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Introduction: the Standard Model Weinberg 1967

The electroweak part of the Standard Model is an SU(2)×U(1)

gauge theory:

- Isospin SU(2)L gauge bosons W a
µ , a = 1,2,3

- Hypercharge U(1)Y gauge boson Bµ

- Chiral fermions, left-handed transform as doublets under SU(2)L,

right-handed as singlets, hypercharge quantum numbers assigned

according to electric charge Q = T3 + Y .

Gauge invariance requires that the gauge bosons are massless.

To account for massive W± and Z, incorporate the Higgs mech-

anism of spontaneous symmetry breaking.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Introduction: the Standard Model Weinberg 1967

Minimal nontrivial representation of the Higgs field (Lorentz

scalar) is a complex SU(2)L doublet with hypercharge Y = 1/2:

Φ =

(
φ+

φ0

)
=

1√
2

(
φ1 + iφ2
φ3 + iφ4

)

The most general gauge-invariant potential for this field (the

so-called Higgs potential) is

V = −µ2Φ†Φ + λ(Φ†Φ)2

= −
µ2

2
(φ2

1 + φ2
2 + φ2

3 + φ2
4) +

λ

4
(φ2

1 + φ2
2 + φ2

3 + φ2
4)2

Clearly this potential is invariant under more than just SU(2)L×U(1)Y :

there is a global SO(4) symmetry (homomorphic to SU(2)×SU(2))

under which (φ1, φ2, φ3, φ4) transforms as a vector.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019

4



Introduction: the Standard Model Weinberg 1967

Spontaneous symmetry breaking: coefficient of Φ†Φ is negative
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4) ≡ v2 = µ2/λ

Vacuum value of (φ1, φ2, φ3, φ4) must choose a direction:
Breaks three SO(4) rotations, preserves the remaining three.
∼= Breaks SU(2)×SU(2) down to diagonal SU(2) subgroup.

This is the custodial SU(2).

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Introduction: the Standard Model Weinberg 1967

Another way to see this: rewrite Φ as a “bidoublet”:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)

- Second column is the original Φ.
- First column is the conjugate doublet Φ̃ ≡ iσ2Φ∗ (also trans-
forms as a doublet because SU(2) is pseudo-real).

V = −
µ2

2
Tr(Φ†Φ) +

λ

4
[Tr(Φ†Φ)]2

V is invariant under SU(2)L×SU(2)R transformations:

Φ→ exp(iθaLτ
a)Φ exp(−iθbRτ

b)

Vacuum preserves diagonal subgroup θaL = θaR: (custodial SU(2))

〈Φ〉 =
1√
2

(
v 0
0 v

)
∝ I2×2

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Introduction: the Standard Model Weinberg 1967

These are global symmetries. Match them back to the gauge

symmetries? SU(2)L×SU(2)R ← ? → SU(2)L×U(1)Y

- Global SU(2)L is the gauged SU(2)L.

- The T3 generator of global SU(2)R is the hypercharge U(1)Y
generator.

- The T3 generator of the custodial SU(2) is the electric charge

operator (unbroken).

- Gauging only the one (hypercharge) generator of SU(2)R breaks

the global symmetry without promoting it to a full SU(2) gauge

symmetry. → hypercharge is going to cause some trouble down the line....

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Introduction: the Standard Model Weinberg 1967

Gauge boson masses in the SM come from the gauge-covariant

derivative terms in the Lagrangian acting upon the Higgs field’s

vacuum expectation value. (Y = 1/2, τa = σa/2)

L ⊃ (DµΦ)†(DµΦ), Dµ = ∂µ − ig′Y Bµ − igτaW a
µ

Gauge boson mass terms generated:

write in matrix form in basis (W1,W2,W3, B):

M2 =
v2

4




g2 0 0 0
0 g2 0 0
0 0 g2 −gg′
0 0 −gg′ g′2




- W±µ = (W1
µ ∓ iW2

µ )/
√

2 have the same mass MW = gv/2 and do

not mix with anything else (charge is conserved).

- W3
µ and Bµ mix by θW = tan−1(g′/g) to produce the massive Z

with MZ =
√
g2 + g′2v/2 and the massless photon.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Introduction: the Standard Model Weinberg 1967

Gauge boson masses in the SM come from the gauge-covariant
derivative terms in the Lagrangian acting upon the Higgs field’s
vacuum expectation value. (Y = 1/2, τa = σa/2)

L ⊃ (DµΦ)†(DµΦ), Dµ = ∂µ − ig′Y Bµ − igτaW a
µ

Gauge boson mass terms generated:
write in matrix form in basis (W1,W2,W3, B):

M2 =
v2

4




g2 0 0 0
0 g2 0 0
0 0 g2 −gg′
0 0 −gg′ g′2




The custodial symmetry manifests here in the limit g′ → 0 as an
invariance under SU(2) rotations among (W1,W2,W3).

