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@ The 125 GeV resonance detected at LHC implies that the vacuum
destabilizes at some scale. Can a simple extension of the SM solve this
electroweak vacuum stability problem ?

@ Experiments reveal the fact that neutrinos have mass and mixing.
Standard Model(SM) predicts massless neutrinos.

@ Can a Beyond Standard Model(BSM) model which provides
mechanism to generate neutrinos with sufficiently small mass solve the
stability problem simultaneously.

@ Is the model phenomenologically viable in concern with the recent
LHC result?
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@ For a 125 GeV Higgs boson, new physics should be introduced below
10° — 10"° GeV to make the electroweak vacuum stable. (There is a
considerable width in the unstability scale due to the large Top mass
uncertainty).

@ We choose the simplest extension to SM with a massive neutrino - The
Seesaw Model.
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@ The simplest way to obtain
non-zero neutrino masses is by
breaking the global (B - L)
symmetry of the SM.

@ One Classic solution =
SEESAW MECHANISM

@ This is a realization of the
effective dimension-5
‘Weinberg operator using only
renormalizable interactions.

@ The effective Weinberg operator
is = yi; (Li ) (L] ®)/M,
M — heavy physics mass scale.
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There are three types of Seesaw :

We choose Type-II Seesaw.



[Magg, Wetterich '80; Cheng, Li '80; Lazarides, Shafi, Wetterich ’80; Schechter, Valle '80; Mohapatra,
Senjanovic ’'81]

@ Add a scalar A(1,3,2) under SU(3)c x SU(2)r x U(1l)y.

AN AT AWV R R 0 0
A—ﬁAl_< 50 _5+/\/§)—)<% O)’
A= (T +69/V2, Ay =i(6T —6°)/V2, Ay =6T.

@ The Lagrangian for this model:

L= L+ LM =V(@,8) +Tr [(DA) (D*2)]
1 .
-1 (Ya),; Li Cioa ALy + H.c.]
/
DA = 9,A+ i%[a“W[},A] +i%BMA (a=1,2,3)

C — Dirac charge conjugation matrix.
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The Scalar Potential :
2
V@,A) = —mi(@lo)+ g(qﬂ@f + MATr(ATA) + % [1r(ala)]

+% ([Tr(ATA)]Q Ty [(ATA)zD n /\4(@T<1>)Tr(ATA)
+:0T AT, A]D + (%qﬁmm) n H.C)

From EWPT constraints, “& < 0.02
For p < Ma, The low-energy effective scalar potential for the SM
Higgs doublet:

1
Ver(®) = —ma('0) + 5 (A= A3)(2'2)%,
A= dsm = A — Az,
A(; QUAMA ’1)2
= — = 1 —_
where A6 Vin 2 ( + 2Ma (A4 )\5))

For lowscale Seesaw, A2 < X is always true.

We choose, va =1 GeV, for Ma ~ O(EW scale)

For High scale Seesaw, we choose va = 0.05 eV to avoid g effect.
Seven physical massive eigenstates — Hii, H* h, H°, A°.



@ The physical mass eigenvalues are,

1 1
miyts = MA+ 5+ As)v” + Z+ A2)VA,
m?qi = (MA"—;AAL’U + - )\1’[)2) (1+2UA)
1 1 403
mi‘o = ( )\4—)\5)1} +2)\1UA> <1+%>7
mi = %(A+c VA= COR+iB?),
2 . 1( 5
mip = 5 (A+C+V/(A=CP +4B)
with,
A = \° Bffzv—A(MiJr}/\le),
v

C MA-F ()\4—>\5)U + )\1’UA

@ myo > my is always satisfied.



[Arhrib, Benbrik, Chabab, Moultaka, Rahili 11]

@ Electroweak Vacuum Stability:

A>0, \Mi>0, 2\1 +X2>0,

A As - VAN >0, >\4+)\5+1/)\<>\1+%> >0,
A — As VAN >0, )\4—)\5-1—1})\()\1-1—%) >0.

