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The Standard Model as written down by Weinberg in 1967 imple-

ments electroweak symmetry breaking using a spin-zero doublet

of SU(2)L:

Φ =

(
φ+

φ0

)
, 〈Φ〉 =

(
0

v/
√

2

)

This is the simplest possible option – the minimum nontrivial

“charge” under SU(2)L.
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〈Φ〉 6= 0 breaks electroweak symmetry (Y = 1/2, T a = σa/2):

L ⊃ (DµΦ)†(DµΦ) Dµ = ∂µ − ig′BµY − igW a
µT

a

=
g2

2

{
〈Φ〉†(T+T−+ T−T+)〈Φ〉

}
W+
µ W

−µ

+
(g2 + g′2)

2

{
〈Φ〉†(T3T3 + Y 2)〈Φ〉

}
ZµZ

µ + · · ·

〈Φ〉 is in the Q = 0 component → use Q = T3 + Y

L ⊃
g2v2

2

{
T (T + 1)− Y 2

}
W+
µ W

−µ +
(g2 + g′2)v2

4

{
2Y 2

}
ZµZ

µ + · · ·

=
g2v2

4
W+
µ W

−µ +
(g2 + g′2)v2

8
ZµZ

µ + · · ·

So M2
W = g2v2/4 and M2

Z = (g2 + g′2)v2/4.

Fermion masses come as a bonus (doublet Φ marries left-handed

fermion doublets):

L ⊃ −yeēRΦ†LL + h.c. = −
yev√

2
ēe+ · · · = −meēe+ · · ·
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Higgs boson measurements agree with the single doublet Stan-
dard Model so far:
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The Standard Model as written down by Weinberg in 1967 imple-

ments electroweak symmetry breaking using a spin-zero doublet

of SU(2)L:

Φ =

(
φ+

φ0

)
, 〈Φ〉 =

(
0

v/
√

2

)

This is the simplest possible option – the minimum nontrivial

“charge” under SU(2)L.

Q: Could there be contributions to electroweak symmetry break-

ing from scalars in larger (“exotic”) representations of SU(2)L?

Objectives:

- Identify all possible models

- Find generic search strategies to constrain exotic vevs
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Outline

Requirements for a sensible theory

- allowed representations from perturbative unitarity

- allowed vevs from rho parameter

- some model building

Georgi-Machacek model and constraints from VBF → H5 → V V

Constraining other models (GM-like; septet)

Promising channels at lower masses

Conclusions
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How high an isospin is ok?

Higher isospin → higher maximum “weak charge” (gT3, etc.)

Higher isospin → higher multiplicity of scalars

Unitarity of the scattering matrix:

|Re a`| ≤ 1/2, M = 16π
∑
`

(2`+ 1)a`P`(cos θ)

Scattering of longitudinally-polarized W s & Zs famously used to

put upper bound on Higgs mass Lee, Quigg & Thacker 1977

To bound the strength of the weak charge, consider transversely

polarized W s & Zs (the ordinary gauge modes).

Too strong a charge → nonperturbative
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χχ↔W a
TW

a
T : Hally, HEL, & Pilkington 1202.5073

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
a0 =

g2

16π

(n2 − 1)
√
n

2
√

3
complex χ, n = 2T + 1

- Real scalar multiplet: divide by
√

2 to account for smaller multiplicity

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

- Complex multiplet ⇒ T ≤ 7/2 (8-plet)
- Real multiplet ⇒ T ≤ 4 (9-plet)
- Constraints tighter if more than one large multiplet
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T Y
1/2 1/2

1 0
1 1

3/2 1/2
3/2 3/2

2 0
2 1
2 2

5/2 1/2
5/2 3/2
5/2 5/2

3 0
3 1
3 2
3 3

7/2 1/2
7/2 3/2
7/2 5/2
7/2 7/2

4 0

Complete list of (perturbative) scalars that can

contribute to EWSB:

- Singlet T = 0, Y = 0 doesn’t contribute to

EWSB

- Must have a neutral component (Q = T 3 +Y = 0)

- Y → −Y is just the conjugate multiplet
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How much can these contribute to EWSB?

L ⊃
g2

2

{
〈X〉†(T+T−+ T−T+)〈X〉

}
W+
µ W

−µ

+
(g2 + g′2)

2

{
〈X〉†(T3T3 + Y 2)〈X〉

}
ZµZ

µ + · · ·

Must have at least one doublet to give masses to SM fermions

M2
W =

(
g2

4

)
[v2
φ + a〈X0〉2]

M2
Z =

(
g2 + g′2

4

)
[v2
φ + b〈X0〉2]

where 〈ΦSM〉 = (0, vφ/
√

2)T and

a = 4
[
T (T + 1)− Y 2

]
c

b = 8Y 2

c = 1 for complex and c = 1/2 for real multiplet

SM Higgs doublet: a = b = 2 (cancels (1/
√

2)2 in 〈Φ0〉2)
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Extremely strong constraint from low-energy weak interaction

strength measurements:

ρ ≡
weak neutral current

weak charged current
=

(g2 + g′2)/M2
Z

g2/M2
W

=
v2
φ + a〈X0〉2

v2
φ + b〈X0〉2

a = 4
[
T (T + 1)− Y 2

]
c

b = 8Y 2

Experiment: (Moriond 2017, Erler 1704.08330)

ρ = 1.000 36± 0.000 19
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T Y a b δρ δM2
W |max δM2

Z|max
1/2 1/2 2 2 0 – –

1 0 4 0 + 0.068% 0
1 1 4 8 − 0.021% 0.042%

3/2 1/2 14 2 + 0.079% 0.011%
3/2 3/2 6 18 − 0.011% 0.032%

2 0 12 0 + 0.068% 0
2 1 20 8 + 0.113% 0.045%
2 2 8 32 − 0.007% 0.028%

5/2 1/2 34 2 + 0.072% 0.004%
5/2 3/2 26 18 + 0.221% 0.153%
5/2 5/2 10 50 − 0.005% 0.026%