Consequence with g′ 6= 0 is that ρ0 ≡M2
W/M

2
Z cos2 θW = 1.

Experiment: ρ0 = 1.00039± 0.00019 (PDG 2018).

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Introduction: the Standard Model Weinberg 1967

Higgs bidoublet is 2⊗ 2 under SU(2)L×SU(2)R:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)

Breaking SU(2)L×SU(2)R → SU(2)custodial ⇒ 2⊗ 2→ 3⊕ 1.
- Custodial triplet (φ+,

√
2Imφ0, φ+∗) are the (eaten) Goldstone

bosons.
- Custodial singlet

√
2Reφ0 = h is the (physical) Higgs boson.

Higgs couplings to W+W− and ZZ have a characteristic pattern:

hW+
µ W

−
ν : 2i

M2
W

v
gµν

hZµZν : 2i
M2
Z

v
gµν

Experiment: λWZ ≡ (ghWW/M
2
W )/(ghZZ/M

2
Z) = 0.88+0.10

−0.09
(ATLAS + CMS 2016).

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019

10



Models without custodial symmetry?

To get an appreciation of the importance of custodial symmetry,
let’s look at some ways of breaking the SM gauge symmetry that
do not preserve it.

Example 1: Real triplet with Y = 0.

Ξ =




ξ+

ξ0

−ξ+∗


 , 〈Ξ〉 =




0
vξ
0




Gauge boson mass matrix generated:

M2
Ξ = v2

ξ




g2 0 0 0
0 g2 0 0
0 0 0 0
0 0 0 0




Real triplet generates a mass for W , but no mass for Z!
see also Georgi & Glashow 1972

Combine with a doublet: θW stays the same, but now MW gets
an extra contribution. ρ0 ≡M2

W/M
2
Z cos2 θW > 1.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Models without custodial symmetry?

To get an appreciation of the importance of custodial symmetry,
let’s look at some ways of breaking the SM gauge symmetry that
do not preserve it.

Example 2: Complex triplet with Y = 1.

X =



χ++

χ+

χ0


 , 〈X〉 =




0
0
vχ




Gauge boson mass matrix generated:

M2
X = v2

χ




g2 0 0 0
0 g2 0 0
0 0 2g2 −2gg′

0 0 −2gg′ 2g′2




Complex triplet generates
√

2 more mass for Z than for W !

Combine with a doublet: θW stays the same, but now MZ gets
more contribution. ρ0 ≡M2

W/M
2
Z cos2 θW < 1.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Models without custodial symmetry?

What if we combine the real triplet and the complex triplet?

(At least one doublet is needed to generate the fermion masses.)

M2
W =

g2

4
(v2
φ + 4v2

ξ + 4v2
χ), M2

Z =
g2 + g′2

4
(v2
φ + 8v2

χ)

so (using g2 + g′2 = g2/ cos2 θW),

ρ0 =
v2
φ + 4v2

ξ + 4v2
χ

v2
φ + 8v2

χ

If we just fine-tune vξ = vχ then we are in good shape!

But that is ugly, since the fine-tuning has to be pretty extreme.

Experiment: ρ0 = 1.00039± 0.00019 (PDG 2018).

Instead, let’s construct a model including both of the triplets

with custodial symmetry re-imposed! Georgi & Machacek 1985

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + the two triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Impose a global SU(2)L×SU(2)R and write down the scalar po-
tential (this is not the most general gauge invariant potential):

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 GF and mh → 7 free parameters. Aoki & Kanemura, 0712.4053

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

Hartling, Kumar & HEL, 1404.2640

Spontaneous symmetry breaking can be achieved preserving the
custodial SU(2) → 〈X〉 = vχ × I3×3, so vξ = vχ naturally!

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + the two triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Physical spectrum controlled by transformation under
SU(2)L×SU(2)R → SU(2)custodial:

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

- Two custodial singlets mix → h0, H0 mh, mH, angle α
Usually identify h0 = h(125) λWZ = 1

- 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
λWZ = −1/2 for H0

5 s2
H ≡ exotic fraction of M2

W , M2
Z

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + the two triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Why add SU(2)-triplet scalars?

