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Introductory motivations

Many motivations to go beyond the SM, that we all know!
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a theorem by Nelson Mandela
(not to be confused with the Coleman-Mandula theorem)
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Introductory motivations

→ an extra motivation in retrospect:

why is the discovered 125 GeV scalar so much SM-like??

→ Some SM-extensions with scalar triplets can relate this to Majorana
neutrinos masses; e.g. type-II seesaw,

LYukawa ⊃ YνLT C ⊗ iσ2 A
↓

SU(2)Ltriplet

L
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The model: pre-custodial

G. Moultaka, L2C-Montpellier Georgi-Machacek and Beyond CosPT meeting, IJCLab, Dec 6 2022 6 / 18



The model: pre-custodial
The scalar sector consists of the standard Higgs weak doublet H and two
colorless scalar fields A,B transforming as triplets under the SU(2)L gauge
group with hypercharges YA = 2,YB = 0:

H ∼ (1,2,1), A ∼ (1,3,2), B ∼ (1,3,0) under SU(3)c × SU(2)L × U(1)Y .

Q = I3 +
Y
2

H =

(
φ+

φ0

)
, A =

1√
2

(
χ+/
√

2 −χ++

χ0 −χ+/
√

2

)
, B =

1√
2

(
ξ0/
√

2 −ξ+
−ξ+∗ −ξ0/

√
2

)
The most general, renormalizable, SU(2)L × U(1)Y -invariant Lagrangian:

H → eiαULH, A→ ei2αULAU†L , B → ULBU†L ,

L = (DµH)†(DµH) + Tr [(DµA)†(DµA)] +
1
2

Tr [(DµB)†(DµB)]− V (H,A,B)

+ LYukawa + ...
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The model: pre-custodial

Vp-c = V (2,3)
p-c + V (4)

p-c

dim-2, -3 operators

V (2,3)
p-c = −m2

H
H†H + M2

A
Tr(AA†) +

1
2

M2
B
Tr(B2)

+ [µA(HT iσ2A†H) + h.c.] + µBH†BH + µABTr(AA†B),

dim-4 operators

V (4)
p-c =

λH

4
(H†H)2 +

λ
(1)
A
4

(Tr AA†)2 +
λ
(2)
A
4

Tr(AA†)2 +
λB

4!
(TrB2)2

+λ
(1)
AHH†H Tr AA† + λ

(2)
AHH†AA†H +

λBH

2
H†H TrB2

+
λ
(1)
AB
2

Tr AA† TrB2 +
λ
(2)
AB
2

Tr AB Tr A†B

+
i
2
λABH(H>σ2A†BH − H†BAσ2H∗).
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The model: pre-custodial→ Georgi-Machacek

To increase the symmetry of the purely scalar sector to
SU(2)L × SU(2)global

R , correlations (fine-tuning) are needed among
(tree-level) mass parameters and couplings→ GM model:

M2
A

= M2
B
, µB =

√
2µA,

λ
(1)
A = 2λ(1)AB + 3λ(2)AB, λ

(2)
A = −2λ(2)AB, λABH =

√
2λ(2)AH ,

λB = 3(λ
(1)
AB + λ

(2)
AB), λBH = λ

(1)
AH +

1
2
λ
(2)
AH .
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The model: Georgi-Machacek
L =

1
2

Tr [(DµΦ)†(DµΦ)] +
1
2

Tr [(DµX )†(DµX )]− VG-M + LYukawa + ...

VG-M = V (2,3)
G-M + V (4)

G-M

V (2,3)
G-M =

µ2
2

2
TrΦ†Φ +

µ2
3

2
TrX †X

−
(

M1TrΦ†τaΦτb + M2TrX †taXtb
)

(UXU†)ab

V (4)
G-M =λ̂1(TrΦ†Φ)2 + λ̂2Tr(Φ†Φ)Tr(X †X ) + λ̂3Tr(X †XX †X )

+ λ̂4(TrX †X )2 − λ̂5Tr(Φ†τaΦτb)Tr(X †taXtb)

Φ ≡

Hc H(
φ0∗ φ+

−φ+∗ φ0

)
,X ≡

Ac B A χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0
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The model: Georgi-Machacek

...the gauge/scalar sector

1
2

Tr [(DµΦ)†(DµΦ)] +
1
2

Tr [(DµX )†(DµX )]− VG-M

invariant under: Φ→ ULΦU†R & X → ULXU†R for g′U(1)Y
→ 0

SU(2)L × SU(2)R
??−→

EWSB
SU(2)L+R ≡ SU(2)custodial

only if UL+R〈X 〉U†L+R = 〈X 〉, i.e. iff 〈A〉 = 〈B〉.
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The ρ parameter

Recall: ρ :=
M2

W

M2
Z cos2 θW

,

“ρFit
0 ” = 1.00038± 0.00020 (PDG2020)

ρtheo
tree =

∑
v2

i
[
Ii(Ii + 1)− 1

4Y 2
i
]∑ 1

2v2
i Y 2

i

(@tree− level, general)

→ depends on the group reps. and possibly on the vacuum structure.
→ ρtheo

tree = 1, ∀vi for:
Ii = 1

2 ,0; Yi = 1,0, Higgs doublet + replicas + singlets,
but also for more exotic replicas, Ii = 3, 25

2 , 48, 361
2 , ...; Yi = 4, 15, 56, 209, ...

