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The naturalist: “Having one Higgs at 125 GeV and the rest

above 1 TeV is fine-tuned. Why would you do that?”

The pragmatist: “We look for SUSY at multi TeV and that is

fine-tuned too. If we have the reach, it’s silly not to do the

search. (Also, ∼2 TeV is not all that fine-tuned.)”
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Outline

SM + singlet model

Two Higgs doublet model

SM + triplets model (Georgi-Machacek)

Summary: “rules of thumb”
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SM + singlet model

Simplest possible extension (but not necessarily the most interesting!)

Two Higgs states:

h = cosαφ0,r − sinαS, H = sinαφ0,r + cosαS

- Couplings of h universally suppressed

by cosα ≡ κh ≡ C

- Couplings of H are complementary:

sinα ≡ κH ≡ C′

Sum rule (κh)2+(κH)2 = 1 is cos2 α+sin2 α = 1

Production xsec = (κH)2σ(SM) at H mass

- Can have new decay H → hh for

mH > 2mh ' 250 GeV: BRnew Higgs boson mass [GeV]
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SM + singlet model

Cannot take H arbitrarily heavy at fixed κH!

Typically κH ∝ v/MH in singlet model

Related to “decoupling limit” of h(125) interactions.

2 ways to see this:

- Study scalar potential of the model

Write masses, mixing angles, etc in terms of Lagrangian parameters

Consider perturbativity constraints on dimensionless couplings

Constraints are very model-specific

- Study perturbative unitarity of WW →WW scattering

Model-independent constraints

(Sometimes model-specific constraints are tighter)
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SM + singlet model: scalar potential e.g. Barger et al, 0706.4311

V =
m2

2
Φ†Φ +

λ

4

(
Φ†Φ

)2
+
M2

2
S2 +

µ1

2
Φ†ΦS

+
λ′

2
Φ†ΦS2 +

(
µ1m

2

2λ

)
S +

µ2

3
S3 +

λ′′

4
S4

m2,M2 ∼ (mass)2, µ1, µ2 ∼ (mass), λ, λ′, λ′′ dimensionless

Coefficient of S chosen so 〈S〉 = 0 (no physical consequences)

EWSB → v =
√
−2m2/λ or m2 = −λv2/2

⇒ Eliminate m2 in favour of v ' 246 GeV

The other dimensionful couplings M2, µ1, µ2 can be large.

Dimensionless couplings λ, λ′, λ′′ are bounded by requiring all 2→
2 scalar scattering amplitudes satisfy perturbative unitarity.
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SM + singlet model: scalar potential using Barger et al, 0706.4311

V =
m2

2
Φ†Φ +

λ

4

(
Φ†Φ

)2
+
M2

2
S2 +

µ1

2
Φ†ΦS

+
λ′

2
Φ†ΦS2 +

(
µ1m

2

2λ

)
S +

µ2

3
S3 +

λ′′

4
S4

Mass2 matrix for h and H in the (φ0,r, S) basis:

M2
h,H =

(
λv2/2 µ1v/2
µ1v/2 M2 + λ′v2/2

)

Consider M � v, with µ1 ∼M :
µ1 . O(M) or cubic term leads to bad alternative minimum of potential

m2
h ' λv2/2 m2

H 'M2 C′ ≡ sinα ' µ1v/2M2 ∼ v/M

H production xsecs ∝ (κH)2 ∼ v2/M2 (h couplings C = 1−O(v2/M2))

Complicated but no show-stoppers
Theorists can calculate all this and give you model-specific scans
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Perturbative unitarity of WW →WW scattering: E2 term

Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeV

Graphic: S. Chivukula

- SM: Higgs exchange cancels E2/v2 term in amplitude.

- SM+singlet: To preserve cancellation at E � mH, need a sum

rule: (κhV )2 + (κHV )2 = 1 (equivalent to C2 + C ′2 = cos2 α+ sin2 α = 1)
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Perturbative unitarity of WW →WW scattering: E0 term

Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeV

Graphic: S. Chivukula

- SM: m2
h < 16πv2/5 ' (780 GeV)2 Lee, Quigg & Thacker 1977

- SM+singlet: (κhV )2m2
h + (κHV )2m2

H < 16πv2/5

- combine with sum rule (κhV )2 + (κHV )2 = 1:

C′2 ≡ (κHV )2 <
16πv2 − 5m2

h

5(m2
H −m2

h)
' 16πv2

5m2
H

'
(

780 GeV

mH

)2
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∼∼ Heavy BSM Higgs Rules of Thumb ∼∼

