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The Standard Model:
electroweak symmetry breaking from a scalar SU(2)L doublet

A one-line theory:

LHiggs = |DµΦ|2 − [−µ2Φ†Φ + λ(Φ†Φ)2]− [yf f̄RΦ†FL + h.c.]

Most general, renormalizable, gauge-invariant theory involving a single spin-zero (scalar) field

with isospin 1/2, hypercharge 1.

−µ2 term: vacuum condensate! EW symmetry spontaneously
broken; Goldstone bosons gauged away, 1 physical particle h.
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Mass and vacuum expectation value of h are fixed by minimizing
the Higgs potential:

v2 = µ2/λ M2
h = 2λv2 = 2µ2
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The Standard Model:
electroweak symmetry breaking from a scalar SU(2)L doublet

SM Higgs couplings to SM particles are fixed by the mass-generation
mechanism.

W and Z: gZ ≡ g/ cos θW =
√
g2 + g′2, v = 246 GeV

L = |DµΦ|2 → (g2/4)(h+ v)2W+W−+ (g2
Z/8)(h+ v)2ZZ

M2
W = g2v2/4 hWW : i(g2v/2)gµν

M2
Z = g2

Zv
2/4 hZZ : i(g2

Zv/2)gµν

Fermions:

L = −yf f̄RΦ†FL + · · · → −(yf/
√

2)(h+ v)f̄RfL + h.c.

mf = yfv/
√

2 hf̄f : imf/v

Gluon pairs and photon pairs:
induced at 1-loop by fermions, W -boson.
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LHC measurements of 125 GeV Higgs boson properties are fully
consistent with SM picture: ATLAS-CONF-2015-044
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But there is still plenty of room for extensions of the Higgs sector.

This talk:
- What else could be condensed in the vacuum?
- How do we search for its excitations?
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This talk: Outline

What else could be condensed in the vacuum?

(1) Additional source of fermion masses?

→ two-Higgs-doublet models

(2) Additional (non-doublet) source of electroweak breaking?

→ models with higher-isospin scalar multiplets

For each: How do we search for its excitations?

- Properties & signatures of extra Higgs bosons

- Patterns of couplings and spectra

- A few under-exploited search channels

Conclusions
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Additional sources of fermion masses?

→ Two-Higgs-Doublet Model
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Two-Higgs-Doublet Model

“Type-II” model is the Higgs sector of the MSSM (at tree level)

Five Higgs states: h, H, A, H±

Most-well-known searches:
b̄b→ H/A→ ττ ; t→ bH+ or pp→ t̄H+, H+ → τν
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Also gg → H →WW,ZZ; pp→ H/A→ Z +A/H
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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

First do a change of basis to the Higgs basis:

Φh = sinβΦ2 + cosβΦ1 Φ0 = cosβΦ2 − sinβΦ1

Defined by vacuum expectation values:

Φh vev = vSM, Φ0 vev = 0
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Two-Higgs-Doublet Model: Higgs basis Φh vev = vSM, Φ0 vev = 0

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

Couplings to vector boson pairs:
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 = sin2(β − α) + cos2(β − α) = 1

Q: how big can κHV = cos(β − α) be? Controls H →WW,ZZ and VBF → H

From h coupling measurements: κhV ∼ 1± 0.2 ⇒ |κHV | . 0.45
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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

- 2HDM: (κhV )2m2
h + (κHV )2m2

H < 16πv2/5

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

cos2(β − α) ≡ (κHV )2 <
16πv2 − 5m2

h

5(m2
H −m2

h)
' 16πv2

5m2
H

'
(

780 GeV

mH

)2
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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

⇒ Fast decoupling! Bad news for VBF → H and H →WW/ZZ at high mH

cos2(β − α) ≡ (κHV )2 ' Z2
6
v4

m4
H

= Z2
6

(
246 GeV

mH

)4
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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 A = φ
0,i
0 , H± = φ±0 , and for decoupling or alignment H ' φ0,r

0 :
the BSM Higgs bosons all live in the Φ0 doublet.
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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 NOT suppressed when the BSM Higgses are heavy!
Good news for heavy Higgs production via gluon fusion, b̄b-fusion
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Two-Higgs-Doublet Model: under-exploited search channels I:
gg → H/A→ tt̄ at low tanβ

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

Type II: cotβ ×mu/vSM (up-type)

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

 [GeV]Am
100 200 300 400 500 600 700 800 900 1000

β
ta

n

10

20

30

40

50

60

70

80

=
17

0 
G

eV
H

m

=
30

0 
G

eV
H

m

=
50

0 
G

eV
H

m

=
70

0 
G

eV
H

m

 = 115 GeVhm

 = 122 GeVhm

 = 125 GeVhm

 = 126 GeVhm

 = 126.2 GeVhm

Obs 95% CL limit
Exp 95% CL limit

σ1 
σ2 

Obs 95% CL limit

theoryσ 1 ±

-1 L dt = 19.5 - 20.3 fb∫=8 TeV, s ATLAS

ττ → h/H/A = 1 TeV,
SUSY

 scenario, Mmod+
hMSSM m

- Nontrivial interference with continuum gg → tt̄ background
Dicus, Stange, & Willenbrock, 1994

