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Light Dark Matter @ Accelerators
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Ordinary matter in our universe is outnumbered by dark matter 5:1 (in mass)

All evidence so far relies only on gravity including the primary measurement (  = 0.12)               
[Planck, 1807.06209]

Best explanations of relic density require additional interactions with SM particles

Due to the lack of WIMP signatures, light dark matter ( )  increasingly appealing                               
cannot be fully reconstructed  have missing energy 

Ωh χ2

m < 10 GeV
→
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Focus on portal interactions with DM mediator  X     (  ) 

Vector portal:    (→ Dark Photons (A’), Z’ bosons)

Higgs portal:   (→ Axion Like Particles (ALPs))

Axion portal:  ( → Dark Higgsstrahlung/Scalars)

Sterile neutrino portal:  (→ Sterile Neutrinos )

Further guidance for light DM in reach of Belle II:
Residual annihilations   have to suppressed at late times (low temperatures) to be compatible 
with cosmo bounds

Further guidance in this talk, we are limited by the mass of B-meson
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Belle II detector + -eventBB̄
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LHCSki 2016, Apr 14 The Belle II Physics Program in light of LHCb

B-Factory Family Album

5

SuperKEKB ( 7 GeV /4 GeV )

General purpose detector

Taking data since 2019

Collected ~ 500  to date 

580 mil.  pairs 

e− e+

fb−1

BB̄

Very clean environment

On average: 11 tracks

Known initial state kinematics

Near 100% efficiency for  decays

Sensitive to lower energy deposits

B
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Reconstruction Techniques 

Different reconstruction techniques lead to nearly orthogonal data samples

Efficiency 

Purity, Resolution 

8

ϵ ∼ 0.1 − 1 %
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ment an ideal environment to measure such challenging B decays with missing energy. In particular,
reconstructing one B meson in the event as a tag-side (see Fig. 2) can provide powerful constraints
on the flavour and kinematics of the remaining B meson, that is studied as a signal-side. This so
called method of tag-side reconstruction will be crucial to the discovery and measurements of the
properties of b ! s⌫⌫̄ transitions at Belle II (including the most amenable channels B ! K(⇤)⌫⌫̄).
The most stringent limits on the branching fractions of B ! K+⌫⌫̄ and B ! K⇤0⌫⌫̄ were made by
the Belle experiment with semileptonic tagging and are, 1.6⇥ 10�5 and 2.7⇥ 10�5, respectively [25],
which can be compared to the SM expectations of 4.6 ⇥ 10�6 and 9.6 ⇥ 10�6. Measurements of
such channels can offer a crucial and complementary insight on the anomalies as they are free from
potential contributions from long-distance cc̄ loops, which affect the SM predictions of b ! s`` transi-
tions. Furthermore, since the summed rate of all three neutrino flavours is measured any preferred
coupling to the third generation would enhance the branching fraction of the decay.

Efficiency

O(0.1–1%)
Exclusive Hadronic

⌥(4S)

B+
tag

B�
sig

⇡+

D̄0

K+

⇡�

K� ⌫`

⌫̄`

e+e�

(a)

O(1–3%)
Exclusive Semileptonic

⌥(4S)

B+
tag

B�
sig

⌫` `+

D̄0

K+

⇡�

K� ⌫`

⌫̄`

e+e�

(b)

O(1–100%)
Inclusive

⌥(4S)

B+
tag

B�
sig

K� ⌫`

⌫̄`

e+e�

(c)

Purity
Figure 2: illustrations of tag-side reconstruction in which the tag-side is reconstructed in (a) specific fully

hadronic final states (b) specific semileptonic modes (B ! D(⇤)`⌫) or (c) inclusively from unassigned
tracks and neutral energy deposits in the event.

