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Neutrino mass operators & observables

3 WHEPPI3 2013-12-15 Puri EJChun@KIAS



Neutrino mass operators

» SM allows simple extensions for neutrino mass operators:
L~ H;(~eH))
» Dirac operator — renormalizable, U(1), conserving.

Lp=yPLH,N; = mP =yPvoy/V2

» Majorana operator — effective, U(1), violating.

ﬁM — yw (L H, )(LH )/(L’LL])(H’LLHU) Weinberg 1979
M _ .M v;
= M5 = Yii My
» No reason to forbid them = observed!
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Neutrino parameters

» Three masses, three angles, |+2 phases:

ve) = Uecilrn) + Ueslva) + Ues|vs)
v, = ,fl\i‘/ﬂ + U, o|va) + U,slvs)
ve) = 1) + Uralve) + Uzslvs)
mq mo ms
1 0 0 oy 0 5, \[ o o O\/1 0 0O
U=| 0 co,. S 0 1 0 —%,, Co,, O 1 O €92 0
0 —%,, Cooq —s9,,¢ 0 0 coy, 0 0 1 0 0 e'os
atmoshperic reactor solar Majorana
2 2 2 2
Amatm |m3 o ml' ATnsol = m2 — 1M

» Two Am? + three angles measured precisely by
oscillation experiments.
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Measurements: present & future

Talks by Cheubey

Parameter best-fit (£10) 3o & Agarwala
Am? [107° eV 2] 7587022 6.99 — 8.18 2002
AmZ%|[1073 eV 2] 2357503 2.06 — 2.67 1998
sin? 019 0.306 (0.312)T0618  0.259 (0.265) — 0.359 (0.364)
sin? fg3 0.4270-0% 0.34 — 0.64
sin2 013 [140] 0.021 (0.025)70-97 001 (0.005) — 0.044 (0.050) 2012
sin? 613 [142] 0.0251 + 0.0034 0.015 — 0.036

» Mass hierarchy: m; > m, or m, > my? o frvre
» CP violation? L
» Majorana m__?

S

» Sum|m.| from cosmology?

| L L L
00 0.2 0.4 0.6 08 1.0
Y m, [eV]

6 WHEPPI3 2013-12-15 Puri EJChun@KIAS



Neutrino & New Physics
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UV theory of neutrino mass operators

» From Fermi to EBH.

1933

» From Weinberg to ...

H. 8 +H

N\ s~
N\ 7/

1979 1998

L

P A

R

) o 27
n > —
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Dirac seesaw:

yP ~v/My~ 1013
Dick, et.al., 9907462
EJC, Roy, 0803.1720

Majorana seesaw:
Arbitrary Yukawa with
M,=keV-10" GeV
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Three Majorana Seesaws

Fermion Singlet
(Type )

Scalar Triplet
(Type Il)

HA - 9

my,, — YAW’U
A

Y(A) =1

Fermion Triplet
(Type Il

WHEPPI3 2013-12-15 Puri EJChun@KIAS



Type I/II in a gauge model

LR: N
5w s (1)

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

» U1y e, U(l), +c, U(l), +c, Uy
Eg — SO(10) xU(1)y, — SU(5) xU(1)x xU(1)y
27 - 10+5+14+(54+5)+1
U(l)’ breaking v’ giving heavy masses to N & Z'’

L, =y HLN + 3yySNN + h.c.
2
My, = Yy, ]tJ/IIj\; yg
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U( 1 )/ mOdEIS Erler, et.al., 1 103.2659

Q) g uw e | d Ul v| D L| D T| S

2Qn 0 —1 +1|+1 o] =1 o =1] 0o 1| o

2Qq 0 +1 —1| 0 +1| 0f—-1 0 0 —1| 1| gf H,
20, 0 0 0|-1 —1| 1 1 1| 0 0f-1

o030, | +1 0 42| 0 —1] 42|l 0 —1] -2 —1| 2]ifQ(S)#0
2v3 Qg 0 —1 +1|—-1 —=2| 41| 2 1| 0 —2

2v/3Qy 0 —1 41|42 +1| =2 -1 =2 0 1
[2V3Qy | 0 42 —2]—1 +1| +1f~1 1| 0 —2| 1|
12V6Qp_r | +1 -1 +3|—-1 -3| +3) 2 0|-2 0] 0]
WN6Qurll +1 —1 4+3|+2 0| 0| -1 —-3|-2 0 3

2W6Qy ||+1 42 0|-1 0] 43| -1 0|-2 —=3| 3

26 Q), +1 +1 41|41 +1| 4+1||-2 —2|—2 —2| 4

2/10Q || -1 -1 =143 43| =5 -2 -2 2 2| 0

2V/10Qy || +1 41 +1|4+2 +2 -3 —3|—-—2 2| 5

WI5Q, |42 +2 +2| -1 —1| 45| -1 —1|—-4 —4| 5

W15Qy | +1 -4 46|+2 —=3| 0| 2 —=3|—-=2 3| 0

4/15Qs || -1 —1 —1|4+8 48| 10| -7 —-7| 2 2| 5
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Type II Seesaw

