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In the SM we break the electroweak symmetry with a scalar

doublet – the minimal nontrivial representation of SU(2)L.

Fermion weak charges are directly measured – need a doublet to

generate fermion masses. (except maybe neutrinos)

But the multiplet structure of the Higgs sector is not yet deter-

mined.

There could be contributions to the vacuum condensate from

“exotic” scalars = scalars with higher isospin.

Usual approach: models with custodial symmetry (Georgi-Machacek

model) or a built-in cancellation (Scalar Septet Model) to ensure

ρ = 1 at tree level. Experiment: ρ0 = 1.00039± 0.00019 (PDG 2018)

Otherwise, exotic vevs must be very small, or tuned between

exotic mults to cancel contributions to ρ. [Chiang & Yagyu 1808.10152]
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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:
Bi-doublet: 2⊗ 2→ 1⊕ 3 Bi-triplet: 3⊗ 3→ 1⊕ 3⊕ 5

- Two custodial singlets mix → h, H mh, mH, angle α
Usually identify h = 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

Fermiophobic; H5V V couplings ∝ sH ≡
√

8vχ/vSM
s2
H ≡ exotic fraction of M2

W , M2
Z
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Most stringent constraint: VBF→ H±±5 →W±W± CMS, arXiv:1709.05822

10 A Supplemental material

A Supplemental material

Table 3: Estimated signal and background yields after the selection. The statistical uncertainties
are reported for all six channels, while the sums are reported with the statistical and systematic
uncertainties added in quadrature. The processes contributing to less than 1% of the total
background are not listed, but included in the total background yield.

e+e+ e+µ+ µ+µ+ e�e� e�µ� µ�µ� Total
Data 14 63 40 10 48 26 201
Signal + total bkg. 19.0 ± 1.9 67.6 ± 3.8 44.1 ± 3.4 11.8 ± 1.8 38.9 ± 3.3 23.9 ± 2.8 205 ± 13
Signal 6.2 ± 0.2 24.7 ± 0.4 18.3 ± 0.4 2.5 ± 0.1 8.7 ± 0.2 6.5 ± 0.2 66.9 ± 2.4
Total bkg. 12.8 ± 1.9 42.9 ± 3.8 25.7 ± 3.4 9.4 ± 1.8 30.2 ± 3.3 17.4 ± 2.8 138 ± 13
Nonprompt 5.6 ± 1.7 24.9 ± 3.6 18.4 ± 3.3 5.0 ± 1.6 19.9 ± 3.2 14.2 ± 2.8 88 ± 13
WZ 3.0 ± 0.2 8.5 ± 0.3 4.4 ± 0.2 1.9 ± 0.2 5.2 ± 0.3 2.2 ± 0.1 25.1 ± 1.1
QCD WW 0.6 ± 0.1 1.7 ± 0.1 1.3 ± 0.1 0.2 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 4.8 ± 0.4
Wg 1.4 ± 0.5 3.6 ± 0.9 0.2 ± 0.2 0.8 ± 0.4 2.3 ± 0.7 — 8.3 ± 1.6
Triboson 0.8 ± 0.2 2.2 ± 0.4 1.2 ± 0.3 0.3 ± 0.1 0.9 ± 0.3 0.5 ± 0.2 5.8 ± 0.8
Wrong sign 1.5 ± 0.6 1.4 ± 0.4 — 1.1 ± 0.5 1.2 ± 0.4 — 5.2 ± 1.1
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Figure 4: Expected and observed 95% CL upper limits on sH in the Georgi–Machacek model as
a function of doubly charged Higgs boson mass. The blue area in the upper-right corner covers
the region where the model is not applicable [36].

Also ATLAS + CMS
searches for VBF
H±5 →W±Z

For mH++ > 1000 GeV,
theory upper bound on
sH from unitarity of
quartic couplings takes
over ⇒ sH ≤ 0.5 at
mH++ = 1000 GeV.