- Expts need theory prediction including signal/background in-
terference, lineshape, & QCD corrections

- Associated prod’n pp→ b̄bH/A, H/A→ tt̄ could help at moder-
ate tanβ
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Two-Higgs-Doublet Model: under-exploited search channels II:
indirect probe of light h from scalar bottomonium χb0 decay
Similar to charged Higgs in B+ → τν, pseudoscalar in ηb → ττ

Type-II 2HDM, H is 125 GeV SM-like Higgs, lighter h ⊂ Φ0
Υ→ γχb0, χb0 → ττ via off-shell h: rate ∝ tan4 β/m4
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250 fb−1 on Υ(3S/2S) at Belle-II S. Godfrey & HEL, 1510.04659

- CMS pp→ φ→ ττ search goes down to 80 GeV HiggsBounds 4.2.0

- Continuum e+e− → γττ background: ∼4k events under photon peak with

no selection cut optimization → room for improvement
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Additional (non-doublet) sources of electroweak breaking?

→ models with higher-isospin scalar multiplets
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Part of electroweak breaking from a higher-isospin scalar field?

Fermion masses can arise only from SU(2)L doublet(s)

L = −yf f̄RΦ†FL + · · · → −(yf/
√

2)(φ0,r + vφ)f̄RfL + h.c.

mf = yfvφ/
√

2 φ0,rf̄f : iyf/
√

2 = imf/vφ

FL is doublet, fR is singlet, need Φ doublet for gauge invariance

Top quark Yukawa perturbativity ⇒ lower bound on doublet vev:

define cos θH ≡ vφ/vSM, then tan θH < 10/3 (or cos θH > 0.287)

Scalar couplings to fermions come from their doublet content

Φ =

(
φ+

(vφ + φ0,r + iφ0,i)/
√

2

)

With other scalar fields in play, Goldstone bosons are linear combinations of different fields.

Heather Logan (Carleton U.) Higgs physics beyond the Standard Model APS April 2016

17



Part of electroweak breaking from a higher-isospin scalar field?

W and Z masses arise from anything carrying SU(2)L×U(1)Y

M2
W =

g2

4

∑

k

2

[
Tk(Tk + 1)− Y

2
k

4

]
v2
k =

g2

4
v2

SM

M2
Z =

g2

4 cos2 θW

∑

k

Y 2
k v

2
k =

g2

4 cos2 θW
v2

SM

(Q = T 3 + Y/2, vevs defined as 〈φ0
k〉 = vk/

√
2 for complex reps and 〈φ0

k〉 = vk for real reps)

Used Q = 0 for component carrying the vev to simplify expressions

Top Yukawa perturbativity → (vφ/vSM)2 > (0.287)2 = 0.082

⇒ At least 8.2% of M2
W,Z comes from doublet.

Lots of room for higher-isospin scalar contributions!

Can we constrain this exotic possibility?
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Problem with higher-isospin scalar fields

ρ ≡ ratio of strengths of charged and neutral weak currents

ρ =
M2
W

M2
Z cos2 θW

=

∑
k 2[Tk(Tk + 1)− Y 2

k /4]v2
k∑

k Y
2
k v

2
k

(Q = T 3 + Y/2, vevs defined as 〈φ0
k〉 = vk/

√
2 for complex reps and 〈φ0

k〉 = vk for real reps)

PDG 2014: ρ = 1.000 40± 0.000 24

We can still have higher-isospin scalars with non-negligible vevs;
only two approaches using symmetry: (could also tune ρ by hand, but icky)

1) Impose global SU(2)L×SU(2)R symmetry on scalar sector
=⇒ breaks to custodial SU(2) upon EWSB; ρ = 1 at tree level

Georgi & Machacek 1985; Chanowitz & Golden 1985

2) ρ = 1 “by accident” for (T, Y ) = (1
2,1) doublet; (3,4) septet

Septet: Hisano & Tsumura, 1301.6455; Kanemura, Kikuchi & Yagyu, 1301.7303

Larger solutions forbidden by perturbative unitarity of weak charges.
Hally, HEL, & Pilkington 1202.5073
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The models

1) Models with global SU(2)L×SU(2)R symmetry:

a) Georgi-Machacek model

b) Generalizations to higher isospin

2) Model with a scalar septet (in progress)

All these models share a key common feature:

H±± ↔W±W± and H± ↔W±Z
with couplings controlled by vev of higher-isospin scalar(s)

Generic experimental probe is diboson resonance search in VBF.
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Theoretical origin of common feature:
Unitarization of WW →WW , WW → ZZ scattering amplitudes

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.
- 2HDM: cancellation → sum rule (κhV )2 + (κHV )2 = 1
- Higher-isospin scalars: (κhV )2 + (κHV )2 > 1, need H±± and H±

in new u-channel diagrams: couplings inter-related
Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter’s Guide)
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + two isospin-triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Physical spectrum: Custodial symmetry fixes almost everything!

