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M otivations

- N

Neutrino masses require the presence of the higher
dimensional operator (AL = 2):

LLHH
Lepp=Yerr—p—

After EWSB by the Higgs vev (v):

2}2

my,y — effK .

The smallness of neutrino masses tells us that either A iIs

very large A > v, or Y. must be very small.
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M otivations...

MATr(ATA) + p(HYimATH) |

m, = Yy/wfi/Mi

If m, =~ 1eVwithY, ~ 1, then Ma ~ p ~ 1011 GeV
not testable at the ILC/LHC

If m, ~1eVand Ma~1TeV,Y,n~ 1078 GeV

small 1 can be viewed as soft breaking term of lepton
number
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M otivations...

MATr(ATA) + p(HYimATH) |

m, = Yy/wc%/Mi

If m, =~ 1eVwithY, ~ 1, then Ma ~ p ~ 1011 GeV
not testable at the ILC/LHC

If m, ~1eVand Ma~1TeV,Y,n~ 1078 GeV
small 1 can be viewed as soft breaking term of lepton

number

Real Triplet Higgs could be a viable cold dark matter
(CDM) candidate if it has no vev

|
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Higgs Triplet Model HTM

It consists of standard Higgs weak doublet A and a scalar T
field A transforming as a triplet under SU(2), with YA = 2
H~ (1,2,1)and A ~ (1,3,2) under SU(3). x SU(2);, x U(1)y

B 5+/\/§ 5Tt B ¢+
A( 50 _5+/\/§> and H(¢O>

L= (D,H)(D'H) + Tr(D,A) (D*A) — V(H,A) + Lyukawa
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Higgs Triplet Model HTM

It consists of standard Higgs weak doublet A and a scalar T
field A transforming as a triplet under SU(2), with YA = 2
H~ (1,2,1)and A ~ (1,3,2) under SU(3). x SU(2);, x U(1)y

B 5t/V2 gt [ 9T
A( 50 _5+/\/§> and H(¢O>
L= (D,H)(D'H) + Tr(D,A) (D*A) — V(H,A) + Lyukawa

The most general renormalizable potential is:
A
V =MATrATA —m%H'H + Z(HTH)2 + M(HTH)Tr(ATA)
X (TrATA)? + XsTr(ATA)? + M HTAATH + pH iy ATH + I

L # The inclusion of the i term eliminates the Majoron. J
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Electroweak symmetry breaking

A = ( 00 ) and H = ( 0 )
va 0O Ud
one finds after minimization of the potential:

2003 — V2(A1 + A)viva — 2v2(Ag + Ag)vk

M3 =
A 2\/§UA
\v2 A1+ A
m%[ — Td—\/i/wA (12 4)U2A

» After EWSB: 2 CP-even, h, H, one CP-odd A,
a pair of H* and a pair of doubly charged Higgs H*+*

# 10-3 independents parameters: 5 masses, ;. and va
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Doublet-Triplet mixing
=

® H** is pure triplet

® H* and A are dominated by the triplet § fields,
the mixing is small: va /v < 0.03

#® h and H are mixtures of doublet ¢ and triplet ¢ fields,

2M5,
5 5~ R UA[U
My — Mz,

tan 2a =

maximal mixing is possible for M?, = M3,
(when h and H are close to degenerate)

[A. Akeroyd and C.W.Chiang PRD’10]
[P. Dey, A.Kundu and B.Mukhopadhyaya, J.Phys’09]
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Constraint on triplet vev

2
e o g+ AR gt vy + 4R
/A — 2 —‘
4 4 cos? Oy
M2 — QQ(U?NLQUQA)
W= 4

whence the modified form of the p parameter:

) 2 ) )
0 Miy :vd—l_%A:l—Qv—A%lJr&o
C%VM% v§+4vA v?i

At the 2 o level, pg = 1.000470:00% (or pg = 1.000800017), one

gets an upper bound on va < 2.5—-4.6 GeV.
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o

th,HO,AO,Hi,Hi:I: (GeV)

o

Mg+ > myg+ > my mag > Myt > My++
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Higgs boson masses as a function of p with va =1 GeV, A = 87 /3, A1 = 0.5,
A2 = A3 = 0.1, Ay = —1 (left) and A4 = 10 (right)

2

Mg+ — Myg++ = Mgo

2

2
— M5 ~ A5 /4
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fho = sin afe(¢?) + cos aFe(dV) T

10
107!
3
E )\max
Cf)lo-z I 3
A= —1
107

n (GeV)

\—)\max — 167T/3, A =A3=0.1, Ay =0.5,vp =1 GeV
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h—

- N

# |n the low mass region m;, € [110, 140] GeV: Due to the
high QCD back-grounds, the LHC is betting on the
clean diphoton channel: gg — h — ~~.