» SM + a triplet boson (Y=1):
A A+/\/§ ATt
LAY —AT2
1 2
LA = faB LZ:C?;TQALB -+ ﬁ/,b (I)TiTQA(I) + h.c. = VA = ﬂ]\?;—(%
» Triplet VEV generates neutrino mass matrix:

vA _
Mas = fapla = faﬁg ~ 107"

» A peculiar signature of SS2L resonance from the doubly
charged boson if f ~> v \/vg : A++ 28 I
—> Determine the neutrino mass hierarchy at colliders!
EJC, Lee, Park, 0304069

12 WHEPPI3 2013-12-15 Puri EJChun@KIAS



Type II Yukawa after 6,5

» Neutrino oscillation data (assuming vanishing CP

phases) determines the coupling f = M¥/v ,:
NH H

( 0.00403 0.00816 0.00259 \ / 0.0479 —0.00557 —0.00573
0.00816 0.0264 0.0215 —0.00557 0.0239  —0.0240
\ 0.00259 0.0215 0.0286 / \ —0.00573 —0.0240  0.02693

M

» Br(A*") for di-lepton channels (100% for v ,<10-* GeV):

Br (%) | ee el er | pp | pr | TT
NH 0.62 | 5.11 | 0.51 | 26.8 | 35.6 | 31.4
IH1 47.1 | 1.27 | 1.35 | 11.7 | 23.7 | 14.9

Q) Revisit the CP phase effect!?
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LFV after 0,5

Chakrabortty, Gosh, Redejohann, 1204.1000

» Correlations of LFV procedures in type II.

27 (mymi) e, 2
Br(p — evy) = SFr— T ———Br(p — evv)
1 ey 2l(m 2
Br(p — 3e) = — [(me Jue | 4|[ v)eel Br(p — ebv)
lﬁlfrFM'Hi: VA
-1
1011
10-12
1071 fpives
1014
10-15
lﬂ—]'ﬂ
i o EJC, Lee, Park, 0304069
lﬂ—'lr (Y =0.5 eV —
va = 1.0 eV
10-1# Ua = el
l(j—]ﬂ - 1 I I 1
100 200 300 400 500 600 700 800 900 1000
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Type III Seesaw

» SM + fermion triplets with Y=0:

Cin =y, LH,Y + LMYY Y =(2,%% %)
» Additional Dirac & Majorana masses for leptons:

Linass = mp(I"Zt +v3°%) + METE™ + 1 M30%°
» Neutrino mass matrix by Seesaw (mp << M):

M, =mp ﬁm%
y -7 /v-20 mixing
- L-X gauge vertices x g mp/M ~ 107°

WEIFY0 WHuxT Z1ExF Zpy0
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Neutrino & Higgs
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Natural Higgs mass?

» 125 GeV Higgs at LHC questions the usual argument for

NP through the hierarchy problem: Q
AN dip
| 7

5 2: 1 F
h (=1) 872 —m

2 =>2000F cps preiiminary +— S8 Weighted Data

@ C
(01800F \s=7TeV,.L=5.11" o
F \s=8TeV.L=53f" :’1‘“

— SeB Fit

3
8122

_ 2( A )2
_mh
500GeV

(4m,52 — Qm%/ — m% — fm%)/\2

0 :A " ] 1 A ! "
120 140
m,, (GeV)

» /A can be a physical mass scale of a UV theory, i.e., A=M,.

» Naturalness with Higgs coupling to seesaw particles.
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Low-scale seesaw natural?

» Seesaw particle contribution to Higgs mass:

(5-}?1% < ""’”'?1 _}; A Farina, Pappadopulo, Strumia, 1303.7244
: ANy M?
om? = M (In—5 — 1) fi~ M
4 Type I: (4?’1’) ,{4-;2 f Pl
2 1/3
M <my, (AH’” m“'l) ~ 0.7 107 GeV x VA
m,,
= 693 + 39+ 3 5 M? M2 T
¢ Type Il 6m® = —Ar? 92 % QY(—IH — + 7’111— +-)
(4m)* "2 12 T,
M <200 GeV x VA
v 2 4 9 H'.f?
> Type lll: om® = JJJ M (%IHM—2 —6) | M<094TeV x VA
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Higgs instability

» Higgs quartic turns to negative due to large y.:

30,20 H
dt

Higgs quartic coupling A

0.06

0.04

0.02

30 bands in
M; =173.1 + 0.6 GeV (gray)
@(Mz) = 0.1184 £ 0.0007(red)
My = 125.7 £ 0.3 GeV (blue)
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|
12
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Degrassi, et.al., 1307.3536
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My in GeV
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Higgs instability in type II
» Higgs potential of type Il — coupling of doublet and triplet:

V(H,A) =m2H'H + M2>Tr(ATA)
+ M (HTH)? + Xo[Tr(ATA)]? 4 2X3Det(ATA)
+ M(HTH)Tr(ATA) + X\s(H 7, H)Tr (AT, A)

1 T,
+ E,uH 1o AH + h.c.
» Vacuum stability condition: @ A1 >0, Arhrib, etal.,, 1105.1925
@ Mo >0,
® Ao+ 2A3 >0

@ Ay A5 + 2V A1\ > 0,
o A1t As+ 2\/>\1(>\2 +13) > 0,

» Perturbativity: |\;| < V4.
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Higgs instability in type II