- They show up in some composite-Higgs models.

- Complex triplet (χ++, χ+, χ0) generates Majorana neutrino
masses: “type-II seesaw”. But can do that with tiny vev, no need

for custodial symmetry.

- Other than that, no particular “problem-solving” reason.

But, Georgi-Machacek model provides a phenomenological pro-
totype for ALL “exotic” scalar sector extensions engineered to
preserve ρtree = 1. ⇒ Generic search with LHC data.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Smoking-gun processes involve (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ):

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 %
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! 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)
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H+

p

p t̄
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b
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p
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b
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H

b
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q
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p

p
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4

Cross section ∝ s2
H ≡ fraction of M2

W ,M
2
Z due to exotic scalars.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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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

 (GeV)±±Hm
200 300 400 500 600 700 800 900 1000

HS

0.2
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0.8

1
±W± W→ ±±VBF H
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 Median expected
 68% expected
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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%

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Introduction: the Standard Model Weinberg 1967

These are global symmetries. Match them back to the gauge

symmetries? SU(2)L×SU(2)R ← ? → SU(2)L×U(1)Y

- Global SU(2)L is the gauged SU(2)L.

- The T3 generator of global SU(2)R is the hypercharge U(1)Y
generator.

- The T3 generator of the custodial SU(2) is the electric charge

operator (unbroken).

- Gauging only the one (hypercharge) generator of SU(2)R breaks

the global symmetry without promoting it to a full SU(2) gauge

symmetry. → hypercharge is going to cause some trouble down the line....

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Custodial symmetry violation in the GM model: a long history

Gunion, Vega & Wudka 1991 showed that computing the T pa-
rameter in the GM model yields infinity due to an uncancelled UV
divergence caused by hypercharge violating the custodial symme-
try at 1-loop. Full gauge-invariant but SU(2)L×SU(2)R-violating
scalar potential yields the needed counterterm.

Englert, Re & Spannowsky 1302.6505 applied S, T parameter
constraints by subtracting a counterterm for T . (just divergence?)

Chiang, Kuo & Yagyu 1804.02633 calculated 1-loop renormal-
ized predictions for h couplings in GM model and used measured
T parameter as input to fix the relevant custodial-symmetry-
violating counterterm.

Blasi, De Curtis & Yagyu 1704.08512 computed the RGEs and
studied custodial violation from running up from custodial-symmetric
theory at the weak scale. (RGEs independently calculated by us.)

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Our implementation B. Keeshan, HEL & T. Pilkington 1807.11511

- Assume custodial symmetry at some high scale Λ.

(accidental SU(2)L×SU(2)R coming from UV completion e.g. composite Higgs)

- Run down to weak scale ⇒ custodial violation generated.

(1-loop RGEs, tree-level matching ≡ leading log approximation)

(Have to do some iteration to get correct low-scale GF , mh, mt.)

- Use measured value of ρ0 to put an upper bound on scale Λ.

(Also require perturbative unitarity constraint on quartic couplings.)

- Subject to ρ0 constraint (and perturbativity at Λ), quantify

maximum allowed custodial symmetry violation and its phenomeno-

logical consequences.

Used a combination of benchmark plane and general parameter

scans to study effects over the GM model parameter space.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Results: maximum cutoff scale Λ
B. Keeshan, HEL & T. Pilkington 1807.11511 + revisions in preparation

UV completion generally must appear below 10s to 100s of TeV.

Not too far away! Hierarchy problem is only “little”.

But also not right on top of our heads: generally high enough to
be able to ignore loop effects or dimension-6 operators induced
by the UV completion.

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Results: λWZ ≡ hWW/hZZ normalized to SM
B. Keeshan, HEL & T. Pilkington 1807.11511 + revisions in preparation

Deviation from SM prediction (λhWZ = 1) below percent-level
except for resonant mixing between h and H0

5 at m5 ∼ 125 GeV.

Current LHC precision: λhWZ = 0.88+0.10
−0.09 ATLAS + CMS Run 1, 1606.02266

Future: HL-LHC few % / ILC ∼ 0.5% / FCC-ee ∼ 0.2%

Heather Logan (Carleton U.) Custodial sym & Higgs Theory Canada XIV, June 1, 2019
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Results: custodial-violating mixing of Higgs states

At tree level, H0
5 is fermiophobic due to custodial symmetry:

H0
5 → γγ gives a powerful search channel at low mass!