Bidoublet: 2× 2→ 3 + 1 Bitriplet: 3× 3→ 5 + 3 + 1

- Two custodial singlets mix → h0, H0

- Two custodial triplets mix → (H+
3 , H

0
3 , H

−
3 ) + Goldstones

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) unitarizes V V → V V
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + two isospin-triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Physical spectrum: Custodial symmetry fixes almost everything!

Bidoublet: 2× 2→ 3 + 1 Bitriplet: 3× 3→ 5 + 3 + 1

- Two custodial singlets mix → h0, H0 mh, mH ← (very similar

- Two custodial triplets mix → (H+
3 , H

0
3 , H

−
3 ) m3 ← to 2HDM)

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) m5 ← new!
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Generalized Georgi-Machacek models
Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015

Replace the bitriplet with a bi-n-plet =⇒ “GGMn”

Bidoublet: 2× 2→ 3 + 1 Bitriplet: 3× 3→ 5 + 3 + 1
Biquartet: 4× 4→ 7 + 5 + 3 + 1

Bipentet: 5× 5→ 9 + 7 + 5 + 3 + 1
Bisextet: 6× 6→ 11 + 9 + 7 + 5 + 3 + 1

Larger bi-n-plets forbidden by perturbative unitarity of weak charges!
Hally, HEL, & Pilkington 1202.5073

- Two custodial singlets mix → h0, H0

- Two custodial triplets mix → (H+
3 , H

0
3 , H

−
3 ) + Goldstones

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) unitarizes V V → V V

- Additional states
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Phenomenology: custodial fiveplet H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5

Custodial-fiveplet comes only from higher-isospin scalars:
no couplings to fermions!

s2
H ≡ fraction of M2

W ,M
2
Z from higher-isospin scalar

H5V V couplings are nonzero: very different from 2HDM!

H0
5W

+
µ W

−
ν : −i2M

2
W

vSM

g5√
6
gµν,

H0
5ZµZν : i

2M2
Z

vSM

√
2

3
g5gµν,

H+
5 W

−
µ Zν : −i2MWMZ

vSM

g5√
2
gµν,

H++
5 W−µ W

−
ν : i

2M2
W

vSM
g5gµν,

Coupling strength depends on the isospins of the scalars involved:

gGM
5 =

√
2sH , gGGM4

5 =

√
24

5
sH , gGGM5

5 =

√
42

5
sH , gGGM6

5 =
8√
5
sH

Direct probe of higher-isospin vacuum condensate!
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Constraint from VBF H±±5 →W±W± → same-sign dileptons

Theorist-recasting of ATLAS W±W±jj cross-section measure-
ment ATLAS, 1405.6241

⇒ put limit on VBF → H±±5 cross section, directly constrain g5
3

100 200 300 400 500 600 700 800
mH5 [GeV]

20

30

40

50

60

70

v !
 [G

eV
]

Exclu
ded at th

e 6
8% CL

Allowed

Exclu
ded at th

e 9
5% CL

100 200 300 400 500 600 700 800 900 1000
mH5 [GeV]

0

10

20

30

40

50

60

70

v !
 [G

eV
]

30 fb
-1

100 fb
-1

300 fb
-1

3000 fb
-1

FIG. 1: (Left) Excluded regions on the mH5 -v∆ plane by the 8-TeV LHC data at 68% and 95% CL. (Right) Contours of
required luminosity for a 5-sigma discovery at the 14-TeV LHC on the mH5 -v∆ plane.

tion of pp → jjW±W± process depends only on v∆ and
mH5 , the mass of H±±

5 and H0
5 .

In Ref. [1], the signal events are classified as the inclu-
sive region and the VBS region. In both of the cases, the
following basic kinematic cuts are imposed:

p!
T > 20 GeV, pj

T > 30 GeV, ET/ > 40 GeV,

|η!| < 2.5, |ηj | < 4.5,

∆R!! > 0.3, ∆Rjj > 0.4, ∆R!j > 0.3,

Mjj > 500 GeV, M!! > 20 GeV, (5)

where pX
T , and ηX and MXX are the transverse mass and

pseudorapidity for parton X , respectively. The distance
between two partons X and Y is denoted by ∆RXY , and
ET/ is the missing transverse energy. The signal events
for the inclusive region are obtained by only taking the
above cuts. For the VBS region, one further imposes the
following cut:

|∆yjj | > 2.4, (6)

where ∆yjj is the rapidity difference between the dijets.
We note that the cross section of the inclusive region in-
cludes contributions from both electroweak and strong
processes, while that of the VBS region mainly the elec-
troweak processes due to the cut in Eq. (6).

From the measured pp → jj"±"±ET/ events and
Monte Carlo background simulations, the fiducial cross
sections for the inclusive and VBS regions are re-
spectively derived to be 2.1±0.5(stat)±0.3(sys) fb and
1.3±0.4(stat)±0.2(sys) fb [1]. The corresponding SM
cross sections quoted in Ref. [1] are 1.52± 0.11 fb and
0.95±0.06 fb. Therefore, the SM predictions are consis-
tent with the measured fiducial cross sections within 1σ.