» |-loop RGE in type Il

21

LAy
dAo

2 -
167 7

A\
1672973
T

d)\s
1672224
T
d\s

167
T

+

_|_

+

3, 3
2407 + A1 (=993 — 39" +1207) + g2 + (97 + 93)°

Gyi + 3\1 + 2)8

Ao(—12¢" — 24g5) + 6¢" 4+ 9g5 + 129" g5 + 28)3
8X\oAg - 4AN3 + 20T + 202
A3(—12¢"% — 2463) + 693 — 249" g5 + 673

24XoA3 — 4A7

15 33 9
(=" = S5 03) + 29" + 603 + M(120
16X2 4+ 43 + 4\4 + 6y7) + 8AF

15 33
Aa(— 2)9’2 - 795) + 6993 + A5 (401 + 4)2

N3 + 8\ + 6y7),
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Chao, Zhang, 0611323
Schmidt, 07053841



As

0.6
0.4
0.2

-0.2
-0.4
-0.6

Higgs stability & perturvativity in type II

0.9

0.8
0.7
0.6
0.5
0.4
03
02
0.1

couplings

0.1

22

-0.2
-0.4
-06

conditions

0.6
0.4
0.2

EJC, Lee, Sharma, 1209.1303

Condition 1

Gondition 2 n

10 GeV

Condition 3

N | (0,0.25)
s | (—0.55,0.62)
Ao | (0,0.5)

As | (—0.4,0.4)
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Neutrino & DM /BAU
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Neutrino as DM

» The standard weak interaction can generate a right
amount of CDM for al0 GeV neutrino —WIMP.

Lee-Weinberg, 1977

—————————————r—
1% f 4
A CDM
/ 2 Lee-Weinberg
_ = 3-7GeV
V f L:‘/ 0 /
R e e A PR
= A
2.2 E,
ameH 10—9 e | | 30 eV
<O'w’l)> ~ g 5  Cowsik-McClelland
mZ GeV -4 } HDM
6 1 1 1 1
Kel MeV Ge) Ie\

Neutrino-DM connection?
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Leptogenesis I

Type I/lll seesaw :
L=yLHN +1MNN

1 74
M

(Ha)?

= YikYjk 1

L asymmetry from N decay: CP phase inY,.

_ T(Ny—LHy)-T(N1—Lip) _ 3 >Im([wy")1il?) My

‘1= F(Ny>LH))+T (N1 —LH,) — 87 (yyM11 M;
Mymys —7 My M3
€1 S T2 =2 x 10 (109 Gev) (0.05 ev)
eq
nr—mnry n —
YB = Csp LS L — CSPTNETI ~ Oliﬁl?’] ~ 10 10

g.~ 100,n<I, €107

25

M> 107 GeVY

Davidson-lbarra

nb) m,, e o< y°
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Leptogenesis II

Type ll seesaw : L = fi: L;L; A+ pHHA + h.c.

2

M} = fijoa = fijli;)/_[—%

L asymmetry from A, , decay: CPV from mixing: Ma-Sarkar
+
¢ ,?h\ e
¢ T e
9

FNf2—|—pJ2/M2

N Im [m,u; Dkl flkzlf;k:l} [Mz]
- 8mA(M7 — M3) L'

Davidson-lbarra
bound persists.
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Efficiency

Efficiency n and K factor: K = H(;IT_EM)

K>>1 -5 n <<1 (strong wash-out regime) :

inverse-decay (n.,['p) decouples at T<M;
Boltzmann suppression.

K~1->mn~1 : out-of-equilibrium decay.
K<<1 -5 n<<1 (weak wash-out regime) :

weak neutrino Yukawa interaction;
inefficient thermalization of N.

Gauge interaction reduces the efficiency.
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TeV Leptogenesis

» Difficult to realize a low scale leptogenesis through CP
asymmetry from neutrino Yukawas in type | (with U(1)’), I,
Il seesaw (K>>1 due to tiny H~T?/M,;, and large gauge
interaction).

» A common exercise: add new states unrelated neutrino
mass generation in type |. Fong, etal., 1305.6312

_/C.i, = T};m? 'Lm AV 31 + E Umn? Lm Rn, 1 + h.c.

Xm Xm
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Radiative seesaw and inert doublet DM

» Inert doublet for neutrinos: y, LH'N. Ma, 0605180
» One-loop neutrino mass with A (H'H')2.

» DM=H'g lighter than H',: correct thermal density + direct
detection bound.

» Leptogenesis for M, > 107 GeV.

&’ ¢

Vs
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SUb - Gev S Cenario Canetti, Drewes, Shaposhnikov,1204.3902

» No Higgs hierarchy problem.
» Seesaw/DM/BAU from sterile neutrinos.

» BAU from GeV N, ; through CP violating oscillations of
sterile neutrinos (Y, = -Y,  ~ 109 atT > T, if AM/M ~
10-4--6, o _M?