3 0 24 0 + 0.068% 0
3 1 44 8 + 0.083% 0.015%
3 2 32 32 0 – –
3 3 12 72 − 0.004% 0.025%

7/2 1/2 62 2 + 0.070% 0.002%
7/2 3/2 54 18 + 0.102% 0.034%
7/2 5/2 38 50 − 0.067% 0.088%
7/2 7/2 14 98 − 0.004% 0.025%

4 0 40 0 + 0.068% 0

work in progress

with Jesi Goodman
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T Y a b δρ δM2
W |max δM2

Z|max
1/2 1/2 2 2 0 – – doublet

1 0 4 0 + 0.068% 0
1 1 4 8 − 0.021% 0.042%

3/2 1/2 14 2 + 0.079% 0.011%
3/2 3/2 6 18 − 0.011% 0.032%

2 0 12 0 + 0.068% 0
2 1 20 8 + 0.113% 0.045%
2 2 8 32 − 0.007% 0.028%

5/2 1/2 34 2 + 0.072% 0.004%
5/2 3/2 26 18 + 0.221% 0.153%
5/2 5/2 10 50 − 0.005% 0.026%

3 0 24 0 + 0.068% 0
3 1 44 8 + 0.083% 0.015%
3 2 32 32 0 – – septet
3 3 12 72 − 0.004% 0.025%

7/2 1/2 62 2 + 0.070% 0.002%
7/2 3/2 54 18 + 0.102% 0.034%
7/2 5/2 38 50 − 0.067% 0.088%
7/2 7/2 14 98 − 0.004% 0.025%

4 0 40 0 + 0.068% 0
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T Y a b δρ δM2
W |max δM2

Z|max
1/2 1/2 2 2 0 – –

1 0 4 0 + 0.068% 0
1 1 4 8 − 0.021% 0.042%

3/2 1/2 14 2 + 0.079% 0.011%
3/2 3/2 6 18 − 0.011% 0.032%

2 0 12 0 + 0.068% 0
2 1 20 8 + 0.113% 0.045%
2 2 8 32 − 0.007% 0.028%

5/2 1/2 34 2 + 0.072% 0.004%
5/2 3/2 26 18 + 0.221% 0.153%
5/2 5/2 10 50 − 0.005% 0.026%

3 0 24 0 + 0.068% 0
3 1 44 8 + 0.083% 0.015%
3 2 32 32 0 – –
3 3 12 72 − 0.004% 0.025%

7/2 1/2 62 2 + 0.070% 0.002%
7/2 3/2 54 18 + 0.102% 0.034%
7/2 5/2 38 50 − 0.067% 0.088%
7/2 7/2 14 98 − 0.004% 0.025%

4 0 40 0 + 0.068% 0

Include both reps
with v1 = v2:

ρ =
v2
φ + a1v2

1 + a2v2
2

v2
φ + b1v2

1 + b2v2
2∑

a = 8∑
b = 8
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T Y a b δρ δM2
W |max δM2

Z|max
1/2 1/2 2 2 0 – –

1 0 4 0 + 0.068% 0
1 1 4 8 − 0.021% 0.042%

3/2 1/2 14 2 + 0.079% 0.011%
3/2 3/2 6 18 − 0.011% 0.032%

2 0 12 0 + 0.068% 0
2 1 20 8 + 0.113% 0.045%
2 2 8 32 − 0.007% 0.028%

5/2 1/2 34 2 + 0.072% 0.004%
5/2 3/2 26 18 + 0.221% 0.153%
5/2 5/2 10 50 − 0.005% 0.026%

3 0 24 0 + 0.068% 0
3 1 44 8 + 0.083% 0.015%
3 2 32 32 0 – –
3 3 12 72 − 0.004% 0.025%

7/2 1/2 62 2 + 0.070% 0.002%
7/2 3/2 54 18 + 0.102% 0.034%
7/2 5/2 38 50 − 0.067% 0.088%
7/2 7/2 14 98 − 0.004% 0.025%

4 0 40 0 + 0.068% 0

Include both reps
with v1 = v2:

ρ =
v2
φ + a1v2

1 + a2v2
2

v2
φ + b1v2

1 + b2v2
2∑

a = 20∑
b = 20
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T Y a b δρ δM2
W |max δM2

Z|max
1/2 1/2 2 2 0 – –

1 0 4 0 + 0.068% 0
1 1 4 8 − 0.021% 0.042%

3/2 1/2 14 2 + 0.079% 0.011%
3/2 3/2 6 18 − 0.011% 0.032%

2 0 12 0 + 0.068% 0
2 1 20 8 + 0.113% 0.045%
2 2 8 32 − 0.007% 0.028%

5/2 1/2 34 2 + 0.072% 0.004%
5/2 3/2 26 18 + 0.221% 0.153%
5/2 5/2 10 50 − 0.005% 0.026%

3 0 24 0 + 0.068% 0
3 1 44 8 + 0.083% 0.015%
3 2 32 32 0 – –
3 3 12 72 − 0.004% 0.025%

7/2 1/2 62 2 + 0.070% 0.002%
7/2 3/2 54 18 + 0.102% 0.034%
7/2 5/2 38 50 − 0.067% 0.088%
7/2 7/2 14 98 − 0.004% 0.025%

4 0 40 0 + 0.068% 0

Include all 3 reps
with v1 = v2 = v3:

ρ =
v2
φ +

∑
aiv2

i

v2
φ +

∑
biv2

i∑
a = 40∑
b = 40
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T Y a b δρ δM2
W |max δM2