In the following numerical analysis, we use
MadGraph5 [11] for simulations and CTEQ6L for the
parton distribution functions. Before comparing the
cross sections in the GM model with the fiducial values,

we first calibrate the SM cross sections. Our SM simu-
lations give the inclusive cross section as 1.66 fb and the
VBS cross section as 1.06 fb. We will thus multiply the
factors 0.92 (=1.52 fb/1.66 fb) and 0.90 (=0.95 fb/1.06
fb) to the cross sections simulated in our analysis in
the inclusive and VBS regions, respectively. We confirm
that the VBS region has a better sensitivity than the
inclusive region. For example, using the analysis based
on the VBS (inclusive) region, we obtain in the case of
mH5 = 200 GeV the upper limit of 27 GeV (32 GeV) at
the 68% CL and 33 GeV (40 GeV) at the 95% CL for
v∆. Therefore, we concentrate on the VBS cross section
in the following analysis.

The left plot in Fig. 1 shows the excluded parameter
region on the mH5 - v∆ plane according to the current
20.3 fb−1 data of 8-TeV LHC. The region above the black
(red) curve is excluded at the 68% (95%) CL. The most
severe upper bound on v∆ is about 30 GeV at the 95%
CL in the case of mH5 = 200 GeV. When a larger value of
mH5 is taken, the bound on v∆ becomes more relaxed due
to smaller production cross sections. When mH5 is taken
to be smaller than about 200 GeV, a milder bound on
v∆ is also obtained, as more events from the 5-plet Higgs
bosons are rejected by the kinematic cuts in Eq. (5).

By applying the same analysis for the VBS region
to the case of 14-TeV collisions, one can calculate ex-
pected cross section deviations from the SM predictions
for different luminosities. In the right plot of Fig. 1,
we show the expected 5-sigma reach for excess in the
pp → jjW±W± process at the 14-TeV LHC on the mH5-
v∆ plane. The integrated luminosity is assumed to be
30, 100 and 300 fb−1 for the three curves. Similar to the
analysis of 8-TeV data, the discovery reach becomes the
largest at around mH5 = 200 GeV, where a 5-sigma dis-
crepancy is expected in the cases of v∆ ! 24, 17 and 12
GeV for the luminosity of 30, 100, 300, and 3000 fb−1,
respectively.

Fig. 2 shows the contours of signal strengths for the

g5 =
√

2sH in GM model

v∆ ≡ vχ = sHvSM/
√

8

Chiang, Kanemura & Yagyu, 1407.5053
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What about higher H5 masses?
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

SM/5 ' (780 GeV)2 Lee, Quigg & Thacker 1977

- GM model:
[
(κhV )2m2

h + (κHV )2m2
H + 2

3g
2
5m

2
5

]
< 16πv2

SM/5

- combine with sum rule (κhV )2 + (κHV )2 − 5
6g

2
5 = 1:

g2
5 <

6

5

(16πv2
SM − 5m2

h)

(4m2
5 + 5m2

h)
' 24πv2

SM

5m2
5
'
(

955 GeV

m5

)2

Good news for VBF production (compared to 2HDM (κHV )2 ∼ v4/m4
H)
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√
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Note: s2
H ≡ exotic fraction of M2

W,Z is least constrained in original Georgi-Machacek model.
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Constraint from VBF H±5 →W±Z → qq`+`−

Dedicated ATLAS search for singly-charged resonance in VBF,
using Georgi-Machacek model as benchmark
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m

200 300 400 500 600 700 800 900 1000

H
s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Observed (CLs)

Expected (CLs)

σ1±

σ2±

>15%±H
/m±H

Γ
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H

ATLAS

1
 = 8 TeV, 20.3 fbs

ATLAS 1503.04233

g2
5 . (955 GeV/m5)2 ⇒ ΓH+/m5 . 15% for m5 �MW
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H±5 →W±Z exclusion not quite as strong as H±±5 →W±W±, but

more data is coming.
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ATLAS 1503.04233 HEL & Rentala, 1502.01275,

after Chiang, Kanemura & Yagyu, 1407.5053,

after ATLAS, 1405.6241

Straightforward to translate constraint from Georgi-Machacek

model onto its higher-isospin generalizations.
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What about lower H5 masses? pair production, H++
5 →W+W+

Constraint on H±±H∓∓+ H±±H∓ in Higgs Triplet Model from
recasting ATLAS like-sign dimuons search ATLAS, 1412.0237

Kanemura, Kikuchi, Yagyu & Yokoya, 1412.7603

Adapt to generalized Georgi-Machacek models using

σNLO
tot (pp→ H++

5 H−−5 )GM = σNLO
tot (pp→ H++H−−)HTM,

σNLO
tot (pp→ H±±5 H∓5 )GM =

1

2
σNLO

tot (pp→ H±±H∓)HTM.
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⇒ m5 & 76 GeV,

independent of g5

Takes advantage of

mass-degeneracy of H++
5

and H+
5
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What about lower H5 masses? pair production, H0
5 → γγ

Scalar pair prod’n qq̄′ →W ∗ → H0
5H
±
5 : large xsec at low mass

Fermiophobic H0
5: decays to γγ dominate at low mass

Take advantage of 8 TeV LHC diphoton cross-section limits!

