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Motivation

2

• Rare decays of long-lived hadrons prospective 
probes of BSM 

• FCNC decays relate to flavour puzzle of SM & NP 

• Decays to neutrino final states potentially relate to 
neutrino mass puzzle of SM 

• Traditionally exhibit excellent sensitivity to heavy NP 
scales 

• Modes with missing energy can probe feebly 
interacting light NP 

• Potentially relate to cosmological DM puzzle

figure by  
W. Altmannshofer

Bauer et al., 2110.10698



b to s    invisible in SM
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• SM contributions to b to s nunu, nunununu, 
dominated by factorizable contributions
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b to s    invisible in SM
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• SM contributions to b to s nunu, nunununu, 
dominated by factorizable contributions 

• short distance WCs known to NNLO in 
QCD & NLO in EW
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• SM contributions to b to s nunu, nunununu, 
dominated by factorizable contributions 

• short distance WCs known to NNLO in 
QCD & NLO in EW 

• matrix elements of local operators can be 
computed e.g. using Lattice QCD
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b to s    invisible in SM
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• SM contributions to b to s nunu, nunununu, 
dominated by factorizable contributions 

• short distance WCs known to NNLO in 
QCD & NLO in EW 

• matrix elements of local operators can be 
computed e.g. using Lattice QCD 

➡ Allow for precise predictions
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Experimental situation
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• Until recently exp. sensitivity (well) above SM expectations 

• First signal evidence by Belle II in 2023

2.9σ or almost ×5 above SM 

(×3 when averaged with 
previous measurements)

Belle II, 2311.14647

Alonso-Alvarez & Escudero, 2310.13043  Belle, 1702.03224



BSM interpretations of Belle II result
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• Heavy NP can contribute to b s nunu 
amplitudes 

• Existing exp. upper bounds then imply 
non-trivial NP EFT operator structure
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amplitudes 

• Existing exp. upper bounds then imply 
non-trivial NP EFT operator structure
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• Above EW scale, NP ops. need to 
respect SM gauge invariance 
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⇒ Possible relation to charged 
current B decays: constraints 
inconsistent with simultaneous 
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Extending SM with new invisible particles
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• New d.o.f.s, if neutral under SM gauge symmetry, can also be light, must be 
included in low energy (SM)EFT 

• relevant spin (0, 1/2, 1, 3/2) candidates 

• If long-lived, X can mimic missing energy                                                                         
of SM neutrinos 

• Distinct kinematic signatures due to                                                                       
spin, mass, multiplicity
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Reinterpreting Belle II results
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• Experimental acceptance & efficiency 
uneven across decay phase-space 

➡ Integrated Br interpretations of 
measurement are model dependent! 

• Unbiased NP interpretations require fit 
to reconstructed spectrum 

➡ Better discrimination among NP 
scenarios - some are preferred 
compared to rescaled SM

Bolton et al., 2503.19025 

Belle II, 2311.14647
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Reinterpreting Belle II results

12

• Experimental acceptance & efficiency 
uneven across decay phase-space 

➡ Integrated Br interpretations of 
measurement are model dependent! 

• Unbiased NP interpretations require fit 
to reconstructed spectrum 

➡ Better discrimination among NP 
scenarios - some are preferred 
compared to rescaled SM 

➡ Potential to infer masses & 
multiplicities of new particles

Belle II, 2311.14647

Bolton et al., 2503.19025 



Implications of/for other measurements
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•                       offers richer phenomenology 
• sensitive to both parity-even and -odd 

operators  
• ⇒ existing constraints on chiral 

(SMEFT+X) operators
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Implications of/for other measurements
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•                       offers richer phenomenology 
• sensitive to both parity-even and -odd 

operators  
• ⇒ existing constraints on chiral 

(SMEFT+X) operators 

• two distinguishable K* polarization 
states 

• ⇒ nontrivial correlations between rates
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Implications of/for other measurements

16

•                       offers richer phenomenology 
• sensitive to both parity-even and -odd 

operators  
• ⇒ existing constraints on chiral 

(SMEFT+X) operators 

• two distinguishable K* polarization 
states 

• ⇒ nontrivial correlations between rates 

• Projected Belle II statistics could allow for 
differential measurements, e.g.
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Example BSM
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• gauged & higgsed U(1)' 

• minimally coupled to SM quarks via T'-t mass mixing 

• possibly mediating SM-DM (X ) interactions

Bolton et al., 2508.XXXXX



Spectrum & interactions
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• Scalar potential breaks U(1)' orthogonally to SM: 

• No tree-level Z-Z’ mixing: 

• T'-t mass mixing modifies W, Z couplings to top quark, 

• induces U(1)' charge
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Radiative corrections

• Z' - Z/γ mixing 

• assuming εB = 0 in UV (Λ) 

• can be further suppressed/fine-tuned against εB(Λ) :  

• Contributions to EWPOs (neglecting Z' - Z/γ mixing) 

• sensitivity to mT, sL
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Z' couplings to SM fermions

• Below EWSB scale: 

• U(2) / MFV -like flavour patterns 

• Accommodating Belle II result via                implies 

• Lower bound saturated if all Z' escape / decay invisibly 
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Z' couplings to SM fermions

• Below EWSB scale: 

• U(2) / MFV -like flavour patterns 

• Accommodating Belle II result via                implies 

• Lower bound saturated if all Z' escape / decay invisibly 

• Prediction of                mediated 

•                 kinematically forbidden   
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DM phenomenology

• SM-neutral U(1)' charged fermions can be cosmologically stable 

• can form thermal relics in early universe 

• in interesting region (MX > MZ') freeze-out dominated by t-channel 
annihilation into Z’ 

• suppressed/decoupled effects in DM direct detection experiments 

• dominant constraints from CMB distortions Slatyer, 1506.03811
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Collider searches

• VL top partner (T) can be QCD pair produced at LHC 

• presence of light Z' (and potentially φ)                                                          
modifies search signatures 

• reduced sensitivity of standard VL                                                            
quark searches 

• novel signature of
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Summary

• Model can simultaneously account 
for Belle II result, accommodate DM 

• Effects correlated with VL top 
partner parameters 

• mT cannot be decoupled! 

• Combined explanations imply a 
hierarchy of U(1)' charges                   

• Z - Z'  mixing constraints might 
require O(10-2) cancellations in 
kinetic mixing
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Conclusions

26

• Rare processes are excellent probes of NP 

•                      well predicted in SM, can probe heavy NP (indirectly) and light 
invisible NP (directly) 

• Intriguing current experimental situation could indicate presence of new (sub) 
GeV-mass particles! 

• Important implications for model building 

• Simple U(1)' example connecting to DM, VL quark searches 

• Belle II sensitivity to                         should discriminate between scenarios  

• Gives emphasis to related phenomenology  

• in existing exp. like NA62, KOTO, BESIII -  

• at future facilities like FCC-ee/CEPC -
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