Lastly, the strength of Belle II at measuring final states with missing energy gives Belle II the
opportunity to potentially probe the b ! s⌧⌧ transition. This decay like b ! s⌫⌫̄ involves several
neutrinos produced from the subsequent decays of the ⌧ leptons. Although the branching fraction is
very low at roughly 1.4⇥ 10�7 a number of NP explanations for the anomalies indicate that the decay
rate could be significantly enhanced by even three orders of magnitude [26]. However, currently the
most stringent experimental limits from BaBar on the branching fraction of B ! K⌧⌧ decays is only
2.3⇥10�3 [27]. Closely related is the potential for NP induced lepton flavour violating transitions B !

K(⇤)⌧`. Limits at a 90% confidence level have been made on the branching fraction of B ! K(⇤)⌧`
by Babar (< 3/4.8 ⇥ 10�5 for ` = e/µ) [28] and LHCb (< 3.9 ⇥ 10�5 for ` = µ) [29]. Any observed
enhancement in the branching fraction of B ! K(⇤)⌧⌧ decays or observation of B ! K(⇤)⌧` decays,
would be clear indications of new physics.

Tag-side reconstruction An essential method for the aforementioned orthogonal probes is tag-
side reconstruction. As shown in Fig. 2 tag-side reconstruction can either be performed exclusively
by reconstructing a tag-side B in specific final modes or inclusively. In the inclusive approach the
signal-side B meson must be reconstructed first allowing for all remaining particles in the event to
be assigned to the remaining B meson, the inclusive tag-side. This approach has the benefit of
large efficiency O(1–100)%4 but with a very low purity, where purity is the percentage of correctly
reconstructed tag-sides. The exclusive approach, in which specific final states are reconstructed,
has generally a much higher purity particularly when hadronic final states are chosen but with the
disadvantage of a loss of efficiency 0.1–1% (1–3%) for hadronic (semileptonic) states. The Belle

4The efficiency varies in a large range as it depends on selections applied to the full ⌥(4S) decay chain.
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-meson toolsB
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Tools: 
Large number of -mesons which do not need to be triggered

Good charged particle identification (kaons, pions, protons, electrons, muons)

Good knowledge about missing energy due to clean environment

Good neutral particle identification (photons, pions)


B
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 This allows us all to look for final states with these particles

Invisible Invisible + track(s) Track(s) Track(s) + clusters
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Tools: 
Large number of -mesons which do not need to be triggered

Good charged particle identification (kaons, pions, protons, electrons, muons)

Good knowledge about missing energy due to clean environment

Good neutral particle identification (photons, pions)


B

 This allows us all to look for final states with these particles

Invisible Invisible + track(s) Track(s) Track(s) + clusters

Secret tip: We want SM processes to be small and/or well separable as not to 
be problematic background
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Invisible

e . g . B0 → INV

Signature 1. 
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SM B0 → νν̄
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 Invisible

Belle II has the possibility to search for :

SM expectations are very low  ~  [EPJC 81 5, 388(2021)]


Strong helicity suppression

BaBar:    [PRD 86, 051105(R) (2012)]

Belle:     [PRD 102, 012003 (2020)]

Can search using hadronic and semileptonic tagging: 


Dark Sector Scenarios:
Overview of light dark models: [Phys.Rev.D 82 (2010) 034005]
Heavy: scalar X charged under both QCD and “dark QCD” around a TeV scale, and this mediator has a 
Yukawa coupling to quarks and dark quarks  [JHEP 02 (2022) 011] ,  bonus: would also lead to CP 
asymmetries

Useful parametrisation: SM extended by additional singlet fermions  [Eur.Phys.J.C 81 (2021) 5, 388]

B0 → νν̄
ℬ(B0 → νν̄) < 10−11

ℬ(B0 → νν̄) < 2.4 × 10−5@ 90 % C . L
ℬ(B0 → νν̄) < 7.8 × 10−5@ 90 % C . L

ϵ ∼ few percent

→

according to two-dimensional histogram PDFs and then
fitting with the product of one-dimensional PDFs.
The validity of the EECL PDFs for background is checked

using the sideband samples excluded by the Otag threshold.
Comparison between sideband data and the combined
distribution of non-B and generic B background according
to the MC ratio shows consistency, as shown in Fig. 3. In
the comparison, the correctness of the MC ratio between
background components is further verified by fitting cos θT
in the sideband sample, which is shown in Fig. 4. In this fit,
there are ð23" 8Þ% of generic B events among the
combined background, which is consistent with the pro-
portion of ð25" 1Þ% from MC simulation.
To verify the EECL PDF obtained from the signal