8

WW (brown), and ZZ (red) pairs at 8 TeV LHC. We
also show the limits (dashed lines) coming from ATLAS
diphoton searches at 8 TeV [76] (blue) as well as CMS
7 + 8 TeV searches [77] for decays to WW (brown) and
ZZ (red). Our leading order results for the pp → W± →
H±

5 H0
5 production cross sections are calculated using the

Madgraph/GM model implementation from [58, 59]. The
branching ratios are obtained from the partial widths into
γγ, V ∗γ (V = Z, γ), WW , and ZZ which are computed
for the mass range 45 − 250 GeV. They have a similar
behavior as those in Fig. 4 except that at high mass ZZ
dominates due to the fact that λWZ = 1/2 [78]. The rele-
vant three and four body decays are obtained by integra-
tion of the analytic expressions for the H0

5 → V γ → 2�γ
and H0

5 → V V → 4� fully differential decay widths com-
puted in [69–71]. We note that these branching ratios
include the γ∗γ contribution which, as shown in Fig. 4,
can be sizeable at low masses.

We focus on the regime where the effective couplings of
the fiveplet to γγ and Zγ are dominated by the W loop
contribution shown in Fig. 3. The effects of the charged
scalar sector could in principle be large [55] leading to
enhanced or suppressed effective couplings to photons. As
discussed above, and shown in Fig. 5, this can affect the
upper limit of masses which can be ruled out and could
in principle allow for masses up to the WW threshold to
be ruled out by diphoton searches. Since these effects are
more model dependent we do not consider them here.
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FIG. 7. Drell-Yan H0
5H±

5 production cross sections times
branching ratio at 8 TeV (solid curves) into γγ (blue), ZZ
(red), and WW (brown) for the fermiophobic fiveplet found
in custodial Higgs triplet models. The 95% exclusion lim-
its (dashed curves) from diphoton 8 TeV ATLAS [76] and
7 + 8 TeV CMS WW and ZZ searches [77] are also shown
for each channel. In the gray shaded region we show for com-
parison the sθ = 0.4 (see Eq. (2)) contour for single H0

5 VBF
production (see text).

We see in Fig. 7 that by exploiting the H0
5H±

5 Higgs
pair production mechanism, custodial fiveplet scalars
with masses � 107 GeV can be ruled out by 8 TeV dipho-
ton searches, independently of the Higgs triplet vev. We
find similar limits as those found in Fig. 5 for the same

values of suppressed and enhanced couplings to pho-
tons. These are the first such limits on custodial fiveplet
scalars and in particular, since the charged and neutral
components are degenerate, limits from Tevatron 4γ+X
searches [56] do not apply. This is because for cases like
the custodial fiveplet where the masses are degenerate,
the H±

5 → H0
5W± decay is not available. In this case the

one loop H±
5 → W±γ decay can become dominant lead-

ing instead to a 3γ + W signal. Examining this decay as
well should improve the sensitivity relative to diphoton
searches.

To emphasize the utility of the DY pair production
mechanism, we also show (gray shaded region) the cross
section times branching ratio assuming the VBF pro-
duction mechanism. Since for a fiveplet we have instead
λWZ = 1/2 for the ratio of WW and ZZ couplings
(see Eq. (4)), one cannot simply rescale the SM cross
section for which λWZ = 1. We therefore have again
used [58, 59] to obtain these results for 8 TeV LHC. We
have fixed sθ = 0.4 for the doublet-triplet vev mixing an-
gle as defined in [59] and schematically in Eq. (2). The
value sθ = 0.4 is towards the upper limit of values still
allowed by electroweak precision and 125 GeV Higgs
data [79, 80], but we can see in Fig. 7 this already renders
diphoton searches for custodial fiveplet scalars based on
VBF (and similarly for VH) production irrelevant.

We also emphasize that ruling out a custodial fiveplet
below ∼ 110 GeV independently of the vev allows us to
unambiguously close the fiveplet ‘window’ at masses be-
low ∼ 100 GeV [42] which is still allowed by electroweak
precisions data [81] and essentially unconstrained by
other LEP, Tevatron, and LHC direct searches. Thus we
are able to rule out an interesting region of parameter
space of custodial Higgs triplet models which would oth-
erwise be difficult to constrain directly. We estimate 13
TeV diphoton searches will be sensitive to scalar masses
up to ∼ 125 GeV in the regime of dominant W boson
loop, though NLO Higgs pair production effects [65] may
allow this to be extended further. The diphoton search
discussed here may of course be useful for other scalars
which are found in custodial Higgs triplet models, but we
do not explore this here.

Finally, we also see in Fig. 7 that WW and ZZ searches
may be useful for probing custodial fiveplet scalars inde-
pendently of the Higgs triplet vev as well. Though 8 TeV
searches are not quite sensitive, larger Higgs pair produc-
tion cross sections at 13 TeV (see Fig. 1) should allow for
fiveplet masses well above diphoton limits to be probed
and possibly as high as ∼ 250 GeV. In particular, the ZZ
channel should become sensitive with early 13 TeV data
for masses around the ZZ threshold. These also serves as
a useful compliment to W+W+ searches for the doubly
charged component of the custodial fiveplet [82].

