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Accidental symmetries

No gauge-invariant operator with d ≤ 4 violates baryon (B) or lepton (L) number

u u

d

Proton

Non-perturbatively

B and L are anomalous: electroweak instantons/sphalerons 

violate B+L (ΔB = ΔL = 3) but conserve B−L
’t Hooft (1976)

Proton stability is an accident of the renormalizable SM: 

B and L are conserved, so the proton cannot decay
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Proton decay

d = 5: Weinberg operator

Majorana neutrino masses
Weinberg (1979)

d = 6: Baryon-number violation

B+L violated by two units ⇒ nucleon decay
Weinberg (1979); Wilczek, Zee (1979); Abbott, Wise (1980)

UV completion: Grand Unified Theories

SU(5): heavy gauge bosons X generate 

qqqℓ/MX
2 operators at tree level

Pati, Salam (1973); Georgi, Glashow (1974)

Golden channel p → e+π0

Super-Kamiokande (2020), 90% CL

Next generation: 

Hyper-K (about 10× in lifetime), 

DUNE, JUNO

In the SMEFT proton decay starts at d = 6, conserving B−L, and probes Λ ∼ 1016 GeV
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Neutron electric dipole moment

Beyond the Standard Model

Strong CP problem

Strong CP phase

Why does QCD seem to preserve CP ?

• Nelson-Barr mechanism 

• Axion solution

Topological

P and CP violation in QCD

Anomalous chiral rotations

Baker et al (2006), 

Pendlebury et al (2015) 

Weak sector CP violation

Nelson, Barr (1984)

Peccei,Quinn (1977),  Weinberg (1978), Wilczek (1978)
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Dark matter

Properties of a particle DM candidate: 

cold, neutral, non-baryonic, stable

Astrophysical evidence, for example from:

        Galactic rotation curves                       CMB Anisotropies

Planck Collab. (2018)

Cold Dark Matter relic density

• Dark-sectors featuring weakly interacting massive particle (WIMP) DM 

• Axion DM from misalignment mechanism

see Kolb & Turner (1990)

Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008)
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p
Proton stability

B+L is an accidental symmetry of the 
SM: quarks 1/3, leptons 1

θ
Strong CP problem

Axion solution: a global U(1)PQ with a 
QCD anomaly

DM
Dark matter

The axion is a natural cold dark matter 
(DM) candidate

This work

• Vector-like quarks chirally charged under PQ: KSVZ-type axion 

• Axion DM in pre and post inflationary cosmology

• Residual Z2 forbids tree-level proton decay

• Proton decay generated spontaneously and at one loop

B+L ≡ PQ with tree-level proton decay: Reig, Srivastava (2019); Ohata, Takeuchi, Tsumura (2021)

One-loop proton decay: Helo, Hirsch, Ota (2019); with a residual Z4 and WIMP DM: Kumar, Srivastava (2026)

One symmetry links the axion (strong CP + DM) to proton decay



Framework

7Henrique Brito Câmara – DISCRETE – November 16, 2026

Vector-like quarks

Colored scalars



Framework

7Henrique Brito Câmara – DISCRETE – November 16, 2026

Vector-like quarks

Colored scalars



Framework

7Henrique Brito Câmara – DISCRETE – November 16, 2026

Vector-like quarks

Colored scalars

Peccei,Quinn (1977), 

 Weinberg (1978), Wilczek (1978)

Dynamical solution 

Strong CP problem



Framework

7Henrique Brito Câmara – DISCRETE – November 16, 2026

Vector-like quarks

Complex scalar singlet

Colored scalars

Peccei,Quinn (1977), 

 Weinberg (1978), Wilczek (1978)

Dynamical solution 

Strong CP problem



Framework

7Henrique Brito Câmara – DISCRETE – November 16, 2026

Vector-like quarks

Complex scalar singlet

Colored scalars

KSVZ (1979, 1980)

Peccei,Quinn (1977), 

 Weinberg (1978), Wilczek (1978)

Dynamical solution 

Color-anomaly factor

Axion decay constant

Strong CP problem



Framework

7Henrique Brito Câmara – DISCRETE – November 16, 2026

Vector-like quarks

Complex scalar singlet

Colored scalars

KSVZ (1979, 1980)

Peccei,Quinn (1977), 

 Weinberg (1978), Wilczek (1978)

Dynamical solution 

Cortona et al.(2016)

Color-anomaly factor QCD axion mass relation

Axion decay constant

Strong CP problem
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Chiral PQ charges: masses from PQ breaking

One-loop box diagram

Residual Z2 parity

SM fields and σ even; Ψ, F, S, χ odd 

⇒ No proton decay at tree level

Proton decay arises spontaneously (PQ breaking) and radiatively (at one loop)
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All cases A, B and C generate the nucleon decays: 