MC simulation, B0 → D$−lþν (l ¼ e; μ; D$− → D0π−,

D0 → Kþπ−) is used as a control sample. In these events,
Btag is fully reconstructed, and the other B meson is
identified by decays to Dð$Þlν from the remaining part
of the event (double tagging). To mimic the invisible final
state, particles used in the signal-side reconstruction are
excluded, such as in the EECL and the shape variables
calculations. Event selections are done in the same manner
as in the B0 → invisible study. The extra tracks, π0, and K0

L
vetoes are demanded after removing particles involved in
the reconstruction of Btag and Bsig. The Otag and Oshape are
also based on the algorithms established before. Additional
selections include 1.855 GeV=c2 < MD0 < 1.885 GeV=c2

(1.8σ window); 0.143 GeV=c2 < ΔMD < 0.148 GeV=c2

(2.2σ window), where ΔMD is the difference between the
reconstructed D$− and D0 masses; −0.5 GeV2=c4 <
M2

miss < 0.5 GeV2=c4 (1.5σ window), where M2
miss is

defined in Eq. (1) with P⃗γ replaced by P⃗D$−l. After the
double tagging, background for the B0 → D$−lþν becomes
negligible. Comparison of the EECL distribution between
the doubly tagged data and the B0 → νν̄ MC simulation
shows excellent agreement as seen in Fig. 3.
The projections of the 2D fitting result for B0 →

invisible are shown in Fig. 5. The corresponding fitting
yields of each component are listed in Table I. No
significant signal is observed.
The systematic uncertainty due to the statistical error of

the EECL and cos θT PDFs modeling is estimated by varying
the content of each bin in the histogram PDFs and
parameters of the Legendre polynomials by "1σ, respec-
tively, and repeating the fit on data. All of the systematic
uncertainties of signal yields are listed in Table II, and the
total systematic uncertainty is the sum in quadrature of
all terms.
The significance of the signal yield is defined asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=Ls

p
Þ, where L0 and Ls are the maximized

likelihood values when the signal yield is constrained to
zero and floated, respectively. The systematic uncertainty is
taken into consideration by convolving the likelihood
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FIG. 3. Left, Comparison of EECL distributions between back-
ground MC simulation and data in the Otag sideband. The black
points are data. The blue crosses with a shaded error band are the
background MC simulation. Right, Comparison of EECL distri-
butions between B0 → νν̄ signal MC simulation and B0 →
D$−lþν data. The black points are data. The red and shaded
distribution is signal MC simulation. Histograms are normalized
such that the sum of all bins equals one.

Tθcos
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ (
0.

2)

0

20

40

60

80

100

120

140

160

180
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is the fit result, green short-dashed line is the generic B back-
ground component and blue dash-dotted line is the non-B
background component.
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FIG. 5. Projections of the fit result on cos θT (left) and EECL
(right) for B0 → invisible. Dots with error bars are data, black
solid line is the fit result, red dotted line is the signal component,
green short-dashed line is the generic B background component
and blue dash-dotted line is the non-B background component.

Y. KU et al. PHYS. REV. D 102, 012003 (2020)

012003-6

[PRD 102, 012003 (2020)]

Challenges: 
Clean environment

Good understanding of neutrals

Separating variables, e.g  = amount of energy 
not associated to the hadronic B-decays needs to  
well understood

EECL
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B0 → INV
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 Invisible

Dark Sector Scenarios: 
Overview of light dark models that could interfere: [PRD 82, 034005 (2010)]

Heavy: scalar X charged under both QCD and “dark QCD” around a TeV scale, and this mediator has 
a Yukawa coupling to quarks and dark quarks  [JHEP 02, 011 (2022)] ,  bonus: would also lead to 
CP asymmetries