H=V(t)+U T

» keV N, DM production through MSW conversion in thermal

plasma if Y, > 8x10%atT ~ 100 MeV. Shi, Fuller, 9810076

om? i | dom? ) )
sm20, V, =0, V,=— B cos 260 + 1--"6;[' + I--"QT

~ [

U'  Akhmedov, Rubakov, Smirnov, 9810255

— ! -

VE &~ 0.35GFT? Lo+ 2L, + Y. Ly,|
B

Q) Consistent M & 0023 ?
30 WHEPPI3 2013-12-15 Puri EJChun@KIAS




Asymmetric Dark Matter

» Qpu/€25 = 5 : coincidence?

» Postulate the same origin for matter-antimatter
asymmetry & dark matter population.

Qpm/Qp = MpyYpu/MpYp

) You ~Ys Mgy ~5 GeV for COGENT/DAMA
i) Ypm ~ 0.05Y5, mpy ~ 100 GeV for usual WIMP
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Scenarios

BIL & DPN

B/L or D

geneS|s cogene5|s
@@

Equilibration
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Techni-Baryon Asymmetry
» Consider a GUT group containing both the baryon sector

and the techni-baryon sector.

» Asymmetries in both sectors can be assumed to arise
from a heavy GUT particle decay: Y, = Y.

Ps= Yy My, prp= Y1p Mg = pppm
Qo/Q=m /m, =5if A /A, =5

Nussinov, PLB, 1985
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Equilibration of B-L & DM

Kaplan, et.al., 091 1.4117
» Assume an initial B-L

(or DM) asymmetry Equilibration interaction

» Add an interaction W — iLHuXXerXXXC
which equilibrate the
dark matter asymmetry  Interaction rate > Expansion rate
and the initial B-L T3 37>

I' ~ >H ~ —

asymmetry 8 M? Mp

» A conserved quanturm Chemical equilibrium relation
number: B-L+DM/2 11

X=—-—(B-1L), B=03(B—-1L)
eg,LH &> XX 79
QDM mxX

Qp  mpB X ¢
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Equilibration of B-L & DM

» Require the suppression Assume a “strong” interaction:
of the symmetric W = Ax SXXC 4+ A SH, Hy+ AaS®
component. =2 B
Annihilation rate much XX = Hy,Hg
lager than the standard 3 % 10-9CeV—2

_h2 ~u
value for the thermal Qxixh” =01

freeze-out relic density.

(o av)
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Type I seesaw & EWDM asymmetry

» A simple model relating the origins of tiny neutrino
masses, the baryon asymmetry and the DM density.

» Realize asymmetric EWDM with sub-TeV mass.

2
» Naturally suppressed symmetric density. Qspyii? ~ 0.1 (2T6V>

mpwm

» Copious production at the LHC.

» Clean singals of disappearing charged tracks & stable

charged tracks.

An, etal.,0911.4463

EJC, 1009.0983

Falkowski, et.al., 1 101.4936
Haba, et.al., 1 101.5679
EJC, 1102.3455
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A simple Model

= Introduce a vector-like SU(2), multiplet: EJC, 1102.3455
Y, withY =0and T =1,2,3, - - -
1 1

= “Extended B-L’ broken b)’ M: Superﬁelds‘ L N X XM

B-L |-11-11]-2

= Asymmetries from N decay:

L, X L. Y
N1 N1 N;

Hy, X H,.%

Ly Imfyi iy + hiliy)] My

SL - : N 9

A y1 |2+ 2| ha|? M, :> 315¢(3)

2 S Tmlhihi (i + hah?)] My Yopar == g, LPMIIL.DM
DM Ar ‘yl‘z T %\hﬂz M,
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L/DM efficiency ratio

L)/ n(DM)

100 fl l'l,
K — er 'T?LV
10 ¢ B H(T = ﬂ-‘[j\rl) 10_3 eV
K=0.I

K=l

Hi—K=10 €L DM MDM
0.01 - |§_=_l00 - |

0.0r01 o 'o.olosl | .0:[;10 o 6.656 | billoo '0.5|0('> | '1‘.0|00

B(DM)

Qpyv mpuYpy 31 epar npy mpu

QB 'TRBYB ” 10 cr,.  NL 1 GeV
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Mass spectra of DM multiplets (T=1)

» Fermion: (ZiEO)
Scalar: (Efgaz(l)g)

» Mass specturm: |50 = Mgk > Myt = 1y

Il I

D-terh gplitting EW Ioép-splitting
~ 1 GeV ~ 0.1GeV
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LHC Signatures

 Effective interaction below M:

oM (HO)
* Two kinds of long-lived charged particle tracks:

i:l: . Vz:l: Z:l: N 7]_:I:Z()

52 _T(T+1) 3 03 m? .
FiiZS—ﬂ-mii in— . GVdAmf _A—mQ
Tse ~ 10~ ?%sec Ts+ ~ 106cm

Stable charged track  Disappearing charged tracks

*Multiply charged tracks for T=3,2:
SEEE Sk yrkat 3C 35cm D byt 18CM 4
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Neutrino & LHC
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LR & U(1) at LHC

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

! Wi qq — 72" — NN
> </ = FEEWTFWF
)
)
J
R

u(l)’

L
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LHC+01v203 search of LR model

Bhupal Dey, et.al., 1305.0056
Type Il dominance

-------------- 2.0
Normal Inverted
1.5¢
N
L+
t“ 101
-
=
0.5
0.5 1.0 1.5 2.0 2.5 3.0 3.5 05 ] 3_'9 ------- 3: 5
My (TeV) My, (TeV)

» 46 WHEPPI3 2013-12-15 Puri EJChun@KIAS



/
Z search

G B [pb]

47

ATLAS Preliminary --- Expected limit

\'s =8 TeV I Expected* 1o
Z — |l Expected + 26
— Observed limit
W Zssy

—Z,

- Z’w

ee, uu:J Ldt=20fb"

0.5 1 1.5 2 2.5 3 3.5
M, [TeV]
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Multi-lepton signals in type II

» 4] (2xSS2L) from H*™ H~ pair production.
» 3l from H** H" associated production if AM ~O0.