→ or, ρtheo
tree = 1 for special relations between the vi → dynamics?

e.g. SM + 1 complex and 1 real n-plets, with n > 2

IA = IB = 1, 8, 49,..., YA = 2, 12, 70,..., YB = 0 ;

→ vA = vB

IA = IB = 2, 24,..., YA = 3, 30,..., YB = 0;

→ vA = 2vB

etc.
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The ρ parameter

→ or, ρtheo
tree ' 1 for vi � vdoublet → dynamics? (e.g. type-II seesaw) etc.

If n(>2)-plets are allowed, requiring ρtheo
tree (exactly) = 1 does NOT

necessarily imply (approximate) tree-level custodial symmetry(!) .

But we are physicists ...

Let us look under the light of symmetries
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The custodial multiplets in Georgi-Machacek

2⊗ 2 = 3⊕ 1 and 3⊗ 3 = 5⊕ 3⊕ 1

the φ, χ and ξ fields combine to form:
→ 1 fiveplet, 2 triplets, 2 singlets of SU(2)custodial
13 scalar fields = 3 Goldstone bosons

W+
L ,W

0
L ,W

−
L triplet

+ 10 physical scalars

H++
5 ,H+

5 ,H
0
5 ,H
−
5 ,H

−−
5

H+
3 ,H

0
3 ,H
−
3 ,

H0
1 ,H

0′
1 →h0,H0

4 physical masses:
5 degenerate states with mass m5

3 degenerate states with mass m3

mh0 ,mH0

and some selection rules,
e.g. H0

3,5−6 →h0h0,H0H0,h0H0, no coupling of H5 to fermions, ...
But rad. corr. break SU(2)custodial and the degeneracy and the selection
rules...

G. Moultaka, L2C-Montpellier Georgi-Machacek and Beyond CosPT meeting, IJCLab, Dec 6 2022 15 / 18



The custodial multiplets in Georgi-Machacek

2⊗ 2 = 3⊕ 1 and 3⊗ 3 = 5⊕ 3⊕ 1

the φ, χ and ξ fields combine to form:
→ 1 fiveplet, 2 triplets, 2 singlets of SU(2)custodial

13 scalar fields = 3 Goldstone bosons

W+
L ,W

0
L ,W

−
L triplet

+ 10 physical scalars

H++
5 ,H+

5 ,H
0
5 ,H
−
5 ,H

−−
5

H+
3 ,H

0
3 ,H
−
3 ,

H0
1 ,H

0′
1 →h0,H0

4 physical masses:
5 degenerate states with mass m5

3 degenerate states with mass m3

mh0 ,mH0

and some selection rules,
e.g. H0

3,5−6 →h0h0,H0H0,h0H0, no coupling of H5 to fermions, ...
But rad. corr. break SU(2)custodial and the degeneracy and the selection
rules...

G. Moultaka, L2C-Montpellier Georgi-Machacek and Beyond CosPT meeting, IJCLab, Dec 6 2022 15 / 18



The custodial multiplets in Georgi-Machacek

2⊗ 2 = 3⊕ 1 and 3⊗ 3 = 5⊕ 3⊕ 1

the φ, χ and ξ fields combine to form:
→ 1 fiveplet, 2 triplets, 2 singlets of SU(2)custodial
13 scalar fields = 3 Goldstone bosons

W+
L ,W

0
L ,W

−
L triplet

+ 10 physical scalars

H++
5 ,H+

5 ,H
0
5 ,H
−
5 ,H

−−
5

H+
3 ,H

0
3 ,H
−
3 ,

H0
1 ,H

0′
1 →h0,H0

4 physical masses:
5 degenerate states with mass m5

3 degenerate states with mass m3

mh0 ,mH0

and some selection rules,
e.g. H0

3,5−6 →h0h0,H0H0,h0H0, no coupling of H5 to fermions, ...
But rad. corr. break SU(2)custodial and the degeneracy and the selection
rules...