Cross section ∝ s2
H ≡ fraction of M2

W ,M
2
Z due to exotic scalars

Probed by direct searches in GM model: ∼ 4% – 20%
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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

Detailed pheno study in Alvarado, Lehman & Ostdiek, 1404.3208:
- h0 couplings → upper bound on septet vev
- LHC SUSY searches (2SSL, 3L) + inclusive septet pair pro-
duction → lower bound on common septet mass

H++ = χ+2 completely analogous to GM model:
apply direct search for VBF H±± →W±W±

→ constrain s2
7 = fraction of M2

W ,M
2
Z from septet vev
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Scalar septet model (T, Y ) = (3,2)
CMS VBF → H± →W±W± and V V → V V unitarity constraint
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V V → V V
unitarity
bound:

solid H++ only;

dashed
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degenerate
H+

1 , H
+
2 , H

0

Fraction of M2
W and M2

Z from exotic vev ≡ s2
7 < 2%!

Dots: LHC SUSY searches, h0 couplings Alvarado, Lehman & Ostdiek, 1404.3208

Plot based on LHC Run 1 constraints only – now even stronger.
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Models with potentially large exotic contributions to EWSB are

getting significantly constrained by direct LHC searches and Higgs

signal strength measurements.

At what point do we decide that these models are no longer

interesting?

Our proposal: when the fraction of M2
W and M2

Z allowed in these

models is no larger than can be achieved from any random exotic

scalar multiplet, subject to the ρ parameter constraint.

J. Goodman & HEL, in progress

- Write down complete list of exotic multiplets with EWSB vevs

- Constrain vev using ρ parameter

- Compute maximum M2
W and M2

Z contributions

Complication: experimental bound on ρ is so tight that one-loop

contributions can be as large as the tree-level vev contribution.
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Upper bound on isospin of (perturbative!) exotic multiplets

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

Consider scattering of scalars into transversely polarized W s &
Zs (the ordinary gauge modes) and require tree-level unitarity:

|Re a`| ≤ 1/2, M = 16π
∑
`

(2`+ 1)a`P`(cos θ)

χχ∗ ↔W a
TW

a
T largest eigenvalue: Hally, HEL, & Pilkington 1202.5073

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 there is more than one large multiplet
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Tree-level ρ parameter calculation

Extremely strong constraint on exotic multiplet vevs from preci-
sion electroweak data:

ρ0 =
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

Complex mult: c = 1. Real mult: c = 1/2. Doublet: Y = 1/2

Electroweak fit [PDG June 2018, Erler & Freitas]:

S = 0.02± 0.10 T = 0.07± 0.12 U = 0.00± 0.09

Correlations: S–T : +92%, S–U : −66%, T–U : −86%
Peskin & Takeuchi, 1990, 1992

ρ parameter is extracted by setting S = U = 0 and using

ρ0 − 1 =
1

1− α̂(MZ)Ttree
− 1 ' α̂(MZ)Ttree
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Tree-level ρ parameter versus S, T, U
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Jesi Goodman & HEL, in progress

a = 4
[
T (T + 1)− Y 2

]
c b = 8Y 2
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Tree-level ρ parameter constraints (S, T, U fit) J. Goodman & HEL

Best fit Allowed range (∆χ2 ≤ 4)
T Y δρ δM2

W δM2
Z δM2

W δM2
Z

1/2 1/2 0 – – – –
1 0 + 0.042% 0.000% [0.005%, 0.078%] [0.000%, 0.000%]
1 1 − 0.000% 0.000% [0.000%, 0.014%] [0.000%, 0.027%]

3/2 1/2 + 0.049% 0.007% [0.006%, 0.091%] [0.001%, 0.013%]
3/2 3/2 − 0.000% 0.000% [0.000%, 0.007%] [0.000%, 0.021%]

2 0 + 0.042% 0.000% [0.005%, 0.078%] [0.000%, 0.000%]
2 1 + 0.069% 0.028% [0.009%, 0.130%] [0.003%, 0.052%]
2 2 − 0.000% 0.000% [0.000%, 0.005%] [0.000%, 0.018%]

5/2 1/2 + 0.044% 0.003% [0.005%, 0.083%] [0.000%, 0.005%]
5/2 3/2 + 0.135% 0.093% [0.017%, 0.253%] [0.012%, 0.175%]
5/2 5/2 − 0.000% 0.000% [0.000%, 0.003%] [0.000%, 0.017%]

3 0 + 0.042% 0.000% [0.005%, 0.078%] [0.000%, 0.000%]
3 1 + 0.051% 0.009% [0.006%, 0.095%] [0.001%, 0.017%]
3 2 0 – – – –
3 3 − 0.000% 0.000% [0.000%, 0.003%] [0.000%, 0.016%]