Useful parametrisation: SM extended by additional singlet fermions  [EPJC 81 5, 388 (2021)]

→
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Invisible + track(s)

e . g . B+ → K+ + INV

Signature 2. 

mailto:sstefkov@uni-bonn.de
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                SM B+ → K+νν̄
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Belle II searched for  [PRD 109, 075006 (2024)]: 
SM  [PRD 107, 1324 014511 (2023), PRD 107, 119903 (2023)]

Roughly 10% uncertainty due to hadronic form factors

B+ → K+νν̄
ℬ(B+ → K+νν̄) = 5.5 × 10−6

 Invisible + track(s)






μ = 4.6 ± 1.0(stat) ± 0.9(syst)
𝓑(B+ → K+νν̄) = [2.3 ± 0.5(stat)+0.5

−0.4(syst)] × 10−5

mailto:sstefkov@uni-bonn.de
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.075006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014511
http://Phys.%20Rev.%20D%20107,%20119903%20(2023)
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Belle II searched for  [PRD 109, 075006 (2024)]: 
SM  [PRD 107, 1324 014511 (2023), PRD 107, 119903 (2023)]

Roughly 10% uncertainty due to hadronic form factors

B+ → K+νν̄
ℬ(B+ → K+νν̄) = 5.5 × 10−6

 Invisible + track(s)






μ = 4.6 ± 1.0(stat) ± 0.9(syst)
𝓑(B+ → K+νν̄) = [2.3 ± 0.5(stat)+0.5

−0.4(syst)] × 10−5

Challenges: 
Clean environment

Good understanding of 
neutrals

Separating variables needs 
to  well understood

Keep high tracking 
efficiency

mailto:sstefkov@uni-bonn.de
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.075006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014511
http://Phys.%20Rev.%20D%20107,%20119903%20(2023)
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Scalar decay of :

Requires 

Parameter space heavily ruled out with right relic density ruled out by direct detection + BABAR


S → χχ
mS > 2mχ

two-body decays B → KSð→ χχ̄Þ.2 BABAR provides
model-independent bounds on the B → K=E distribution
in bins of the momentum transfer q2 ¼ ðpB − pKÞ2 [34].
Since the momentum distribution in B → Kχχ̄ peaks
sharply around the scalar resonance q2 ¼ m2

S, we combine
the three bins with the largest predicted rates and add
uncertainties in quadrature. The resulting bounds on the
parameter space fmS; θg are shown in Fig. 1, excluding
mixing angles larger than θ ≈ 0.006 at the 95% C.L.
At Belle II, we expect a higher sensitivity to dark scalars

due to the much larger dataset. A dedicated simulation of
B → Kνν̄ predicts that with 50=ab of data Belle II can
measure the branching ratio with about 10% precision [41].
Since the dependence of this prediction on three-body
kinematics has been reduced by choosing different selec-
tion variables, we can use it to estimate the reach for dark
scalars. In Fig. 1 we show that Belle II can probe scalars
with mixing angles down to θ ≈ 10−3 and masses mS >
mB −mK beyond the resonance region. To optimize the
sensitivity for light resonances in B → K=E and distinguish
them from B → Kνν̄ background, we suggest to per-
form a dedicated search for two-body contributions of
B → KSð→ χχ̄Þ in B → K=E decays.

Light scalars can also be probed in searches forK → πνν̄
at fixed-target experiments. The currently strongest bound
on BðKþ → πþ=EÞ by E949 [39] excludes the blue region in
Fig. 1 at 95% C.L. NA62 has the potential to improve the
sensitivity by more than a factor of 2 [42,43].
In addition to B → Kχχ̄ and K → πχχ̄, dark sectors can

induce fully invisible meson decays [25,31]. In our model
the branching ratio is (q ¼ s, d)