Drell-Yan pp→ H0
5H
±
5 depends only on m5 and gauge couplings:

3

there are multiple scalars in the same custodial repre-
sentation or from custodial breaking e↵ects at one loop,
but these are neglected so that no Higgs mass mixing an-
gles enter into Eq. (2). This also implies that any mixing
with the SM-like 125 GeV Higgs boson is small as cur-
rently implied by Higgs couplings measurements [4]. The
ratio of the gZ and gW couplings,

�WZ = gW /gZ , (3)

is an important quantity [68] and is fixed by custodial
symmetry at tree level to be �WZ = 1 or �WZ = �1/2 for
a custodial singlet and fiveplet respectively [45]. Note also
that the factor of s✓ cancels explicitly in Eq. (3). While
custodial triplets generically have vanishing tree level
couplings [66] to WW and ZZ, the limits on diphoton
branching ratios we obtain only depend on the pair pro-
duction cross section so we include the triplet case in our
analysis as well. A more dedicated study of these ‘pseudo
scalar’ Higgs bosons would also be interesting.

At one loop the gW couplings in Eq. (2) will also gen-
erate e↵ective couplings to �� and Z� pairs (as well as
WW and ZZ) via W boson loops. We parametrize them
with the dimension five e↵ective operators,

L � H0
F

v

⇣c��
4

Fµ⌫Fµ⌫ +
cZ�

2
Zµ⌫Fµ⌫

⌘
, (4)

where Vµ⌫ = @µV⌫ � @⌫Vµ and we have assumed a CP
even scalar. Defining similar ratios,

�V � = cV �/ḡZ , (5)

where V = Z, � and we have implicitly absorbed a factor
of s✓ into ḡZ ⌘ (s✓gZ). There are also contributions to
the e↵ective couplings in Eq. (4) from additional charged
Higgs bosons which are necessarily present, but typically
subdominant to the W vector boson loop.

LHC diphoton limits and 95 GeV excess

Surprisingly, the lone experimental search to utilize the
Drell-Yan Higgs pair production channel and combine
it with (multi)photon searches for a light fermiophobic
Higgs boson is a recent CDF analysis of previously col-
lected Tevatron 4� + X data [36]. However, this search
relies on the decay of the charged Higgs boson to the
neutral Higgs being kinematically available. Thus, in the
limit where the mass splitting between the pair of Higgs
bosons goes to zero, limits from this multiphoton search
can be evaded. In models with custodial symmetry [10] in
the Higgs sector, which are motivated by electroweak pre-
cision data, degenerate masses between the neutral and
charged Higgs bosons are generated (at tree level). This
makes the CDF four photon search insensitive to custo-

dial fermiophobic Higgs bosons 6. As emphasized in [15],
diphoton searches have the advantage that, being more
inclusive, are more model independent and can be ap-
plied even in the custodial limit of degenerate masses as
well as when MH± < MH0 or if the charged Higgs decays
in a way that is di�cult to observe.

Combining updated 8 and 13 TeV low mass dipho-
ton data [37, 38], we can obtain new robust bounds
on the allowed branching ratio into photons for di↵er-
ent cases of custodial fermiophobic Higgs bosons in the
mass range 65 � 160 GeV. For the necessary production
channels we have used a modified version of the Mad-
graph [69] framework developed for the GM model in [70]
to compute cross sections at leading order for an 8 and
13 TeV LHC. There are O(1) largely model independent
k-factors [25, 71] arising from corrections which are ne-
glected, but this will not qualitatively change our results
and can easily be included in a more precise analysis.

FIG. 1. The dashed colored lines show the allowed branching
ratio by 8 TeV ATLAS diphoton searches [37] with 20.3 fb�1

of data (65 � 160 GeV) as a function of mass for a custodial
fermiophobic Higgs boson produced dominantly via the Drell-
Yan pp ! W ± ! H0

F H±
N Higgs pair production channel. The

custodial singlet (H0
1 ), triplet (H0

3 ), and fiveplet (H0
5 ) cases

are shown with couplings defined in Eq. (1). For the range
70 � 110 GeV, we also show (black dashed) the more recent
13 TeV CMS low mass diphoton search [38] which has a ⇠ 3�
excess at ⇠ 95 GeV with 35.9 fb�1 of data.