Z|max
1/2 1/2 2 2 0 – –

1 0 4 0 + 0.068% 0
1 1 4 8 − 0.021% 0.042%

3/2 1/2 14 2 + 0.079% 0.011%
3/2 3/2 6 18 − 0.011% 0.032%

2 0 12 0 + 0.068% 0
2 1 20 8 + 0.113% 0.045%
2 2 8 32 − 0.007% 0.028%

5/2 1/2 34 2 + 0.072% 0.004%
5/2 3/2 26 18 + 0.221% 0.153%
5/2 5/2 10 50 − 0.005% 0.026%

3 0 24 0 + 0.068% 0
3 1 44 8 + 0.083% 0.015%
3 2 32 32 0 – –
3 3 12 72 − 0.004% 0.025%

7/2 1/2 62 2 + 0.070% 0.002%
7/2 3/2 54 18 + 0.102% 0.034%
7/2 5/2 38 50 − 0.067% 0.088%
7/2 7/2 14 98 − 0.004% 0.025%

4 0 40 0 + 0.068% 0

Include all 3 reps
with v1 = v2 = v3:

ρ =
v2
φ +

∑
aiv2

i

v2
φ +

∑
biv2

i∑
a = 70∑
b = 70
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Complete list of models with sizable exotic sources of EWSB:

1) Doublet + septet (T, Y ) = (3,2): Scalar septet model

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

2) Doublet + triplets (1,0) + (1,1): Georgi-Machacek model

(ensure triplet vevs are equal using a global “custodial” symmetry)

Georgi & Machacek 1985; Chanowitz & Golden 1985

3) Doublet + quartets
(

3
2,

1
2

)
+
(

3
2,

3
2

)
: Generalized Georgi-

4) Doublet + quintets (2,0) + (2,1) + (2,2): Machacek models

5) Doublet + sextets
(

5
2,

1
2

)
+
(

5
2,

3
2

)
+
(

5
2,

5
2

)
:

(ensure exotics’ vevs are equal using a global “custodial” symmetry)

Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015

Larger than sextets → too many large multiplets, violates perturbativity!

Can also have duplications, combinations → ignore that here.
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Outline

Requirements for a sensible theory

- allowed reps from perturbative unitarity

- allowed vevs from rho parameter

- some model building

Georgi-Machacek model and constraints from VBF → H5 → V V

Constraining other models (GM-like; septet)

Promising channels at lower masses

Conclusions

Heather Logan (Carleton U.) Constraining exotic EWSB UC Davis 2018 May 10

19



Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs (bi-)doublet + triplets (1,0) + (1,1) in a bi-triplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =

 χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0


Global SU(2)L×SU(2)R → custodial symmetry 〈χ0〉 = 〈ξ0〉 ≡ vχ

Physical spectrum:
Bidoublet: 2⊗ 2→ 1⊕ 3 Bitriplet: 3⊗ 3→ 1⊕ 3⊕ 5

- Two custodial singlets mix → h0, H0 mh, mH

Usually identify h0 = h(125)

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

0
3 , H

−
3 ) m3 + Goldstones

Phenomenology very similar to H±, A0 in 2HDM Type I, tanβ → cot θH

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) m5 ←− F

Fermiophobic; H5V V couplings ∝ sH ≡
√

8vχ/vSM
s2
H ≡ exotic fraction of M2

W , M2
Z
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Smoking-gun processes:

VBF → H±±5 →W±W± VBF + like-sign dileptons + MET

VBF → H±5 →W±Z VBF + qq``; VBF + 3` + MET

Andrea Carlo Marini 6 Aug 2016

Charged Higgs bosons appear in many extensions of the SM

Introduction

2

2HDM Triplets models …
! type I / type II / type Y…"
! Light: mH± < mt - mb "
! t→H±b"
! ttbar and single top productions"
! for tan# > 5 preferentially decays 

into !"

! Heavy: mH± > mt - mb "
! for very high masses H±→tb"
! !(H±→ !") ~1—10 %

6 DiJet

qg➙qg

p

p

g

q

qq➙gg

p

p

g

g

gg➙gg

p

p

g

g

gg➙qq

p

p

q

q̄

7 Charged Higgs

gg➙H+

H+

p

p t̄

τ+

ντ

b

gg➙H+

H+

p

p t̄

b̄

t

b

gg➙H+

H+

p

p t̄

W+

H

b

gg➙H+

H+

p

p t̄

χ+

χ0

b

4

! Introduce H±WZ couplings at tree level"
! Di$erent phenomenology wrt nHDM"
!
!
! Georgi-Machacek: 
! real and complex triplet"
! free parameters: mass and sinTH

Nucl. Phys. B 262 (1985)

7 Charged Higgs

gg➙H+

H+

p

p t̄

τ+

ντ

b

gg➙H+

H+

p

p t̄

b̄

t

b

gg➙H+

H+

p

p t̄

W+

H

b

gg➙H+

H+

p

p t̄

χ+

χ0

b

qq̄➙H±➙ZW±

q̄

q

H±

p

p
W±

Z
W/Z

gg➙H−b̄t

t

t̄

p

p

H−

b̄

8 Doubled Charged Higgs

qq➙H++➙W±W±

q̄

q

H++

p

p
W±

W±

W

5

6 DiJet

qg➙qg

p

p

g

q

qq➙gg

p

p

g

g

gg➙gg

p

p

g

g

gg➙qq

p

p

q

q̄

7 Charged Higgs

gg➙H+

H+

p

p t̄

τ+

ντ

b

gg➙H+

H+

p

p t̄

b̄

t

b

gg➙H+

H+

p

p t̄

W+

H

b

gg➙H+

H+

p

p t̄

χ+

χ0

b

qq̄➙H±➙ZW±

q̄

q

H±

p

p
W±

Z
W/Z

4

Cross section ∝ s2
H ≡ fraction of M2

W ,M
2
Z due to exotic scalars
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Searches

SM VBF →W±W± → `±`± + MET cross section measurement

ATLAS Run 1 1405.6241, PRL 2014

Recast to constrain VBF → H±±5 →W±W± → `±`± + MET

Chiang, Kanemura, Yagyu, 1407.5053

3
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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
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Searches