BðBq → χχ̄Þ ¼
f2Bq

m5
Bq

32πΓBq

ffiffiffi
2

p
GFjCbqj2y2χc2θ

ðm2
Bq

−m2
SÞ2 þm2

SΓ2
S

×
ðmb −mqÞ2

ðmb þmqÞ2

"
1 −

4m2
χ

m2
Bq

#
3=2

; ð9Þ

where ΓBq
and fBq

are the total decay rate and the hadronic
decay constant of the Bq meson, respectively, and we have
neglected mχ in the last relation. Belle [38] and BABAR
[44] have searched for invisible Bd decays. The currently
strongest upper bound BðBd → =EÞ < 1.4 × 10−5 [38]
excludes dark scalars around the Bd meson mass, as shown
in Fig. 1. Unlike resonant B → Kχχ̄ decays, the sensitivity
of Bd → χχ̄ depends on the coupling and mass of the dark
fermions; see Eq. (9). Using projections for Belle II [41],
we show that searches for Bd → =E and Bs → =E can extend
the reach for invisibly decaying scalars by about an order of
magnitude.
Independent bounds on dark scalars can finally be

derived from Higgs observables at the LHC [45,46].
Scalar mixing induces invisible Higgs decays h → χχ̄ with
a branching ratio

Bðh → invÞ ¼
s2θΓh

χχ̄

c2θΓh
SM þ s2θΓh

χχ̄
; ð10Þ

where Γh
SM is the total Higgs width in the standard

model and Γh
χχ̄ is the partial decay width to dark fermions,

defined as in Eq. (4) with mS → mh. The current upper
bound on invisible Higgs decays, Bðh → invÞ < 0.22 [40],
excludes mixing angles larger than θ ≈ 0.015 at 95% C.L.
Projections for the HL-LHC predict an extended reach
to θ ≈ 0.005.
Scalar mixing also causes a universal reduction of all

Higgs couplings to visible particles by cθ. This suppresses
the Higgs signal strength defined by

μ ¼ σh × Bðh → visÞ
σh × Bðh → visÞSM

¼ c2θ
c2θΓh

SM

c2θΓh
SM þ s2θΓh

χχ̄
; ð11Þ

where σh is the Higgs production rate and Bðh → visÞ the
branching ratio to visible final states. Current global
analyses constrain universal modifications of the Higgs
couplings, but without allowing for invisible decays.
For the HL-LHC, such an analysis has been performed

FIG. 1. Searches for invisibly decaying dark scalars. Shaded
regions are excluded by searches for B → K=E [34] (yellow) at
BABAR and Bd → =E [38] (green) at Belle, K → π=E [39] (blue) at
E949, and invisible Higgs decays h → inv (gray) at the LHC [40].
Dashed lines show projections for rare meson decays at Belle II
(yellow, green, and red) and NA62 (blue) and for h → inv (light
gray) and the Higgs signal strength μ (dark gray) at the HL-LHC.
All results correspond to exclusions at 95% C.L. The mass and
coupling of dark fermions are set to mχ ¼ 0 and yχ ¼ 1.

2A similar observation has been made in Ref. [37] in search of
stable axions in B → K=E.

PROBING DARK SECTORS WITH LONG-LIVED PARTICLES AT … PHYS. REV. D 101, 095006 (2020)

095006-3

BABAR

Belle

invisibly decay Higgs

Elias Bernreuther                                                             Dark matter at Belle II

Scalar mediators

• Scalar mediator + fermionic DM avoids strong CMB constraints 
through velocity-suppressed (p-wave) annihilation ⟨σv⟩ ∼ v2

4

ℒ ⊃ − 1
2 m2

ϕϕ2 − mχ χ̄χ − λ3ϕH†H − yχ χ̄χϕ

• Mixing after EW symmetry breaking:  and new scalar h125 S

  couplings  Sff̄ ∼
mf

v
sin θ

Direct production from  suppressed

Instead: heavy quark loops in meson decays

e+e−

B → KS
Filimonova et al., 1911.03490, Kachanovich et al., 2003.01788

[PRD 101, 095006 (2020)]

