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Outline

▪ B meson decays to sterile neutrinos 

▪ B meson decays to axion-like particles (ALPs) 
 

2



Moriond 2026 electroweak         B decays into light BSM particles                    Ulrich Nierste

  heavy neutrino = Heavy Neutral Lepton 
  sterile = gauge singlet 
  usually studied:  mixing scenario 
          with  ,   and  j=1,2,3 
 
 
               mixing matrix        sterile neutrino 
  … but B physics is not competitive for mixing scenarios 
  Yet B decays interesting, if some new Yukawa interaction couples  
   b quark to .

νℓ = Uℓjνj + UℓjNj ℓ = e, μ, τ

Nj

3

Sterile neutrinos
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 One could have  
                                          or                     
 
 
 

 Here the sterile neutrino is exclusively produced in B meson decay.  

 We first assume that N is undetected.  
 (True, if N is light enough or decays to the dark sector.)   

bL,R cR,L

ℓL N

H+

4

Sterile neutrinos
bR

S1

N

cL,R

ℓL,R

leptoquark



 Parametrise arbitrary new-physics interaction to dimension 6: 
 

  

 

 None of the  terms mimicks SM interaction  study angular distributions

ℋeff =
4GF

2
Vcb[(cLγμbL)(ℓLγμνℓ, L) + gN

VR
(cRγμbR)(ℓRγμN) + gN

SL
(cRbL)(ℓLN)

+gN
SR

(cLbR)(ℓLN) + gN
T (cLσμνbR)(ℓLσμνN) + h . c . ]

N ⇒

5

Effective hamiltonian

Robinson, Shakya and Zupan, 1807.04753

SM term
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Florian Bernlochner, Marco Fedele, Tim Kretz, and Markus T. Prim

Belle (-II) group at University of Bonn

theorists

Study of  Belle dataB → D*ℓ+N

JHEP 01 (2025) 040 or ℓ = e μ
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Study of  Belle dataB → D*ℓ+N
 Belle has vetoed   in its angular distribution data. 
 Thus we were only sensitive to  . We find no hint of  
  non-zero coefficients  and place bounds of  

 By SU(2) symmetry   are much better constrained by   

 decays, data on   
  imply .  
  Felkl, Giri, Mohanta, Schmidt, EPJ C 83,, no. 12 (2023)  1135. 

  Nice (but statistically insignificant ☹) 
 bump  at 354 MeV.                                                                                                                                             

MN > 50 MeV
MN ≤ 50 MeV

gN
VR

, gN
SL

, gN
SR

, gN
T 𝒪(0.3)

gN
SR

, gN
T b → sνLN

B(B → K(*) + Emiss)
|gN

SR
| , |gN

T | ≤ 0.01

MN =
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Sterile neutrino decay through mixing
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 Best possible world:  is long-lived so that it  
 decays with a displaced vertex. 
 Assume that the decay is via mixing with only  
  one active neutrino : 
         or    
 Dominant contribution to the decay rate for 
  being a multi-hadron state.  
 Need calculations of   and  

 to predict  
 the lifetime of   
 and all branching fractions.  

     for 

N

νe,μ,τ
N → ℓ−X+ N → νX0

X+,0

Γ(N → ℓ+hadrons)
Γ(N → ν+hadrons)

N

N ωω

W

ω̄ε

εε

N ωω

Z

εε

ε̄ε

q

q̄

u

d̄, s̄}

}

X+

X0
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Sterile neutrino decay through mixing
Using five-loop results on current correlators  from the literature we have 
calculated  to order  to determine the ranges for  
for which perturbation theory works and reliable predictions are possible: 
      
       GeV for  
and  
       GeV for .                                T. Kretz, UN, arXiv:2512.00476 

With  (in progress) we will be able to delineate the region  
for mass and mixing angle for which  decays in the detector with a displaced 
vertex.                                                                            

Γ(N → ℓ+hadrons) α4
s MN

MN > 1.5 ℓ = e, μ

MN > 3.0 ℓ = τ

Γ(N → ν+hadrons)
N

9
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B decays to ALPs
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▪ Phenomenological motivation: Belle II find  above the SM 
prediction for  by 2.7 .  