Excludes m5 . 110 GeV
independent of exotic vev

For illustration: plot neglects
charged scalar loop contribu-
tions to H0

5 → γγ
(full model scan is feasible)

Delgado, Garcia-Pepin, Quirós, Santiago, & Vega-Morales, 1603.00962

H+
5 →W+γ also interesting: BR implementation in progress
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Conclusions

LHC Higgs measurements are (so far) consistent with the SM

But there is still room for New Physics in the electroweak-
symmetry-breaking sector: additional scalar fields condensed in
the vacuum!

(1) Additional source of fermion masses?
→ two-Higgs-doublet models

(2) Additional (non-doublet) source of electroweak breaking?
→ models with higher-isospin scalar multiplets

The more these contribute to EW breaking/fermion masses, the
harder they are to hide from experiments.

- H/A→ tt̄: probe low-tanβ window of 2HDM
- VBF H±±5 →W±W±, H±5 →W±Z: probe higher-isospin vev
- Fermiophobic scalar pair production at low mass: γγ and Wγ
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BACKUP
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Septet model (work in progress)

Two CP-even neutral scalars:

h0 = cαφ
0,r − sαχ0,r, H0 = sαφ

0,r + cαχ
0,r

One CP-odd neutral scalar: (cH ≡ vφ/vSM as usual)

A0 = −sHφ0,i + cHχ
0,i

Two charged scalars:
(one fermiophilic and one vectorphilic, but they mix in general)

H+
f = −sHφ+ + cH

(√
5

8
χ+1 −

√
3

3
(χ−1)∗

)
,

H+
V =

√
3

8
χ+1 +

√
5

8
(χ−1)∗

A doubly-charged scalar, that couples to W+W+:

H++ = χ+2

Some higher-charged states:

χ+3, χ+4, χ+5

- No H0
5; would-be H+

5 can mix with fermiophilic state
- Rely on H++ to constrain higher-isospin vacuum condensate
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Septet model (work in progress)

H++W−µ W
−
ν : i

2M2
W

vSM
(
√

15sH)gµν

VBF H±± →W±W± is as good as ever! → VBF likesign dileptons

VBF H± →W±Z loses its clean interpretation:

H+ → f̄f competes with W+Z; mH+ 6= mH++ in general

No custodial symmetry: unitarity bound on sH at high mH++ is

modified, but still remains useful.

Analysis of LHC constraints on septet-state pair production (trilep-

tons; like-sign dileptons) excludes low masses→Mseptet & 400 GeV

Alvarado, Lehman & Ostdiek, 1404.3208
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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.

- 2HDM: To preserve cancellation at E � mH, need a sum rule:

(κhV )2 + (κHV )2 = 1
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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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Both have theoretical “issues”:

1) Global SU(2)L×SU(2)R is broken by gauging hypercharge.

Gunion, Vega & Wudka 1991

Special relations among param’s of full gauge-invariant scalar

potential can only hold at one energy scale: violated by running

due to hypercharge. Garcia-Pepin, Gori, Quiros, Vega, Vega-Morales, Yu 2014

Need the UV completion to be nearby!

2) Can’t give the septet a vev through spontaneous breaking

without generating a physical massless Goldstone boson.

Have to couple it to the SM doublet through a dimension-7

XΦ∗Φ5 term Hisano & Tsumura 2013

Need the UV completion to be nearby!

But we need a nearby UV completion to solve the hierarchy problem anyway.
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How large can the isospin be? Hally, HEL, & Pilkington 1202.5073

Consider 2→ 2 scattering amplitudes for φφ→ VTVT :

transverse SU(2)L gauge bosons

- no growth with E2; amplitude depends on weak charges & number of φ’s

II. COUPLINGS AND MATRIX ELEMENTS

To obtain the desired unitarity constraints, we study
scattering of two scalars into two electroweak gauge
bosons in the high-energy limit, for overall electrically
neutral initial and final states. We are interested in the
constraints that arise from large electroweak charges;
therefore, we ignore electroweak symmetry breaking and
work in the unmixed SUð2ÞL # Uð1ÞY basis. This has the
advantage of allowing us to cleanly separate the constraints
due to the SUð2ÞL and Uð1ÞY interactions. We also thus
consider only the transverse polarization states of the
gauge bosons and ignore the gauge boson masses.

The gauge interactions of the scalars arise from the
scalar gauge-kinetic terms,

L $
8
<
:
ðD!XÞyðD!XÞ for X complex;

1
2 ðD!!ÞyðD!!Þ for ! real:

(2)

We will express the complex and real scalar multiplets in
the charge basis as

X ¼

"1

"2

..

.

"n

0
BBBBBB@

1
CCCCCCA
; ! ¼

#Q

..

.

#0

..

.

#&Q

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

: (3)

Note that for the real multiplet, Y must be zero and T must
be an integer. Note also that #0 is a real scalar, while the
neutral member ofX (if one exists) is a complex scalar. The
positively and negatively charged states in! are related by
ð#QÞ' ¼ ð&1ÞQ#&Q. For X we also have T3"1 ¼ T"1,
T3"n ¼ &T"n, etc., where T is the total isospin of the
multiplet X and T3 is the third component of the isospin.