» CMS looks for 4l or 3| events.
» ATLAS looks for SS2L resonances.

Z [y T - —

AAVAVAAViVavee

G

.E.ﬁ.x.x_ﬂ_xm.ﬁ.m gﬁ_

48

oy
‘_,-'"'-- flf“l'

— f-l%_ 117* {l}++ ._.--’::——___________
o Wy
b~ ——
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CMS search CMS, 1207.2666

Benchmark point Combined 95% CL limit [GeV] 95% CL limit
for pair production only [GeV]
B(®dTT —efe™) =100% 444 382
B(®dTT — etu™) =100% 453 391
B(dTt —wef1h) =100% 373 293
B(®TT — ptut) =100% 459 395
B(®TT — pt1t) =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 | 0.01 | 0.30 | 0.38 | 0.30 b 1-- Expectdlimit {pair-production)
BP2 1/2 0 0 1f8 1/4 1/8 = Obszrved limit {pairproduction)
BP3 1/3 0 0 1/{3 0 1/3 : —  Pair-production cross section
BP4 1/6 | 1/6 | 1/6 | 1/6 | 1/6 | 1/6
Cf’) : ! ! ! ! ! ! =
NH 062 | 511 | 0.51 26.8 | 35.6 | 31.4 150 200 250 300 350 400 450 500

Mass of &== [GeV]

TH1 | 4711271135 | 11.7]23.7 ] 14.9 B < 0.22

Mpy++ < 100GeV

49 WHEPPI3 2013-12-15 Puri EJChun@KIAS



o(pp — H™ H )x BR(H* — e*e?) [fb]

ATLAS search

ATLAS, 1210.5070

BR(H; ™ — (*(%) 95% CL lower limit on m(H; ) [GeV]
et et ptut et
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
1025' = = 10°g L I I
E —— Observed 95% CL upper limit 3 &, = —— Observed 95% CL upper limit -
- ---- Expected 95% CL upper limit . i; - ---- Expected 95% CL upper limit ]
[ Exvected limit + 1o i N i [ Exvected limit + o |
l:l Expected limit + 2o T l:l Expected limit + 26
10 ol HTHD BRI ee)=i= 4 10 = o(pp — H H ), BRH = wp)=1
==solp— H H ) BRHH - e'e’)=1 7 L - == olpp — HT H), BRH = wu)=1 3
1 & | §
- 2_(\ _
15 I l"—‘ 1E
-~ ATLAS - £ F A
- J.Ldt =47 ] T B J.Ldt =47 . ]
T \s=7Tev ) 2 T Ns=7TeV .
10-1.I.|||I||||I||||||||T“L||| t310_1||||||||||||||||||||||‘.“|||||
100 200 300 400 500 100 200 300 400 500 600
m(H) [GeV] m(H™) [GeV]
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H*" 2> W™ W* search

» H** =2 |7 I" + X from ATLAS SS2L data:
Kanemura, Yagyu, Yokoya, 1305.2383

20

4.7 "
— 15 ]
2
o
2
2 101 .
v
W 20 fb
o
=]
—
sl i
O 1 | 1 | 1 | 1 | 1 | 1
40 50 60 7 80 a0 100

m,, [GeV]

Q) LEP limit from multi-jet final states?
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Type III Seesaw

» SM + fermion triplets with Y=0:

Cin =y, LH,Y + LMYY Y =(2,%% %)
» Additional Dirac & Majorana masses for leptons:

Linass = mp(I"Zt +v3°%) + METE™ + 1 M30%°
» Neutrino mass matrix by Seesaw (mp << M):

M, =mp ﬁm%
y -7 /v-20 mixing
- L-X gauge vertices x g mp/M ~ 107°

WEIFY0 WHuxT Z1ExF Zpy0
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LHC signatures

» ¥ decay: ¥F — IFh, T Z,0WE
ZO — Vh, VZ, lj:W:F Franceschini, et.al.
. e a0 0805.1613
» 2 production: pp — XTY T YFY
» Four lepton final states at ATLAS
pp — SEXY S FZ(IDNIFWT(55)
» Higgs production associated with charged leptons:
pp — DEX0 S (FERWT

Bandyopadhyay, Choi, EJC, Kang, 1112.3080
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ATLAS search

—— Observed 95% C.L. upper limit

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

[ Expected limit+ 1o
Expected limit+ 2¢

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]
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Conclusion
» Great achievements from oscillation observation during
past |5 years.

» Further Quest for the nature of neutrino mass:
Dirac/Majorana, absolute scale, hierarchy & CPV.

