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Introduction

• The Hubble Tension:

• Early Universe vs local measurements of 𝐻0 differ up to 4 − 6 𝜎

• This may be solved by:

• Systematics

• New cosmological model

• Particle physics. E.g.: a Majoron

• Study its compatibility with solutions to other SM problems

• Light neutrino masses → Type-I Seesaw

• Flavour puzzle → flavour continuous global symmetries

• Strong CP Problem → Axion

K. C. Wong et. al., H0LiCOW XIII, 1907.04869

L. Verde, T. Treu, and A. Riess, 1907.10625
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Introduction

• The Majoron, 𝜔, is the NGB associated to the breaking of LN

• For it to alleviate the 𝐻0 tension it needs:

• A mass in the range of

𝑚𝜔 ∈ 0.1, 1 eV

• Coupling to neutrinos of order

𝜆𝜔𝜈𝜈 ∈ [5 × 10−14, 10−12]

• Phenomenology of this Majoron in a Type-I Seesaw

• Collider signatures: 𝑁𝑅, Higgs invisible decay, new scalar

• Astrophysical effects: CAST and Red Giant observations

• Majoron emission in 0𝜈𝛽𝛽 decays
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The Majoron Mechanism

• SM extended with 3 RH neutrinos and a singlet scalar 𝜒, with LN −𝑳𝑵 and 𝑳𝝌 respectively

−ℒ𝜈 =
𝜒
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𝐿𝜒
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2
𝑒
𝑖
𝜔
𝑣𝜒 , 𝜀𝜒 =

𝑣𝜒

2Λ𝜒

• Heavy and light neutrino masses generated after LN SSB

𝑚𝜈 =
𝜀𝜒

2+𝐿𝜒
𝐿𝜒 𝑣2

2𝑣𝜒
𝒴𝜈𝒴𝑁

−1𝒴𝜈
𝑇 , 𝑚𝑁 = 𝜀𝜒

2𝐿𝑁−𝐿𝜒
𝐿𝜒 𝑣𝜒

2
𝒴𝑁

• Axion coupling to light neutrinos:

ℒ𝜔
𝑙𝑜𝑤−𝑒𝑛𝑒𝑟𝑔𝑦

⊃ 𝑖
𝜆𝜔𝜈𝜈
2

𝜔 ҧ𝜈𝐿𝜈𝐿
𝑐 , 𝜆𝜔𝜈𝜈 = 2
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𝐿𝜒𝑣𝜒 5



The Majoron Mechanism

• Combining those expressions with the bound on 𝜆𝜔𝜈𝜈

𝐿𝜒 𝜀𝜒

2+𝐿𝜒
𝐿𝜒

𝒴𝜈𝒴𝑁
−1𝒴𝜈

𝑇 ∈ 1.2 × 10−13, 2.4 × 10−12

𝜀𝜒

2𝐿𝑁−𝐿𝜒
𝐿𝜒

𝐿𝜒
𝒴𝑁 ≫ 3.5 × 10−14

• A renormalizable scenario is possible, but it is very fine-tuned

𝐿𝑁 = −1, 𝐿𝜒 = −2

𝒴𝜈𝒴𝑁
−1𝒴𝜈

𝑇 ∈ 1.2 × 10−13, 2.4 × 10−12

• Can fine-tuning be avoided exploiting 𝜀𝜒?
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The Majoron Mechanism

• Two phenomenologically interesting non-renormalizable scenarios:
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The Majoron Mechanism

• Apart from a small coupling to neutrinos, the Majoron needs a specific mass

• Wormhole effects fall short

• Planck-suppressed operators provide a mass too large

• Explicit breaking of LN via a Majorana mass term

• Additional scalar d.o.f. to the Majoron: the radial part of 𝜒, 𝜎

• Through the quartic coupling 𝑔𝐻†𝐻𝜒∗𝜒, ℎ and 𝜎 mix with an angle 𝜗

𝑔 =
𝑀𝜎

2 −𝑀ℎ
2

2𝑣𝑣𝜒
sin 2𝜗

sin2 𝜗 ≲ 0.11
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ATLAS Collaboration, 1909.02845
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The Majoron and Axion from a MFV setup