7/2 1/2 + 0.043% 0.001% [0.005%, 0.080%] [0.000%, 0.003%]
7/2 3/2 + 0.062% 0.021% [0.008%, 0.117%] [0.003%, 0.039%]
7/2 5/2 − 0.000% 0.000% [0.000%, 0.043%] [0.000%, 0.057%]
7/2 7/2 − 0.000% 0.000% [0.000%, 0.002%] [0.000%, 0.016%]

4 0 + 0.042% 0.000% [0.005%, 0.078%] [0.000%, 0.000%]

⇒ our target M2
W fraction sensitivity is ∼ 0.25%.
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Beyond tree level

T parameter calculation involving exotic mults is subtle:

have to renormalize Ttree. Chankowski, Pokorski & Wagner, hep-ph/0605302

→ Handle this by constraining renormalized vev (choose coun-

terterm to cancel tadpole).

Full calculation of 1-loop S, T, U in these models is quite involved.

→ Work in a double expansion:

1st order in exotic vev (Ttree) and 1st order in αEM (1-loop)

Can use existing results for (S, T, U)loop from a scalar electroweak

multiplet with zero vev.

Nonzero (S, T, U)loop driven by mass splitting in exotic multiplet:

Sloop ∼ Y ×
−δm2

M2
Tloop ∼

(δm2)2

M2M2
Z

Uloop ∼
(
δm2

M2

)2
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Mass splitting in the exotic multiplet

Ignore exotic multiplet’s vev (consistent with double expansion).
Mass splitting is due to EWSB driven by doublet vev:

V ⊃ λ1(Φ†τaΦ)(X†T aX) +
[
λ2(Φ̃†τaΦ)(X†T aX̃) + h.c.

]
Φ̃, X̃ = conjugate multiplets

λ1 term generates a uniform m2 splitting among T3 eigenstates:

m2
T3 = M2 −

1

4
λ1v

2
φT

3 ≡M2 + δm2T3

λ1 term is absent for real Y = 0 mults:
Sloop = Tloop = Uloop = 0, constraints same as tree level.

Modulo M.J. Ramsey-Musolf’s talk... have to check this!

λ2 term is present only for T = 3/2,5/2,7/2 and Y = 1/2.
Mixes states with different T3 but same electric charge.
Calculation still in progress: set λ2 = 0 for now.
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Results: complex multiplets with Y = 0 (Ttree > 0)

Ttree > 0, Tloop ≥ 0, Sloop ∝ Y = 0:
Bound is loosest when δm2 splitting = 0.

J. Goodman & HEL, in progress

Upper bounds unchanged from tree-level: δM2
W ≤ 0.078%.
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Results: multiplets with Ttree > 0 and Y 6= 0

Take advantage of correlation between S and T to try to ease
the constraint.
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Results: multiplets with Ttree > 0 and Y 6= 0

Best to take M2 as small as possible and λ1 small and positive to

generate positive Sloop while minimizing additional positive Tloop.

(Physically, positive λ1 means that the member of the multiplet

with the highest electric charge is lightest.)

T Y δρ δM2
W |max δM2

Z|max
∗3/2 1/2 + 0.112% 0.016%

2 1 + 0.207% 0.083%
∗5/2 1/2 + 0.111% 0.007%
5/2 3/2 + 0.442% 0.307%

3 1 + 0.159% 0.029%
∗7/2 1/2 + 0.114% 0.004%
7/2 3/2 + 0.208% 0.069%

Compare tree-level
0.253%, 0.175%

∗To be revisited including λ2 effect mixing T 3 eigenstates: in progress

J. Goodman & HEL, in progress
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Results: multiplets with Ttree < 0

Tloop > 0: can cancel negative Ttree!

Ultimately Sloop generated at the same time will limit size of

cancellation, along with perturbative unitarity bound on λ1.

Best to take M2 rather large and |λ1| as large as possible to

maximize Tloop while minimizing Sloop. (Sign of λ1 doesn’t matter much.)

Sloop ∼ Y ×
−δm2

M2
Tloop ∼

(δm2)2

M2M2
Z

Uloop ∼
(
δm2

M2

)2
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Results: multiplets with Ttree < 0

Constraint on the tree-level

(renormalized) vev is signifi-

cantly loosened!