VBF H±±5 →W±W± → `±`± + MET (CMS Run 1)

CMS 1410.6315, PRL 2015

Signal Extraction
• Model independent limits on cross  

section times BR are derived"

LHCHXSWG-2015-001 and MG Model 
files did not exist back then 

• m(jj) distribution is used to extract  
signal"

• Model independent limit to be  
converted into exclusion limit  
on VEV in Georgi-Machacek Model"

essentially: 

10

6

The cross section for VBF production of H±± and decay to W±W± is directly proportional to
the vacuum expectation value of the triplet. The remaining five parameters in the model of
the Higgs potential are adjusted to get the given mH±± hypothesis while requiring one of the
scalar singlets to have a mass of 125 GeV. The Georgi–Machacek model of Higgs triplets [38]
is considered. For mH±± = 200 (800) GeV the following parameters are used: λ1 = 1, λ2 = 1,
λ3 = 1, λ4 = 2.37 (4), and λ5 = 0.432 (7.26). By using the mjj distribution, 95% CL upper
limits on σH±±B(H±± → W±W±) are derived as shown in Fig. 4. The experimental results are
overlaid with theoretical cross sections for three values of the vacuum expectation value.
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Figure 4: Expected and observed 95% CL upper limits on the cross section times branching
fraction, σH±±B(H±± → W±W±). Theoretical cross sections for three values of the vacuum
expectation value (vev) are overlaid.

In summary, a study of vector boson scattering in pp collisions at
√

s = 8 TeV has been pre-
sented based on a data sample corresponding to an integrated luminosity of 19.4 fb−1. Can-
didate events are selected with exactly two leptons of the same charge, two jets with large
rapidity separation and dijet mass, and moderate missing transverse energy. The signal region
is expected to be dominated by electroweak same-sign W-boson pair production. The obser-
vation agrees with the standard model prediction. The observed significance is 2.0 standard
deviations, where a significance of 3.1 standard deviations is expected based on the standard
model. Cross section measurements for W±W± and WZ processes in the fiducial region are
reported. Bounds on the structure of quartic vector-boson interactions are given in the frame-
work of dimension-eight effective field theory operators, as well as limits on the production of
doubly-charged Higgs bosons.
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Figure 2: The distributions of mjj (left) and leading lepton pT, p�,max
T , in the signal region (right).

The hatched bars include statistical and systematic uncertainties. The W+W+ and W−W− can-
didates are combined in these distributions. The signal, W±W± jj, includes EW and QCD pro-
cesses and their interference. The histograms for other backgrounds include the contributions
from wrong-sign events, DPS, and VVV processes.

event, and found to be 5% for the signal normalization and 50% for the triboson background
normalization. A PDF uncertainty of 6–8% in the normalization of the signal and WZ pro-
cesses is included. The systematic uncertainties of the background normalizations are taken
into account using log-normal distributions.

The cross section is extracted for a fiducial signal region. The fiducial region is defined by re-
quiring two same-sign leptons with p�T > 10 GeV and |η�| < 2.5, two jets with pj

T > 20 GeV and
|η j| < 5.0, mjj > 300 GeV, and |∆ηjj| > 2.5 and is less stringent than the event selection for our
signal region. The measured cross section is corrected for the acceptance in this region using
the MADGRAPH MC generator, which is also used to estimate the theoretical cross section. The
acceptance ratio between the selected signal region and the fiducial region is 36% considering
generator-level jet and lepton properties only. The overall acceptance times efficiency is 7.9%.

The MADGRAPH prediction of the same-sign W-boson pair cross section is corrected by a next-
to-leading order to leading-order cross section ratio estimated using VBFNLO [32–34]. The fidu-
cial cross section is found to be σfid(W±W± jj) = 4.0+2.4

−2.0 (stat)+1.1
−1.0 (syst) fb with an expectation

of 5.8 ± 1.2 fb.

In addition to the dilepton same-sign signal region, a WZ → 3�ν control region is studied by
requiring an additional lepton with pT larger than 10 GeV. This control region allows the mea-
surement of a fiducial cross section of the WZjj process and is σfid(WZjj) = 10.8 ± 4.0 (stat) ±
1.3 (syst) fb with an expectation of 14.4 ± 4.0 fb. The fiducial region is defined in the same way
as for the WW analysis, but requiring one more lepton with p�T > 10 GeV and |η�| < 2.5. The
acceptance ratio between the selected signal region and the fiducial region is 20% considering
generator-level jet and lepton properties only. The overall acceptance times efficiency is 3.6%.

To compute the limits and significances, the CLs [35–37] construction is used. The observed
(expected) significance for the W±W± jj process is 2.0 σ (3.1 σ). Considering the QCD compo-
nent of the W±W± jj events as background and the EW component together with the EW-QCD
interference as signal, the observed (expected) signal significance reduces to 1.9 σ (2.9 σ).

all flavours

5

B. Branching ratios of H0
5 , H±

5 , and H±±
5

Custodial symmetry restricts the allowed tree-level decays of the H5 states to the possibilities H5 → V V , H5 →
V H3, and H5 → H3H3. Tree-level decays to fermion pairs are forbidden due to the fermiophobic nature of H5.
Loop-induced decays such as H0

5 → γγ have tiny branching ratios unless the tree-level decays are severely suppressed
due to kinematics (i.e., m5 � 2MV ) or very small couplings (i.e., sH � 1, which also severely suppresses the VBF
production cross sections). We do not consider these possibilities here.

In most of the GM model parameter space, the H5 states decay primarily into V V . This is because decays to V H3

and H3H3 are forbidden if m3 ≥ m5 and are kinematically suppressed for m3 close to m5.
We performed a scan over the GM model parameter space using the public code GMCALC version 1.0.1 [6], taking

m5 in the range 200–2000 GeV and imposing the theoretical constraints from perturbative unitarity of scalar couplings
and the stability of the electroweak vacuum, as well as the indirect constraints from b → sγ and the S parameter.
We found that for over 98% of our scan points, all three of BR(H0

5 → W+W− + ZZ), BR(H±
5 → W±Z), and

BR(H±±
5 → W±W±) were above 99%.