#1. Heavy Higgs couplings to WW/ZZ generically fall like 1/MH
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SM + singlet model: electroweak precision constraints

T parameter (yellow) and W boson mass (red) are more con-
straining until very high masses (WW →WW unitarity takes over eventually)

III Constraints

C. Allowed Parameter Regions and Sensitivity of the Constraints

1. High mass region

The importance of the different constraints on the mixing angle sinα in the high mass

region, where mh ∼ 125 GeV, is summarized in Figure 1. Recall that this angle is responsible

for the global suppression of the production cross section with respect to the SM prediction

at the same Higgs mass. We see that in the lower mass region, mH � 250 GeV, the most

important constraints stem from direct Higgs searches [65, 69, 93–95] and the combined

Higgs signal strength [81], whereas for higher masses, mH ∈ [250 GeV; 800 GeV], the W

boson mass becomes the strongest constraint [31]. Requiring perturbativity of the couplings

yields the upper limit on | sinα| for very heavy Higgs bosons, mH ≥ 800 GeV.

The updated combined signal strength reduces the maximally allowed mixing angle from

previously | sinα| � 0.50 [37] to | sinα| � 0.36. The updated limits from LHC Higgs
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FIG. 1: Maximal allowed values for | sinα| in the high mass region, mH ∈ [130, 1000] GeV, from

NLO calculations of the W boson mass (red, solid) [31], electroweak precision observables (EWPOs)

tested via the oblique parameters S, T and U (orange, dashed), perturbativity of the RG-evolved

coupling λ1 (blue, dotted), evaluated for an exemplary choice tanβ = 0.1, perturbative unitarity

(grey, dash-dotted), direct LHC Higgs searches (green, dashed), and the Higgs signal strength

(magenta, dash-dotted).
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Robens & Stefaniak, 1601.07880

SM + singlet: κHf = κHV = sinα: all possible production cross
sections are rather suppressed, but the model is still viable.
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∼∼ Heavy BSM Higgs Rules of Thumb ∼∼

#1. Heavy Higgs couplings to WW/ZZ generically fall like 1/MH

except sometimes there are tighter indirect constraints
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Two Higgs Doublet Model

Two doublets: Φ1 and Φ2, vevs v2
1 + v2

2 = v2
SM, v2/v1 ≡ tanβ

- Up-type quark masses from Φ2: coupling strength mu/v2

- Down-type quark and lepton masses from Φ2 (Type I) or Φ1

(Type II): coupling strength md,`/v2 (Type I) or md,`/v1 (Type II)

Five Higgs states (counting H+ and H− as two):

h = cosαφ0,r
2 − sinαφ0,r

1 H = sinαφ0,r
2 + cosαφ0,r

1

A = cosβ φ0,i
2 − sinβ φ0,i

1 H± = cosβ φ±2 − sinβ φ±1

In this language the high-mass behaviour of H,A,H± is not very

transparent.

First do a change of basis to the Higgs basis: Φh vev = vSM, Φ0 vev = 0

Φh = sinβΦ2 + cosβΦ1 Φ0 = cosβΦ2 − sinβΦ1
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Two Higgs Doublet Model: Higgs basis

Five Higgs states (counting H+ and H− as two):

h = sin(β − α)φ0,r
h − cos(β − α)φ0,r

0

H = cos(β − α)φ0,r
h + sin(β − α)φ0,r

0

A = φ
0,i
0 H± = φ±0

φ
0,r
h V V couplings same as SM, while φ

0,r
0 V V = 0:

- Couplings of h to V V universally suppressed by sin(β−α) ≡ κhV
- Couplings of H to V V are complementary: cos(β − α) ≡ κHV
Sum rule (κhV )2 + (κHV )2 = 1 is sin2(β − α) + cos2(β − α) = 1

VBF production xsec = (κHV )2σ(SM) at H mass

WW →WW perturbative unitarity constrains

cos2(β − α) ≡ (κHV )2 .
(

780 GeV

mH

)2

same as singlet... But for 2HDM the constraint from the scalar
potential is much more stringent!
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Two Higgs Doublet Model: Higgs basis Haber et al, 1507.00933

addition, we consider the new CMS limit [16] for light neutral Higgs bosons with masses between
25 GeV and 80 GeV, produced in association with a pair of b quarks and decaying into ττ .
Moreover, we take into account the CMS limits [17] on gg → A → Zh with Z → �� and
h → bb̄ or ττ , which significantly constrain the scenario studied in this paper (but are much
less relevant for the analysis of [15]). Details on the CMS gg → A → Zh limits and their
impact on the 2HDM parameter space are given in the Appendix.