▪ An axion is a pseudo-Goldstone boson of a U(1) symmetry (“Peccei-Quinn 
symmetry”) 
▪ purpose: solve the strong CP problem 
▪ fixed relation between mass and couplings   

    no interesting collider phenomenology   

▪ ALP: same, but with some extra explicit symmetry breaking  
▪ mass and couplings are independent  
▪ standard candidate for Dark Matter or mediator to the Dark Sector

B(B+ → K+ + nothing)
B(B → Kνν̄) σ

⇒
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DFSZ model
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▪ Widely studied benchmark for an “invisible ALP” model, meaning that ALP couplings to 
SM particles are small.                         Dine, Fischler, Srednicki,  Phys. Lett. B104, 199 (1981) 
                                                                                         Zhitnitsky, Sov. J. Nucl. Phys. 31, 260 (1980) 

▪ The starting point is a 2HDM with U(1)   symmetry rendering the  
 pseudoscalar Higgs boson  massless.   

▪ Add a complex gauge singlet field with vev ,   

                                            , 

▪ Add a mixing term to the Higgs potential  which breaks all U(1) symmetries, 
                          .

PQ
A0

f

Φs = f +
r0 + ia0

2
V

V ⊃ λΦ2
sΦuΦ†

d
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ALP coupling to other Higgs bosons
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▪ Two effects of       :                           new couplings: 
                                                                                

▪ Mass matrix with  mixing:                              
      

▪  is heavy,  is light, and  
      
 
 
 

▪  term cancels and one gets the correct coupling from 2HDM multiplied with 

V ⊃ λΦ2
sΦuΦ†

d

a0 − A0
A0 = A cos θ + a sin θ

A a
sin θ ∼ θ ≪ 1

m2
A θ

𝐺− 𝐻+

𝑎0

𝐺− 𝐻+

𝑎0

𝐴0

𝐺− 𝐻+

𝐴0

DFSZ PQWW

compare 
  with 
2HDM
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ALP coupling to other Higgs bosons
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▪ We confirm the one-loop calculation of the  decay rate. 
                                                               Freytsis, Ligeti, and Thaler, Phys. Rev. D 81, 034001 
 

▪  At two-loop level the rule “ ” does not hold 
 
anymore. There are genuine contributions  from diagrams like  

▪ The two-loop calculation is enhanced by a factor of 

   (ratio of vevs of the two Higgs doublets) 

and non-negligible. 
                                Gao, UN, Phys.Rev.D 112 (2025) 5, 055008 

B → K + a

𝒜(B → Ka) = θ 𝒜(B → KA0)

∝ λ

tan β =
vu

vd

3

(b)

(e)(d)

(c)(a)

(f) (h)(g)

FIG. 2. Some Feynman diagrams related to the discussion,
where the black dots in (d) and (e) indicate one-loop vertices
and the crossed dots in (g) and (h) indicate the e!ective ver-
tices after integrating out H+.

Our results for X1 and X2 agree with Ref. [17] in the
large mH limit. X3 is new and could in principle contain
transcendental-weight-two functions, but only the loga-
rithm functions appear after expanding in 1/mH .

To calculate X3, we work in the general Rω gauge, to
check our results by showing ω independence. We use the
packages FeynRules [32, 33] and FeynArts [34] to gener-
ate the new interacting vertexes and new diagrams. In
total thousands of diagrams contribute to b → sa at two-
loop level, but only very few contribute to X3, as shown
in Fig. 2. For simplicity, the diagrams from exchang-
ing b ↑ s, and the ones replacing the internal a,H with
r, A [35], are not shown explicitly. The others come with
additional factor of tanε and ϑ are not relevant.

To evaluate the diagrams, we Taylor expand the Feyn-
man amplitudes in the small external momentum p

µ

i
↓

mb [36]:

A = A|pµ
i =0 + p

µ

i

ϖA
ϖp

µ

i

∣∣∣∣
p
µ
i =0

+O(p2
i
). (11)

In the large tanε limit, we find the A|pµ
i =0 do not con-

tribute to X3. Its e!ect is canceled after renormalizing
the quark-mixing matrix, which arise from the same dia-
grams by replacing the external a with the vacuum tad-

pole f . So only εA
εp

µ
i

∣∣∣
p
µ
i =0

is relevant, and we evaluate it

using FeynCalc [37–39], FIRE [40], and FeynHelpers [41].
The new functions for multiloop tensor reduction and
topological identification in Feyncalc 10 [42] are applied.