Therefore we recommend that, for simplicity, the H5 states can be assumed to decay entirely into vector boson
pairs for masses above the V V threshold, i.e., that

BR(H0
5 → W+W− + ZZ) = BR(H±

5 → W±Z) = BR(H±±
5 → W±W±) = 1. (16)

This assumption holds in the vast majority of the GM model parameter space.

C. Experimental and theoretical constraints on sH

Constraints on sH from theoretical considerations of perturbativity and vacuum stability of the full GM model, as
well as from the measurement of b → sγ (which is affected by the custodial-triplet scalar H+

3 ), were most recently
studied in Ref. [10]. A scan made using GMCALC 1.0.1 [6] showing the allowed range of sH as a function of m5 after
imposing these constraints is shown in Fig. 1, for m5 in the range 200–2000 GeV.

Under the assumption that BR(H5 → V V ) = 1, the LHC searches for H0
5 , H±

5 , and H±±
5 depend only on the

parameters sH and m5. Therefore the results of these searches can be sensibly displayed as regions in the m5–sH

plane as shown in Fig. 1.
If one-dimensional model lines (with fixed sH) are desired, we suggest the following benchmark values of sH :

sH = 0.50 for m5 ≤ 1000 GeV,

sH = 0.25 for m5 ≤ 2000 GeV. (17)

We note that a recasting of an ATLAS like-sign WWjj cross-section measurement in the context of the GM model
found an exclusion of the doubly-charged member of the custodial fiveplet, H±±

5 , for m5 values of about 140–400 GeV
at sH = 0.5 [11]. We show this exclusion with the blue curve in Fig. 1 (points above the curve are excluded).

III. RECOMMENDATIONS FOR CROSS SECTIONS AND DECAY WIDTHS

A. Production cross sections

The total cross sections for production of H0
5 , H±

5 , and H±±
5 in VBF can be computed up to NNLO accuracy

using the VBF@NNLO code [4, 5, 12], via the structure-function approach. This approach [13] consists in considering
the VBF process as a double deep-inelastic scattering (DIS) attached to the colorless pure electroweak vector-boson
fusion into a Higgs boson. According to this approach one can include next-to-leading order (NLO) QCD corrections
to the VBF process employing the standard DIS structure functions Fi(x, Q2); i = 1, 2, 3 at NLO [14] or similarly the
corresponding structure functions at NNLO [15–18].

Although the effective factorization underlying the structure-function approach holds to a very good approximation
up to NNLO, it formally does not include all types of contributions. At leading order (LO) an additional contribution
arises from the interference between identical final-state quarks (e.g., uu → Huu) or between processes where either
a W or a Z boson can be exchanged (e.g., ud → Hud). These LO contributions are known to be extremely small
(less than 0.1% of the total cross-section). Apart from such contributions, the structure-function approach is exact
up to NLO. At NNLO, however, several types of diagrams violate the underlying factorization. Their impact on
the total rate has been computed or estimated in Ref. [5] and found to be negligible. Some of them are color and
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Searches

VBF H±5 →W±Z → qq`` (ATLAS Run 1)

ATLAS 1503.04233, PRL 2015
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Searches

VBF H±5 →W±Z → 3` + MET (CMS Run 2)
CMS 1705.02942, PRL 2017
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Figure 2: Transverse mass distributions after full selection, for data collected in 2015 (left) and
2016 (right). The background yield predictions correspond to the background-only hypoth-
esis fit result. The signal distribution is shown for m(H±) = 700 GeV and the cross-section
prediction in the GM model at sH = 0.7.
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One more constraint from V V → H5 → V V : unitarity!

Why a Higgs?

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

including (d+e)E <
√

8πv " 1.2 TeV

figure: S. Chivukula

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

GM: s2
H < 12πv2/5m2

5 ' (675 GeV/m5)2
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One more constraint from V V → H5 → V V : unitarity!
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Outline

Requirements for a sensible theory

- allowed reps from perturbative unitarity

- allowed vevs from rho parameter

- some model building

Georgi-Machacek model and constraints from VBF → H5 → V V

Constraining other models (GM-like; septet)

Promising channels at lower masses

Conclusions
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Generalized Georgi-Machacek models

Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015
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)
+
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+
(
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2,

5
2

)
Replace the GM bi-triplet with a bi-n-plet =⇒ “GGMn”

Original GM model (“GM3”): (1,0) + (1,1) in a bi-triplet

X =

 χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0


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Generalized Georgi-Machacek models

Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015
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in a bi-quartet
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Generalized Georgi-Machacek models

Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015
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Replace the GM bi-triplet with a bi-n-plet =⇒ “GGMn”

“GGM5”: (2,0) + (2,1) + (2,2) in a bi-quintet

X5 =


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Generalized Georgi-Machacek models

Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015
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Replace the GM bi-triplet with a bi-n-plet =⇒ “GGMn”
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Generalized Georgi-Machacek models
Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015

Bi-doublet: 2⊗ 2→ 1⊕ 3 Bi-triplet: 3⊗ 3→ 1⊕ 3⊕ 5
Bi-quartet: 4⊗ 4→ 1⊕ 3⊕ 5⊕ 7

Bi-pentet: 5⊗ 5→ 1⊕ 3⊕ 5⊕ 7⊕ 9
Bi-sextet: 6⊗ 6→ 1⊕ 3⊕ 5⊕ 7⊕ 9⊕ 11

Larger bi-n-plets forbidden by perturbativity of weak charges!