@ Unitarity:

)\Sgﬂ', )\1—)\2S87T, 4)\1+)\2§871', 2)\1+3)\2S167T,

s < %min [\/(A I8 — ha £ sﬁ)] ,

Nl < %\/Q - gw) (421 + Ao — 87).
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[Schmidt 07; Chao, Zhang 07]

With Type-II Seesaw :

Bx — BIM

+ 67 + 402,

The new physics contribution introduces at the Seesaw scale Ma.
For > Ma the gauge coupling beta function changes at one loop level.

With Type-II Seesaw :
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Scanning Allowed Parameter Space

@ For both high and low Seesaw scale there exists sufficient parameter
space which satisfy all the dynamical constraints.

Ma =200 GeV

10 T T

Ag




ij
o I(H** — 050F) oc| yyy |P~| 52 P

o I(H* — WHWw) x g%v%

@ Large triplet VEV = large BR for WW

@ Direct search limits: My++ > 300 — 400 GeV (LHC) (assuming
dominant £*¢* decay mode)

@ Valid for va < 107" GeV (large Yukawa coupling)

@ For va > 107* GeV (small Yukawa), BR to £*/* drops significantly
and the mass limit lowered to about 100 GeV. [Melfo,Nemevsek, Nesti,

Senjanovic, Zhang, (11)]

@ LEP limit on Mg+ > 90 GeV

@ Constraints from LFV require vaMpy++ > 150eV GeV |Melto,Nemevsek,

Nesti, Senjanovic, Zhang, (11)]

@ Constraints from S, T, U parameters require
AM =| My++ — My | S 40 GeV [(Chun,Loe,Sharma (12)]
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The Couplings are :

Sw
9za+H- — T
cw
cos 20w
9zu++g—— = T -
cw
Ghatra— =~ —(A+Xs)v,  gugrm- = v

H** contribution dominate over the H* contribution for both h — vy
and h — Z~ amplitude for most of the allowed parameter space.

The partial decay width of h — ~~ :

R.. — Tmodet®P=h=7Y) _ Tmodet ®P—h) BRimoder(h—>77)
S'Aw'l ldswfg(zﬂpﬁhﬂﬂw) csa (pp—h)  BRsa (h—77)
imilarly , for Rz~ .

In the type-II Seesaw model, R, > 1 = constructive interference
happens for (A4 + As) < 0 which is allowed over a small range of the
parameter space.

Mostly correlated , small anti-correlation near My++ ~ Ma

For a sufficiently low Seesaw scale, the deviations from the SM
prediction could be significant for A — ~ channel.



With increase in Seesaw scale, the enhancement in the rates decreases
substantially.

25
ATLAS old
20
o 15 ATLAS new
10p —
1/.,,.*1"'/
%0 50 1000 2000 500 1x10f 200 50 1000 2000 5000 1y 10t
M, (GeV) M, (GeV)
Ma [GeV] | (Ryy)max(min) | (Ry)max(min)
200 441 (0.62) 1.59 (0.90)
300 1.36 (0.64) 1.08 (0.01)
400 1.15 (0.75) 1.03 (0.93)
500 1.08 (0.80) 1.02 (0.95)
1000 1.02 (0.87) 1.01 (0.97)




@ We have studied the effects of electroweak vacuum stability and
unitarity conditions on the full parameter space of the minimal type-11
Seesaw model in the light of the recent discovery of a SM Higgs-like
particle at the LHC in the mass range 124 — 126 GeV.

@ There exists a large parameter space in the model, irrespective of the
Seesaw scale.

o It yields a SM-like Higgs mass around 125 GeV while satisfying all the
stability and unitarity conditions as well as neutrino oscillation data,
collider bounds and other low-energy data.

@ Predictions for the partial decay widths of the h — vy and h — Z~
with respect to their SM expectations showed that these two rates are
mostly-correlated in the type-II Seesaw model.