2 Theoretical considerations

In this section, we expand on the theoretical discussion in [15] (see also [18]), treating
questions that are relevant specifically for a SM-like H at 125 GeV. It is convenient to work in
the Higgs basis [19, 20], where the vev, v = 2mW /g � 246 GeV, resides entirely in one of the
two Higgs doublet fields,

�H0
1 � = v/

√
2 and �H0

2 � = 0 . (1)

The scalar potential in the Higgs basis is

V = Y1H
†
1H1 + Y2H

†
2H2 + Y3[H

†
1H2 + h.c.] + 1

2
Z1(H

†
1H1)

2 + 1
2
Z2(H

†
2H2)

2 + Z3(H
†
1H1)(H

†
2H2)

+Z4(H
†
1H2)(H

†
2H1) +

�
1
2
Z5(H

†
1H2)

2 +
�
Z6(H

†
1H1) + Z7(H

†
2H2)

�
H†

1H2 + h.c.
�

, (2)

where Y1 = −1
2
Z1v

2 and Y3 = −1
2
Z6v

2 at the scalar potential minimum. For simplicity, we
assume that the field H2 can be rephased such that the potentially complex parameters Z5,
Z6 and Z7 are real, in which case the scalar potential and Higgs vacuum are CP-conserving.
Henceforth, we will always adopt such a “real basis”.3 In order to preserve perturbativity and
tree-level unitarity [21–26], the dimensionless couplings Zi cannot be taken arbitrary large.
Generically, the Zi are O(1) constants, although it is possible for some of the Zi to be as large
as ∼ 10 without violating any low-energy constraints.4

Under the assumption of a CP-conserving Higgs sector, the Higgs mass spectrum is easily
determined. The squared-masses of the charged Higgs and CP-odd Higgs bosons are given by

m2
H± = Y2 + 1

2
Z3v

2 , (3)

m2
A = m2

H± + 1
2
(Z4 − Z5)v

2 , (4)

and the two CP-even squared masses are obtained by diagonalizing the CP-even Higgs squared-
mass matrix,

M2
H =

�
Z1v

2 Z6v
2

Z6v
2 m2

A + Z5v
2

�
. (5)

The physical mass eigenstates are

H = (
√

2 Re H0
1 − v)cβ−α −

√
2 Re H0

2 sβ−α , (6)

h = (
√

2 Re H0
1 − v) sβ−α +

√
2 Re H0

2 cβ−α , (7)

3No rephasing of H1 is permitted since by assumption the vev v is real and positive.
4Taking the Zi significantly larger than O(1) will lead to Landau poles at an energy scale below the Planck

scale [27–30]. However, we shall take an agnostic view in our scans by treating the 2HDM as an effective
low-energy theory with no assumptions on its behavior at higher energies.

2

Y1, Y2, Y3 ∼ (mass)2, Z1, . . . Z7 dimensionless H1 ≡ Φh, H2 ≡ Φ0

Minimization of potential yields Y1 = −Z1v
2/2, Y3 = −Z6v

2/2
Only one dimensionful parameter Y2 ≡M2, can be large � v2

Masses:

m2
H± = Y2 + Z3v

2/2 m2
A = m2

H± + (Z4 − Z5)v2/2

M2
h,H =

(
Z1v

2 Z6v
2

Z6v
2 m2

A + Z5v
2

)

m2
h ' Z1v

2 m2
H 'M2 cos(β − α) ' Z6v

2/M2 ∼ v2/M2

Compare singlet m2
h ' λv2/2 m2

H 'M2 C ′ ≡ sinα ' µ1v/2M2 ∼ v/M

Fast decoupling cos2(β − α) ≡ (κHV )2 ' Z2
6v

4/m4
H!

Makes VBF very suppressed! But precision EW constraints are looser than SM+singlet.
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∼∼ Heavy BSM Higgs Rules of Thumb ∼∼

#1. Heavy Higgs couplings to WW/ZZ generically fall like 1/MH

except sometimes there are tighter indirect constraints

except in 2HDM they fall like 1/M2
H (reason: no cubic terms in V )
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Two Higgs Doublet Model: fermion couplings

Two doublets: Φ1 and Φ2, vevs v2
1 + v2

2 = v2
SM, v2/v1 ≡ tanβ

- Up-type quark masses from Φ2: coupling strength mu/v2

- Down-type quark and lepton masses from Φ2 (Type I) or Φ1

(Type II): coupling strength md,`/v2 (Type I) or md,`/v1 (Type II)