- 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 ) ←− F

- Additional states

Compositions & couplings of fiveplet states are determined by
the global symmetry!
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Generalized Georgi-Machacek models
Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015

Custodial-fiveplet is fermiophobic; couples to V V :

H0
5W

+
µ W

−
ν : −i

2M2
W

v

g5√
6
gµν,

H0
5ZµZν : i

2M2
Z

v

√
2

3
g5gµν,

H+
5 W

−
µ Zν : −i

2MWMZ

v

g5√
2
gµν,

H++
5 W−µ W

−
ν : i

2M2
W

v
g5gµν,

GM3 : g5 =
√

2sH
GGM4 : g5 =

√
24/5sH

GGM5 : g5 =
√

42/5sH

GGM6 : g5 =
√

64/5sH

s2
H = fraction of M2

W ,M
2
Z from exotic scalars
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Generalized Georgi-Machacek models
Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015

VBF → H±±5 →W±W± and V V → V V unitarity
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(plot needs updating: CMS Run 1 direct search not shown)

Heather Logan (Carleton U.) Constraining exotic EWSB UC Davis 2018 May 10

35



Scalar septet model (T, Y ) = (3,2)

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

Φ =

(
φ+

φ0

)
, X =



χ+5

χ+4

χ+3

χ+2

χ+1

χ0

χ−1


.

Detailed pheno study in Alvarado, Lehman & Ostdiek, 1404.3208:

- h0 couplings → upper bound on septet vev

- S and T parameters → septet states must be fairly degenerate

- LHC SUSY searches (2SSL, 3L) + inclusive septet pair pro-

duction → lower bound on common septet mass
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Scalar septet model (T, Y ) = (3,2)

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

Φ =

(
φ+

φ0

)
, X =



χ+5

χ+4

χ+3

χ+2

χ+1

χ0

χ−1


.

ρ = 1, yet there is no custodial symmetry in the scalar spectrum

- H++ = χ+2: analogue of H++
5

- φ+, χ+1, (χ−1)∗ mix: no purely fermiophobic analogue of H+
5

- Only 2 CP-even neutral scalars (h0, H0): no analogue of H0
5

H++W−µ W
−
ν : i

2M2
W

v

√
15s7gµν,

s2
7 = fraction of M2

W ,M
2
Z from septet vev

Heather Logan (Carleton U.) Constraining exotic EWSB UC Davis 2018 May 10

37



Scalar septet model (T, Y ) = (3,2)
Hisano & Tsumura, 1301.6455; Kanemura, Kikuchi & Yagyu, 1301.7303

Translate CMS VBF → H++ →W+W+ direct search,
V V → V V unitarity constraint: Harris & HEL, 1703.03832
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Outline

Requirements for a sensible theory

- allowed reps from perturbative unitarity

- allowed vevs from rho parameter

- some model building

Georgi-Machacek model and constraints from VBF → H5 → V V

Constraining other models (GM-like; septet)

Promising channels at lower masses

Conclusions
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Constraints on GM model at low mass?
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Constraints on GM model at low mass?

Studied already:

- Drell-Yan pp→ H++
5 H−−5 +H±±5 H∓5 , H±±5 → like-sign dimuons

- LEP e+e− → ZH0
5, recoil method (independent of H0

5 decay)

- LEP e+e− → ZH0
5, H0

5 → γγ (fermiophobic!)

For the future:

- Drell-Yan pp→ H0
5H
±
5 , H0

5 → γγ

- Drell-Yan pp→ H±5 H
0
5 +H±5 H

∓
5 +H±5 H

∓∓
5 , H±5 →W±γ
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Drell-Yan pp→ H++
5 H−−5 +H±±5 H∓5 , H±±5 → like-sign dimuons

ATLAS Run 1 anomalous like-sign dimuon search ATLAS, 1412.0237

Recast for pp→ H±±H∓∓+H±±H∓ in Higgs Triplet Model

Kanemura, Kikuchi, Yagyu & Yokoya, 1412.7603

Adapt to generalized GM 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.

HEL & Rentala, 1502.01275

Take advantage of mass degeneracy of all H5 states.
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Drell-Yan pp→ H++
5 H−−5 +H±±5 H∓5 , H±±5 → like-sign dimuons
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Like-sign dimuons, 8 TeV
HTM
GM

⇒ m5 & 76 GeV, no sH dependence! HEL & Rentala, 1502.01275

Assumes no decays H±±5 → H±3 W
±:

Constraint on e+e− → H+
3 H

−
3 in Type-I 2HDM LEP, hep-ex/0107031

m3 > 78.6 GeV assuming no decays H3 → H5V

⇒ take m3 > 76 GeV also (m5 > 76 GeV guarantees no competing decays)

Heather Logan (Carleton U.) Constraining exotic EWSB UC Davis 2018 May 10

43



LEP e+e− → ZH0
5, recoil method (independent of H0

5 decay)

OPAL search for Z + S0 production OPAL hep-ex/0206022

→ upper bound on H0
5ZZ coupling ∝ s2

H as a function of m5
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LEP e+e− → ZH0
5, H0

5 → γγ (fermiophobic!)

Below H0
5 → V V threshold: tree-level decays suppressed

H0
5 →W+W−, ZZ calculated including doubly off-shell effects

H0
5 → γγ calculated as usual

H0
5 → Zγ (competing mode): new diagrams with m1 6= m2

Hi

s1

s2

γ

s2

V

Hi

X1

s2

γ

s2

V

Hi

s1

X2

γ

X2

V

Degrande, Hartling & HEL, 1708.08753

Implemented in GMCALC 1.3.0
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LEP e+e− → ZH0
5, H0

5 → γγ (fermiophobic!) LHWG Note 2002-02

Numerical limit is in HiggsBounds 4.2.0 Bechtle et al., 1507.06706
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LEP e+e− → ZH0
5, H0

5 → γγ (fermiophobic!)
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green H±±5 →W±W± ATLAS recast

red LEP H0
5 → γγ GMCALC Hartling, Kumar & HEL, 1412.7387
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For the future 1:
- Drell-Yan pp→ H0

