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The Majoron

Neutrino mass problem (i.e. how are they generated and why so small?)
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Explains origin and smallness of neutrino 
mass in terms of high-energy physics

Dirac Mass Majorana Mass
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The Majoron
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Violates lepton number

Maybe it arises from broken symmetry?

If symmetry global, gives rise to pGB (the majoron) �

<latexit sha1_base64="DgMinVQW3HGX+6P2qbv4paX3sVw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfnQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWII5H</latexit>

Chikashige, Mohapatra, Peccei (1981)

Low Energy Phenomena High Energy Theory
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Indirect Probe
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Singlet Majoron Model

After spontaneous symmetry breaking:

Chikashige, Mohapatra, Peccei (1981)
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(Hierarchy between couplings)

but naturally very small…

Loop suppressed interactions with charged fermions unavoidable…

Majoron ~ neutrino-philic
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Literature largely focused on: 

• Massive 4-point contact 
interaction 

• Massless majoron limit

5

Cyr-Racine et al (2013), Archidiacono et 
al (2014), Forastieri et al (2015),  
Oldengott et al (2017), Forastieri et al 
(2019), Kreisch et al (2019), Park et al 
(2019), Brinkmann et al (2020),Chacko, 
Hall, Okui, Oliver (2003), Escudero & 
SJW (2019), Escudero & SJW (2021), 
Archidiacono et al (2013), Escudero et al 
(2019), Escudero (2020), Chacko et al 
(2020), Barenboim et al (2021), Dolgov et 
al (1997), Huang et al (2018), …

Late-Time Majoron Cosmology
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2-to-2 scattering

2-to-2 process typically need g & 10�7
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Computationally “easy”
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Majoron 
thermalizes

T⌫ ⇠ m�

Majoron 
decays(Ignore high-energy Universe, 

i.e. no primordial population)
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Time

Effect #1) Damping of neutrino free streaming

Late-Time Neutrino-Majoron Interactions
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When does this occur?

For how much time are thermalized?
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(1909.04044) Escudero, SJW

Majoron in the CMB

�e↵ � 1 thermalize
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1.) Anisotropic stress is small 

2.) Large masses map to large 
multipoles
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(1909.04044) Escudero, SJW

Majoron in the CMB

�/H / m
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Thermalize & Decay

�Ne↵ = 0.11

Majoron Parameter Space

(1909.04044) Escudero, SJW
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Majoron Parameter Space

(1909.04044) Escudero, SJW
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Excluded if primordial population

Primordial Majorons

(1909.04044) Escudero, SJW
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Image credit: Nandita Khetan

The Hubble Tension
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The Hubble Tension

13

Di Valentino et al 2021 How do you resolve this?
1.) Systematics in SH0ES

- Are SN1a calibrated correctly?  
- Do we have the correct local anchor distance? Is there a 

metallicity effect? What about dust? Bias is peculiar 
velocities? Local calibration systematics? 

- Are we sure the SN1a populations are the same? 
- Do we live in a void (would need a 5 sigma void…)

Follin & Knox (2017), Feeney et al (2017), Freedman et al (2019), Freedman et al 
(2020), Yuan et al (2019), Efstathiou et al (2020), Soltis et al (2020), Rigault et al 
(2014), Jones et al (2018), Brout&Scolnic (2020)…  

2.) Systematics in Planck
- Planck actually not needed….  
- No proposed systematic known to produce this effect

3.) Modify cosmology at late times

4.) Modify cosmology at early times
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Late Time Solutions

BOSS

Ly-BAO

Efstathiou 2021

(TO APPEAR SOON) Shöneberg, Franco Abellan, Pérez Sánchez, Lesgourges, Poulin, SJW

Simply doesn’t work well…

Key point: Supernova measurements do 
not measure H(z = 0)!
Lemos et al 2019, Benevento et al 2020, Camarena et al 2021, Efstathiou 2021
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Early Time Solutions

Large number of proposals… (I can’t do justice to all, or even many — see Di Valentio et al 2021 for review of proposals)
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Planck(2018)

One subclass exploits degeneracy between Neff and H0
Bernal et al (2016), Morstell and Dhawan (2018)

Problem: Large values disfavored by data

H0 ≃ [73.6 + 6.2(ΔNeff − 1)] km/s/Mpc Vagnozzi (2019)

Question: What else can I add that allows me to squeeze in more Neff ?
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Self-interacting neutrino solution
Kreisch et al (2019), Park et al (2019), 
Brinckmann et al (2020), …

⌫

⌫

⌫

⌫

+�Ne↵

(ad hoc)

(Effective contact interaction,
Massive mediator)

The Role of Nu Interactions

Time

�/H
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Interactions  
Decouple

Kreisch et al (2019)

�Ne↵ = 1
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Kreisch et al (2019)

Planck

S-I nu

SH0ES

The Role of Nu Interactions

(Planck 2015 TT, Lens, BAO)

Blinov, Kelley, Krnjaic, McDermott (2019)

Maybe (????) viable if only coupled to taus….