 Invisible + track(s)

mailto:sstefkov@uni-bonn.de
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095006
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FIG. 1. Region of sin ✓ vs mS plane that can explain the Belle II excess at 2� (blue shaded region) for the singlet Higgs portal
model. The central value from Eq. (5) is depicted by the dashed white curve, and the red horizontal lines are current and
future bounds on the invisible BR of the SM Higgs boson in Tab. I. We show additional constraints from K+ ! ⇡+ + inv. [17],
K0

L ! ⇡0⌫⌫ [18] , and B0 ! K⇤0⌫⌫ [19] in the gray shaded regions. The vertical dotted blue line denotes the transition from
two-body decays B ! KS to three-body decays B ! K��.

A. Singlet Higgs Contribution to B+ ! K+ + inv.

Together, the interactions in Eqs. (10) and (11) con-
tribute to decays of B mesons and kaons involving miss-
ing energy when yD & (mµ/v) sin ✓. In this regime,
the dark Higgs hD decays dominantly to a pair of dark
fermions. When mhD < (mB � mK), B mesons un-

dergo two-body decays to kaons and on-shell dark Higgs
bosons, while three-body decays are mediated by o↵-
shell Higgs bosons when mhD > mB . Similarly, the
dark Higgs is produced on-shell in kaon decays when
mhD < (mK � m⇡). The rates for these two-body de-
cays are

�(B+
! K

+
hD) =

|cbs|
2 sin2

✓

64⇡m
3
B+

|f
BK

0 (m2
hD

)|2
✓

m
2
B+ � m

2
K+

mb � ms

◆2

�
1/2(m2

B+ , m
2
K+ , m

2
hD

), (13)

�(B0
! K

⇤0
hD) =

|cbs|
2 sin2

✓

64⇡m
3
B0

|A
BK

0 (m2
hD

)|2
✓

1

mb + ms

◆2

�
3/2(m2

B0 , m
2
K⇤0 , m

2
hD

), (14)

�(K ! ⇡hD) =
|csd|

2 sin2
✓

64⇡m
3
K

|f
K⇡

0 (m2
hD

)|2
✓

m
2
K

� m
2
⇡

ms � md

◆2

�
1/2(m2

K
, m

2
⇡
, m

2
hD

), (15)

where f0(q2) and A0(q2) are hadronic form factors for
B ! K or K ! ⇡ transitions that are evaluated at the
mass of the dark Higgs mhD . The parameterization of
these form factors is discussed in App. A. The function

�(a, b, c) = a
2 + b

2 + c
2

� 2(ab + bc + ac) is the Källén
function. In Eq. (15), K 2 {K

+
, K

0
} and ⇡ 2 {⇡

+
, ⇡

0
}.

The di↵erential rates for the three-body decays B
+

!

K
+
��̄ and B

0
! K

⇤0
��̄ are

[PRD 109, 075006 (2024)]

           Reinterpreted  B+ → K+νν̄  Invisible + track(s)

Scalar Mediator
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f0 = scalar FF

Pseudoscalar mediator with fermionic 
DM avoids direct detection:

Special type of pseudoscalar: axion-
like particle defined by shift symmetry 
a → a + c

[JHEP 04, 131 (2023)]

Elias Bernreuther                                                             Dark matter at Belle II

Pseudoscalar ALPs

• Pseudoscalar mediator with fermionic DM avoids direct detection

• Special type of pseudoscalar: Axion-like particle  

defined by shift symmetry a → a + c

6

ℒ ⊃ 1
2 ∂μa∂μa − ma

2 a2 + ∂μa
fa ∑

f

cf

2 f̄γμγ5 f +
cχ

2
∂μa
fa

χ̄γμγ5χ

+cGG
g2

s

(4π)2
a
fa

GA
μνG̃A,μν + cBB

g′ 
2

(4π)2
a
fa

BμνB̃μν + cWW
g2

(4π)2
a
fa

WA
μνW̃A,μν

• Intriguing possibility: coupling to    dominatesWA
μνW̃A,μν

 Invisible + track(s)                    Pseudoscalar ALPs

mailto:sstefkov@uni-bonn.de
https://link.springer.com/article/10.1007/JHEP04(2023)131
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Pseudoscalar ALPs

