
Gegenbauer’s Twin

Gauthier Durieux
(CERN)

Gegenbauer Goldstones, JHEP 01 (2022) 076, [2110.06941]
Gegenbauer’s Twin, JHEP 05 (2022) 140, [2202.01228]

with Matthew McCullough and Ennio Salvioni

Fundamental Interaction Seminar, L2C Montpellier, 30 June 2022

https://inspirehep.net/authors/1273362
https://doi.org/10.1007/JHEP01(2022)076
https://arxiv.org/abs/2110.06941
https://doi.org/10.1007/JHEP05(2022)140
https://arxiv.org/abs/2202.01228
https://coulomb.umontpellier.fr/index.php?page=seminaires&aigle_annee=2022&aigle_title=&intervenant=&aigle_item_by_page=1&id_theme=5&colloquium=0&offset=3&lang=en


Ten years after its discovery, the Higgs remains a mystery.

Why does it look lighter than the SM cutoff?

Why do its couplings look SM-like?

Are symmetries sufficient to explain this?
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Lighter than the cutoff

Global spontaneous sym. breaking leads to massless scalars,
Nambu-Goldstone bosons (NGBs).

Small explicit symmetry breakings lead to small masses.
NGBs become pNGBs.

e.g. light pions

π

ρ
p, n

∆

mass

SSB: SU(Nf )L × SU(Nf )R → SU(Nf )L+R
ESB: quark masses/charges

Same structure reproduced in composite pNGB Higgs models,
with the condensation of a new strong sector at the scale f .
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SM-like couplings

In vanilla composite Higgs models,
Higgs coupling modifications are controlled by v 2/f 2,

and naturally of O(1).

Experimental constraints require v 2/f 2 � 1,
which can only be achieved through fine-tuning.

Is this fine-tuning generic
or specific to vanilla models?
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Vanilla composite Higgs
Minimal SO(5)→ SO(4) spontaneous breaking

Minimal explicit breaking from top and gauge sectors
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Few percent tuning wrt δ . 1, κ ' 1 expectation

1/δ . 0.16

κ . 0.13
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Natural v 2/f 2 � 1 receipe

New non-minimal source of explicit breaking,

leading to a potential with structure at small field values,

radiatively stable, to avoid fine-tuning.
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Radiatively stable
pNGB potentials



Abelian example

Spontaneously broken global U(1)

One Nambu-Goldstone boson Π
Non-linear field parameterisation: φ = e iΠ/f

Small explicit breaking by a spurion K of charge QK = −nQφ:
V ∼ K φn ∼ cos nΠ

f

No other possible invariant, linear in K

Radiatively stable structure on Π
f ∼

1
n scale

0 /2
/f

1.0

0.5

0.0

0.5

1.0
cos(10 /f)
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Non-Abelian case

Spontaneously broken global SO(N + 1)→ SO(N)

Same explicit breaking pattern

Unspecified strong sector in the UV

N Nambu-Goldstone bosons ~Π in the low-energy EFT

Field parameterisation: φ = ( ~ΠΠ sin Π
f , cos Π

f )
with Π ≡ |~Π|

1

~Π
Π

Π
f
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All-loop stability, at linear order

Explicit breaking by an irrep spurion (symmetric traceless)
K i1...in φi1 · · ·φin

No other invariant, linear in K , can be constructed,
so all-loop linear renormalisation can only be multiplicative.

For SO(N + 1)→ SO(N), Gegenbauer polynomials:
K i1...in φi1 · · ·φin = G (N−1)/2

n (cos Π
f )

φ = ( ~Π
Π sin Π

f , cos Π
f )
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One-loop stability, at linear order

Linear one-loop correction to V ( Π
f ):

Λ2

32π2f 2

(
V ′′ + (N − 1) cot Π

f V ′
)

Radiative stability at one-loop and linear order order if ∝ V

Differential equation of Gegenbauer polynomials
V ( Π

f ) ∝ G (N−1)/2
n (cos Π

f )
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Gegenbauer polynomials
G (N−1)/2

n (cos Π
f ) are eigenfunctions of linear renormalisation

for SO(N + 1)→ SO(N) pNGB potentials.†

†
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L.B. Gegenbauer
1849–1903

Generalisation of cos(nΠ/f ) for N > 1
of Legendre polynomials for N > 2

i.e. partial wave/multipole expansion in field space
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Gegenbauer Higgs
relaxing v/f tuning



Pure Gegenbauer potential (unrealistic)