We show in Fig. 1 the allowed branching ratio (dashed
colored lines) by 8 TeV ATLAS (inclusive) diphoton
searches [37] in the range 65�160 GeV. For the fiveplet in
the range 70�110 GeV, we also show (black dashed) the
more recent 13 TeV CMS low mass diphoton search [38]
which has a ⇠ 3� excess at ⇠ 95 GeV with 35.9 fb�1

6 Of course if there are additional Higgs scalars which are in dif-
ferent custodial representations than H0

F , additional Higgs pair
production mechanisms with non-degenerate masses can become
available allowing for 4� + X limits to again be applied.

Vega, Vega-Morales & Xie, 1805.01970
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Results: custodial-violating mixing of Higgs states
B. Keeshan, HEL & T. Pilkington 1807.11511 + revisions in preparation

Custodial symmetry violation mixes doublet into H0
5, can induce

fermionic decays that might compete with γγ.

The effect is generally very small unless H0
5–h mixing is resonant.

H0
5 → γγ

H0
5 →WW + ZZ

H0
5 → Zγ

H0
5 → ff̄ (few points at m5 ∼ 125 GeV)

H0
5 → H3H3 (few points above 180 GeV)

H0
5 → γγ still strongly constraining for masses below ∼ 110 GeV.
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Conclusions and outlook

Custodial symmetry is accidental in the Standard Model!

Generally has to be built in to BSM models to avoid stringent

constraints on the ρ0 parameter.

Can build “exotic” extended Higgs sectors with custodial sym-

metry, but hypercharge interactions violate it at 1-loop level.

Fortunately the effect is fairly small!

Quantified explicitly in Georgi-Machacek model, prototype for

LHC searches for “exotic” extended Higgs sectors:

- UV completion generally lies below 10s to 100s of TeV

forced by perturbative unitarity + measured ρ parameter

- Custodial-violating effects are generally small

assumption of custodial-symmetric GM is good for LHC searches
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BACKUP SLIDES
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Introduction

Can we constrain the possibility that “exotic” Higgs fields (isospin

> 1/2) contribute to electroweak symmetry breaking?

Generically this is very strongly constrained by the ρ parameter:

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
Q = T 3 + Y ; SM doublet: Y = 1/2

Expt: ρ = 1.00037± 0.00023 (2016 PDG)

Need to do some model-building; otherwise vexotic � vdoublet.
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There are only two known approaches:

1) Use the septet (T, Y ) = (3,2): ρ = 1 by accident!

Doublet
(

1
2,

1
2

)
+ septet (3,2): Scalar septet model

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

2) Use global SU(2)L×SU(2)R imposed on the scalar potential

Global SU(2)L×SU(2)R → custodial SU(2) ensures tree-level ρ = 1

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

Georgi & Machacek 1985; Chanowitz & Golden 1985

Doublet + quartets
(

3
2,

1
2

)
+
(

3
2,

3
2

)
: Generalized Georgi-

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

Doublet + sextets
(

5
2,

1
2

)
+
(

5
2,

3
2

)
+
(

5
2,

5
2

)
:

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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Both approaches have theoretical “issues”:

1) 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!

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

Gunion, Vega & Wudka 1991

Special relations among params 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!

This talk: quantify (2) in the Georgi-Machacek model.
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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
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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±Z → `±`+`−+ MET (ATLAS Run 2)

ATLAS 1806.01532
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Figure 7: Observed and expected 95% CL upper limits on (a) � ⇥ B(H±
5 ! W±Z) and (b) the parameter sin ✓H of

the GM Model as a function of mH±
5

. The shaded region shows where the theoretical intrinsic width of the resonance
would be larger than 5% or 10% of the mass.

9 Conclusion

A search is performed for resonant W Z production in fully leptonic final states (electrons and muons)
using 36.1 fb�1 of

p
s = 13 TeV pp data collected by the ATLAS experiment at the LHC during the 2015

and 2016 run periods. Two di�erent production modes are considered using quark–antiquark annihilation
and vector-boson fusion.

The data in the qq̄ fusion category are found to be consistent with Standard Model predictions. The
results are used to derive upper limits at 95% CL on the cross section times branching ratio of the
phenomenological Heavy Vector Triplet benchmark Model A (Model B) with coupling constant gV = 1
(gV = 3) as a function of the resonance mass, with no evidence of heavy resonance production for masses
below 2260 (2460) GeV.