» Neutrino-DM/BAU connection: leptogenesis+tADM.
» Majorana mass models at TeV scale?

» LHC signatures of type |, Il, lll seesaws: SS2L, displacement,
associated Higgs production.

» LHC13/14 continues to probe the neutrino signals.

» More for peculiar type Il: SS2L resonance, SS4L, Higgs-to-
diphoton.
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Neutrino & LHC — More on Type II
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» Same-sign tetra-leptons. EJC & Sharma, 1206.6278

Triplet-antitriplet oscillation

» Higgs boson Phenomenology. EJC, Lee & Sharma, 1209.1303
EWPD
Perturbativity & vacuum stability
Higgs-to-diphoton rate

» General study in (v,, AM). EJC & Sharma, 1309.6888
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Type II Seesaw

» SM + a triplet boson (Y=1):
A A+/\/§ ATt
LAY —AT2
1 2
LA = faB LZ:C?;TQALB -+ ﬁ/,b (I)TiTQA(I) + h.c. = VA = ﬂ]\?;—(%
» Triplet VEV generates neutrino mass matrix:

vA _
Mas = fapla = faﬁg ~ 107"

» A peculiar signature of SS2L resonance from the doubly
charged boson if f ~> v \/vg : A++ 28 I
—> Determine the neutrino mass hierarchy at colliders!
EJC, Lee, Park, 0304069
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Type II Yukawa after 6,5

» Neutrino oscillation data (assuming vanishing CP

phases) determines the coupling f = M¥/v ,:
NH H

( 0.00403 0.00816 0.00259 \ / 0.0479 —0.00557 —0.00573
M"” =1 0.00816 0.0264 0.0215 —0.00557 0.0239  —0.0240
\ 0.00259 0.0215 0.0286 / \ —0.00573 —0.0240  0.02693

» Br(A*") for di-lepton channels (100% for v ,<10-* GeV):

Br (%) | ee el er | pp | pr | TT
NH 0.62 | 5.11 | 0.51 | 26.8 | 35.6 | 31.4
IH1 47.1 | 1.27 | 1.35 | 11.7 | 23.7 | 14.9

Q) Revisit the CP phase effect at LHC?
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LFV after 0,5

Charkrabortti, Gosh, Redejohann, 1204.1000

» Correlations of LFV procedures in type II.

2T (mym?) e, |?
Br(p — ev) = : Y Br(pu — evv
_ 2 2
Br(p — 3e) = = l_ - (0 e | J[m”}EE| Br(p — eiv)
1BGF*MH:t: VA

10—t
10-11
10-12 e e *
1013 BT e B s it menssereneren MeetT, L < 0.025
10-14 T T
lﬂ—]!: (mm ) e ll} < ]_
. EJC, Lee, Park, 0304069

10-1#
10-12

1000 200 300 400 500

62

s00 900 1000
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Type II scalar sector

» Scalar potential of type Il seesaw

V(®,A) =m?dT® + M2Tr(ATA)
+ A (DTP)2 4+ Mo [Tr(ATA)]? + 2X\3Det(ATA)
+ A (®TO)Tr(ATA) + A5 (DT 7;®) Tr(ATT;A)
+ %/,L(I)TiTQA(D + h.c.

» Five boson mass eigenstates

A—I——I—’ /\—I—’/\O
ot @Y

—> K%, H, A, Ht Htt
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Doublet-triplet mixing
» Doublet-triplet mixing controlled by £ = v ,/v4:
o =G—2A" ot =GT+VHY g% = B —acH
A = 40 1 9¢ (.0 At = gt \/E{'GJ“ AL — 0 +at AL
a=2+ (4/\1 — )\4 — )\5)U§)/(M}210 - mio)

» We will work in the limit: £ << 0.01.

» (note) p parameter constraint:

0 = (1+2€2)/(1+4€2) > £ < 0.03
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Triplet scalar spectrum

= Mass gap among triplet components:

Ay — s
Miey = M?+222 D02,

2
«*’i ) AM = M+ — My++
M2%2, = MZ2is+ 2%11’5;. ;
: s M
i]lerQP,_xl@ = j-erﬂ: -+ 2{}_2*1“{“ . g M

= Two mass hierarchies:

MH++<MH+<MH0/A0 if )\5>0
MH++>MH+>MH0/A0 if A5 <O
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Triplet decay channels
» Gauge decays for non-vanishing AM (X;):

HY/A® — H*W* — HEEW*w* <=1 AM(Xs)
HY — H*W* — HY /A W*W*

» Di-lepton (same-sign) decays through f

HY — 5% HY — 1 HOJA® — vavs < fog

(%) f§ ~ 107
» Di-quark/di-boson decays through &:

H™ = WTW™; Ht — tb; HY/AY — tt, bb <: _ A
— ZW, hW — Z7,hh/Zh
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A-A Oscillation EJC & Sharma, 1206.6278

» Triplet (lepton) number is conserved in the production:

» Triplet number breaking by doublet-triplet mixing:

L= %/,L(:DT’IZTQAT@ + h.c.