The covariant derivative is given as usual by

D!¼@!& igWa
!T

a& ig0B!
Y

2

¼@!& i
gffiffiffi
2

p ðWþ
!T

þþW&
!T

&Þ& igW3
!T

3& ig0B!
Y

2
;

(4)

where Ta are the SUð2Þ generators and W) and T) are
given by

W)
! ¼ 1ffiffiffi

2
p ðW1

! * iW2
!Þ; T) ¼ T1 ) iT2: (5)

The partial wave amplitudes are related to scattering
matrix elements according to

M ¼ 16$
X

J

ð2J þ 1ÞaJPJðcos%Þ; (6)

where J is the orbital angular momentum of the final state
and PJðcos%Þ is the corresponding Legendre polynomial.
Tree-level partial wave unitarity dictates that

jRea0j + 1=2: (7)

We will use only the zeroth partial wave amplitude, a0, to
set our unitarity limits.
The contributing Feynman diagrams are shown in

Fig. 1. Diagrams (a), (b), and (c) contribute to the processes
"'" ! BB, W3W3, and BW3, while all four diagrams
contribute to the process "'" ! WþW&. The matrix ele-
ments are computed in the Appendix. For each final state,
there are four distinct polarization combinations of the
gauge bosons; two combinations give zero for the matrix
element, while the other two each yield the same zeroth
partial wave matrix element in the high-energy limit.
For the complex scalar X we find,

a0ð"'
i"i ! BB=

ffiffiffi
2

p
Þ ¼ g2

16$

s2W
c2W

Y2

2
ffiffiffi
2

p ;

a0ð"'
i"i ! BW3Þ ¼ g2

16$

sW
cW

T3Y;

a0ð"'
i"i ! W3W3=

ffiffiffi
2

p
Þ ¼ g2

16$

ffiffiffi
2

p
ðT3Þ2;

a0ð"'
i"i ! WþW&Þ ¼ g2

16$
½TðT þ 1Þ & ðT3Þ2-;

(8)

where sW (cW) is the sine (cosine) of the weak mixing
angle defined via g0=g ¼ sW=cW , and we have used the
fact that initial or final states involving two identical par-
ticles receive an extra 1=

ffiffiffi
2

p
normalization.

(a) (b) (c) (d)

FIG. 1. Feynman diagrams contributing to ""' ! V1V2.

KATY HALLY, HEATHER E. LOGAN, AND TERRY PILKINGTON PHYSICAL REVIEW D 85, 095017 (2012)

095017-2
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How large can the isospin be? Hally, HEL, & Pilkington 1202.5073

Consider 2→ 2 scattering amplitudes for φφ→ VTVT :
transverse SU(2)L gauge bosons
- no growth with E2; amplitude depends on weak charges & number of φ’s

General result for complex scalar multiplet with n = 2T + 1:

amax
0 =

g2

16π

(n2 − 1)
√
n

2
√

3

- Real scalar multiplet: divide by
√

2 to account for smaller number of φ’s

- More than one multiplet: add a0’s in quadrature

Unitarity: require largest amplitude amax
0 satisfies |Re a0| < 1/2:

- Complex multiplet ⇒ T ≤ 7/2 (8-plet)
- Real multiplet ⇒ T ≤ 4 (9-plet)
- Constraints tighter if more than one large multiplet is present

(generally required in SU(2)L×SU(2)R-symmetric models)

Essentially a requirement that the weak charges not be too large.
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Phenomenology: custodial fiveplet H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5

Custodial-fiveplet comes only from higher-isospin scalars:
no couplings to fermions!

s2
H ≡ fraction of M2

W ,M
2
Z from higher-isospin scalar

H5V V couplings are nonzero: very different from 2HDM!

H0
5W

+
µ W

−
ν : −i2M

2
W

vSM

g5√
6
gµν,

H0
5ZµZν : i

2M2
Z

vSM

√
2

3
g5gµν,

H+
5 W

−
µ Zν : −i2MWMZ

vSM

g5√
2
gµν,

H++
5 W−µ W

−
ν : i

2M2
W

vSM
g5gµν,

But g5 is also fixed by V V → V V unitarization sum rule:

(κhV )2 + (κHV )2 − 5

6
g2

5 = 1

Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter’s Guide)

(relies on custodial symmetry in scalar sector; same in all GGM models)
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Detail:

SM + real triplet ξ: ρ > 1

SM + complex triplet χ (Y = 2): ρ < 1

Combine them both: 〈χ0〉 = vχ, 〈ξ0〉 = vξ; doublet 〈φ0〉 = vφ/
√

2

ρ =
v2
φ + 4v2

ξ + 4v2
χ

v2
φ + 8v2

χ
= 1 when vξ = vχ

To avoid this being fine-tuned, enforce vξ = vχ using a symmetry.