5H
±
5 , H0

5 → γγ

Drell-Yan cross section depends only on m5 and gauge couplings!
8

components with degenerate masses.
Custodial symmetry also prevents the neutral compo-

nent from mixing with other neutral scalars and in partic-
ular with the 125 GeV SM Higgs boson, allowing for the
fermiophobic condition to be maintained 5 without fine
tuning [35, 42, 44], in contrast to two Higgs doublet mod-
els [15]. Thus no mixing angles enter in Eq. (1) for the
W⌥H0

5H±
5 vertex while the group theory factor is fixed in

all custodial Higgs triplet models to be CN =
p

3/2, as is
the ratio of WW and ZZ couplings [67] at |�WZ | = 1/2
(see Eq. (4)). We also emphasize that there is no de-
pendence on the Higgs triplet vev [42] in the W⌥H0

5H±
5

vertex [15, 35, 42, 44]. Combined with the largely vev
independent branching ratios, this allows us for the first
time to use diphoton and diboson searches at the LHC to
put robust limits on custodial fiveplet scalars which are
independent of the Higgs triplet vev.

In Fig. 7 we show the pp ! W± ! H±
5 H0

5 produc-
tion cross section times branching ratio at 8 TeV (solid
curves) for a custodial fiveplet decay into photon (blue),
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 [77] (blue) as well as CMS
7 + 8 TeV searches [78] 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 [59, 60]. The
branching ratios are obtained from the partial widths into
��, V ⇤� (V = Z, �), 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 �WZ = 1/2 [79]. The rele-
vant three and four body decays are obtained by integra-
tion of the analytic expressions for the H0

5 ! V � ! 2`�
and H0

5 ! V V ! 4` fully di↵erential decay widths com-
puted in [70–72]. We note that these branching ratios
include the �⇤� contribution which, as shown in Fig. 4,
can be sizeable at low masses.

We focus on the regime where the e↵ective couplings of
the fiveplet to �� and Z� are dominated by the W loop
contribution shown in Fig. 3. The e↵ects of the charged
scalar sector could in principle be large [56] leading to
enhanced or suppressed e↵ective couplings to photons. As
discussed above, and shown in Fig. 5, this can a↵ect 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 e↵ects are
more model dependent we do not consider them here.

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-

5 Due to hypercharge interactions, custodial breaking e↵ects are
introduced at one loop which can spoil the fermiophobic and
degenerate mass conditions for the custodial fiveplet. But these
e↵ects are naturally small [38, 45] allowing for these conditions
to be maintained to a good approximation.

sθ = 0.4,VBF
(γγ)

CMS WW (7 + 8 TeV)

H
5 0→

γγ

H
5
0
→ WW

H5
0→ ZZ

CMS ZZ
(7 + 8 TeV)

ATLASγγ (8 TeV)
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H
50 )
*B
R
VV
[fb

]

FIG. 7. Drell-Yan H0
5H±

5 production cross sections times
branching ratio at 8 TeV (solid curves) into �� (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 [77] and
7 + 8 TeV CMS WW and ZZ searches [78] are also shown
for each channel. In the gray shaded region we show for com-
parison the s✓ = 0.4 (see Eq. (2)) contour for single H0

5 VBF
production (see text).

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 4�+X
searches [57] 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±� decay can become dominant lead-

ing instead to a 3� + 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
�WZ = 1/2 for the ratio of WW and ZZ couplings
(see Eq. (4)), one cannot simply rescale the SM cross
section for which �WZ = 1. We therefore have again
used [59, 60] to obtain these results for 8 TeV LHC. We
have fixed s✓ = 0.4 for the doublet-triplet vev mixing an-
gle as defined in [60] and schematically in Eq. (2). The
value s✓ = 0.4 is towards the upper limit of values still
allowed by electroweak precision and 125 GeV Higgs
data [80–83], 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 6 allows us to un-

6 In the case where the fermiophobic condition is relaxed and cou-
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First pass: only W loop included in H0
5 → γγ, Zγ calculation.
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For the future 2: fermiophobic!

- Drell-Yan pp→ H±5 H
0
5 +H±5 H

∓
5 +H±5 H

∓∓
5 , H±5 →W±γ

Below H±5 →W±Z threshold: tree-level decays suppressed

Calculation of H±5 →W±γ involves nonstandard diagrams:

Hi

s1

s2

γ

s2

V

Hi

X1

s2

γ

s2

V

Hi

s1

X2

γ

X2

V

Hi

X1

X2

γ

X2

V

Hi

X1

γ

V

X2

Degrande, Hartling & HEL, 1708.08753

Implemented in GMCALC 1.3.0
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For the future 2:
- Drell-Yan pp→ H±5 H

0
5 +H±5 H

∓
5 +H±5 H

∓∓
5 , H±5 →W±γ
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Drell-Yan cross section depends only on m5 and gauge couplings!
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For the future: implementation for LHC searches

- Drell-Yan pp→ H0
5H
±
5 , H0

5 → γγ

- Drell-Yan pp→ H±5 H
0
5 +H±5 H

∓
5 +H±5 H

∓∓
5 , H±5 →W±γ

MadGraph model file with effective vertices for H0
5γγ, H0

5Zγ,

H±5 W
∓γ in preparation. work in progress with Yongcheng Wu

- Drell-Yan pp→ H5H5 cross sections are generic to all general-

ized GM models.

- Loop decays are specific to Georgi-Machacek model: detailed

predictions for loop-induced BRs can’t be applied to generalized

GM models without dedicated calculations.