21

Simplified sensitivity study probing different  scenarios for 

With  limit on → expect 1 order of magnitude improvement

With  limit on  → expect 2 orders of magnitude improvement

mA ma ∈ (5MeV,4.6GeV) :
0.5ab−1 ℬ(B+ → K+a) < 10−5@90 C . L .
50 ab−1 ℬ(B+ → K+a) < 10−7@90 % C . L

[JHEP 04, 131 (2023)]

 Invisible + track(s)

mailto:sstefkov@uni-bonn.de
https://link.springer.com/article/10.1007/JHEP04(2023)131
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[arxiv: 2311.14629]
5

FIG. 3: Left: Histogram showing Belle II data and MC [14] used in the NP fit, with four signal regions of the discriminator
output, each containing 2% signal e�ciency across three q2 bins. Right: The highest sensitivity bin (i.e. with signal discriminator
0.98 � 1) split into finer q2 bins, showing the resonant characteristics of the observed excess for which the red line shows the
best fit. Note that these data were not used for the fit but are only shown as illustrations.

while axial vector couplings are constrained by B !
K⇤⌫⌫̄. The corresponding constraints on the couplings
are qualitatively similar to the Z 0. In terms of the
ALP decay constant, Eq. (1) implies FV ⌘ 2f/|gV | =
3.1+1.0

�0.5⇥108 for ma = 2 GeV, while the upper limit from
B ! K⇤a leads to FA ⌘ 2f/|gA| & 1.7⇥ 108 GeV at 2�.

C. B3 � L3 Symmetry

Let us outline one possible UV complete model that
could give rise to B ! KX, which is based on a gauged
B3 � L3 symmetry. This means we assume that third-
generation baryon and lepton numbers are oppositely
charged under a new gauged U(1)X symmetry. This
charge assignment is anomaly-free and can provide an
explanation of the smallness of the CKM elements Vcb,ts

and Vub,td. The reason for this is that in unbroken U(1)X ,
no 1�3 and 2�3 elements in the quark Yukawa couplings
are allowed. This means that while all quark masses and
the Cabibbo angle can be obtained from the SM Higgs af-
ter it acquires its vacuum expectation value (VEV) from
renormalizable dim-4 couplings, Vcb,ts and Vub,td are zero
at this level. One option to obtain non-zero Vcb,ts and
Vub,td is to introduce additional Higgs doublets charged
under U(1)X to generate Vcb,ts and Vub,td via their VEVs
(possibly in conjunction with vector-like quarks [67]).

Since the U(1)X gauge boson needs to have both left-
handed and right-handed bs coupling to explain B !
KX without violating the bounds from B ! K⇤X, we
have to add two additional Higgs doublets charged under
B3 � L3 with opposite U(1)X charges [68].[80] Further-
more, a singlet under SU(2)L charged under U(1)X is
needed to obtain the preferred Z 0 mass mZ0 ' 2GeV
without overshooting Br[B ! KX]. Finally, note that

since 2GeV is below the bottom and tau thresholds, such
a Z 0 boson naturally decays invisibly to tau neutrinos and
thus escapes detection.

IV. CONCLUSIONS AND OUTLOOK

Motivated by the recently observed excess of 2.8�
(w.r.t. the SM prediction) in B+ ! K+⌫⌫̄ by Belle II,
we studied the option of light new physics, i.e. B ! KX
where the new boson X escapes detection. In fact,
since the excess is localized around 4GeV2, the inves-
tigation of light NP hypothesis is motivated. Assum-
ing that the “e↵ective” width of the particle is given by
the detector resolution (i.e. the physical width is small
compared to the detector resolution), we found a sig-
nificance of ⇡ 2.4� and a preferred branching ratio of
Br[B ! KX] = (5.1 ± 2.1) ⇥ 10�6 for mX ⇡ 2GeV
once the Belle II data is combined with the correspond-
ing BaBar result.[81] Similarly we performed a fit to
B ! K⇤⌫⌫̄ where no excess is observed.
We studied the two simplified NP physics models with