G. Moultaka, L2C-Montpellier Georgi-Machacek and Beyond CosPT meeting, IJCLab, Dec 6 2022 15 / 18



The custodial multiplets in Georgi-Machacek

2⊗ 2 = 3⊕ 1 and 3⊗ 3 = 5⊕ 3⊕ 1

the φ, χ and ξ fields combine to form:
→ 1 fiveplet, 2 triplets, 2 singlets of SU(2)custodial
13 scalar fields = 3 Goldstone bosons

W+
L ,W

0
L ,W

−
L triplet

+ 10 physical scalars
H++

5 ,H+
5 ,H

0
5 ,H
−
5 ,H

−−
5

H+
3 ,H

0
3 ,H
−
3 ,

H0
1 ,H

0′
1 →h0,H0

4 physical masses:
5 degenerate states with mass m5

3 degenerate states with mass m3

mh0 ,mH0

and some selection rules,
e.g. H0

3,5−6 →h0h0,H0H0,h0H0, no coupling of H5 to fermions, ...
But rad. corr. break SU(2)custodial and the degeneracy and the selection
rules...

G. Moultaka, L2C-Montpellier Georgi-Machacek and Beyond CosPT meeting, IJCLab, Dec 6 2022 15 / 18



The custodial multiplets in Georgi-Machacek

2⊗ 2 = 3⊕ 1 and 3⊗ 3 = 5⊕ 3⊕ 1

the φ, χ and ξ fields combine to form:
→ 1 fiveplet, 2 triplets, 2 singlets of SU(2)custodial
13 scalar fields = 3 Goldstone bosons

W+
L ,W

0
L ,W

−
L triplet

+ 10 physical scalars
H++

5 ,H+
5 ,H

0
5 ,H
−
5 ,H

−−
5

H+
3 ,H

0
3 ,H
−
3 ,

H0
1 ,H

0′
1 →h0,H0

4 physical masses:
5 degenerate states with mass m5

3 degenerate states with mass m3

mh0 ,mH0

and some selection rules,
e.g. H0

3,5−6 →h0h0,H0H0,h0H0, no coupling of H5 to fermions, ...

But rad. corr. break SU(2)custodial and the degeneracy and the selection
rules...

G. Moultaka, L2C-Montpellier Georgi-Machacek and Beyond CosPT meeting, IJCLab, Dec 6 2022 15 / 18



The custodial multiplets in Georgi-Machacek

2⊗ 2 = 3⊕ 1 and 3⊗ 3 = 5⊕ 3⊕ 1

the φ, χ and ξ fields combine to form:
→ 1 fiveplet, 2 triplets, 2 singlets of SU(2)custodial
13 scalar fields = 3 Goldstone bosons

W+
L ,W

0
L ,W

−
L triplet

+ 10 physical scalars
H++

5 ,H+
5 ,H

0
5 ,H
−
5 ,H

−−
5

H+
3 ,H

0
3 ,H
−
3 ,

H0
1 ,H

0′
1 →h0,H0

4 physical masses:
5 degenerate states with mass m5

3 degenerate states with mass m3

mh0 ,mH0

and some selection rules,
e.g. H0

3,5−6 →h0h0,H0H0,h0H0, no coupling of H5 to fermions, ...
But rad. corr. break SU(2)custodial and the degeneracy and the selection
rules...

G. Moultaka, L2C-Montpellier Georgi-Machacek and Beyond CosPT meeting, IJCLab, Dec 6 2022 15 / 18



The custodial multiplets in Georgi-Machacek

→ several other theoretical constraints should apply:
vacuum stability, no charge breaking minima, unitarity,...

In particular the presence of a doubly-charged state opens up
possibilities not allowed by SU(2)L doublets/singlets:
e.g. unitarity in the WW scattering→ sum rules:

g2
WWh

(SM)
=
∑

i

g2
W+W−φ0

i
−
∑

k

|gW−W−φ0
k
++ |2

→ this and other similar sum-rules allow non-standard neutral scalar
states to have larger couplings to WW (ZZ ) than in the SM!
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δρ in Georgi-Machacek

→ radiative corrections to the ρ parameter: different status of custodial
symmetry breaking with triplets as compared to doublets!

in the SM beyond tree-level, ρ = 1 + δρ with δρ finite and uniquely
defined
in the GM model δρ is divergent and needs to be renormalized.
Also, divergent H5 − H3,H+

5 −W+ mixings.

→ the reason for this difference is that, contrary to the SM, the
potential in the GM model does NOT exhaust all possible
renormalizable SU(2)L operators↔ the pre-custodial.

→ many of the pheno features of the GM become renormalization
scheme and scale dependent...(including precision observables,
δρ,MW ,etc.).
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’conclusion’

The Georgi-Machacek and (the more general) pre-custodial models,
have interesting distinctive features beyond the SM.

They might however still need to be supplemented by extra
doublets/singlets, if some recent excesses at CMS and/or ATLAS end
up satisfying Nelson Mandela’s theorem!

La parole est à François
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