• Minimal Flavour Violation assumption: only Yukawas violate flavour symmetry

• Flavour Symmetry Group identified in the limit of vanishing Yukawas

𝒢𝐹 = 𝑈 3 𝑞𝐿 × 𝑈 3 𝑢𝑅 ×𝑈 3 𝑑𝑅 ×𝑈 3 𝑙𝐿 ×𝑈 3 𝑁𝑅 ×𝑈 3 𝑒𝑅

𝒢𝐹 ⊃ 𝒢𝐹
𝐴 = 𝑈 1 𝐵 × 𝑈 1 𝐿 × 𝑈 1 𝑌 × 𝑈 1 𝑃𝑄 × 𝑈 1 𝑒𝑅 × 𝑈 1 𝑁𝑅

• The PQ charges are chosen to explain Τ𝑚𝑏 𝑚𝑡 and Τ𝑚𝜏 𝑚𝑡

𝑥𝑞𝐿 = 𝑥𝑙𝐿 = 𝑥𝑢𝑅 = 𝑥𝑁𝑅 = 0, 𝑥𝑑𝑅 = 𝑥𝑒𝑅 = 3

• As with LN, PQ is made an exact symmetry by the addition of a scalar field Φ with 𝑥Φ = −1

Φ =
𝜌 + 𝑣Φ

2
𝑒
𝑖
𝑎
𝑣Φ
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The Majoron and Axion from a MFV setup

−ℒ𝑌 = ത𝑞𝐿 ෩𝐻𝒴𝑢𝑢𝑅 +
Φ

ΛΦ

3

ത𝑞𝐿𝐻𝒴𝑑𝑑𝑅 +
Φ

ΛΦ

3

ҧ𝑙𝐿𝐻𝒴𝑒𝑒𝑅

+
𝜒

Λ𝜒

1+𝐿𝑁
𝐿𝜒

ҧ𝑙𝐿 ෩𝐻𝒴𝜈𝑁𝑅 +
1

2

𝜒

Λ𝜒

2𝐿𝑁−𝐿𝜒
𝐿𝜒

𝜒 ഥ𝑁𝑅
𝑐𝒴𝑁𝑁𝑅 + h. c.

• The matrices 𝒴𝑢,𝑑,𝑒,𝜈,𝑁 must become spurions transforming under the non-Abelian part of 𝒢𝐹

𝒴𝑢 = 𝑐𝑡𝑉
†diag

𝑚𝑢

𝑚𝑡
,
𝑚𝑐

𝑚𝑡
, 1 , 𝒴𝑑 = 𝑐𝑏diag

𝑚𝑑

𝑚𝑏
,
𝑚𝑑

𝑚𝑏
, 1 , 𝒴𝑒 = 𝑐𝜏diag

𝑚𝑒

𝑚𝜏
,
𝑚𝑒

𝑚𝜏
, 1

• The PQ SSB explains the Τ𝑚𝑏 𝑚𝑡 and Τ𝑚𝜏 𝑚𝑡 ratios assuming
𝑣Φ

2ΛΦ
≃ 0.23

• Non-renormalizable flavour violating operators are Yukawa suppressed: 1 − 10 TeV scale, 
accessible at colliders
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The Majoron and Axion from a MFV setup

• MFV in the lepton sector: 𝒴𝜈 and 𝒴𝑁 cannot be directly identified in terms of neutrino masses or 
the PMNS elements.

• Two possible ways out:

• 𝒢𝐿
𝑁𝐴 = 𝑆𝑈 3 𝑙𝐿 × 𝑆𝑈 3 𝑒𝑅 × 𝑆𝑂 3 𝑁𝑅 × 𝐶𝑃 ⇒ 𝒴𝑁 ∝ 𝟙,𝒴𝜈 ∈ ℝ

𝑚𝜈 =
𝜀𝜒

2+𝐿𝜒
𝐿𝜒 𝑣2

2𝑣𝜒
𝒴𝜈𝒴𝜈

𝑇

• 𝒢𝐿
𝑁𝐴 = 𝑆𝑈 3 𝑙𝐿+𝑁𝑅 × 𝑆𝑈 3 𝑒𝑅 ⇒ 𝒴𝜈 ∝ 𝟙

𝑚𝜈 =
𝜀𝜒

2+𝐿𝜒
𝐿𝜒 𝑣2

2𝑣𝜒
𝒴𝑁
−1

• The axion arising from the PQ SSB couples to gluons and behaves as the usual QCD Axion solving
the Strong CP Problem