Also, can get χ2 = 0: models

no longer disfavoured by positive

central value of T .

T Y δρ δM2
W |max δM2

Z|max
1 1 − 3.609% 6.967%

3/2 3/2 − 0.755% 2.232%
2 2 − 0.258% 1.025%

5/2 5/2 − 0.116% 0.578%
3 3 − 0.060% 0.361%

7/2 5/2 − 0.930% 1.221%
7/2 7/2 − 0.033% 0.234%

J. Goodman & HEL, in progress
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Conclusions

Tree-level contribution to the ρ parameter limits M2
W contribution

from a single exotic multiplet to at most 0.25%.

But the ρ parameter constraint is so tight that one should really
consider 1-loop contributions along with tree-level.

Mass-splitting effects within exotic multiplet can loosen tree-level
bound on vev significantly:
Tree-level contributions to M2

W and M2
Z up to 3.6% and 7.0%

(respectively) are still allowed for Y = 1 triplet.

Compare direct-search and Higgs-coupling constraints that limit
M2
W,Z contribution to ∼ 4% – 20% in GM model and to ∼ 2%

in septet model.

Still working on the cases with mixing of T3 eigenstates: S, T, U
interdependence qualitatively different. (Ex: Tloop < 0 possible.)
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BACKUP
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χ±± →W±W± search done for first time in Run 2 (W s on shell)
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Figure 5: Observed and expected upper limits for pp ! H±±H⌥⌥
! W±W±W⌥W⌥ cross-section times branching

fraction at 95% CL obtained from the combination of 2`ss, 3` and 4` channels. The region above the observed limit
is excluded by the measurement. The bands represent the expected exclusion curves within one and two standard
deviations. The theoretical prediction [3] including the NLO QCD corrections [29] is also shown and is excluded
for mH±± < 220 GeV.

8 Conclusion

A search for the pair production of doubly charged Higgs scalar bosons with subsequent decays into W
bosons is performed in proton–proton collisions at a centre-of-mass energy of 13 TeV. The data sample
was collected by the ATLAS experiment at the LHC and corresponds to an integrated luminosity of
36.1 fb�1. The search for the H±±

! W±W± decay mode, not considered in previous analyses at colliders,
is motivated by a model with an extended scalar sector that includes a triplet in addition to the Standard
Model scalar doublet. The analysis proceeds through the selection of multi-lepton events in three channels
(a pair of same-sign leptons, three leptons and four leptons) with missing transverse momentum and jets.
The signal region is optimised as a function of the H±± mass. The data are found to be in good agreement
with the Standard Model predictions for all channels investigated. Combining those channels, the model
considered is excluded at 95% confidence level for H±± boson masses between 200 and 220 GeV.

Acknowledgements

We thank CERN for the very successful operation of the LHC, as well as the support sta� from our
institutions without whom ATLAS could not be operated e�ciently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW
and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and

19

ATLAS, arXiv:1808.01899

Theorist recast of ATLAS Run-1 like-sign dimuon data sets lower
bound mχ++ & 84 GeV Kanemura, Kikuchi, Yagyu & Yokoya, 1412.7603

Gap at intermediate masses < 200 GeV: need offshell W s!
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For H±±5 , H±5 , H0
5 masses below 200 GeV, constraints are mainly

theory-recast: new “low-m5” benchmark in GM model,

Ben Keeshan, WG3 Extended Scalars meeting, 2018-10-24

Recast ATLAS Run1 VBF →W±W±, 1407.5053
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Extending Drell-Yan H±± →W±W± search to masses below 200
GeV (w/ offshell W s) could exclude entire low-m5 region!
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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 there is more than one large 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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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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Explicit LHC searches up to now:

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

VBF → H±5 →W±Z → ATLAS + CMS 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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Generalized Georgi-Machacek models

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

3) Doublet + quartets
(

3
2,

1
2

)
+
(

3
2,

3
2

)
4) Doublet + quintets (2,0) + (2,1) + (2,2)

5) Doublet + sextets
(

5
2,

1
2

)
+
(

5
2,

3
2

)
+
(

5
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

3) Doublet + quartets
(

3
2,

1
2

)
+
(

3
2,

3
2

)
4) Doublet + quintets (2,0) + (2,1) + (2,2)

