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-

Introduction and Motivations
h — ~~ In the Higgs Triplet Model (HTM)
h — vy Vs h — Z~ in the Inert Higgs Doublet Model

h — vy, h — Z~v and h — bb in the decoupling limit of the
2HDM

Conclusions
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|ntroduction: (Haber, Djouadi, Tanaka)

- N

# After many years of investigations, a new boson was
discovered on 4th July 2012 by ATLAS and CMS at
CERN.

#® Both ATLAS and CMS reported a clear excess in the two
photon channel and in the Z Z™ channel.
The discovery is also confirmed, with less significance,
iIn WW* channel and also by Tevatron results.

#® Since it decay to 2 photons, a boson with spin-1 is
excluded, it is either spin-0 or spin-2.

# From 4-lepton and diphoton channels, both ATLAS and
CMS updated their studies on spin and parity and a
CP-even spin-0 state J© = 0+ seems to be preferred.

L CP-odd 0~ excluded with 96% ; 2% excluded with 91%

|
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From experiments

| | | |
ATLAS Preliminary

W,ZH - bb
\s=7TeV: fLdt=47fb*
Vs=8TeV: [Ldt=13fo™
H- 1t

\s=7TeV: [Ldt=461"

\s =8 TeV: [Ldt (:*)13 fbt
H- WW' - v

Vs=8TeV: JLdt=13 "

H- w

\s=7TeV: [Ldt=4.8fb"
\s=8TeV: _[L((Ir): 13fb™*
H- zz" - 4l

\s=7TeV: [Ldt=46fb*
Vs=8TeV: [Ldt=131b™

i m, =125 GeV

Vs=7TeV: [Ldt=4.6-48f"
Vs =8TeV: JLdt=13fb"

Combined p=135+0.24

P —e—

-1

0 +1
Signal strength ()

H- vy

H—-ZZ

H—> WW

H- 1t

H— bb

-

CMS ({s=7TeV,L=5.1fc" {s=8TeV,L=5.3fb"

m, = 125.5 GeV
»
—
———
=
=
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
-1 0 1 2 3
Best fit G/GSM

LThe signal strength is consistent with the SM

|
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h — ~vv. ATLAS updates
-

At ATLAS, h — v~ with 7 and 8 TeV: a local significance
of 6.1 standard deviations with myg = 126.5 GeV

[ ]

CMS finds less, a local significance of 4.1 standard
deviations with mpy ~ 125 GeV. | ]

The best-fit signal strength for a SM Higgs boson mass
hypothesis of ~ 126 GeV is

o

— =18+05 (ATLAS)
OSM

CMS limiton h — ~Z ;

o)
— < 10 — 28

OSM
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Motivationsfor Higgs Triplet (E.J. Chun)
- -

# Neutrino masses: Type |, Il , Il seesaw models; Hybrid
seesaw (I+l11) ; Left-Right symmetric models (I+I1)
[Minkowski’77, Mohapatra, Senjanovic’79,Yanagida'79, Glashow'79, Gell-Mann,
Ramond, Slansky’79], [Magg, Wetterich’80,Lazarides, Shafi, Wetterich '81,
Mohapatra],[Foot, Lew, He, Joshi’89], [Ma’98,B. Bajc and G. Senjanovic’06, Fileviez
Pérez’07], [Mohapatra, Pati’75, Senjanovi¢, Mohapatra'75]

#® Realtriplet Y = 0 Could be a candidate for dark matter
M. Cirelli, N. Fornengo and A. Strumia, NPB 753(2006), M. Cirelli et al NPB
787(2007) , F. Perez, Pavel et al. Phys.Rev. D79 (2009)

o |
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M otivations;

-

Lyvtawn D —Y, LT C @ i0? AL +h.c. = m, = Y, ux

V(A H) = MATr(ATA) + u(HYinATH) |

seesaw relation :

my = Y, uv5/ M3

|
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M otivations:

- N

Lyvtawn D —Y, LT C @ i0? AL +h.c. = m, = Y, ux

V(A H) = MATr(ATA) + u(HYinATH) |

- . 2 2
seesaw relation : |m, =Y, uv3/ MK

® Ifm,~1eVwithY, ~1,then Mar ~ nu~ 10715 GeV
not testable at the LHC
® Ifm,~1eVand Ma~1TeV, Y, u~ 1078 GeV

# small 4 can be viewed as soft breaking term of lepton
number

o |
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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 ot
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
S N e

Ud
one finds after minimization of the potential:

Mi _ 2/w§ — \/§()\1 + )\4)UCQZUA — 2\/5()\2 + )\3)U3A
2\/§UA
A0 A1+ A
m%[ — Td—\/i,uvA—l—( 1 5 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
L Oor A, A1234, 4 and va

|
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Doublet-Triplet mixing
=

® H** s apure triplet

® H7* 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,

QM3
tan 2a = 12 5= R UA U

2
maximal mixing is possible for M2, = M2,

(when h and H are close to degenerate)

[ ]
[ ]

o |
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Constraint from EWPO on triplet vev

9
V2o (g% + ¢ ) (v +4v3)  ¢*(v]+4vR)
- -4 -
4 4 cos? Oy
M2 — QQ(U?NLQUQA)
W 4

hence the modified form of the p parameter:

) 2 2 )
00 Miy :vd—l_sz:l—Qv—A%lJr&o
C%/M% v§+4vA v?i

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

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

e l-loop analysis is done:

Similar conclusions
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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] Aqva
Mg+ = — v >
4vp 2v/2
From the CP-even sector, it is more involving:
24/2 ?}SA \ 02

(Af4—=Ma3) +O(VA) < 1 < L +V20140A+0(v3),

A UCQZ 4\/§ VA

with )\ij = \; + )\j
HPNP Toyama 12-16-2013 — p.12/35
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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
# If we pick up neutral directions:

A
Y —\¢0\4 + (A2 + A3) [0 + (A1 + Aa)[8?)|6°)% =

[£\¢0 — VA2 + 3]0 P] 4+ (Mg + VA2 + A3)) 0" 7]

9 )\>O&)\2—|—)\3>0&)\1—|—)\4—|—\/)\()\2+)\3)>0

# What about the other 10 directions: (¢° , §t71), (¢¥ ,61),
(6, &%), (67, ¢7) . |
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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

|7 )\>O&)\2—|—C)\3>O &)\1+§)\4+\/)\()\2+CA3)>0 —‘

Ve € [5,1], %6 € 0.1

which gives

A
A>0 & M+X3>0 & >\2+73>0

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

A
& )\1—|—)\4—|—\/)\()\2—|—)\3)>0 & )\1—|—)\4—|—\/)\()\2—|—?3)>0

o |
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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"+

o |

HPNP Toyama 12-16-2013 — p.16/35



Unitarity

|7 MA M <ckr ;5 (M <kr o5 |20+ 3N < 267w T
A <261 A < gﬂ' A+ N3] < gﬂ'
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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Mg+ > myg+ > my mag > Myt > My++
< 800 800
% h) —— h) ——
H =
(D 700 B HIT—'_Ii ................... T 700 i Hléi ...................
~ Hi - AO ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ ,f( Hi ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
i 600 1 600 |
T S
ci:::f

+ 500 ¢ = 500 t
Aw
400 f 1 400 ¢
Oh
T 300 | { 300 |
S 200 {200 |

100 1100 S

2 4 6 8 10 12 14 2 4 6 8 10 12 14
1 (GeV) 1 (GeV)

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)

|
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mixing pattern: h or H SM-like

h = cos aR(¢V) + sin aR(Y) ~ R(¢Y): SM-like for sina — 0 T
H = —sinaR(¢") + cos aR(6°) =~ R(6°): triplet for sina — 0

10°

10°

10*
< w0
v ,
(H 10°
N’
< 10’

100 [

10"

. v = 1 GeV
107~ ' b
200 300 400 500 600 700 800
T p0 (GeV)
Correlation between p and m o0, with 0.44 < A < 167/3 10~ < 5, < 1,
\_ 1073 <5 <1072 X =-XMa=1A=X3=0 J
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h—
—

#® h — ~vIs loop-induced process: new physics can easily
affect it.

