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𝑑𝑑𝑛𝑛 ∼ 𝜃̅𝜃 × 10−16𝑒𝑒 · 𝑐𝑐𝑐𝑐, 𝜃̅𝜃 ≲ 𝒪𝒪(10−10)
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Crewther, Di Vecchia, Veneziano & Witten, 1980 Baker et al., 0602020 Afach et al., 1509.04411
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• Non-perturbative QCD creates a potential that ensures CP conservation

• The original model, the PQWW axion broke 𝑈𝑈 1 𝑃𝑃𝑃𝑃 with two Higgs doublets
• As a consequence, the axion scale was too low and should have been observed

already
𝑓𝑓𝑎𝑎 ~ 𝑣𝑣 ≈ 246 GeV

• More elusive axions are required!

Peccei and Quinn, PRL 38 (1977) 1440-1443 and PRD 16 (1977) 1791-1797

Weinberg, PRL 40 (1978) 223-226
Wilczek, PRL 40 (1978) 279-282
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• Axion-gluon coupling implies a scale-mass relation shared by all these axions
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• However, what happens with fermions?
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• Fermion charges present some freedom

• Should we just fix all free parameters to 0?

𝛾𝛾 = 0 ⇒
1
Λ

�ℓ𝐿𝐿𝐶𝐶𝐻𝐻𝑢𝑢𝑇𝑇 𝐻𝐻𝑢𝑢ℓ𝐿𝐿 forbidden by 𝑈𝑈 1 𝑃𝑃𝑃𝑃 in DFSZ

ℬ and ℒ in Axion Models
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• How could ℬ and ℒ entangle with the axion symmetry?

• May answer a cosmological question: DM relic density related to the barionic one?

ℬ and ℒ in Axion Models
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ENTANGLING 𝑈𝑈 1 𝑃𝑃𝑃𝑃, ℬ AND ℒ
WITH LEPTOQUARKS



• Leptoquarks can induce a variety of ℬ and/or ℒ violating operators 
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• Two states with mixing with only DQ → Exact 𝑈𝑈 1 ℒ

• Two states with mixing with only LQ → Exact 𝑈𝑈 1 3ℬ−ℒ

• Three states → Exact 𝑈𝑈 1 3ℬ+ℒ

Setup
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• Solve the system for the charges

• Any other coupling is forbidden by these charges

• 𝜙𝜙 is neutral under 𝑈𝑈 1 ℬ−ℒ, which is thus an exact symmetry

• It breaks however the orthogonal combination 𝑈𝑈 1 ℬ+ℒ
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• Choose some couplings of LQs to SM fermions and to 𝜙𝜙 while preserving ℬ and ℒ

• Broken 𝑈𝑈 1 ℬ+ℒ → Spontaneous proton decay

Example in the KSVZ model
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• What if we supplement this by a Seesaw?

Example in the KSVZ model

15



• What if we supplement this by a Seesaw?

• ℬ and ℒ get further entangled and only one 𝑈𝑈 1 𝑃𝑃𝑃𝑃 survives

Example in the KSVZ model

15



• What if we supplement this by a Seesaw?

• ℬ and ℒ get further entangled and only one 𝑈𝑈 1 𝑃𝑃𝑃𝑃 survives

• This is enough to forbid all other couplings

Example in the KSVZ model

15



• What if we supplement this by a Seesaw?

• ℬ and ℒ get further entangled and only one 𝑈𝑈 1 𝑃𝑃𝑃𝑃 survives

• This is enough to forbid all other couplings

• The breaking pattern allows for

Δℬ,Δℒ = 1,1 → Proton decay

Δℬ,Δℒ = 0,2 →Neutrino masses

Example in the KSVZ model
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• Let us consider the following Lagrangian

𝑛𝑛 − �𝑛𝑛 oscillations in the KSVZ model
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• This could again be supplemented with a Seesaw, with just 𝑈𝑈 1 𝑃𝑃𝑃𝑃 remaining

• 𝑛𝑛 − �𝑛𝑛 oscillations and neutrino masses, but no proton decay

𝑛𝑛 − �𝑛𝑛 oscillations in the KSVZ model

17

𝑚𝑚𝑆𝑆 ≳ 100 TeV



• Spontaneously broken 𝑈𝑈 1 ℬ±3ℒ can be achieved as well
• Both scenarios allow for a Seesaw to be included
• The higher dimensionality allows for 𝑚𝑚𝐿𝐿𝐿𝐿~ 100 TeV

Other Breaking Patterns in the KSVZ model
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• DFSZ models already entangle 𝑈𝑈 1 𝑃𝑃𝑃𝑃 and 𝑈𝑈 1 𝑌𝑌
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• Further entangling ℬ and ℒ makes it difficult to study the symmetry patterns

• SM fermions already carried PQ charge, which included ambiguities, 𝛽𝛽 and 𝛾𝛾

• Identifying the SSB symmetry fixes 𝛽𝛽 and 𝛾𝛾

• Fermion PQ charges are no longer fully aligned with a combination of ℬ and ℒ

• Scalar PQ charges are fixed to 𝑥𝑥𝐻𝐻𝑢𝑢 = 𝑥𝑥, 𝑥𝑥𝐻𝐻𝑑𝑑 = − 1
𝑥𝑥

, 𝑥𝑥𝜙𝜙 = ⁄1 + 1
𝑥𝑥

2
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• Let us consider one example to illustrate
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• Let us consider one example to illustrate

• The system of charges is underdetermined, with one free parameter 𝜉𝜉
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• Let us consider one example to illustrate

• The system of charges is underdetermined, with one free parameter 𝜉𝜉

• The conserved symmetry associated to 𝜉𝜉 = ⁄1 3 is 𝑈𝑈 1 ℬ−ℒ in this case

DFSZ model and Leptoquarks
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• The presence of 𝑣𝑣𝜙𝜙 in the induced operators pushes 𝑚𝑚𝐿𝐿𝐿𝐿 to high values

Frobidding axion-free ⁄ℬ ℒ violation 
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• These couplings could arise from GUT theories

• Could lead to interesting pheno in astro/cosmo

• New search venue for axions?

• Link to DM?
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• Let us take the KSVZ framework for an example
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• Let us take the KSVZ framework for an example

• This leads to conserved 𝑈𝑈 1 ℬ+ℒ and a 𝑈𝑈 1 ℬ−ℒ breaking operator

Frobidding axion-free ⁄ℬ ℒ violation 
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• Interesting for neutron lifetime anomaly, assuming 𝑚𝑚𝑛𝑛 > 𝑚𝑚𝑎𝑎 > 𝑚𝑚𝑝𝑝

Frobidding axion-free ⁄ℬ ℒ violation 
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• Axion induced 𝑛𝑛 − �𝑛𝑛 oscillations
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• Oscillations in DM background?
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• Axion induced 𝑛𝑛 − �𝑛𝑛 oscillations

• Oscillations in DM background?
• 𝑛𝑛 → �𝑛𝑛 + 𝑎𝑎0(+𝑎𝑎0) in a magnetic field? Δ𝑚𝑚𝑛𝑛− �𝑛𝑛 1𝑇𝑇 ≈ 10−7eV

• Astrophysical and cosmological consequences?
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Conclusions

25

• PQ symmetry, ℬ and ℒ unified

• PQ breaking induces proton decay, neutrino masses and 𝑛𝑛 − �𝑛𝑛 oscillations

• Axion-free processes can be avoided

• Possible solution to the neutron lifetime anomaly

• Connection between DM and baryogenesis?
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