In the case of the VBF production processes, limits on the production cross section times branching ratio
are obtained as a function of the mass of a charged member of a heavy vector triplet or of the fiveplet
scalar in the Georgi–Machacek model. The results show a local excess of events over the Standard Model
expectations at a resonance mass of around 450 GeV. The local significances for signals of H±

5 and of a
heavy vector W 0 boson are 2.9 and 3.1 standard deviations respectively. The respective global significances
calculated considering the Look Elsewhere e�ect are 1.6 and 1.9 standard deviations respectively.
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Full gauge-invariant potential:

V (φ, χ, ξ) = µ̃2
2φ
†φ+ µ̃′23 χ

†χ+
µ̃2

3

2
ξ†ξ

+λ̃1(φ†φ)2 + λ̃2|χ̃†χ|2 + λ̃3(φ†τaφ)(χ†taχ)

+
[
λ̃4(φ̃†τaφ)(χ†taξ) + h.c.

]
+ λ̃5(φ†φ)(χ†χ)

+λ̃6(φ†φ)(ξ†ξ) + λ̃7(χ†χ)2 + λ̃8(ξ†ξ)2

+λ̃9|χ†ξ|2 + λ̃10(χ†χ)(ξ†ξ)

−
1

2

[
M̃ ′1φ

†∆2φ̃+ h.c.
]

+
M̃1√

2
φ†∆0φ− 6M̃2χ

†∆0χ

where

∆2 ≡
√

2τaUaiχi =

(
χ+/
√

2 −χ++

χ0 −χ+/
√

2

)
,

∆0 ≡
√

2τaUaiξi =

(
ξ0/
√

2 −ξ+

−ξ+∗ −ξ0/
√

2

)
,

∆0 ≡ −taUaiξi =



−ξ0 ξ+ 0
ξ+∗ 0 ξ+

0 ξ+∗ ξ0


 .

Minimize potential, compute mass matrices, etc.
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16 Lagrangian parameters compared to 9 in original GM model:

Matching gauge-invariant potential to original GM model yields

µ̃2
2 = µ2

2

µ̃′23 = µ2
3

µ̃2
3 = µ2

3

λ̃1 = 4λ1

λ̃2 = 2λ3

λ̃3 = −2λ5

λ̃4 = −
√

2λ5

λ̃5 = 4λ2

λ̃6 = 2λ2

λ̃7 = 2λ3 + 4λ4

λ̃8 = λ3 + λ4

λ̃9 = 4λ3

λ̃10 = 4λ4

M̃ ′1 = M1

M̃1 = M1

M̃2 = M2

RGEs with g′ = 0 preserve these relations.

Keeping g′ 6= 0 violates these relations and introduces custodial

symmetry violation through the RGE running.
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Our implementation

Details of the benchmark:

- Start with a benchmark scenario at the weak scale∗ (for con-

creteness, and to get GF , mh close to their correct values)
∗“weak scale” = m5

H5plane benchmark (introduced by HXSWG for H5 LHC searches)
Fixed Parameters Variable Parameters Dependent Parameters
GF = 1.1663787× 10−5 GeV−2 m5 ∈ [200,3000] GeV λ2 = 0.4m5/(1000 GeV)
mh = 125 GeV sH ∈ (0,1) M1 =

√
2sH(m2

5 + v2)/v
λ3 = −0.1 M2 = M1/6
λ4 = 0.2

- Run up with g′ = 0 (custodial symmetric!) to some scale Λ;

check perturbativity of quartic couplings (avoid Landau pole)

⇒ upper bound on Λ to avoid perturbativity violation
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Our implementation

Details (continued):

- Run back down with g′ 6= 0 to get the custodial-violating La-

grangian parameters at the weak scale

- Compute vevs → GF and mass matrices → mh; adjust original

weak-scale inputs and iterate until these match experiment in

custodial violating theory

- Compute ρ; adjust upper bound on Λ if necessary

ρ = 1.00037± 0.00023 (2016 PDG) [require within ±2σ]

- Compute weak-scale predictions for custodial-violating observ-

ables (λhWZ, mass splittings, mixings)
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Results (within H5plane benchmark): cutoff scale
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Results (within H5plane benchmark): ρ parameter
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Results (within H5plane benchmark): mass splittings

Plot: m
H±3
−mH0

3
for Λ as large as possible

(negative values: H±3 is lighter)
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Measurement prospects: H0
3 → b̄b, tt̄; H+

3 → t̄b

Couplings as in Type-I 2HDM: down-type decays not enhanced

Mass splitting too small to detect at LHC
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Results (within H5plane benchmark): mass splittings
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Decays are to V V – similar challenges to detect small mass split-
tings at LHC.
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