Combinations of complementary searches can be generic:

H0
5: BR(W+W−+ ZZ + Zγ + γγ) = 1

H±5 : BR(W±Z +W±γ) = 1

H±±5 : BR(H±±5 →W±W±) = 1 by charge conservation!
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Conclusions

Goal:

- Enumerate the possibilities for exotic contributions to EWSB

- Find ways to constrain their contributions to M2
W ,M

2
Z

VBF → H±± →W±W± very generic:

constrains GM, its generalizations, & septet model

VBF → H± →W±Z also pretty generic:

constrains GM & its generalizations, but not septet model

Low mass region m5 . 2MV is the next target:

- Drell-Yan is probably best channel – depends only on m5

- Loop decays to γγ, Zγ, W±γ become interesting

- H±±5 decays to like-sign dileptons still very generic
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H I G G S  B O S O N  T R I P L E T S  W I T H  M w  = M z  C O S  0~ * 

Michael S. C H A N O W I T Z  and Mitchell G O L D E N  
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, USA 

Received 23 Sep tember  1985 

2 2 We  cons t ruc t  a po ten t ia l  for Higgs  double ts  and  t r iplets  tha t  preserves p = M w / M  z coS20w : 1, a l lowing the tr iplets  to 
make  the d o m i n a n t  con t r ibu t ion  to W and  Z boson  masses.  

At present we know precious little about the spon- 
taneous breaking of  the SU(2) × U(1) gauge symmetry 
of  the electroweak interactions. Perhaps our most im- 
portant clue is the approximate equality of  the rho pa- 
rameter to unity, p ==-M2/M2z cos20w = 1, satisfied 
experimentally to within a few percent. This relation- 
ship follows if the symmetry breaking gives equal 
masses to W ~ and W 3. I f  the symmetry breaking is due 
to strong interactions - either of  strongly coupled 
Higgs scalars or strong gauge interactions as in techni- 
color models - then the equality o fW ~ and W 3 masses 
must be maintained to all orders in these strong inter- 
actions. This can be ensured if  the strong interactions 
obey a global "custodial" SU(2) symmetry [1]. In 
the standard model with a complex Higgs doublet [2] 
there is a custodial SU(2) which corresponds precisely 
to the isospin of  the SU(2) sigma model [3] : that is, 
it is the diagonal SU(2) subgroup which survives the 
spontaneous symmetry breaking of  the global SU(2)L 
X SU(2)R symmetry of  the scalar interactions. 

Most other irreducible representations of  SU(2)L 
do not give p = 1 even in tree approximation , t .  For 

* This work was supported by the Director, Office of Energy 
Research, Office of High Energy Physics and Nuclear Physics, 
Division of High Energy Physics of the US Department of 
Energy under Contract DE-AC03-76SF00098. 

, t  The requirement that an irreducible representation of 
SU(2)L give p = 1 in tree approximation yields [4] a 
Diophantine equation in the isospin t and hyperehargey, 
t z + t - 3y z = 0, which has 11 solutions for t < 1 000 000, 
the largest being t, y = 489060½, 282359½. We are offering 
a prize for the most original model based on this represen- 
tation. 

0370-2693/85/$ 03.30 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 

instance, the complex triplet representation, ( t , y ) =  
(1 , -1 ) ,  which can generate a Majorana mass for the 
neutrino while breaking lepton number spontaneously 
[5,6], would by itself give p = 2. The real triplet, 
(t,y) = (1,0), would give p = o% as would any real 
representation. However, it has been noted that one 
complex and one real triplet taken together (or equiv- 
alently three real representations) would give p = 1 in 
tree approximation if they have equal vacuum expec- 
tation values [7,8]. In general this appears to be an un- 
natural condition, both aesthetically and in the techni- 
cal sense that it need not  survive quantum corrections 
from a strongly interacting Higgs sector. 

In this paper we exhibit a potential in which this 
equality of  vacuum expectation values is naturally 
preserved by the interactions of  the Higgs potential. It 
is guaranteed by a custodial SU(2) which survives 
spontaneous breaking of  a global SU(2)L X SU(2)R 
symmetry, precisely as in the standard model. The 
complex and real triplet together form a (1, 1) repre- 
sentation of  SU(2)L X SU(2)R, and the model may be 
understood as a straightforward generalization of  the 
standard model in which the complex doublet forms a 
(~, ~) representation. The extension to SU(2)L X 
SU(2)R invariant potentials for all representations 
(t, t) is straightforward .2. (However when more than 
one representation is present, verification of  symme- 
try breaking to a physically acceptable vacuum re- 
quires more work.) 

,2 This generalization of the three-triplet ansatz is also given 
(without specifying a potential) by Robinett [9]. 
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, t  The requirement that an irreducible representation of 
SU(2)L give p = 1 in tree approximation yields [4] a 
Diophantine equation in the isospin t and hyperehargey, 
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instance, the complex triplet representation, ( t , y ) =  
(1 , -1 ) ,  which can generate a Majorana mass for the 
neutrino while breaking lepton number spontaneously 
[5,6], would by itself give p = 2. The real triplet, 
(t,y) = (1,0), would give p = o% as would any real 
representation. However, it has been noted that one 
complex and one real triplet taken together (or equiv- 
alently three real representations) would give p = 1 in 
tree approximation if they have equal vacuum expec- 
tation values [7,8]. In general this appears to be an un- 
natural condition, both aesthetically and in the techni- 
cal sense that it need not  survive quantum corrections 
from a strongly interacting Higgs sector. 

In this paper we exhibit a potential in which this 
equality of  vacuum expectation values is naturally 
preserved by the interactions of  the Higgs potential. It 
is guaranteed by a custodial SU(2) which survives 
spontaneous breaking of  a global SU(2)L X SU(2)R 
symmetry, precisely as in the standard model. The 
complex and real triplet together form a (1, 1) repre- 
sentation of  SU(2)L X SU(2)R, and the model may be 
understood as a straightforward generalization of  the 
standard model in which the complex doublet forms a 
(~, ~) representation. The extension to SU(2)L X 
SU(2)R invariant potentials for all representations 
(t, t) is straightforward .2. (However when more than 
one representation is present, verification of  symme- 
try breaking to a physically acceptable vacuum re- 
quires more work.) 

,2 This generalization of the three-triplet ansatz is also given 
(without specifying a potential) by Robinett [9]. 
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