ny + Gyt) + 8\Z
1(:‘.#% = A4(—Eg’2 — ﬁgg) + 69293 4+ As(4X1 + 4o

—  dA3 4+ 84 + 6yt),




couplings
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RGE running

o An example

g 10 12
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- S
Allowed ranges

10° GeV 10 GeV 10 GeV
Ao (0,1) (0,0.5) (0,0.25)
Az | (=2.0,2.4) | (=1.0,1.25) | (—=0.55,0.62)
Ay | (=0.5,1.7) (—0.1,0.9) (0,0.5)

As | (—1.5,1.5) (—0.7,0.7) (—0.4,0.4)

5
0.88
1 [Ae=0.94
A2=1.00
05 - 02+
0 - <L 0r
05 - ' ’
04 22013+ 04 [2=005
1 22=0.20 A2=0.10
08 5,025 . 08 A,-0.14 =
L L L 1 Il Il 1 1 L L 1 1
02 01 0 01 02 03 04 05 02 01 0 01 02 03 04 05

06 - As=l

As




I —
EWPD

o Triplet contributionto S, T & U: Lavoura, Li, 9309262
§=—goh 3= 3 (B-Qf)Pe( 5
37 m2_1 iy ngl mﬁz m%
! . m% m%’ 1
T = (2_T3(T3_1))n( 3? q—
lﬁ?rcgv S%V ng;l mﬁz m%

1 ma 1 +1 m% m%
U= ot LS o - Qe (T
b miqmy Wﬁg; my ' my

2 9
—(2-T3(T3-1))¢ (m?,m%’ﬂ)]

my1.0,-1 = Myg++ g+ pgo mi, My

o Tree-level contribution is neglected (1= 0).




I —
EWPD

o Most recent STU flt Baak, et.al., 1209.2716
Shest it = 0.03., og =0.10

Thest 6t = 0.05, o7 = 0.12
Ubest fit — 0039 ou — 0.10

psT = 0.89, psy = —0.54, pry = —0.83

o It strongly constrains the mass splitting.

AS L Jg0g Os0TpPsT OsOupPsU -1 AS

AT OSOT PST oTOT oTOUPTU AT

AU oUOSpUS OUOTTPTU oUoU AU
<—2In(1—-CL)




EWPD
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Combined results for 101° GeV
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Combined results for 10° GeV

- T T
12 ,=005 +
1 _.-r.tzzn .25 M
Ao=0.42
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Combined results for 105 GeV

2 | | | I + I'f o 2 | | }" | ‘4" | +F 2 | | | | ."’ | e
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A=0.75 ' - M=075 o L e 15 12=075 0 h 00 L -
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Conclusion

o Great achievements from oscillation
observation during past 15 years.

o Further Quest for the nature of neutrino mass:
Dirac/Majorana, absolute scale, hierarchy

o Majorana mass models at TeV scale?

o LHC signatures of type I, II, III seesaws:
SS2L., displacement, associated Higgs
production.

o Peculiar type II: SS2L resonance, SS4L,
Higgs-to-diphoton.
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Thank you