Problem 2)

Solution also requires Neff ~ 4, 
naively excluded by BBN…

Not necessarily a problem…

Pisanti et al. 2011.11537

- Can generate Neff after BBN
- BBN bound needs to be considered 

in context of model
- Constraint dominated by Helium 

(could suffer from systematics)

Problem 1)

See e.g. Berbig et al 2021, Huang et al 2021
Aver et al (2020), Izotov et al (2014)
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The Role of Nu Interactions

Solution killed with polarization data?

Kreisch et al (2019)

Problem 3)
Planck 2018 fit got worse
Brinkmann et al 2020

Problem 4)

One contour includes 
interactions and one doesn’t
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63.9 66.7 69.4 72.2 74.9

H0

0.269 0.285 0.301 0.317 0.333

≠M

63.9

66.7

69.4

72.2

74.9

H
0

Majoron+¢NeÆ , Planck+BAO

Majoron+¢NeÆ , Planck+BAO+SH0ES

§CDM, Planck+BAO

LCDM (Planck)

Majoron + Neff (Planck)

Majoron + Neff  
(Planck + SH0ES)

SH0ES

(1909.04044) Escudero, SJW

The Majoron Solution (Part 1)

Tension reduced to ~2 sigma level…
Improved fit to Planck!

Still require ad hoc contribution to Neff
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(1909.04044) Escudero, SJW

Decoupling > 100 GeV
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Primordial Majorons
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Majoron Decoupling

Escudero & SJW (2021)

Neff required by Hubble Solution
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T [GeV]
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101

103

105

°/
H

SM ! N

N ! ∫ ¡

∫
¡

!
N

NN $ ¡¡
MN = 1 GeV, vL = vH , ¢NBBN

eff = 0.34 QCD

Majoron Production

Escudero & SJW (2021)Thermalization rate for N from Ghiglieri & Laine (2016)



May 10, 2021 Cosmology of the majoron: form leptogenesis to the Hubble tensionMPIK, Particle & Astroparticle Theory Seminar 23

Majoron Decoupling

Escudero & SJW (2021)
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GeV Scale Sterile Neutrinos

Do we have motivation for GeV sterile neutrinos?

Baryongenesis via Sterile Neutrino Oscillations 
 (ARS Leptogenesis)
Akhmedov, Rubakov & Smirnov, hep-ph/9803255. 
See also Asaka & Shaposhnikov, hep-ph/0505013
Nice review by Drewes et al. 1711.02862. 
Recent comprehensive study: Klaric, Shaposhnikov & Timiryasov 2103.16545

Time

Avoid production of 
sterile neutrinos N Slowly produce N N undergo CP violating 

oscillations

L asymmetry 
transfer e.g. of 

one sterile

Sphalerons 
convert to B 
asymmetry

T ⇠ 130GeV

<latexit sha1_base64="LC31QCMqmE8LUQgqT8ToQTKBzQo=">AAACAHicbVBNS8NAEJ34WetX1IMHL4tF8CAl0Yoeix70WKFf0ISy2W7bpbtJ2N0IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/OCmDOlHefbWlpeWV1bL2wUN7e2d3btvf2mihJJaINEPJLtACvKWUgbmmlO27GkWASctoLR7cRvPVKpWBTW9TimvsCDkPUZwdpIXfuwjjzFBHIvHOSdodSTAt3RZta1S07ZmQItEjcnJchR69pfXi8iiaChJhwr1XGdWPsplpoRTrOilygaYzLCA9oxNMSCKj+dPpChE6P0UD+SpkKNpurviRQLpcYiMJ0C66Ga9ybif14n0f1rP2VhnGgaktmifsKRjtAkDdRjkhLNx4ZgIpm5FZEhlphok1nRhODOv7xImudlt1K+fKiUqjd5HAU4gmM4BReuoAr3UIMGEMjgGV7hzXqyXqx362PWumTlMwfwB9bnD5yxlIM=</latexit>