A A
» It induces a tiny mass splitting between H® & A° :
Lx= % ST i AT® + h.c. = —pvph’HY
va = \/g;% M4 ~ 2 Mo Z% M?f% Om,%o
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A-A Oscillation

A h A

N4
/N /N

H + -H — ...3son “Daughter”
L™ =& Meson “Daughter”
A B Meson
B Meson

Proton 9 " é Anti-Proton

Anti-B Meson

ﬁ Anti-B Meson Matter-Antimatter Mixing

H~ A

p* =B Meson "Daughter”

|~ -Anti-B Meson “Daughter”
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A-A Oscillation

» Initial A = HO + i AC evolves as

A1) = g+(H)|A) + g-(1)]A)

g+(t)

1

T =T go = I 40]

_ _e—Ft/Q (eiMHot + e’iMAot)

2

» Probabilities of A going to A or A are

Jo_dtlg=(®)[?
Jo dtlg+ ()1 + [y~ dtlg— ()]

69

X+ =

X+

',

\

2—|—392

2(14x2)
-2

2(1+2)

5M Tdec

i

F TOSC
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Same-Sign Tetra-Leptons

» Lepton number violating processes:

pp — APA0 = AAY — HTHT2W—- — HTTHTT4W—
ATAY = ATAY - FHHHT W~ — HtTHTT3W—

» Production cross-section:

o (46 + 3WF)

o (40 4+ AWF)

70

X

.
_HA | BR(H0/A° — HEWF)
1+ THa '

[BF(H* — H¥W*))" [BF(H** = (*(*)]*

o (pp = H*H" + H* A") [

2 . -’2 . -’2 . - —
o (pp — HOA®) |~ THA_THA | BR(p0 R BR(A® - HEWF)
]_ -+ JITQHA ]_ -+ .'1‘-'?1'_[‘4 ‘ '

[BF(H* — H¥W*)]" [BF(H** — (*+)]* .
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Same-Sign Tetra-Leptons

» Is this observable!?
i) H*" is the lightest and f ;> &.
i) AM sufficiently large to allow A° > H* W- 5> H* 2W- .

iii) Sizable oscillation parameter: x~I.

v G%LAM?
SMpa ~ QU—QMHO Lposa0 ~ ——
D

[ va ~ 1074GeV, AM ~2GeV = 6Mpa ~ o0 ~ 10—11Gev]
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Triplet decay channels

72

H? A HT g+t
— it — it — th Ly gt
— bb — bb it s wrwr
— VUV — I/ Wtz
— 27 — Zh" s WHRD
S BOR0 | gEWTF | g -
_ HEWF
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AO

My++ =
300GeV

< Mg+
< MHO/AO

H++

Logig Va
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AM (in GeV)

Maximizing the branching fraction

100 | T T | T T | T T | T T D.5‘ I T T | T T | T T | T T 0.25
0.45
0.4 0.2
0.35
0.3 0.15
10 0.25
0.2 0.1
0.15
0.1 0.05
0.05
1 0 0
107 10° 107 10°% 10° 10% 107 10¢ 10° 107 10°% 10° 10% 10°
V, (in GeV) v, (in GeV)
for 4] +3W™* for 41 +4W™
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SS4L cross-section

» SS4L production including the oscillation factor:

AM (in GeV)

LHCS8 LHC14
5 18 5
16
4 14 4
1.2
3 1 3
0.8
2 06 2
Y 0.4 1
0.2
0
10 107 107 107 1074

MHi:t = 400GeV
» Benchmark point:

v,=7x105 GeV, AM=1.5 GeV.
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Event numbers

Final State|o/fb (8 TeV)|a/th (14 TeV)
HtHY 0.761 2.031
H+A° 0.761 2.931
H-H° 0.275 1.209
H’—AD 0.275 1.209 NO background
: Lepton selection cuts only
HYA? 1.014 4.322
Pre-selection|Selection
1 (Tererrt (LHC8-NH) 4 3
15fb~ L
/ (ErErErE (LHCS-TH) 9 8
_,  (F0FrFrF (LHC14-NH) 110 94
100£b
(F(E ¢+ (LHC14-1H) 240) 210
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Events/10 GeV

Mass reconstruction

150
LHC14-NH 1,1, LHC14-IH 14,
125 - P E— gl e |
I :I """"""" I ,I -------------- :r':
100 |- ol o
by ulg —-—me .
75 | [ [P pp—
50 -
0 100 200 300 400 0 100 200 300 400
my my

77 WHEPPI3 2013-12-15 Puri EJChun@KIAS



Higgs-to-diphoton EJC, Lee & Sharma, 1209.1303

» |-loop process sensitive to New Physics.
» Its precision data to constrain H*™ & H* contribution.