# Inthe SM, h — v Is dominated by W loops

® H** and H™ loops can interfere constructively or
destructively with W

Y Y
H* ,,/\/WV )2 Ea== ,Q/\/\NV HT Y
// | // | //V\\
————— «  aHgE -----«]  AfgEE -
H \ : H \ : H \\4// fy
Y Y
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h — ~~ amplitude
-

Gpa2M3
L(h” — = . NeQ7gnf A1 2(15) + Aq(T
( ) 123273 zf: cQranfrAiye(ty) + gnww Ar(tw)
M
_ W(th;H$AO(THi)+4thi;H$$AO(THii))
9 M+ M r++
with
gog++H-— = —2(A2UASa + A1VgCa) &= —Avg + ...
1
Jnog+H—- — —5(2)\1 + )\4)?}d + ...
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ATLASand CMSIlimitson diphoton

L [O'(gg—>h)><B?“(h0—>fyy)]HTM .
fRW_ (99— < Bri—=)lssr 2 " 0 T

= [ L ! !

& 10°F — Observed CL limit =
S E Expected CL_limit .
S - Wz ATLAS H - yy :
£ ] +2G Data 2011, \'s = 7 TeV l
1 1
0 ILdt = 1.08 fb
X 10
Lo
(@)

1
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my, [GeV]

95% CL upper limits on a SM-like Higgs boson production

Lcross-section, relative to the SM cross-section J
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CMSIlimitson H

With 0.98 fb=!, mpy++ > 313 GeV T
if Br(H=* — [XI'F) = 100%, | = p, e.
This limit is weakened to 254 GeV in case of e7* final state.

I |
T
4
m
-1 A+ ++
0L wWw | i
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i M, *=300 GeV |
_2- |
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-3- / \
10 il |
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Extracting triplet vev vp at ILC

-

1. ete - 7% - WEHT,
2. ¢eTe” - W*Z* > et H,

3.ee =W W™ = vev, H —
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ete” - W*Z7* - etv.H- @ 800 GeV
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Summary
-

We identify two regimes:

1> e h® SM-like could be accessible to the LHC, the
other Higges are heavy.

1 < pe: The heavy CP-even HY becomes SM-like, the
lighter states: A", H**+ H* hY, leading to a distinctive
phenomenology at the colliders.

Large splitting between Higgs exists and my allow Higgs
to Higgs decays: H* — W**A0 g++ _, W g+

h — ~~ is very sensitive to H** and can be used to set
limits on the triplet parameters.

extracting triplet vev from specific process at ILC
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BFB: General proof

f r=+HtH+TrAtA >0 T
H'H = r?cos®~y
FAN 2 D m 7
Tr(A'A) =r°sin“y ; —§<’y<+§

Tr(ATA)?/(TrATA)Y? = ¢ € [%, 1]
(HTAATH)/(HTHTrATA) = € € [0,1]

T4 COS4 Y

v = T (A 40+ 60 tan® 7 + 42 + (Ag) tan' )

V(x) = al¢?|* +b|¢°[?[6°% + c[6°|* , x = [¢°]/]0°
=a+bx?+cx* = (Wa—vex?)?2+ (b+2vac)x? =a>0&c>0&b+ 2y/ac >0

\—)\ >0 & )\2+C)\3 >0 & )\1—|—€)\4—|—\/)\()\2 + C)\g) > () \V/C S [%7 1]7€j
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BFB: General proof

A>0& A+ CA3>0 & A +E0 + VAo +CA3) >0 -

Ve € [5,1], %6 € 0.1

A
A>0 & da4+A3>0 & A2+§>o

A
& )\1—|—\/)\()\2—|—)\3)>0 & )\1—|—\/)\()\2—|-73)>0

A
& )\1—|—)\4—|—\/)\()\2—|—)\3)>0 & )\1—|-)\4—|—\/)\()\2—|—?3)>0
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Spectrum and constraintson p

fAbsence of tachyonic modes: T
2 2
v4 + 4v
m? = plog TAva) >0
V20
V20uv2 — Mv2ua — 2305 AqU A2 0"
myas = ~d Z TR T EASA ) 208 28 A
2UA V2 v
2 (v 4 203)[2v2p — Mg s A4UA
L=
H 4UA 2\/5
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Spectrum and constraintson p

fAbsence of tachyonic modes: T
2 2
v4 + 4v
m? = plog TAva) >0
V20
V20uv2 — Mv2ua — 2305 AqU A2 0"
m%ﬁi: HU g 4UVJUA BA:>M>4A‘|‘\/§32A
2UA V2 v
(U +2vR)[2v2u — Aqua] . Mva
Mg+ = = U
4vp z\f

From the CP-even sector, it is more involving:
—8,&2?}A + \/ZLL()\UCQZ + 8)\14?}2A) + 4()\)\23 — )\14)?}2 > ()
22/2 3 V'A A 2

> +0 <<

N 02 (VA) < K 173 0n
LWIth )\z’j = \; + )\j

(A2,—Aa3) 4 42X oA+ O(0%).
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Boundedness From Bellow (BFB)

Stability of the vacuum (V' > V/,,.;,,) requires that the potential T

should be BFB. At large field values: V ~ V@& (H, A)
VWH,A) = 2(1{* H)? + M (HTH)Tr(ATA) 4+ Mo (TrATA)?