-

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

h M~ .
o h { e
o Su
\_/‘\_} L
W+ fL’L

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

~
H:I:7H:I::t //’/\/\/\/\“ ]—]:F,[—]:F:F,y
// : //>\\
————— « AHE H*t-—__4e
H ! H N7 i
H:F7H:F:F \‘/\/\/\m H:I:7H:I::t
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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;HqEA()(THi)+4thi2iH]FjFAQ(THii))
9 M+ M r++
with
gog++H-- = —2(A2UASa + A1VgCa) &= —Avg + ...
1
Jnog+H—- — —§<2)\1 + )\4)Ud + ...

|
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(g

NMhat sign of A\, Isprefered by constraints:

—— —
1B Bl e 1B . : . :
16 p=1 GeV A=2A, 4+ 16 H=b GeV As=2A, £
14 o 14 —
12 + 12
10 10
b B .y B
= B
4 4
2 2
0oF 0
-1B-16-14-12-10 B -6 4 -2 0 2 20 18 -10 -5 0 5 10
Ay Ay

A3 = 2Ny , Aoy E [—871',871']
It is possible to have both hRH**HTT ~ —)\;v,; and
hHEHT ~ —(2\1 + \y)vg > 0 and then H** and H*
contribute constructively with W loops.
LA. Akeroyd, S. Moretti, Phys.Rev. D86’12 J
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ATLASand CMSI|limitson H
r—eiei:l[l[l%- | - T

et = 100%}

p=pE =100% |

etT* = 100% |

pETE = 100% |

rErE = 100%

BP1: normal hierarchy |
CMS Preliminary /s = 7 TeV

I CMS Preliminary [£=1.0fb !
B CMS Preliminary [ £=4.6fb ! |]
¢ Tevatron

A ATLAS [£L=16fb"!

3: degenerate masses

3P4: equal branchings |

100 200 300 100 500 600
95% CL limit on mass of ®** [GeV]

This bound can be avoided if H** — W=W=** or H=* —

LHiWi dominates J
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R, results



R (ATLAS) = 1.8 + 0.5
1015 T T T V\J‘ T T T T ‘ T T T T ‘ T T T T
128
= = °
~I0TE -
© E
<
10°F 3
E m, = 200 GeV E
- my = 250 GeV
my~+ = 350 GeV
oL ™ ]
10°F =
10-5 | P | P | P | L1
-2 0 2 4 6 8 10 12 14
)\1

A3 = 2Xo = 0.2, my, = 126 GeV

R. — __0lgg—=h)xBr(h—yy)
T oM (gg—h)x BroM(h—yy)

|
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RWV

m, ++2105 GeV — ' 2.5 ' =07 ;
=178 GeV ' , s
=300 GeV - - - - ] ot
=517 GeV ------- - 0L
=620 GeV | o 15} _
D:>
1 ?.."..‘..-..—..—..—..- T | T o —
---------- 0.5
- | | | . | | | I |
6 8 10 12 100 200 300 400 500

)\1 My44 (GeV)

. B
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R, constraint
f 1B _

-1816-1412-10 B &6 4 -2 © 2
Ay

A3 =2Xy; Ay € [-87,87] ; u=wv; =1GeV ; my, = 125 — 126
GeV

 ATLAS: Ryy = 18%055 .
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-

_ Br(h—yy)'?"
® oy = B o Hzy =
® hHYH™ = —gmwsw)y, _ 4
1'6':.'3 -
14
12 -
n:; '
1-

h — ~vyvsh — Z~vintheinert Model (Krawczyk)

0.8 e

06 %
&»

50 100 150 200 250 300 350 400 450 500
my- (GeV)

o Br(h—>Z*y)IDM

-

Br(h—Z~)5M

mwsw
ev?

