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Introductory motivations

→ an extra motivation in retrospect:
why is the discovered 125 GeV scalar so much SM-like??
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The model

The scalar sector consists of the standard Higgs weak doublet H and a
colorless scalar field ∆ transforming as a triplet under the SU(2)L gauge
group with hypercharge Y∆ = 2:
H ∼ (1,2,1) and ∆ ∼ (1,3,2) under SU(3)c × SU(2)L × U(1)Y .

Q = I3 +
Y
2

∆ =

(
δ+/
√

2 δ++

δ0 −δ+/
√

2

)
and H =

(
φ+

φ0

)

L = (DµH)†(DµH) + Tr(Dµ∆)†(Dµ∆)− V (H,∆) + LYukawa + ...

LYukawa ⊃ YνLT C ⊗ iσ2∆L

V (H,∆) = −m2
HH†H + M2

∆Tr(∆†∆) + [µ(HT iσ2∆†H) + h.c.]

+
λ

4
(H†H)2 + λ1(H†H)Tr(∆†∆)

+λ2(Tr∆†∆)2 + λ3Tr(∆†∆)2 + λ4H†∆∆†H
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Electroweak symmetry breaking

〈∆〉 =

(
0 0

vt/
√

2 0

)
and 〈H〉 =

(
0

vd/
√

2

)
one finds after minimization of the potential the following necessary
conditions:

M2
∆ =

2µv2
d −
√

2(λ1 + λ4)v2
d vt − 2

√
2(λ2 + λ3)v3

t

2
√

2vt

m2
H =

λv2
d

4
−
√

2µvt +
(λ1 + λ4)

2
v2

t

8 parameters −→ 7 parameters with v ≡
√

v2
d + 2v2

t = 246GeV

M2
Z =

(g2 + g′2)

4
(v2

d + 4v2
t ) M2

W =
g2

4
(v2

d + 2v2
t )

ρ =
v2

d +2v2
t

v2
d +4v2

t
< 1,

but vt � vd → neutrino masses.
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Higgs spectrum, couplings,...

→ 10 scalar states: 7 massive physical Higgses, h0,H0,A0,H±,H±±

+ 3 Goldstone bosons and 3 mixing angles α, β, β′

h0 = cosα h + sinα ξ0, H0 = − sinα h + cosα ξ0, A0 = − sin β Z1 + cos β Z2, G0 = cos β Z1 + sin β Z2

G± = cos β
′
φ
± + sin β

′
δ
± H± = − sin β

′
φ
± + cos β

′
δ
±

m2
h0,H0 =

1

2
[A + C ∓

√
(A− C)2 + 4B2]

A =
λ

2
v2

d , B = vd [−
√

2µ + (λ1 + λ4)vt ] , C =

√
2µv2

d + 4(λ2 + λ3)v3
t

2vt

m2
H±± =

√
2µv2

d − λ4v2
d vt − 2λ3v3

t

2vt

m2
H± =

(v2
d + 2v2

t )[2
√

2µ− λ4vt ]

4vt

m2
A =

µ(v2
d +4v2

t )
√

2vt
← would-be Majoron
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Higgs spectrum, couplings,...

m
2 H

ig
gs

µ
(1)
c − µ

(2)
c , m2

(2) −m2
(1) ∼ Vλ

m2
(1) ≡

λ v2
d

2

Vλ ≡ (−λ + λ1 + λ4) v2
d + 4 (λ2 + λ3) v2

t (< 0)

H0

h0m2
(1)

m2
(2)

µ
µ

(2)
cµ

(1)
c
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Higgs spectrum, couplings,...

a comment:

sometimes in the literature the EWSB equations are approximated
as

M2
∆ =

2µv2
d −
√

2(λ1 + λ4)v2
d vt − 2

√
2(λ2 + λ3)v3

t

2
√

2vt
→ M2

∆ '
µv2

d√
2vt

(1)

m2
H =

λv2
d

4
−
√

2µvt +
(λ1 + λ4)

2
v2

t → m2
H '

λv2
d

4
(2)

while (2) is trivially OK, (1) assumes µ� vt .

