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Elementary particles
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Elementary particles
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Assign U(1)
B
 charge 1/3, rest uncharged.

(Proton & neutron then have B = 1.)

► global symmetry of Standard Model Lagrangian!
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Baryon number violation?

● Many extensions 
(GUTs, SUSY,…) 
break baryon number!

● Heavy particles => higher-dimensional operator:

● Gives two-body nucleon decay into π0e+, π0μ+, π+ν, ... 

● Large underground detectors can study this well, e.g.:
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[Super-K, 2010.16098]

[Fileviez Pérez, Pocar, JH et al, 2208.00010]

[Weinberg, 
 ‘79 & ‘80]
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PhotomultipliersSuper-Kamiokande
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PhotomultipliersSuper-Kamiokande
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PhotomultipliersSuper-Kamiokande
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Underground detectors

● Hyper-K has generically the best sensitivity, will probe up to

● Could JUNO & DUNE be useful for some channels?
[JH, Shoemaker, in progress]

[Hyper-K, 2203.02029]

[adapted from Dreiner ++, 2403.18502]



Pheno '25 Julian Heeck 9

Beyond SMEFT
● ΔB induced by heavy particles gives SMEFT operators.

– Great limits from exclusive searches in Super-K.
– Well-studied theoretically.

● What if new particles are light?
– n→π0 χ or p→e+ χ, followed by χ decays?
– New signatures, new model building!

[lots of recent work: 
 Císcar-Monsalvatje, Ibarra, Vandecasteele, 2307.02592;
 Fridell, Hati, Takhistov, 2312.13740; 
 Domingo, Dreiner, Köhler, Nangia, Shah, 2403.18502;
 Li, Schmidt, Yao, 2406.11382 &  2502.14303;
 Davoudiasl & Denton, 2410.19045, ...]
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Sterile leptoquark
● Singlet scalar ϕ with B = L = 1:

● Low energy:

● Possible UV 
completion 
with leptoquarks:

● For m
ϕ
 = 0:

● SK/HK can probably get similar limits for m
ϕ 
> 0, unless…

[McKeen & Pospelov, 2003.02270]

[JH, 2009.01256]

[Super-K, 1508.05530]



Pheno '25 Julian Heeck 11

Sterile leptoquark near threshold
● For m

ϕ
 ~ m

p 
- m

ℓ
, lepton becomes slow => no Cherenkov light!

● μ+ eventually decays 
into fast e+, but long
decay length
and just looks 
like random e+.

● JUNO/DUNE could 
see the slow μ+ and 
give best limits here

● p→ϕe+ has more narrow range
without Cherenkov: m

ϕ
 = [937.5 MeV, 937.8 MeV],

but actual SK cuts on e+ momentum are much stronger.

JUNO/DUNE can beat SK/HK in these channels!

[JH, Shoemaker, 
 in progress]
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Sterile neutron: fermion with B=1
● Effective Lagrangian:

● χ mixes with neutron, inherits its interactions.

● p→π+ χ with χ near threshold
to slow down π+?

● But isospin gives: 

● Difficult to hide from SK/HK.

[Davoudiasl, PRL ‘15; Fornal & Grinstein, 1801.01124]

[JH, Shoemaker, 
 in progress]

 [Domingo++, 2403.18502]
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Sterile neutron = sterile neutrino?
● Simple UV model: 3 sterile neutrinos N + LQ

● Nucleon decay only into N, then N decays through ν mixing. 

● Nucleon decays in Earth source N flux!   

[JH, Heisig, Thapa, 
 2304.09893]

[JH, Shoemaker, in progress]

 [Domingo++, 2403.18502]
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● Can get a large flux even 
for long proton lifetimes!

● Mono-energetic N mostly 
coming from below.

● Clean signature, but still 
background.

● Existing constraints 
enforce N decays from 
outside the detector.

● Reaches seesaw range!

[JH, Shoemaker, in progress]

[“Existing constraints” from 
 Bolton, Deppisch, Dev, 
 1912.03058 & 2206.01140]
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Mixing with muon and tau neutrinos
No fully visible N decay in 
our mass range.

[JH, Shoemaker, in progress][JH, Shoemaker, in progress]
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Summary

● Baryon number violation = sensitive new-physics probe.

● New detectors soon: JUNO, Hyper-K, DUNE.

● Light new physics gives new signatures: p→ℓ+ + X, X→SM?

● Near threshold, p→ℓ+ ϕ has slow ℓ+: invisible in SK/HK! 
– Rare chance for JUNO & DUNE to win.

● More difficult for p→π+ N, but other interesting physics:
– p→π+ N in Earth as source of sterile neutrinos N.
– Clean signature, e.g. N→π+ μ-, in underground detectors.

Nucleon decay into light particles has interesting PHENO
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Backup
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[JH, Shoemaker, in progress]

Summary plots
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Sterile neutron: fermion with B=1
● Effective Lagrangian:

● For m
χ
  m≲

n
, one has search channels

– n→χ γ,
hydrogen→ χ ν,
p→χ e+ ν,
n→π0 χ, p→π+ χ,

– The latter probe Λ
udd

 < 1015 GeV if m
χ
 ~ 0.

– All couplings Λ
ijk
 lead to these channels at loop level!

● Notice that χ is stable here and thus (asymmetric) DM.

[Davoudiasl, PRL ‘15; Fornal & Grinstein, 1801.01124]

[Berezhiani, 1812.11089; McKeen & Pospelov, 2003.02270]

[McKeen & Pospelov, 2003.02270]

[Davoudiasl, PRD ‘13 & PRL ‘15; Helo et al, 1803.00035]
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Sterile neutron: fermion with B=1
● For m

χ
 > m

n
, no more proton/neutron decays!

● Still possible to look for rare 
decays in b/c/τ factories via

[JH, 2009.01256]
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