23T (ATA)? + M HTAATH
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Boundedness From Bellow (BFB)

Stability of the vacuum (V' > V/,,.;,,) requires that the potential T
should be BFB. At large field values: V ~ V@& (H, A)

vAH, A = 2(1{* H)? + M (HTHTr(ATA) + Mo (TrATA)?
23T (ATA)? + M HTAATH

# if no coupling between doublet and triplet Ay = Ay =0, It
IS obviousthat A > 0& Ao > 0& A3 > 0
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Boundedness From Bellow (BFB)

Stability of the vacuum (V' > V/,,.;,,) requires that the potential T
should be BFB. At large field values: V ~ V@& (H, A)

vAH, A = %(HTH)2 + M(HTEH)Tr(ATA) + Ma(TrATA)?
23T (ATA)? + M HTAATH

# if no coupling between doublet and triplet Ay = Ay =0, It
IS obviousthat A > 0& Ao > 0& A3 > 0

# If we pick up neutral directions:
A
V= —\¢0\4 + (A2 + A3)[0°1" + (A1 + ) |¢”?[8°] =

VAR A TRl + (haa + VA 60
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Boundedness From Bellow (BFB)

Stability of the vacuum (V' > V/,,.;,,) requires that the potential T
should be BFB. At large field values: V ~ VW (H, A)

vAH, A = %(HTH)2 + M(HTEH)Tr(ATA) + Ma(TrATA)?
23T (ATA)? + M HTAATH

# if no coupling between doublet and triplet Ay = Ay =0, It
IS obviousthat A > 0& Ao > 0& A3 > 0

# If we pick up neutral directions:
A
V= —\¢0\4 + (A2 + A3)[0°1" + (A1 + ) |¢”?[8°] =

VAR A TRl + (haa + VA 60

\—.. )\>0&>\2—|—)\3>0&)\1—|—)\4—|—\/)\()\2+)\3)>0 J
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BFB

fWhat about the other 10 directions: (¢V , 6+1), (¢¥ ,61), T
(@", ¢1), (07, o) ...

o (Y, 5Y) neutral direction:
)\>O&)\2—|—)\3>0&)\1—|—)\4—|—\/)\()\2+)\3) > ()

o (¢V, 67T direction:
)\>O&)\2—|—)\3>0&)\1—|—\/)\()\2—|—)\3) > ()

® (07, ¢™) direction:
A>0& A+ 4> 0& A+ A+ /A + %) >0

o |
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BFB

fWhat about the other 10 directions: (¢V , 6+1), (¢¥ ,61), T
(@", ¢1), (07, o) ...

o (Y, 5Y) neutral direction:
)\>O&)\2+)\3>0&)\1—|—)\4—|—\/)\()\2+)\3) > ()

o (¢V, 67T direction:
)\>O&)\2—|—)\3>0&)\1—|—\/)\()\2—|—)\3) > ()

® (07, ¢™) direction:
A>0& A+ 4> 0& A+ A+ /A + %) >0

® [t is obvious that these sets are neither equivalent nor
contained in the neutral direction. Neutral direction BFB
L constraint is neither necessary nor sufficient J
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Perturbative unitarity

fln the SM: W Wy, Z1Z;,, HH, W1 H, ZLH T

o e e T T

the scattering amplitude M can be wrltten as:
M(s,t,u) =167 » (2l + 1)Py(cos 0)ay(s)

[=0

o |
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Perturbative unitarity

fln the SM: W Wy, Z1Z;, HH, W H, Z1 H T

the scattering amplitude M can be written as:
M(s,t,u) =167 » (2l + 1)Py(cos 0)ay(s)

[=0

If we limit ourselves to the (J = 0) s—wave amplitude aq(s)
V2 V2

1 2 22 0 0
“w=-517 12 1 00 ,
0 0 0 % 0 Mg < 710GeV
0 0 0 0 3

/ B
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Perturbative unitarity

fln the HTM: the scattering amplitude is 35 x 35 matrix which T
can be cast to 7 sub-matrix:

® 51(6 x6),5(7x7), 532 x 2), (0-charge channels):
5050’ ¢+¢—, L

8(4) 10 x 10): (1-charge channels) : §°¢*
7 x 7): (2-charge channels) : ¢T¢"
2 x 2): (3-charge channels): §*t¢*

© o o o

(
(5)(
(6 (
(

5(7) 1 x 1): (4-charge channels): 66"+
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unitarity

|7 MA M <ckr ;5 (M <kr o5 |20+ 3N < 267w T

Al <2k Mz!égw ; M2+A3\§§w

2)\1 — )\4’ S 2K ; ’2)\2 — )\3‘ S KRTT

A Ao+ 80 £ /(A — dho — 8X3)2 + 160 | < drr

3A 4+ 16X + 1203 £ 1/ (3X — 16X — 12X3)2 + 24(2X1 + \y)? |
< 4rm

k = 16 or 8, depending on : |ao| < 1 or |Rae| < 5

o |
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