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@ Discovery of v Oscillations
e Massiveness of v's

@ In general Seesaw mechanism:
Right-handed neutrino mass at GUT scale — NOT testable at LHC
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o 50

o Electroweak scale Majorana masses of Right-handed Neutrinos (EWNR/
EWvg) possible (?)
o Within SM group SU(3)c x SU(2). x U(1)y (?)

possible! [pq, PLB 649 (2007)]

Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 3



v
€L

Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 4



Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 4



uyp
q. = , UR, dr
d

Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 5



ug M Ugr M M
qa. = , U, dr dr = M 7UL;dL
dL dR

Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 5



Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 6



Majorana

ﬁ/\//—gM(/ T )(ZTQ X)/R + h.c.
Mg = gmvm

< XY >= vy ~ New

1
+ +
_ [ B¢ «x
X= 0 L4
X \/EX

Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 6



Lw=gu (g o2) (i ) + he

Mgr = EMVYM Ls= gS,ZLngL,’g’ + h.c.

<X >=vm ~ Aew m? = gsvs

< ps >=vs << vy

LX+ Vaas
B V2 ) m, <1leV = vs ~ 10°%eV |
0 _ Lo
X \/EX

Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 6



Majorana

ﬁ/\//—gM(/ T )(ZTQX)/R + h.c.

Mg = gmvm

< XY >= vy ~ New

1
+ +
_ [ B¢ «x
X= 0 L4
X \/EX

Dirac

Ls=gglipsL¥ + h.c.
mf = 8sivs

< ps >=vs << vy

m, <1leV = vs ~ 10> %eV

Z width

= MR>M2/2

Ajinkya Kamat (UVa)

EWNR Model

215t December, 2012

6



Ajinkya Kamat (UVa) EWNR Model 215t December, 2012 7



Energy scale

Aew ~ 246 GeV Agut ~ 10'® GeV
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Energy scale

Aew ~ 246 GeV Agut ~ 10'® GeV

vs ~ 10°7%ev New ~ 246 GeV Energy scale
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Fermions

SM Fermions EWvg Mirror Fermions
SM Fields SU@)w  U(1)y Additional Fields ~ SU(2Qw  U(1)y
14 v,
L= t 2 1 M= R 2 -1
€er . elg’ R
M
up u
Qu = 2 @s3) || Qu=[ % 2 (1/3)
d | dg’ )
eri 1 -2 e 1 -2
URi 1 (4/3) uM 1 (4/3)
dri 1 —(2/3) d}f 1 —(2/3)
Scalars

Field SUQ)w U(l)y  VEV

X 3 2 VM

3 3 0 VM

® 2 -1 va /2
s 1 0 Vs
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0 + ++
X = >)<(‘ §€° >§<+ ¢—<(ZO_* ?;)
X7 & ™
V(,x) = M(TroTod —v2)2 4 Xo(Trxtx — 3vy)?
+ )\3(Tr¢T¢ — v22 + Tryfxy — 3v,%,,)2
+ X(TrdTdTryyx — 2TrdT TIO T/ - Try M Ty TY)
+ As(3Trxxxx) — (Trxx).

To make sure it is positive semidefinite the following conditions are imposed:
A+ A +2X3 >0, At Ao + A1 A3+ A3 >0, Ay >0, A5 > 0.
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o = S5l + ¥ + i), X = v+ (0 i),
v = y/Vi+8v} =~ 246GeV
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Electroweak Constraints
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Oblique Parameters

S5, T, U
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Oblique Parameters

[Peskin, Takeuchi, PRD 46, 1992]
e aS = 4e?[M4,(0) — N30(0)]

2
e al = SWCWM2 [M11(0) — M33(0)]

e al = 462[|_|11 (0) — N33(0)].
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Oblique Parameters

S — Difference between Z self-energy at g° = M% and at ¢° =0

T >~ (1 — p); Difference between isospin currents My; and Ms3 at g°> = 0

U — Difference between W and Z self-energies at q2 = M% and at q2 =0
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Why Oblique Parameters?

@ Chiral Fermion doublet generally has positive contribution to S
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Why Oblique Parameters?