5) Doublet + sextets
(

5
2,

1
2

)
+
(

5
2,

3
2

)
+
(

5
2,

5
2

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

“GGM4”:
(

3
2,

1
2

)
+
(

3
2,

3
2

)
in a bi-quartet

X4 =


ψ0∗

3 −ψ−∗1 ψ++
1 ψ+3

3
−ψ+∗

3 ψ0∗
1 ψ+

1 ψ++
3

ψ++∗
3 −ψ+∗

1 ψ0
1 ψ+

3
−ψ+3∗

3 ψ++∗
1 ψ−1 ψ0

3


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Generalized Georgi-Machacek models

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

3) Doublet + quartets
(

3
2,

1
2

)
+
(

3
2,

3
2

)
4) Doublet + quintets (2,0) + (2,1) + (2,2)

5) Doublet + sextets
(

5
2,

1
2

)
+
(

5
2,

3
2

)
+
(

5
2,

5
2

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

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

X5 =



π0∗
4 −π−∗2 π++

0 π+3
2 π+4

4
−π+∗

4 π0∗
2 π+

0 π++
2 π+3

4
π++∗

4 −π+∗
2 π0

0 π+
2 π++

4
−π+3∗

4 π++∗
2 −π+∗

0 π0
2 π+

4
π+4∗

4 −π+3∗
2 π++∗

0 π−2 π0
4


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Generalized Georgi-Machacek models

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

3) Doublet + quartets
(

3
2,

1
2

)
+
(

3
2,

3
2

)
4) Doublet + quintets (2,0) + (2,1) + (2,2)

5) Doublet + sextets
(

5
2,

1
2

)
+
(

5
2,

3
2

)
+
(

5
2,

5
2

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

“GGM6”:
(

5
2,

1
2

)
+
(

5
2,

3
2

)
+
(

5
2,

5
2

)
in a bi-sextet

X6 =



ζ0∗
5 −ζ−∗3 ζ−−∗1 ζ+3

1 ζ+4
3 ζ+5

5
−ζ+∗

5 ζ0∗
3 −ζ−∗1 ζ++

1 ζ+3
3 ζ+4

5
ζ++∗

5 −ζ+∗
3 ζ0∗

1 ζ+
1 ζ++

3 ζ+3
5

−ζ+3∗
5 ζ++∗

3 −ζ+∗
1 ζ0

1 ζ+
3 ζ++

5
ζ+4∗

5 −ζ+3∗
3 ζ++∗

1 ζ−1 ζ0
3 ζ+

5
−ζ+5∗

5 ζ+4∗
3 −ζ+3∗

1 ζ−−1 ζ−3 ζ0
5


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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

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  100  200  300  400  500  600  700  800  900  1000

si
n 
θ H

m5  [GeV]

Excluded by WWjj

Excluded by
VV → VV

GM
GGM4
GGM5
GGM6

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  200  400  600  800  1000  1200  1400  1600  1800  2000

allowed

s H

m5 (GeV)

GM model VBF → H++ → W+W+

CMS direct
ATLAS recast

VV → VV unitarity

HEL & Rentala, 1502.01275

(plot needs updating: CMS Run 1 direct search not shown)
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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!

 0

 0.2

 0.4
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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.) Exotic EWSB HPNP 2019 Osaka

36



Results: multiplets with Ttree > 0 and Y 6= 0

Take advantage of correlation between S and T to try to ease
the constraint.

-0.1

 0

 0.1

 0.2

 0.3

-0.25 -0.2 -0.15 -0.1 -0.05  0  0.05  0.1  0.15  0.2  0.25

T = 2, Y = 1

vX/vSM = 0

T

S

-2 < λ1 < 2
M = 500 GeV

750 GeV
1000 GeV

Δχ2 = 1,4,9 (PDG 2018)
SM

Sloop ∼ −
δm2

M2
Tloop ∼

(δm2)2

M2M2
Z

Uloop ∼
(
δm2

M2

)2

Heather Logan (Carleton U.) Exotic EWSB HPNP 2019 Osaka

37



Results: multiplets with Ttree > 0 and Y 6= 0

Take advantage of correlation between S and T to try to ease
the constraint.
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Results: multiplets with Ttree > 0 and Y 6= 0

Take advantage of correlation between S and T to try to ease
the constraint.
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