@ For more than 10% deviation of the v signal strength from its SM
value, the corresponding upper bound on the type-II Seesaw scale is
about 450 GeV which is completely within the reach of the LHC.
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The mixing between the doublet and triplet scalar fields in the charged,
C P-even and C P-odd scalar sectors are respectively given by,

G* _ cos 3’
H* a —sin 3’
h _ cos
H° B —sina
G° _ cos
A o —sin 8

where the mixing angles are given by

sin 8’ ot
cos 3’ ot
sin av )
CoS o 6 )
sin 8 X
cos 3 n )’

).

tanf’ = ﬁvA,tanﬂ = QUTA =v2tanfg,
v
comoe — 2B _ 4dva MX + t\vi
A-C v Mi+%(>\4—)\5—2)\)v2+§)\1v’i'
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The strongest limits come from the ongoing LHC searches for doubly-charged Higgs bosons.
They can be produced via :

g — ~*, 2%, wErwEr o gttpg——,
g w* » HEE T gEEw T,
The possible decay channels:
(i) same-sign charged lepton pair (lili),
(ii) pair of charged gauge bosons (WiWi),
(i) WEHE | and (iv) HE BT, if kinematically allowed.

v < 1074 Gev (large Yukawa couplings) :

Degenerate triplet scalars = HT+ — ¢t
The 95% CL lower limit = MHii > 300 - 400 GeV, depending on the final-state
lepton-flavor.

va > 1074 GeV (small Yukawa):

BR(Z:EZ:E) decreases significantly, and the other decay channels (ii), (iii) and (iv) become
dominant and HTE > 100 GeV.

Provided the mass splitting between the singly- and doubly-charged scalars is large enough to
allow for the cascade decays.
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@ The S-function of Higgs quartic-coupling in one loop order
B =120 — (267 +993) A+ 9 (2t + 29393 + g3) + 1292 — 12y}

where, (g;,7 = 1,2,3) — The Gauge couplings,
y¢ — the Top Yukawa coupling.

@ For the new scalar couplings in the type-1I seesaw model, the one-loop
RG equations are given by :

[M.A.Schmidt >;W.Chao and H.Zhang ’]



CM2GFM,::’

Lth—=nyy) = 128v3nS Zf: NeQ3gnsAL12(15) + Grw+w- AL (Tw)
2
FOnu g7 AG(Th=) + AGnpt+ v A (Ty=+)
7= M /AM} (i= [, W,H* H*F)
Ao(r) = —[r—f(mr2,
Aipp(r) = 2[r+(r—1f(n)]772%,
A(r) = - [27'2 + 37+ 327 — 1)f(7')] 7'_2,
[sin™* (v7)]”, (r<1)
flr) = _1 [lo (—1+ 1_7_1) —iTrr (r>1)
1 [B\1-vi—r1 ’

N Mw My
IhH++H-—— =

_mth'H'H—— s GhHtH- = —gM—gth+H— ;
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In the limit va < v,

Ghatrm-—— = —Aa+ X0, G- = —Aav.

2 372 3 2\ 3

64m?

1
o Z Nch(z-’éc - 4Qf5%/V)ghffA1Z/’yz(Tfa Af)
f

+ cwgnwrw- AL (Tw, Aw)

— 25w9zn+tuFGnut HF Ag’y(THi s Am)
2
- 43WgZHiiH=F:thHii,H:FZFA(?’Y(THii7 Aprt=)
Sy cos 20w
9zH+*HF = —a, 97H+*+HFTF = T
= AM? /My,
N = AMP/M (i=W,f B, H*)
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AP (z,y) = 43 —tan®Ow)la(z,y) + [(1 + 227 ") tan® O
*(5‘1‘21’71)]11(%,"1/),

AIZ/AIQ(I’y) = Il(li,y)—lg(l’,y),
A (xy) = L(z,y),
- zy z*y? N
+ﬁ[g(w*> — gy,
_ ™y 21— -1
L(z,y) = 2(m_y)[f( )= fly )l

\/7T—lsin_1 (\ﬁ) (r<1)

New contributions from the charged Higgs bosons in the type-1I seesaw
model become negligible beyond a seesaw scale of Ma ~ 10 TeV.

upper bound on the seesaw scale. This in turn imposes an upper bound on
the masses of the singly- and doubly-charged Higgs bosons in the model.



