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 Belle II collaboration has recently observed the rare decay
                               with 3.5s  significance

. 
 An excess with respect to the SM predictions has been observed 

long distance contributions from                                               subtracted

pure FCNC

2.7s  discrepancy (mainly given by inclusive-tag result,
                                       had-tag result is consistent with SM )

→ average

MotivationsMotivations

Belle II Coll. 
PRD 109, 112006 (2024)

W. Parrot, et al,  PRD 107, 014511 (2023)
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 If this excess is due to New Physics (NP) beyond the SM, then  

 Two potential NP scenarios considered : 

   Indirect-NP effects  → related to the presence of heavy NP particles 
                                        affecting FCNC operators b → s + neutrinos (SMEFT) 

   Direct-NP effects     → related to the presence of invisible light NP particles 
                                        X produced along B+ → K+ transitions that can 
                                        mimic neutrinos missing energy  (dark sector origin)

resonant missing energy (Emiss) continuum missing energy
Favored X mass of order of few GeV

considered here
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 We focus on the possibility that this excess is due to a dark X emission

  and analyze its phenomenological implications for LHCb searches

  We assume existence of X as (light) Dark Fermions, SM singlets, charged under an 
  unbroken U(1)D gauge interaction in the dark sector, predicting a massless Dark Photon
  mediating long range forces between dark particles

 massless DP scenarios might help to solve several phenomenological 
 problems in astroparticle and cosmology (small-scale structure formation problems,
 dark discs of galaxies, etc.), as well as the SM flavor hierarchy problem 

 Intense searches for DP are carried out by various experiments, mainly 
 massive DP scenario which is strongly constrained for DP masses below GeV

 massless DP scenario is mainly unconstrained due to the fact that it does not 
 interact at tree-level with SM sector → dedicated searches in lab experiments are required

 Large U(1) couplings in dark sector are viable for a massless DP

2005.01515 [hep-ph]
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no tree-level couplings with SM fermions (can be rotated away)

coupling to SM particles induced at 1-loop

 only massive dark-photon can have tree-level couplings with SM fermions via kinetic mixing 

Dark-fermions Scalar-messengers

 Same loop-induced couplings holds also for massive DP

(invisible)

Holdom, PLB 166, 196 (1986)

EG et al, PRD 94 (2016); 
1607.05928 [hep-ph]

B.A. Dobrescu
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Simplified theoretical frameworkSimplified theoretical framework
 Assume existence of N light Dark Fermions (Qi) in the DS 

 charged under an unbroken U(1)D  (analogy with QED interactions )

 massless Dark Photon (AD) in the spectrum

Dark-magnetic-dipole operator
for FCNC b → s transitions

Tree-level DP couplings with 
its own dark sector

U(1) quantum charges

Effective scale
(possible also for massive DP)
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gD

at quark level

=

Q

Q̄

Dark photon Dark Fermions

FORBIDDEN for a “massless” Dark Photon

→ avoid constraints from B+ → K+ + resonant missing Energy

ALLOWED also for a “massless” Dark Photon

Due to angular momentum conservation
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Form factor estimated using Light-Cone sum rules approach 
C.Bobbet, et al. JHEP 01, (2012) 107

  s →        invariant mass square

Quantum amplitude

Tree-level result for the total BR       (1 dark fermion with unit charge)
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                    Relevant radiative corrections included:
 Sommerfeld-Fermi corrections induced by U(1)D interactions 

SF correction factorizes

gives large contribution for large aD  , especially at threshold

 Dark dipole corrections (give small contributions)
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Sommerfeld-Fermi corrections
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Form factor estimated using Light-Cone sum rules approach 
C.Bobbet, et al. JHEP 01, (2012) 107

Tree-level result for the total BR       (1 dark fermion with unit charge)

 Expected signature → resonant monochromatic missing energy peaked at

dedicated analysis for such a signature are required, not available at moment.
BR in the ballpark of sensitivity of future LHCb experiments     

 So, we use limits on BR( B → K* + Emiss) from Belle II to set bounds on L 

32 times stronger than from 
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We assume the inclusive production of NQ number of dark fermions

assuming B+ → K+ QXQX as full source of NP required to explain the excess

the larger the number of dark fermions the smaller the aD required 
to explain the excess, compatible with perturbation theory!

then imposing

Dependece from the scale L
cancels out in the ratio
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 Massless Dark Photon scenario can fit 
 Belle II excess for dark fermion masses  
MQ ~ 0.5 - 1 GeV and aD  ~ 0.3-0.5

 A strongly coupled but still perturbative 
 U(1)D sector is required 

 Dashed line corresponds to central value    
 of BR(B+ → K+ QQ ) for  NP interpretation 
 of Belle II excess

 Hatched area indicates regions excluded by 

Yellow band stands for NP contribution 
fitting the Belle II excess at 95%CL

scale L cancel out in the ratios of Brs
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Predicting a possible signal in Bs decays

 The same b → s dark-magnetic-dipole operator can contribute to other processes

providing NP contribution to 

with a resonant                                    in the B meson rest frame

providing NP contribution to 

actual limit is from LEP  experiments

P. Colangelo et. al. 
PRD 77 (2008) 055019 

DELPHI Coll. , Z Phys C 72 (1996) 207  

continuum Emiss

0
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 Using the measured ratio at LHCb

one can extract the relevant form factors for predicting the BR(                       ) EW corrections

for L value saturating limits on B→ K* nn 

a BR which  is in the ballpark of LHCb sensitivity 
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SummarySummary

  Belle II excess in B+ → K+ nn  can be explained by invisible dark fermions 
  production via B+ → K+ QQ mediated by an off-shell dark photon (DP) 

  We consider benchmark mass values of dark fermions of order 500 MeV 
   that can also avoid cosmological and astrophysical constraints

  Large but still perturbative dark photon couplings in the dark sector are required

  If this mechanism is responsible for the Belle II excess two NP signals expected: 
   Bs → f + DP and B → K* + DP   → corresponding BRs are correlated ~ O(10-5) 

  The expected signature in both channels has a monochromatic missing energy
  centered resp. at Emiss = 2.59 GeV and Emiss = 2.56 GeV in B rest frame 

  these BRs are in the ballpark of sensitivity of future LHCb experiments
  we encourage LHCb collaboration to scrutinize these two rare decays
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Backup slidesBackup slides
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Dark Photon scenario Dark Photon scenario 

B.Holdom, PLB 166B, 196 (1986)
B.A. Dobreascu, PRL 94 151802 (2005); [hep-ph/0411004] 
EG, M. Fabbrichesi, G. Lanfranchi, “The dark photon” SpringerBriefs in Physics 2020;
arXiv:2005.01515]

J → SM current
A → photon

J’ → Dark current
A’ → dark-photon

kinetic mixing always induced by 
renormalization effects, if messenger 
fields are present
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Massless Dark-Photon Massive Dark-Photon
most of experimental searches focus on 
massive DP scenario (tree-level couplings)

less explored scenario

Photon Dark-Photon

Summary of  tree-level DP interactions
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                                       Other constraints

 Limits from NP contributions to BR(                  )  are satisfied once bounds 

 on L from BR(B → K* + missing) are imposed, even for large values of aD 

 Limits from BR(                          ) do not apply

due to dark-magnetic dipole interaction, BR vanishes
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