SU(2)L×SU(2)R global symmetry on scalar potential:

- present by accident in SM Higgs sector

- breaks to diagonal subgroup SU(2)custodial upon EWSB
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Implementation of κhV > 1

hV V coupling always suppressed in

models with doublets/singlets:

- SM: 2i
M2
W
v gµν (v ' 246 GeV)

- 2HDM: 2i
M2
W
v gµν sin(β − α)

- SM + singlet: 2i
M2
W
v gµν cosα (h = φ cosα− s sinα)

hWW coup can be enhanced in models with triplets (or larger):

- SM + some multiplet X: 2i
M2
W
v gµν · vXv 2

[
T (T + 1)− Y 2

4

]

(Q = T 3 + Y/2)

- scalar with isospin ≥ 1
- must have a non-negligible vev
- must mix into the observed Higgs h
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Motivation for enhanced hV V couplings

Simultaneous enhancement of all the h couplings can hide a non-
SM contribution to the Higgs width.

LHC measures rates in particular final states:

Rateij =
σiΓj
Γtot

=
κ2
i σ

SM
i · κ2

jΓSM
j∑

k κ
2
kΓSM

k + Γnew

All rates will be identical to SM Higgs if all κi ≡ κ ≥ 1 and

κ2 =
1

1−BRnew
BRnew ≡

Γnew

κ2ΓSM
tot + Γnew

Coupling enhancement hides presence of new decays!
New decays hide presence of coupling enhancement!

Constraint on Γtot (equivalently on κ) from off-shell gg (→ h∗)→ ZZ assumes

no new resonances in s-channel: a light H can cancel effect of modified h

couplings. 1412.7577

Study concrete models in which κ > 1 to gain insight.
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Most general 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

9 parameters, 2 fixed by MW and mh → free parameters are mH, m3, m5, vχ, α plus two

triple-scalar couplings.

Dimension-3 terms usually omitted by imposing Z2 sym. on X.
These dim-3 terms are essential for the model to possess a de-
coupling limit!
(UXU †)ab is just the matrix X in the Cartesian basis of SU(2), found using

U =

( − 1√
2

0 1√
2

− i√
2

0 − i√
2

0 1 0

)
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Phenomenology I: custodial singlets h0, H0

Vevs: 〈Φ〉 = (vφ/
√

2)I2×2, 〈Xn〉 = vnIn×n =⇒ define cH = vφ/v

Recall c2
H = fraction of M2

W,Z coming from doublet vev

Two custodial-singlet states are mixtures of φ0,r and custodial

singlet from higher-isospin scalars:

h0 = cαφ
0,r − sαH ′01 , H0 = sαφ

0,r + cαH
′0
1

Couplings to W+W−/ZZ and f̄f :

κhV = cαcH −
√
AsαsH κhf = cα/cH

κHV = sαcH +
√
AcαsH κHf = sα/cH

Note that κhV ≤
[
1 + (A− 1)s2

H

]1/2
, saturated when κHV = 0.√

A factor comes from the generators: A = 4T (T + 1)/3

AGM = 8/3, AGGM4 = 15/3, AGGM5 = 24/3, AGGM6 = 35/3

(Septet model: A7 = 16)
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Large enhancements of κhV possible for large sH (up to about 3.3):
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Vertical line:

yt perturbativity → tan θH < 10/3

HEL & Rentala, 1502.01275

Impossible to have κhV , κ
h
f = 1 without sH → 0:

High-precision measurements of Higgs couplings will constrain
higher-isospin vacuum condensate.

κhV = cαcH −
√
AsαsH κhf = cα/cH

κHV = sαcH +
√
AcαsH κHf = sα/cH
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Phenomenology II: custodial triplet H+
3 , H

0
3 , H

−
3

Couplings to fermions are the same as H±, A0 in Type-I 2HDM:

H0
3 ūu :

mu

v
tan θHγ5, H0

3 d̄d : −md

v
tan θHγ5,

H+
3 ūd : −i

√
2

v
Vud tan θH (muPL −mdPR) ,

H+
3 ν̄` : i

√
2

v
tan θHm`PR.

ZH+
3 H

−
3 also the same as in 2HDM:

constraints from b→ sγ, Bs → µµ, Rb, etc translate directly.

Vector-phobic: no H3V V couplings at tree level.
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Constraint from b→ sγ

H+
3 in the loop: measurement constrains m3 and sin θH

- Holds for all generalizations of Georgi-Machacek model
- Also constrains septet model, but not identical
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Constraint from b→ sγ in original Georgi-Machacek model:

Apply to original Georgi-Machacek model: s2
H < 0.56

Can constrain because high sH at high m3 is theoretically inaccessible.

⇒ at least 44% of M2
W,Z is due to doublet vev (Model-dependent bound)

Hartling, Kumar & HEL, 1410.5538 (Light green points excluded by b→ sγ)
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All the SU(2)L×SU(2)R models are the same when expressed in
terms of g5: use sum rule, (κhV )2 ≤ 1 + 5g2

5/6
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⇒ κhV . 1.57 for m5 > 100 GeV HEL & Rentala, 1502.01275
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What about lower H5 masses?

Decay-mode-independent OPAL search for Z + S0 production:
constrain H0

5ZZ coupling ∝ g5 OPAL, hep-ex/0206022
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Takes advantage of mass degeneracy H0
5 and H++

5
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⇒ κhV . 2.36 for all m5! HEL & Rentala, 1502.01275

compare κhV . 3.3 in unconstrained GGM6
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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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