M∆ ∼ µ ∼ MGUT → seesaw→ only SM-like h0 at the LHC!
µ .,� vt more interesting
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h0 is the SM-like
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h0 is the SM-like

initial state (pp) sensitivity final state

qq̄, γγ, Zγ, ZZ ,W +W−[gg?] gauge couplings, H±, λ1, h0 H++H−−

qq̄′, γW±, ZW± gauge couplings, H±±,H∓ H±±H∓

qq̄, γγ, Zγ, ZZ ,W +W−[gg?] gauge couplings, H±, A0, 2λ1 + λ4, h0 H+H−

qq̄′, γW±, ZW± gauge couplings, H±, A0 H±H0

qq̄′, γW±, ZW± gauge couplings, H±, A0 H±A0

qq̄′, γW±, ZW± mixing suppressed [gauge couplings, H±, A0] H±h0

W±W± gauge couplings, H± H±±H0

W±W± gauge couplings, H± H±±A0

W±W± mixing suppressed [gauge couplings, H±] H±±h0

qq̄, ZZ ,W +W−[gg?] gauge couplings, H±, A0, λ1 + λ4, h0 H0H0

qq̄,W +W− gauge couplings, H± H0A0

qq̄,W +W− gauge couplings, H± H0h0

qq̄, ZZ ,W +W−[gg?] gauge couplings, H±,H0, λ1 + λ4, h0 A0A0

qq̄,W +W− gauge couplings, H± A0h0

SM SM h0h0
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H++-> W+W+

H++-> H+qq

H++-> H+lν

Total H++

180 190 200 210 220
mH+

0.2

0.4

0.6

0.8

1.0

BR

200 GeV H++

H++-> W+W+

H++-> H+qq

H++-> H+lν

Total H++

390 400 410 420
mH+

0.2

0.4

0.6

0.8

1.0

BR

400 GeV H++

H++-> W+W+

H++-> H+qq

H++-> H+lν

Total H++
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mH+

0.2

0.4
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1.0

BR

600 GeV H++

(Romain Kukla)
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H+ -> W+Z H+ -> W+h

H+ -> H0(A0)W+* H+ -> t b H+ -> qq / lv

H+ -> H++ W-* other Total

230 240 250 260 270
mH+

0.2

0.4

0.6

0.8

1.0

1.2

1.4

BR

250 GeV H++

H+ -> W+Z H+ -> W+h

H+ -> H0(A0)W+* H+ -> t b H+ -> qq / lv

H+ -> H++ W-* other Total

380 390 400 410 420
mH+

0.2

0.4

0.6

0.8

1.0

1.2

1.4

BR

400 GeV H++

H+ -> W+Z H+ -> W+h

H+ -> H0(A0)W+* H+ -> t b H+ -> qq / lv

H+ -> H++ W-* other Total

580 585 590 595 600 605 610 615
mH+

0.2

0.4

0.6

0.8

1.0

1.2

1.4

BR

600 GeV H++

(Romain Kukla)
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H0 -> W+W- H0 -> ZZ H0 -> hh

H0 -> H+ W-* H0 -> ZZ* H0 -> tt

H0 -> qq/ll/vv Total

160 180 200 220
mH0

0.2
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0.6

0.8

1.0
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BR

200 GeV H++

H0 -> W+W- H0 -> ZZ H0 -> hh

H0 -> H+ W-* H0 -> ZZ* H0 -> tt

H0 -> qq/ll/vv Total

260 280 300 320 340
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H0 -> qq/ll/vv Total
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mH0

0.2

0.4

0.6

0.8

1.0
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1.4

BR

500 GeV H++

H0 -> W+W- H0 -> ZZ H0 -> hh

H0 -> H+ W-* H0 -> ZZ* H0 -> tt

H0 -> qq/ll/vv Total

260 280 300 320 340
mH0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

BR

300 GeV H++

(Romain Kukla)
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h0 is the SM-like

Associate production channels, H±±H∓ and H0A0 are important
wrt H±±H∓∓

various decay channels, depending on the masses→ different
final states
what can be the prospects for RUN 3? (Ana, Hanlin,...?)
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H Into GammaGamma Study

Γ(H → γγ) =
GFα

2M3
H

128
√

2π3

∣∣∣∣∑f NcQ2
f g̃Hff AH1/2(τf ) + g̃HWW AH1 (τW )

+g̃HH± H∓AH0 (τH±) + 4g̃HH±±H∓∓AH0 (τH±±)

∣∣∣∣2

g̃HH++H−− = −sW
e

mW
m2

H±±
gHH++H−− , g̃HH+H− = −sW

e
mW

m2
H±

gHH+H−

gHH++H−− ≈ −ε̄λ1vd gHH+H− ≈ −ε̄(λ1 + λ4
2 )vd

ε̄ = 1 or ε̄ = sign[
√

2µ− (λ1 + λ4)vt ]
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relative Higgs couplings

H g̃Hūu g̃Hd̄d g̃HW +W−

h0 cα/cβ′ cα/cβ′ +e(cα vd + 2sα vt )/(2sW mW )

H0 −sα/cβ′ −sα/cβ′ −e(sα vd − 2cα vt )/(2sW mW )
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H0 is the SM-like
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H0 is the SM-like→ light h0,A0

µ
vt
� 1⇒ H0 SM-like & mh0 ' mA0 < mH0

gh0h0H0 = gA0A0H0 ' (λ1 + λ4)vd

|gZh0A0 | ≈ |gZZH0 |SM
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light h0,A0

constraints to worry about:

non-standard decay modes of the SM-like Higgs:
H → h0h0(∗)

,A0A0(∗)

followed by h0,A0 → bb̄, νν + ν̄ν̄, (gg, ττ, γγ), ...