@ Chiral Fermion doublet generally has positive contribution to S
@ Very important to check whether the gsca,a, cancels gpe,m,-o,,

@ Although T can be made small by having degenerate multiplets, it will be
useful to see whether

o |Multiplet Mass splitting| 1 = |Contribution| 1
o Tscalar negative enough to cancel positive Trermion
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EWNR Contributions to Oblique Parameters

a 1 (= 2 —sw\= 2y = 2 e
S = — |Nzz(M3z) — Nz (Mz) — N4y (M3)
4/.;2W/C\ZW M; z /C\ZW;\ZW vy z Rl z
1|5 2 ?w —?w = 2 = 2 ™
_W Nzz(Mz) — ~ Nzy(Mz) — Ny~ (Mz)
z ‘wsw
1 EWvg 1 sm
aT = — Ny (0) — N33(0) — — My (0) — N33(0)
M2, |: Mz,
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Types of contributing loops (one loop)
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Examples of NP Scalar loops
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= SEWVR _ SSM

Sscalar = 'scalar scalar

1

2
M5

{ % s [EQZ(M; M3, mZy) — M3 Bo(M3; M3, mgo)] +28 [EQQ(M; M2, m2,)
— My, Bo(MZ; Mz, m..) ] + [Ezz(M§3 Mz, mio) — M Bo(Mz; Mz, miy) ]

+ g sh [EZZ(M; M3, mio,) — Mz Bo(Mz; M, mio,) ] + %Cff Baa(M3z; mig, myo)
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= EWvg SM
Tocalar = scalar Tsca/ar

1 1 2 2 3 2 2 1 2 2 n 2 2
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S _ EWv R SM
lepton - lepton ~ “lepton

3

(NC)e onz : Yiepton Xupi
= 767;” -2 Y/epton Xupi +2 —47;t +3 XM; — Ylepton In XEAI:,-

i=1

Yiepton 3 Yiepton Yiepton
+ (1 - XVR/') TG(XVR") + 5T T X M; — - G(x.m;)

F EWv
Tlepton = T, R

lepton TIEPtO"

(Nc)ee
o \UNC )lepton
n 871'52 e, ZFXVR”XM)
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2
vy s _ Mo
Slepton IeptonR - Slep[on M%
) 23
N¢)epton Yiepton Xvpi
= T -2 Y/epton Xupi +2 —4T +3 XM; — Ylepton In E
i=1
Yiepton 3 Yiepton Yiepton
(1) TGl + [ (57 75 ) e = 5| Sl
= EWv
Tlepton = T/epmnR - T/epton
= (NS)iepion E F(Xugis XM;)s Always positive
871'52 g,
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2
ml/Ri
"5' _ EWvg _ cSM = 72
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= EWvpg SM
Squark Squark — “quark

3
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Experimental Constraints on ST

At SM my = 125GeV[PDG, 2012 and work of Tim Tait] (10)
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Experimental Constraints on ST

At SM my = 125GeV[PDG, 2012 and work of Tim Tait] (10)
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Summary so far

@ We have a model with Electroweak-scale Right-handed Neutrino
(EWvgr/EWNR) with Majorana mass
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Summary so far

@ We have a model with Electroweak-scale Right-handed Neutrino
(EWvgr/EWNR) with Majorana mass

@ Scale like 10 GeV not required

@ Theoretically predicts

e Mirror Fermion sector with opposite chirality to SM Fermions
e BSM Higgs sector with doubly charged Higgs

e BSM contributions to the oblique parameters
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Stay tuned for next talk!
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o To forbid left-handed v's from getting large Majorana mass (terms like
g[_ll:r0'27_25€/L) and /[027-2%/;%/,)
U(1)p symmetry,

U, ) — e™g, e,

~ —2i0p ~

X — € X

bs — e Mg
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o To forbid left-handed v's from getting large Majorana mass (terms like
g[_ll:r0'27_25€/L) and /[027-2%/;%/,)
U(1)p symmetry,
U elf) — Mg, ef),

~ —2i0p ~

X — € X

bs — e Mg

o Terms like q,q¥, Tru¥, drd} also don't occur
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SM Fermions Yukawa couplings:
L= —hiij,‘d)\URj + h.c.

Feynman Rules [PQ, Aranda, Hernindez-Sanchez, JHEP11, 2008]

. Mg

° 8HYqq = 7Z2M|Z/CH ...(g=1t,b)
. M:gsH

° gHgt? = Z2MWCH

. Mpg8SH
° gHng = _Z2MWcH

s,

o BN (1me(1+ 75) — m(1 + 75))

o_,5 =1
gHs_tb 2Myy cy

Similar couplings for SM leptons and mirror quarks.
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Mirror Fermions’ kinetic Lagrangian

(‘CFM)int
g —Mi —i aMi -
= % {( UAR/I WMd%+VR7“e%)W+ (dR ’YM”R:"'eAR/I VH”IIyi) Wu]
M =M i
+ £ S (T k@) TR e
w

fM= yM M yM eM

—M i
Z Sa/QfM fi ’Y“fM Z

M= uyM dM eM

_|_

+e Z Qpm <?gi7uffyi*?yi’)’uﬂwg)'4u

M= yM d¥ eM
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