The master integrals are reduced to the vacuum bubble
ones, whose analytical expressions are given in [43, 44].
The cancellation of the gauge parameter ωW is similar

to the case of b → sµ
+
µ
→ in SM [45]. Intuitively, the ωW

dependent contribution from the box-like diagrams (a-c)
cancel those from the penguin-like diagrams (d-e). Thus,
the loop-induced kinetic-mixing term ϖµG

0
ϖ
µ
a plays an

important role. To perform a↔G
0 wave-function renor-

malization, we apply the standard method of subtract-
ing the Goldstone boson self-energies at zero momen-
tum [46, 47]. This eliminates the tadpole contributions
and simplifies the diagrams.

b → sa without specifying UV physics Is it possible to
find the properties of the b → sa amplitude of the DFSZ
model from an e!ective theory, without specifying any
UV physics? Naively, one can start with the renormaliz-
able Lagrangian of Eq. (3) but drop all heavy particles:

L = LSM + ia

∑

q=t,b

cq qϱ5q. (12)

This looks quite reasonable, since the light ALP a only
changes the IR structure of the SM. The low-energy e!ec-
tive field theory (LEFT) [48, 49] respects the QED↗QCD
symmetry, under which the quarks and leptons are
vector-like. Therefore, the a-fermion couplings can be
renormalizable. With cq matched from the DFSZ model,
one can calculate the b → sa amplitude, with UV diver-
gence. Applying the RG equations, one finds the leading-
log term appears:

A(b → sa) ↓ log (”2
UV/m

2
t
). (13)

In the DFSZ model ”UV is equal to mH [50], however,
we find the coe#cient of Eq. (13) in disagreement with
the X1 term of Eq. (10). Thus, something is wrong.

We carefully checked the DFSZ calculation and found
the missing term comes from Fig. 2(f). The low-energy
theory can not capture its contribution because the Feyn-
man rules of the G

→
H

+
a vertex is proportional to m

2
H
.

Fig. 2(f) is not suppressed by 1/m2
H

although it contains
a heavy particle. AlthoughH

+ is much heavier thanW
+,

they are equally important in b → sa. This challenges the
naive understanding about IR-UV mixing/decoupling.

In our opinion, the reason is that without H
+, the

renormalizable theory of Eq. (12) is not invariant under
SU(2)L↗U(1)Y . The necessary condition for decoupling,
that the light theory must be gauge invariant [25], is not
satisfied. Decoupling is hidden in the dimensionless cou-
pling:

cq ↓ ϑ ↓ 1

f
↓ 1

mH

. (14)

Here, mH can not be arbitrarily heavy given finite cq.
This behavior is somehow uncommon, but not unique.
For instance, the µ → eϱ decay amplitude in a 2HDM is
not directly suppressed by the heavy mass either [26], but
by the misalignment parameter cϑϖ ↓ 1/m2

H
[51]. With

finite cq or cϑϖ , one can not recover SU(2)L ↗ U(1)Y .
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Phenomenology of B → Ka
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4

FIG. 3. Parameter space explaining the Belle II excess in the DFSZ model, for ω = 1 (left) and ω = 5 (right). The dark (light)
blue region gives Br(B → Ka) = (1 ↑ 9) ↓ 10→6, with complete (one loop only) calculation. The red region is excluded by
the search for !(nS) → εa. The green contours indicate the visible branching ratio Br↑(a → µ

+
µ
→) = Br(a → µ

+
µ
→)/Br(a →

visible).

To reveal the decoupling picture, the SU(2)L →U(1)Y
gauge symmetry must be respected by the low energy
theory. It is chiral, unlike QED→QCD. The SU(2) dou-
blet Higgs must join the low-energy-theory of Eq. (12)
so renormalizability cannot hold anymore. The gauge
invariant Lagrangian reads:

L = LSM + i
a

v

(
cbQL

bRH̃u + ct QL
tRHu + h.c.

)

= LSM + ia

∑

q=t,b

cqqω5q + i
a

v

[
cbVtb

tLbRG
+

+ct

(
V

→
tb
bLtRG

↑ + V
→
ts
sLtRG

↑)+ h.c.
]
+ ...