𝑚𝑎 ∼ 6 μeV
1012GeV

𝑓𝑎
, 𝑓𝑎 =

𝑣Φ
9
≳ 8 × 108 GeV
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Phenomenological Signatures

• Coupling to photons

ℒ𝜔
𝑙𝑜𝑤−𝑒𝑛𝑒𝑟𝑔𝑦

⊃
1

4
𝜆𝜔𝛾𝛾𝜔𝐹

𝜇𝜈 ෨𝐹𝜇𝜈, 𝜆𝜔𝛾𝛾 ≲ 10−10 GeV−1

• Matching the effective coupling with the 2 loop explicit expression yields

𝜆𝜔𝛾𝛾 =
𝛼𝑚𝜔

2

384 2𝜋3𝑚𝑒
2𝑣𝜒

𝜀𝜒

2+2𝐿𝑁
𝐿𝜒 Tr(𝒴𝜈𝒴𝜈

†)

• Coupling to electrons

ℒ𝜔
𝑙𝑜𝑤−𝑒𝑛𝑒𝑟𝑔𝑦

⊃ 𝑖𝜆𝜔𝑒𝑒𝜔 ҧ𝑒𝑒, 𝜆𝜔𝑒𝑒 ≲ 4.3 × 10−13

• The explicit expression can be found at the 1 loop level

𝜆𝜔𝑒𝑒 =
1

16𝜋2
𝑚𝑒

𝑣𝜒
𝜀𝜒

2+2𝐿𝑁
𝐿𝜒 𝒴𝜈𝒴𝜈

†

11
− Tr 𝒴𝜈𝒴𝜈

†
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Phenomenological Signatures

• Coupling to neutrinos

• Constrained by Majoron emission in 0𝜈𝛽𝛽 decays

𝜆𝜔𝜈𝜈 < 10−5
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Phenomenological Signatures

• Coupling with the Higgs

• Apart from the ℎ − 𝜎 mixing angle 𝜗, the Higgs invisible decay ℎ → 𝜔𝜔 is constrained

Γℎ→𝜔𝜔 =
sin2 𝜗𝑀ℎ

3

32𝜋𝑣𝜒
2 ≲ 0.8 MeV ⇒

𝑣𝜒

sin 𝜗
≳ 5 TeV
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Phenomenological Signatures

• Heavy neutrinos

• Case NR1 testable at beam dump experiments or near detectors at oscillation experiments like DUNE or SHiP

• Case NR2 interesting for production at LHC or future colliders

• 𝑁 → 3𝜈 in the early universe may disfavour some scenarios

• If it happens after BBN, as it may happen in Case NR1 with 𝑀𝑁 ∈ 3.5, 200 MeV, the light-heavy neutrino mixing 

𝜃𝑠 is bound by

sin2 𝜃𝑠 ≡
𝑚𝜈

𝑀𝑁
≲ 10−15 − 10−17

• The heavier masses in Case NR2 allow for decay before BBN, evading that cosmological bound
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Conclusions

• Majorons can alleviate the Hubble tension

• The smallness of neutrino masses was addressed here with a Majoron

• This Majoron can easily be embedded in MFV, where also a QCD axion can 

arise

• Cosmology sets strong bounds

• Colliders may see several signals: “Light” Heavy neutrinos, new scalar or 

Higgs invisible decay
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Phenomenological Signatures
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The Majoron Mechanism

• Two phenomenologically interesting non-renormalizable scenarios:

• Other possibilities

• 𝐿𝑁 > 0, 𝐿𝜒 < 0 ⇒ 𝜒 ↔ 𝜒†

• 𝐿𝑁 < 0, 𝐿𝜒 > 0 ⇒ non-local

• 𝐿𝑁 = 𝐿𝜒 = −1 ⇒ 𝑚𝜈 ∝ 𝜀𝜒
−1, highly fine-tuned
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