LEP2 direct search limits
e+e− → Z ∗ → h0A0

the Z boson width
Z → h0A0
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light h0,A0
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h0, A0 → gluons
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100% Br
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σe+e−→Z∗→h0A0 = (...)c2σSM
HZ
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light h0,A0

A0: LNC decays, 4v2
t /v

2
d suppression

LNV decays, 2
∑

m2
ν/v2

t enhancement

h0: ×(λ1 + λ4)2/λ2

×1
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light h0,A0

LEP2 constraints can be evaded for sufficiently small vt in two ways:
branching ratios of decays in neutrinos become important or
dominant
lifetime of h0 or A0 becomes sufficiently long, decaying outside the
detector
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light h0,A0
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light h0,A0

⇒ LEP2 bounds evaded for vt . O(10−3)GeV
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light h0,A0
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light h0,A0
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H0 is the SM-like→ light h0,A0

is the scenario 44Gev < mh0 ,mA0 < 60GeV excluded?
tension with limits from direct search of H±±, H±, given EWPO
limits, and from H0 → γγ

the scenario 62GeV < mh0 ,mA0 < 125GeV not studied!
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BACKUP
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Dynamical constraints

Tree-level Boundedness From Below:
V (H,∆)

∆

H

stable vacuum↔ V > Vmin, ∀H,∆

keep only the quartic operators

V (4)(H,∆) =
λ

4
(H†H)2 + λ1(H†H)Tr(∆†∆) + λ2(Tr∆†∆)2

+λ3Tr(∆†∆)2 + λ4H†∆∆†H
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Dynamical constraints

Tree-level Boundedness From Below: The most general solution

r ≡
√

H†H + Tr∆†∆

H†H ≡ r2 cos2 γ

Tr(∆†∆) ≡ r2 sin2 γ

(H†∆∆†H)/(H†HTr∆†∆) ≡ ξ

Tr(∆†∆)2/(Tr∆†∆)2 ≡ ζ

V (4)(r , tan γ, ξ, ζ) =
r4

4(1 + tan2 γ)2
(λ+ 4(λ1 + ξλ4) tan2 γ + 4(λ2 + ζλ3) tan4 γ)

0 ≤ tan γ < +∞

0 ≤ ξ ≤ 1 and
1
2
≤ ζ ≤ 1
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Dynamical constraints

λ > 0 & λ2 + ζλ3 > 0 & λ1 + ξλ4 +
√
λ(λ2 + ζλ3) > 0,

∀ζ ∈ [
1
2
,1],∀ξ ∈ [0,1]

λ ≥ 0 & λ2 + λ3 ≥ 0 & λ2 +
λ3

2
≥ 0

& λ1 +
√
λ(λ2 + λ3) ≥ 0 & λ1 +

√
λ(λ2 +

λ3

2
) ≥ 0

& λ1 + λ4 +
√
λ(λ2 + λ3) ≥ 0 & λ1 + λ4 +

√
λ(λ2 +

λ3

2
) ≥ 0
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Combined dynamical constraints

BFB and unitarity

0 ≤ λ ≤ 2
3
κπ & λ2 + λ3 ≥ 0 & λ2 +

λ3

2
≥ 0 &

λ1 +
√
λ(λ2 + λ3) ≥ 0 & λ1 +

√
λ(λ2 +

λ3

2
) ≥ 0 &

λ1 + λ4 +
√
λ(λ2 + λ3) ≥ 0 & λ1 + λ4 +

√
λ(λ2 +

λ3

2
) ≥ 0 &

λ2 + 2λ3 ≤
κ

2
π & 4λ2 + 3λ3 ≤

κ

2
π &

λ2 − 2λ3 −
√

(λ2 −
κ

2
π)(9λ2 −

5
2
κπ) ≤ κ

2
π &

|λ4| ≤ min
√

(λ± 2κπ)(λ2 + 2λ3 ±
κ

2
π) &

|2λ1 + λ4| ≤
√

2(λ− 2
3
κπ)(4λ2 + 3λ3 −

κ

2
π)
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Combined dynamical constraints
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Ratio of branching ratios

bryy_cont_300.pdf

Akeroyd, Moretti, arXiv:1206.0535

G. Moultaka, L2C-Montpellier Higgsology with the type II seesaw model workshop-CPPM, 6-7 May ’19 39 / 39


	The Model
	EWSB
	Higgs spectrum, couplings,...

	light h0, A0 scenario
	Dynamical constraints
	Boundedness from below
	Unitarity