T ⇠ 104 GeV

<latexit sha1_base64="F1sVg5n9nhkIipcQcUvUwjJw814=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJpKLLogtdVugLmlgm05t26EwSZiZCCXXjr7hxoYhb/8Kdf+P0sdDWAxcO59zLvfcECWdKO863lVtaXlldy68XNja3tnfs3b2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOKrpYQK+IL2IhYwSbaSOfVDDnmICu859GXunOPOkwDfQGHXsolNyJsCLxJ2RIpqh2rG/vG5MUwGRppwo1XadRPsZkZpRDqOClypICB2QHrQNjYgA5WeTD0b42ChdHMbSVKTxRP09kRGh1FAEplMQ3Vfz3lj8z2unOrz0MxYlqYaITheFKcc6xuM4cJdJoJoPDSFUMnMrpn0iCdUmtIIJwZ1/eZE0zkpuuXR+Vy5WrmZx5NEhOkInyEUXqIJuURXVEUWP6Bm9ojfryXqx3q2PaWvOms3soz+wPn8AWbOU7A==</latexit>

T ⇠ 106 GeV

<latexit sha1_base64="dhhSvJoe5GFc8Py7aQ0funw5Gu4=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJ1Mey6EKXFfqCJpbJ9LYdOpOEmYlQQt34K25cKOLWv3Dn3zhts9DWAxcO59zLvfcEMWdKO863tbC4tLyymlvLr29sbm3bO7t1FSWSQo1GPJLNgCjgLISaZppDM5ZARMChEQyux37jAaRiUVjVwxh8QXoh6zJKtJHa9n4Ve4oJ7Dr359g7waknBb6B+qhtF5yiMwGeJ25GCihDpW1/eZ2IJgJCTTlRquU6sfZTIjWjHEZ5L1EQEzogPWgZGhIByk8nH4zwkVE6uBtJU6HGE/X3REqEUkMRmE5BdF/NemPxP6+V6O6ln7IwTjSEdLqom3CsIzyOA3eYBKr50BBCJTO3YtonklBtQsubENzZl+dJ/bTolopnd6VC+SqLI4cO0CE6Ri66QGV0iyqohih6RM/oFb1ZT9aL9W59TFsXrGxmD/2B9fkDXNWU7g==</latexit>

Klaric et al 2021
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Temperature

Sterile neutrino 
production

Lepton asymmetry 
from oscillations Sphaleron Freeze-Out Primordial Majoron 

Population Produced

Majoron-Neutrino 
Thermalization &  

Majoron Decay

SphaleronL− L̄ B − B̄

Generate: H0 ↑

T ∼ 106 GeV T ∼ 130GeV T ∼ 0.2 eV

MNi

φ

Observe

T ⇠ 100MeV

<latexit sha1_base64="upWlOwoy0FOhdOd0hAwO9KLB/hU=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksggcpiVT0JAUvXoQK/YImlM122y7dTcLuRighF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF8ScKe0431ZhZXVtfaO4Wdra3tnds/cPWipKJKFNEvFIdgKsKGchbWqmOe3EkmIRcNoOxrdTv/1IpWJR2NCTmPoCD0M2YARrI/XsowbyFBPIdRzknaPUkwLd01bWs8tOxZkBLRM3J2XIUe/ZX14/IomgoSYcK9V1nVj7KZaaEU6zkpcoGmMyxkPaNTTEgio/nT2QoVOj9NEgkqZCjWbq74kUC6UmIjCdAuuRWvSm4n9eN9GDaz9lYZxoGpL5okHCkY7QNA3UZ5ISzSeGYCKZuRWREZaYaJNZyYTgLr68TFoXFbdauXyolms3eRxFOIYTOAMXrqAGd1CHJhDI4Ble4c16sl6sd+tj3lqw8plD+APr8wef8ZSC</latexit>