First do a change of basis to the Higgs basis: Φh vev = vSM, Φ0 vev = 0

Φh = sinβΦ2 + cosβΦ1 Φ0 = cosβΦ2 − sinβΦ1

Physical Higgs states: cos(β − α) ' Z6v2/M2 ∼ v2/M2

h = sin(β − α)φ0,r
h − cos(β − α)φ0,r

0

H = cos(β − α)φ0,r
h + sin(β − α)φ0,r

0

A = φ
0,i
0 H± = φ±0

So at high mass H ' φ0,r
0 , A = φ

0,i
0 , H± = φ±0 : the entire doublet

becomes heavy.
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Two Higgs Doublet Model: fermion couplings

Two doublets: Φ1 and Φ2, vevs v2
1 + v2

2 = v2
SM, v2/v1 ≡ tanβ

- Up-type quark masses from Φ2: coupling strength mu/v2

- Down-type quark and lepton masses from Φ2 (Type I) or Φ1
(Type II): coupling strength md,`/v2 (Type I) or md,`/v1 (Type II)

First do a change of basis to the Higgs basis: Φh vev = vSM, Φ0 vev = 0

Φh = sinβΦ2 + cosβΦ1 Φ0 = cosβΦ2 − sinβΦ1

Coupling strengths of Φ0 to fermions:

Type I: cosβ ×mf/v2 = cotβ ×mf/vSM (all quarks & leptons)

Type II: cosβ ×mu/v2 = cotβ ×mu/vSM (up-type)

Type II: sinβ ×md,`/v1 = tanβ ×md,`/vSM (down-type & leptons)

These are independent of the heavy-Higgs mass scale!
Good news for heavy Higgs production via gluon fusion, b̄b-fusion
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∼∼ Heavy BSM Higgs Rules of Thumb ∼∼

#1. Heavy Higgs couplings to WW/ZZ generically fall like 1/MH

except sometimes there are tighter indirect constraints

except in 2HDM they fall like 1/M2
H (reason: no cubic terms in V )

#2. Heavy Higgs couplings to fermions are not suppressed

in Type-II 2HDM can even be enhanced ∼ tanβ (down-type & leptons)

except in SM+singlet where fermion couplings are tied to V V couplings
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Two Higgs Doublet Model: mass splittings

At high mass H ' φ0,r
0 , A = φ

0,i
0 , H± = φ±0 : the BSM Higgses all

live (mostly) in a single doublet.

Mass splittings within an SU(2) multiplet come only from EWSB:

m2
H± = Y2 + Z3v

2/2 m2
A = m2

H± + (Z4 − Z5)v2/2

M2
h,H =

(
Z1v2 Z6v2

Z6v2 m2
A + Z5v2

)

∆m2 ∼ λv2 and m2 ∼M2 ⇒ ∆m ∼ λv2/M

Mass splittings ∆m ∼ λv × v/M

Heavy states become increasingly degenerate at high mass

Compare fermionic decay widths ∝M at fixed coupling

(bosonic decay widths ∝ (v4/M4)×M3 ∼ 1/M due to coupling suppression)
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∼∼ Heavy BSM Higgs Rules of Thumb ∼∼

#1. Heavy Higgs couplings to WW/ZZ generically fall like 1/MH

except sometimes there are tighter indirect constraints

except in 2HDM they fall like 1/M2
H (reason: no cubic terms in V )

#2. Heavy Higgs couplings to fermions are not suppressed

in Type-II 2HDM can even be enhanced ∼ tanβ (down-type & leptons)

except in SM+singlet where fermion couplings are tied to V V couplings

#3. Heavy Higgs states become more degenerate at high mass

generic for the members of an SU(2) multiplet: ∆m ∼ λv2/M
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs + two isospin-triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Two custodial singlets h, H, masses mh, mH, mixing angle α

h = cosαφ0,r − sinα(
√

1/3 ξ0 +
√

2/3χ0,r)

H = sinαφ0,r + cosα(
√

1/3 ξ0 +
√

2/3χ0,r)

Custodial triplet (H+
3 , H

0
3 , H

−
3 ), common mass m3

H+
3 = − sin θHφ+ + cos θH(χ+ + ξ+)/

√
2, H0

3 = − sin θHφ0,i + cos θHχ0,i; tan θH = 2
√

2vχ/vφ

(orthogonal triplet is the Goldstones)

Custodial 5-plet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ), common mass m5

H++
5 = χ++, H+

5 = (χ+ − ξ+)/
√

2, H0
5 =

√
2/3 ξ0 −

√
1/3χ0,r
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Georgi-Machacek model: scalar potential Aoki & Kanemura, 0712.4053