(15)

The key di!erence is the appearance of non-
renormalizable operators with unphysical Goldstone
Mode G

+. They have a clear UV origin, as illustrated
in Fig 2(g). Splitting the propagator of H

↑ into two
pieces [52],

1

k2 ↑m
2
H

= ↑ 1

m
2
H

+
1

m
2
H

k
2

k2 ↑m
2
H

, (16)

the ↑1/m2
H

term leads to the non-renormalizable op-
erator, while the mH dependence is canceled since the
G

↑
H

+
a vertex is proportional m2

H
. This e!ective oper-

ator, as shown Fig. 2(g), leads to a divergent amplitude,
and we checked that it exactly reproduces the leading-
log term missing in Eq. (13). As previously discussed,
the light theory of the 2HDM is also not gauge invariant.
Very similar operators with Goldstone bosons contribute
to µ ↓ eω with a leading-log term. We refer the reader to
Ref. [28], for details about this closely related example.

If one picks the unitary gauge, Eq. (15) and Eq. (12)
are the same, since the gauge fixing condition sets
G

+(xµ) ↔ 0. We have checked that the missing leading-
log term of Eq. (13) now originates from the the lon-
gitudinal part of W propagator kµkω/m

2
W
. Decoupling

works, because the gauge symmetry is strictly speaking
still preserved, just hidden by gauge fixing. And again,
the cost is loosing renormalizability, known as a conse-
quence of the unitary (non-renormalizable) gauge.
By applying the equations of motions, Eq. (15) be-

comes the general axion EFT where the U(1)PQ symme-
try is manifest [13, 53, 54]:

L = LSM +
∑

εL=QL,t
c
R,b

c
R

cε

f
ε
L
ω
µ
εL ϑµa+ ... (17)

Anomalous terms such as aW̃µωW
µω [54] are higher or-

der for flavor violating processes [6], so we don’t show
them explicitly here. Clearly, this derivative basis pro-
duces the same b ↓ sa amplitude as the one of Eq. (15).
However, the Yukawa basis of Eq. (12) gives a di!er-
ent result. The authors of Ref. [24] have commented on
this discrepancy in a footnote and correctly connected it
to the dimension-5 operators. Here, we emphasize that
Eq. (12) is inconsistent without gauge fixing.
Before finishing the bottom-up discussions, we want to

emphasize that log (”2
UV/m

2
t
) is large and the terms with-

out this leading log are not available without specifying
UV physics. UV physics is hidden in the counter term of
Fig. 2(h) (from the third term of Eq. (16)). The general
ALP e!ective theory allows tree level flavour violating

▪ Since Belle II sees missing energy,  must  
dominantly decay to the Dark Sector, beyond 
the DFSZ model. 

▪ Belle II data hint at . 
▪ One-loop and two-loop contributions have op- 

posite signs. Blue region explains Belle II 
data (dark blue: all, light blue: only one-loop).  

▪ Look for displaced vertex decay . 
But branching fraction is unpredictable,  
since  is free parameter. 

▪  constrains the plot and could  
 be  “smoking gun” signal. 

a

ma ∼ 2 GeV

a → μ+μ−

B(a → dark sector)
Υ(1S) → γa
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Summary

15

▪ Belle II can study  decays with missing energy.  
▪ Detectable semileptonic  decays to final states with a sterile neutrino  can occur in e.g. 

2HDMs, but not in the standard mixing scenarios. 
▪ To study  decays we need predictions for the total decay rate, especially to find  

the parameter space with “sweet spot” lifetimes, leading to displaced-vertex signals.  
The QCD calculations for  is complete now.  

▪ Belle II data for  can be explained with an ALP of mass around 2 GeV.   
▪ ALPs of the popular DFSZ model can indeed explain the data, when amended by  

ALP decays to the dark sector.  
▪ The parameter space of this model is efficiently constrained by other measurements.  

      !!!!! Experimentalists: Look for  and  !!!! 
 We communicate this through our established channels….

B
B N

N

N → ℓ+hadrons

B(B+ → K+ + nothing)

a → μ+μ− Υ(1S) → γ+nothing
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  Psst!!! Hey, bud! C’mere.

   Who? Me?

You can make a DISCOVERY  
         and become famous! 
      And it is JUST AROUND 
                 the corner!

   Wow, I can become 
        famous!!!

Just look for  and  !a → μ+μ− Υ(1S) → γa

 Υ(1S)
→ γa