16

1.4 9

12 |,

1

06 |

(mfye — 13)

0.8
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h — ~vyVvsh — Z~intheinert Modée

1.8 . T . .

1.6 |

1.2

no DM constraint +
I1345|<:!]. 15
1

0.6
D4
0.2
0
0 1 2 3 4 3 6 100 150 200 250 300 350 400 450 500
Ryy my, (GeV)

|
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h — vyvsh — Z~inthe2HDM-II in the decoupling limit
(A. A; W. Hollik, S. Penaranda, PLB’2003)

In the decoupling limit: T
mpe = My — (A4 Xs)(0] +v3), — My (for My — o)
my = My —Xs(v +v3),— My , my — M,
myp — Avi+v3) , My =miy/spcp

If M?, — oo, tan2(a — 3) — 0: sin(a — 3) — 1, cos(a — 3) — 0
In this case: a — § — 7/2,

KWVV/(hgyVV) =sin(f — a) — 1

_ _ Sin _ _  cos«
hObb/harbb = — . 1. (Rt honstt = . 1
/hsnr cosﬁ , (h7tt)/hsm s

glhl"HTH™| = {Mho +2(Mpe — Mpy)}

N B N
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R — vy

700

_  D(h= V)PV D (h—V )M
Ryy = |

600
500
400
300
200
100
0
-100
-200
-300
-400

mq, (GeV)

['(h—V~y)sM

200 300 400 500 600 700 800 900

M H+ (GeV)

Rz

1.2
1.15
11
1.05

0.95
0.9
0.85
0.8

05 07 09 11 13 15

RW

Theregions A, B,C, D, E and F are as follow: R~ < 0.8,0.8 < Ry4 <0.9,0.9 < Ry, <1,

1< Ryy<11,11< Ryy < 1.2and R,y > 1.2. D,E,F violate vaccum stability constraints.

(Right) correlation between R+~ and R, z

|
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h — ~vyvsh — Z~inthe2HDM-I

2HDM SM
- AWV y T(h—V~)5M
A
800 | | | | | | | | 2 |
600 | i-g i
400 14 +
= 12 -
(¢ 200
s 0 0.8 |
-200 06 1%
0.4 (
-400 [ 1% i |
-600 U ] ] ] ] ] ] ] 0 LR o ! | | |
100200 300400500 600 700800900 005115 2 25 3 35 4
My, (GeV) RW

The regions A, B,C, D, I and F' are as follow: R, < 0.8,

08< R, <09, 09<R,<1,1<R,<11,11<R,,<12

and Rz, > 1.2. D,E,F violate vaccum stability constraints.
L(Right) correlation between R., and Rz J
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Ryz

11 . T T T T
T myp=507 GeV
108 m,=475 . M},=400 (GeV) A
1.06 |- ) _
1.04 _’"-~»-»—~.,.._n,112:390 St —
.02+ e .
m,,=295
1k 12 |
0.98 _
m4,=0
0.96 - 12 .
0.94 ' ' ' '
100 120 140 160 180 200

Ryz

1.05

-

T T T T
104 F~ \m12:507 GeV MH+:600 (GeV) -
1.03 + .
1.02 + 5
tor b M2 i
P S mp=40 i
0.99 | ]

0.95 ' : ' '

100 120 140 160 180 20(
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= B
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550

175

m 2
390
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~
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400 600 800 1000
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Summary

-

Higgs Triplet Model (HTM) is consistent with 125 GeV
higgs, it can fit the data even much better than SM

We derive the full set of tree level perturbative unitarity
and boundedness from below constraints for HTM

Unitarity on the SM Higgs is < 700 GeV, while the other
states H*, H°, H** is very large (=~ 90 TeV)

h — ~~ IS very sensitive charged particles and can be
used to set limits on the parameter space of the model.

h — vy and h — Z~ can be correlated or anti-correlated
both in HTM and IDM

|
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