From Leptogenesis to the Hubble Tension

U(1)L

<latexit sha1_base64="+2UqDzvX0poSol9ECYX2l0q0WVw=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoMQm3AnES2DNhYWEbwkkBxhb7OXrNnbPXb3hHDkP9hYKGLr/7Hz37hJrtDog4HHezPMzAsTzrRx3S+nsLK6tr5R3Cxtbe/s7pX3D1papopQn0guVSfEmnImqG+Y4bSTKIrjkNN2OL6e+e1HqjST4t5MEhrEeChYxAg2Vmr5Ve+0f9svV9yaOwf6S7ycVCBHs1/+7A0kSWMqDOFY667nJibIsDKMcDot9VJNE0zGeEi7lgocUx1k82un6MQqAxRJZUsYNFd/TmQ41noSh7Yzxmakl72Z+J/XTU10GWRMJKmhgiwWRSlHRqLZ62jAFCWGTyzBRDF7KyIjrDAxNqCSDcFbfvkvaZ3VvHrt/K5eaVzlcRThCI6hCh5cQANuoAk+EHiAJ3iBV0c6z86b875oLTj5zCH8gvPxDTg7jkA=</latexit>

T ⇠ [106, 104] GeV

<latexit sha1_base64="T2nQCVkRfGwRv+LjHkpUsllvNwg=">AAACDHicbZDLSgMxFIbPeK31VnXpJlgEF6XMSL2spOBClxV6g85YMmnahiYzQ5IRytAHcOOruHGhiFsfwJ1vY6adhbYeCHz8/zlJzu9HnClt29/W0vLK6tp6biO/ubW9s1vY22+qMJaENkjIQ9n2saKcBbShmea0HUmKhc9pyx9dp37rgUrFwqCuxxH1BB4ErM8I1kbqFop15ComUMex789LyC0hAxUvhcSVAt3Q5sR02WV7WmgRnAyKkFWtW/hyeyGJBQ004Vgpc3mkvQRLzQink7wbKxphMsID2jEYYEGVl0yXmaBjo/RQP5TmBBpN1d8TCRZKjYVvOgXWQzXvpeJ/XifW/UsvYUEUaxqQ2UP9mCMdojQZ1GOSEs3HBjCRzPwVkSGWmGiTX96E4MyvvAjN07JTKZ/dVYrVqyyOHBzCEZyAAxdQhVuoQQMIPMIzvMKb9WS9WO/Wx6x1ycpmDuBPWZ8/QI6X9w==</latexit>

From Leptogenesis to the Hubble Tension
Escudero & SJW (2021)

Necessary ingredients: 
~eV scale majoron 

Interactions @ vL ~ TeV 
Neff ~ 0.5~GeV scale sterilesGeV scale steriles can generate 

baryon asymmetry in early Universe

Self-consistent?
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Leptogenesis in Singlet Majoron Model

Can the presence of the majoron spoil leptogenesis?

Concerns: 

1.) Sterile Neutrinos thermalize too early 

2.) Neutrinos oscillations shouldn’t be altered (…could be overly restrictive, see e.g. Hambye & Teresei (2016, 2017))

⇢ ! NN̄

<latexit sha1_base64="jJFONnxl3naX8cI+W18ZCVcDA2M=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5JIRY9FL55KBfsBTSiT7aZdusmG3Y1SQvHiX/HiQRGv/gpv/hu3bQ7a+mDg8d4MM/OChDOlHefbWlpeWV1bL2wUN7e2d3btvf2mEqkktEEEF7IdgKKcxbShmea0nUgKUcBpKxheT/zWPZWKifhOjxLqR9CPWcgIaCN17UNPDgT2JOsPNEgpHnDNC0BmtXHXLjllZwq8SNyclFCOetf+8nqCpBGNNeGgVMd1Eu1nIDUjnI6LXqpoAmQIfdoxNIaIKj+bvjDGJ0bp4VBIU7HGU/X3RAaRUqMoMJ0R6IGa9ybif14n1eGln7E4STWNyWxRmHKsBZ7kgXtMUqL5yBAgkplbMRmABKJNakUTgjv/8iJpnpXdSvn8tlKqXuVxFNAROkanyEUXqIpuUB01EEGP6Bm9ojfryXqx3q2PWeuSlc8coD+wPn8ARNmXXA==</latexit>