• e+ modes probe the same Y1Y2Y3Y4 as p → e+π0

• μ+ modes: second generation of Y4

• K0 modes: second generation of Y1 (A), Y3 (B), Y2 (C)

Helo, Hirsch, Ota (2019); Arbeláez, Helo, Hirsch, Ota (2026)



Proton decay phenomenology

10Henrique Brito Câmara – DISCRETE – November 16, 2026

Super-Kamiokande, 90% CL



Proton decay phenomenology

10Henrique Brito Câmara – DISCRETE – November 16, 2026

Benchmark: Golden channel

Super-Kamiokande, 90% CL



Proton decay phenomenology

10Henrique Brito Câmara – DISCRETE – November 16, 2026

Benchmark: Golden channel

W0 = −0.131 GeV2: Aoki et al. (2017);  loop function: Helo, Hirsch, Ota (2019) Super-Kamiokande, 90% CL
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Axion emission in the final state

⇒ exotic modes e.g. p → e+π0a are negligible
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Benchmark: Golden channel

W0 = −0.131 GeV2: Aoki et al. (2017);  loop function: Helo, Hirsch, Ota (2019) Super-Kamiokande, 90% CL

Axion emission in the final state

⇒ exotic modes e.g. p → e+π0a are negligible

For M ≃ fPQ ≃ 1012 GeV the Super-K bound requires only Y1Y2Y3Y4 ≲ 10−4
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Axion dark matter in pre-inflationary scenario

Axion dark matter via the misalignment 

mechanism in pre-inflationary scenario 

Isocurvature fluctuations are 

constrained by CMB data setting a 

bound on the inflationary scale

Di Luzio et al. (2017)

Lead to potentially dangerous 

stable colored/baryonic and 

electrically charged relics …

Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008)

Di Luzio et al. (2017)

Vector-like quarksColored scalars

For 𝝑𝟎~O(1), axions account for the full CDM 

budget, provided 𝒇𝒂 ∼ 𝟓×𝟏𝟎𝟏𝟏 GeV, a region 

under scrutiny at haloscopes.

Henrique Brito Câmara – DISCRETE – November 16, 2026

Batra, HBC, Joaquim, Srivastava, Valle, PRL 132, 051801 (2024)

All Z2-odd
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n = 1;  E/N for case A/B (C)

• Ψ, F: one color triplet + one singlet ⇒ N = 1

• A SM-singlet mediator can be the lightest 
Z2-odd state: no colored or charged relic

• S ∼ (1, 1, 0) gives NDW = 2: DW problem
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θ0 is averaged over causal patches, ⟨θ0
2⟩ ≃ 2.152: 

misalignment alone gives fa ≲ 2×1011 GeV. 
Axion strings and domain walls also contribute to Ωah

2

Models free of domain walls: NDW = N = 1

n = 1;  E/N for case A/B (C)

• Ψ, F: one color triplet + one singlet ⇒ N = 1

• A SM-singlet mediator can be the lightest 
Z2-odd state: no colored or charged relic

• S ∼ (1, 1, 0) gives NDW = 2: DW problem

Simulations (Strings + DWs): Ωah
2 = ΩDMh

2

ma

fa (GeV)

5.7 meV

109

570 μeV

1010

57 μeV

1011

5.7 μeV

1012

0.57 μeV

1013

57 neV

1014

Post-inflationary, NDW = 1

Kawasaki, Saikawa, Sekiguchi (2015); Klaer, Moore (2017); Gorghetto, Hardy, Villadoro (2021); Buschmann et al. (2022); Benabou et al. (2025)

Pre-inflationary, 0.001 < θ0 < π
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Axion-to-photon coupling allows to probe the different models at 

helioscope and haloscope experiments. 

Models free of domain walls (NDW = 1)Pre-inflationary axion dark matter
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• Spontaneous radiative proton decay

U(1)PQ ≡ U(1)B+L → Z2 forbids tree-level proton decay.

The Z2-odd vector-like quarks and colored scalars generate it at one loop after PQ breaking. 

With mediators at fPQ ∼ 1012 GeV, the Super-K bound on p → e+π0 only needs Y ≲ 0.1.
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• Axion

The PQ anomaly sector (Ψ, F) gives a KSVZ-type axion that solves the strong CP problem.

Axion can be all of dark matter via misalignment mechanism: pre-inflationary for θ0 ∼ O(1) 

and fa ∼ 5×1011 GeV and post-inflationary for the NDW = 1 models fa ∈ [5×109, 3×1011] GeV.
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The mediator representations fix E/N, so helioscopes (IAXO) and haloscopes (ADMX, 

MADMAX, ALPHA, ABRACADABRA) can discriminate the models.
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