Chiang & Yagyu, 1211.2658; Chiang, Kuo & Yagyu, 1307.7526

Hartling, Kumar & HEL, 1404.2640

V (Φ, X) =
µ2

2

2
Tr(Φ†Φ) +

µ2
3

2
Tr(X†X) + λ1[Tr(Φ†Φ)]2

+λ2Tr(Φ†Φ)Tr(X†X) + λ3Tr(X†XX†X)

+λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)
−M1Tr(Φ†τaΦτ b)(UXU†)ab −M2Tr(X†taXtb)(UXU†)ab

µ2
2, µ

2
3 ∼ (mass)2, M1,M2 ∼ (mass), λ1, . . . λ5 dimensionless

As in 2HDM, eliminate 2 dimensionful params in favour of vevs

Heavy BSM Higgs bosons: µ2
3 ≡M2 � v2; need M1,M2 .M :

Mass matrices ⇒ m2
H ,m

2
3,m

2
5 'M2: all states become heavy

Mixing angle sinα ∼M1v/µ
2
3 ∼ v/M : κHV ∼ v/M like singlet

H3 fermion couplings ∼ tan θHmf/v, sin θH ∼M1v/µ
2
3 ∼ v/M
sin θH ≡ 2

√
2vχ/v
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∼∼ Heavy BSM Higgs Rules of Thumb ∼∼

#1. Heavy Higgs couplings to WW/ZZ generically fall like 1/MH

except sometimes there are tighter indirect constraints

except in 2HDM they fall like 1/M2
H (reason: no cubic terms in V )

#2. Heavy Higgs couplings to fermions need not be suppressed

in Type-II 2HDM can even be enhanced ∼ tanβ (down-type & leptons)

except in SM+singlet where fermion couplings are tied to V V couplings

except in SM+triplets where fermion coups due to doublet mixing ∼ v/M

#3. Heavy Higgs states become more degenerate at high mass

generic for the members of an SU(2) multiplet: ∆m ∼ λv2/M
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Perturbative unitarity of WW →WW scattering: E2 term

Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeV

Graphic: S. Chivukula

- Georgi-Machacek model: sum rule involves h, H, and H
0,±±
5
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Perturbative unitarity of WW →WW scattering: E2 term

H5 couplings to WW/ZZ ∝ sin θH in GM model

H0
5W

+
µ W

−
ν : −i2M

2
W

v

sin θH√
3
gµν,

H0
5ZµZν : i

2M2
Z

v

2sin θH√
3

gµν,

H+
5 W

−
µ Zν : −i2MWMZ

v
sin θHgµν,

H++
5 W−µ W

−
ν : i

2M2
W

v

√
2sin θHgµν,

V V → V V unitarization sum rule:

(κhV )2 + (κHV )2 − 5

3
sin2 θH = 1

Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter’s Guide)
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Perturbative unitarity of WW →WW scattering: E0 term

Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeV

Graphic: S. Chivukula

- SM: m2
h < 16πv2/5 ' (780 GeV)2 Lee, Quigg & Thacker 1977

- GM model:
[
(κhV )2m2

h + (κHV )2m2
H + 4

3sin2 θHm
2
5

]
< 16πv2/5

- combine with sum rule (κhV )2 + (κHV )2 − 5
3sin2 θH = 1:

sin2 θH <
3

5

(16πv2 − 5m2
h)

(4m2
5 + 5m2

h)
' 12πv2

5m2
5
'
(

675 GeV

m5

)2

Good news for VBF production (compared to 2HDM coup ∼ v2/M2)
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∼∼ Heavy BSM Higgs Rules of Thumb ∼∼

#1. Heavy Higgs couplings to WW/ZZ generically fall like 1/MH

except sometimes there are tighter indirect constraints

except in 2HDM they fall like 1/M2
H (reason: no cubic terms in V )

SM+triplets model H0,±,±±
5 couplings to VV fall like 1/M

#2. Heavy Higgs couplings to fermions need not be suppressed
in Type-II 2HDM can even be enhanced ∼ tanβ (down-type & leptons)

except in SM+singlet where fermion couplings are tied to V V couplings

except in SM+triplets where fermion coups due to doublet mixing ∼ v/M

#3. Heavy Higgs states become more degenerate at high mass
generic for the members of an SU(2) multiplet: ∆m ∼ λv2/M

Spectrum separates into light SM-like Higgs doublet and heavy
complete SU(2)L multiplet(s). Keys are (1) degree of mixing
and/or vev carried by heavy multiplet; (2) heavy multiplet cou-
pling to fermions (doublets only).
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