N = 4 for minimal SO(5)→ SO(4) composite Higgs

v
f = sin 〈h〉f ≈

5.1
n is naturally small for sizeable n

→ small Higgs coupling modifications: chVV

cSMhVV
=
√
1− v 2

f 2

→ opposite trilinear self-coupling: chhh

cSMhhh
= −

√
1− v 2

f 2

Gauthier Durieux – Fundamental Interaction Seminar, L2C Montpellier – 30 June 2022 11

https://inspirehep.net/authors/1273362
https://coulomb.umontpellier.fr/index.php?page=seminaires&aigle_annee=2022&aigle_title=&intervenant=&aigle_item_by_page=1&id_theme=5&colloquium=0&offset=3&lang=en


Leading top-sector contribution

The top sector provides sizeable explicit breaking.
hh

h
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T yt
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Top+Gegenbauer potential (more realistic)

V (h) = κ
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v/f and mh tunings
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Trilinear Higgs self-coupling

0.5 1.0 1.5 2.0 2.5
f [TeV]

1.0

0.5

0.0

0.5

1.0

c h
hh

/c
SM hh

h

n=6
n=8
n=10
n=14

0.010.1
v2/f2

−25%

−80%

chhh

cSMhhh
≈ 1− 1.2

(
f
v

5.1
n + λ

)−2
when close to 1

Gauthier Durieux – Fundamental Interaction Seminar, L2C Montpellier – 30 June 2022 16

https://inspirehep.net/authors/1273362
https://coulomb.umontpellier.fr/index.php?page=seminaires&aigle_annee=2022&aigle_title=&intervenant=&aigle_item_by_page=1&id_theme=5&colloquium=0&offset=3&lang=en


Gegenbauer Higgs benchmark phenomenology

n = 8 and f ∼ 1TeV, MT ∼ 2TeV

→ v/f and mh totalising ∼ 10% tuning

→ top partners just escape HL-LHC searches

→ Higgs coupling modifications v 2/2f 2 . 3% . 2.6% @HL-LHC, 2σ

→ Higgs self-coupling modification . 25% . 100% @HL-LHC, 2σ

[ECFA ’19]

Natural co
mposite Higgs

still probe
d at the LHC and beyond!
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Gegenbauer’s Twin
relaxing v/f and mh tunings



Adding twins
[Chacko, Goh, Harnik ’05]

T̃ EW charged, t̃ neutral
(both charged under a SU(3)c̃)
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T sin2 h
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if twin parity enforces yt = ỹt and MT = MT̃
no O(M2

T ) potential contribution
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Adding twins

h
hh

h
h h

T
T

yt

yt

tyt

yt

t +

h
hh

h
h h

T̃
T̃

ỹt
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retaining O(logMT ) dependence only

additional breaking required for viable EWSB
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Realisation

· global spontaneous SB: SO(8) ⊃ SO(4)× S̃O(4)
→ SO(7)

· 7 NGB generated
6 eaten by gauged SU(2)L × S̃U(2)L
leaving φ = (~03, sin h/f , ~03, cos h/f )T in the unitary gauge

[cf. Barbieri, Greco, Rattazzi, Wulzer ’15]

· additional explicit SB: SO(8)→ SO(4)× S̃O(4)
by 2n-index irrep generating G3/2

n (cos 2h/f ) potential

· EWSB and twin parity spontaneously broken for n even
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Top+Gegenbauer potential
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v/f and mh tunings
· conservative definition RMS(eig. log-derivative matrix)
· dominated by top-sector dependence of v/f
· about 4 times better than usual ∆ ≈ 2v 2/f 2 minimum
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Trilinear Higgs self-coupling
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Irreducible deviations

in the natural parameter space
for chVV and chhh
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Gegenbauer’s Twin benchmark phenomenology

n = 8 and f ∼ 1TeV

→ total tuning ∼ 50%

→ MT in the multi-TeV (unitarity violated in H scattering towards 6 TeV)

→ single Higgs couplings ∼ 3% . 2.6% @HL-LHC, 2σ

→ Higgs self-coupling ∼ 130% . 100% @HL-LHC, 2σ

[ECFA ’19]

The Higgs self-
coupling could be

the first signal
of new physics!
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→ single Higgs couplings ∼ 3% . 2.6% @HL-LHC, 2σ

→ Higgs self-coupling ∼ 130% . 100% @HL-LHC, 2σ

[ECFA ’19]

The Higgs self-
coupling could be

the first signal
of new physics!
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Gegenbauer’s Twin

Gegenbauer potentials are eigenfunctions of linear renorm.
for SO(N + 1)→ SO(N) pNGBs.

They naturally suppress v/f ,
resulting in O(1%) single Higgs coupling deviations,

if the explicit breaking occurs in a high irrep.

The trilinear Higgs self-coupling receives O(100%)
modifications in the natural parameter space.

Symmetry-based naturalness is still being probed at the LHC,
and could survive it!
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