⇢⇢ ! NN̄

<latexit sha1_base64="GCRF8G9J9euYiUtuIn1hFLFJ4FA=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUQquiy6cVUq2Ac0oUymk2boZCbMTJQSunLjr7hxoYhbv8Gdf+OkzUJbD1w4nHMv994TJIwq7Tjf1tLyyuraemmjvLm1vbNr7+23lUglJi0smJDdACnCKCctTTUj3UQSFAeMdILRde537olUVPA7PU6IH6MhpyHFSBupbx95MhJ5QU/SYaSRlOIBNrwAyawx6dsVp+pMAReJW5AKKNDs21/eQOA0JlxjhpTquU6i/QxJTTEjk7KXKpIgPEJD0jOUo5goP5u+MYEnRhnAUEhTXMOp+nsiQ7FS4zgwnTHSkZr3cvE/r5fq8NLPKE9STTieLQpTBrWAeSZwQCXBmo0NQVhScyvEEZIIa5Nc2YTgzr+8SNpnVbdWPb+tVepXRRwlcAiOwSlwwQWogxvQBC2AwSN4Bq/gzXqyXqx362PWumQVMwfgD6zPH4NvmSk=</latexit>

�� ! NN̄
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Must avoid production!

�� ! NN̄
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Could lead to decoherence

Symmetry could be unbroken….  MN = λN ⟨Φ⟩

  λN =
MN

vL
< 0.07

TLepto

105 GeV

  |λΦH | < 10−7 vL

1 TeV
105 GeV

Tc
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Late-Time Thermalization

Escudero & SJW (2021)

Late-time thermalization altered due to 
primordial population Also dependent on number of interaction neutrinos

Nint = 3 �!
X

m⌫ & 0.15
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Nint = 2 �! m1 ⇠ 0 &NO
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Nint = 1 �! m1 ⇠ 0 &IO
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May 10, 2021 Cosmology of the majoron: form leptogenesis to the Hubble tensionMPIK, Particle & Astroparticle Theory Seminar

TT-Power Spectrum

28

Escudero & SJW (2021)
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Planck + BAO
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Posterior Predictive Distribution

Escudero & SJW (2021)
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Conclusions

✦Cosmology offers promising way to probe low-energy signatures of the neutrino mass mechanism

✦The Hubble Tension has reached a point that is difficult to ignore, and the majoron solution is among the more 
well-motived and phenomenologically successful proposals

✦Looking forward: 
✦ Improved cosmological treatment 

✦ Can non-zero neutrino masses help S8 
✦ Are current approximations valid 

✦ Could majoron actually assist efficiency of ARS leptogenesis  
✦ Additional signatures that could confirm/refute (e.g. Kaon / pion decays)



May 10, 2021 Cosmology of the majoron: form leptogenesis to the Hubble tensionMPIK, Particle & Astroparticle Theory Seminar 32

Back-up Slides
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Majoron mass?

Quantum gravity expected to break all global symmetries
See e.g. Kallosh, Linde, Linde, Susskind (1995), Arkani-Hamed, Motl, Nicolis, Vafa (2016), Klawer & Geiß (2015) 

Rothstein, Babu, Seckel (1993), 
Akhmedov, Berezhiani, Mohapatra, Senjanovic (1992)

D-5 Planck-scale operators (?): V1(⇢) = �1
⇢5

Mp
+ �2

⇢⇤⇢4

Mp
+ �3

⇢⇤2⇢3

Mp
+ h.c.

V2(H, ⇢) = �1
(H†

H)2⇢

Mp
+ �2

(H†
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** Braking could be non-perturbative

Majoron Mass



May 10, 2021 Cosmology of the majoron: form leptogenesis to the Hubble tensionMPIK, Particle & Astroparticle Theory Seminar 34

10−210−1100101102

Tν/mφ

10−5

10−4

10−3

10−2

10−1

1

10

102

Γ
/H

λ Γeff
3 × 10−11 56

1 × 10−11 6.3

6 × 10−12 2.3

3 × 10−12 0.6

1 × 10−12 0.06

5 × 10−13 0.016

1 × 10−13 6 × 10−4

mφ = 1 keV Rate vs Hubble

(1909.04044) Escudero, SJW

Interaction Rate
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Polarization

(1909.04044) Escudero, SJW
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Matter Power Spectrum

(1909.04044) Escudero, SJW
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BBN

Escudero & SJW (2021)
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Cosmic Distance Ladder

z = H0 d
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Image credit: Nandita Khetan

Supernova calibrator The supernova we wantNearby supernova

Type Ia SN are standard candles
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(TO APPEAR SOON) Shöneberg, Franco Abellan, Pérez Sánchez, Lesgourges, Poulin, SJW
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Neutrino Masses

Image credit: Drewes et al (2013)

�m2
12 ⇠ (7.50± 0.2)⇥ 10�5 eV2
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�m2
13 ⇠ (2.55± 0.02)⇥ 10�3 eV2
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de Salas et al (2021)
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