H:I:j: v
_____ ; ) ‘
H g"“Jl FJ‘F
H:I::I:

‘ 2

} I F i
"'i-rl"J;”rJ—I——"llil1 fl?H+) + 49;}++H—_ _-*15(;1?1{_;_4_}

2

o gl Ly =0 Arhrib, etal., 1112.5453
Ht 5 Kanemura,Yagyu, 1201.6287
4 —Ar (& :
° gIﬁ-;TJr-I—H++ __(A4 22\;,_ 4’1«{214_ , Akeryod, Moretti, 1206.0535
H
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EWPD

» Triplet contribution to S, T & U: Lavoura, Li, 9309262

1 . m2 2 o m% m%
S:_Sﬂhlm;_i__ Z (TgQS%V)QS(m;} 23

T =1 z Mz
| +1 2 2
T = 5 Z (2—-T3(T3—1)) n mﬂ;‘ , mTBQ_l
lﬁwcwsw Ta—1 my My
2 2
1
U= In il Z 2Ty — Qsty)?e | L2, T
G +1m 1 [ — Mz Mg

b
b

2 2
—(2-Ty(T - 1)) [, T
my10—-1— ;'T'I.IH++1H+?H@ My, My,

» Tree-level contribution is neglected (=2 0).
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EWPD

» Most recent STU fit: Baak, et.al.,, 1209.2716

Sbest it — 0.03 , 08 = 0.10
Thest it = 0.05, o = 0.12
(-"Tbest fit — 0.03., oy = 0.10

psT = 0.89, psy = —0.54, pry = —0.83

» It strongly constrains the mass splitting.

- T —1 .
.ﬁb TJgTg Tgd pgT Tgdqr p_gf{,r 35
AT TSOT PST oToT oTOUPTU AT
AU oUTSpPUS OCUCTPTU ocUoyU AU

<—2In(1 —-CL)
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As

8l

€% |[AM| < 40 GeV
\40 20 e |
\-10 005
100 150 200 250 300 350 400 450 500
MH++(GeV)
As = (—=0.1,0.4), (-0.2,0.6), (—0.35,0.7)

Mg +4+ = 100, 150, and 200 GeV,
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Combined results for 101° GeV

L | |
1220.05 +

1 _.-r.tzzn." 3 X ]
Ao=0.21 x

| |
_)kzzﬂ.UE + Moz I
1 De=010 e 025 ]
lz:U.‘I-d- 4

I | | | |
0.2 -0 ] 01 02 03 04 05 0.2 04 0 01 02 032 04 05 -0.2 -04 ] 01 02 03 04 05

Ag Ay Ay
mg++ = 100GeV mpg++ = 150GeV Mpg++ — 200GeV

» 82 WHEPPI3 2013-12-15 Puri EJChun@KIAS




AM (GeV)

Melfo, et.al., | 108.4416
General v A -AM Study EJC & Sharma, 1309.6888

y 4
| 1
~ . 7TeV, NH, CMS ~ 7 TeV, NH, ATLAS -
14} ] @ |
S S
= 10 . = 10 -
g : g
Vp=2.104 GeV I | Vp=2.10" Gev I |
vp=10%Gev &0 - vp=108Gev T
| Yy v,_\_=5|.10'5 GeV | g vﬂ=5|.10-5 GeV
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
MH-H— (GGV} MH-H— (GGV}
- 7TeV, IH, CMS 7 TeV, IH, ATLAS
0]
5 -5 -4 3 =
10 10 10 10° : i = 10 i
v (GeV) 4 <
My++ = 300GeV , _ _
Vp=2.104 GeVv DN Vp=2.10 Gev D
Vp=10%Gev 50 vp=10% Gev T ]
3 Vaz5.1 0° GeV | I,izﬂ=|5.1 0% GeV
100 200 300 400 500 600 100 200 300 400 500 600
MH-H— (GGV} MH-H— (GGV}
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SS4L at LHC13

5 I 10° 5 I | I 10%
NH, 13 TeV, 100 fb-1 NH, 13 TeV, 100 fb-1
4 vp=2x10"* GeV - 4 vp=5x10"3 GeV = 108
~ 10°
33 . .
e 102
= | _
3° 10'
1
1 - N 10
0 10{] 0 | | | | | 100
160 165 170 175 180 185 190 195 200 300 350 400 450 500 550 600
My++ (GeV) My++ (GeV)
5 I | 10° S 1 T | 103
IH, 13 TeV, 100 b1 IH, 13 TeV, 100 fb?!
4 vp=2x10"* GeV . 4 vp=5x10" GeV =
S, | g 102 | B4 102
@
1©)
S2 — —
< 10° 101
1 — —
0 ' 100 100
200 250 300 350 400 400 450 500 550 600 650 700 750 800
My++ (GeV) My++ (GeV)
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UV theories of D>5 operators?

) 4-plet Model: (q'5+++ ot Pt QSO) Babu, et.al., 0905.2710
' ’ S Bambhaniya, et.al.,1305.2795
y O 2> T ITWT WHWHWH

H H
H \ /
AN \\ /
\
N \J
™ 4 H“'*-h
\ — Py ~ H
\ b} b3 4
-« v > {
L L

Q) SS5L study?
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Conclusion
» Great achievements from oscillation observation during
past |5 years.

» Further Quest for the nature of neutrino mass:
Dirac/Majorana, absolute scale, hierarchy & CPV.

» Neutrino-DM/BAU connection: leptogenesis+tADM.
» Majorana mass models at TeV scale?

» LHC signatures of type |, Il, lll seesaws: SS2L, displacement,
associated Higgs production.

» LHC13/14 continues to probe the neutrino signals.

» More for peculiar type Il: SS2L resonance, SS4L, Higgs-to-
diphoton.
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Thank you
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