a light vector and a light pseudoscalar with derivative
couplings (i.e. an ALP). It is found that the flavour-
changing coupling to bottom and strange quarks should
be dominantly vectorial to explain the excesses. Finally,
we proposed an example of a UV complete model, a
gauged B3 � L3 symmetry, broken by three additional
scalars (two SU(2)L doublets and one singlet) that nat-
urally leads to the desired signature.
One should note that while our fitting approach pro-

vides insightful information on possible underlying pro-
cesses in B+ ! K+⌫⌫̄, it leaves room for improvements.
The reason is that while the B+ ! K+X carries kine-
matic information typical of a two-body decay, the orig-

Main outcome:
In terms of the ALP decay constant, implies 

 for  = 2 GeV  
Upper limit from 

 

FV = 2f/gV = 3.1+1.0
−0.5 × 10−8 ma

B → K*a
FA = 2f/gA > = 1.7 × 10−8@2σ

Pseudoscalar ALPs

 Invisible + track(s)           Reinterpreted  B+ → K+νν̄
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 Invisible + track(s)                    Sterile Neutrinos
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Figure 1: Differential branching ratio as a function of the missing invariant mass squared q
2 for

vector (blue), scalar (red) and tensor (black) operators. All Wilson coefficients are fixed to C =

0.01 TeV�2 at µ = 1 TeV and the SM contribution is taken into account. The solid lines are for
massless sterile neutrinos and the dashed line for a sterile neutrino of mass m1 = 1.5 GeV.

In addition to the short-distance contribution, there is a long-distance tree-level contribution
to B

+
! K

(?)+
⌫⌫̄ in the SM. [64] It is mediated by a ⌧ lepton, B+

! ⌧
+(! K

(?)+
⌫̄⌧ )⌫⌧ . The

interference between the long-distance and short-distance contributions is negligible due to the
narrow ⌧ resonance [64] and thus the total branching ratio for B

+
! K

(?)+
⌫⌫̄ is approximately

obtained by summing the short- and long-distance contributions. Although the long-distance con-
tribution is subdominant, since it only amounts to about 10% of the short-distance contribution,
we nevertheless include it in the numerical analysis.

Another relevant decay channel is the invisible decay of Bs mesons. Reference [65] recently
derived a first upper bound on the branching ratio of invisible Bs decays using LEP data with
BR(Bs ! inv) < 5.9⇥10�4. It may also be probed at the Belle II experiment: Using an integrated
luminosity of 5 ab�1 allows to probe BR(Bs ! inv) > 1.1 ⇥ 10�5 [66]. The branching ratio for
identical final state neutrinos is given by

BR(Bs ! ⌫↵⌫↵) =
⌧Bsm

3
Bs
f
2
Bs

32⇡
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⌫d,↵↵sb
� C

VLL
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��2 x2↵
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⇥
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)
⇤ x↵

p
1 � 4x2↵
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!
,

(15)

with x↵ = m↵/mBs and xb = mb/mBs . The general expression for different neutrino final states is
presented in App. B. Vector contributions are helicity suppressed and thus in the limit of vanishing
sterile neutrino masses, there is only a contribution from scalar operators [7; 45]

BR(Bs ! ⌫↵⌫↵) =
⌧Bsm

5
Bs
f
2
Bs

64⇡m2
b

⇣��CSLL
⌫d,↵↵bs

��2 +
��CSLL

⌫d,↵↵sb

��2
⌘

. (16)

5

[EPJC 83 12, 1135 (2023)]
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Figure 1: The di↵erential branching ratio distributions (top) and the di↵erential longitudinal

polarisation fraction FL (bottom) generated for di↵erent non-zero Wilson coe�cients CXLL
⌫d,23sb =

0.01 TeV�2 for X = V,S,T, and choices of form factors. The blue (red) [black] lines stand for the

vector (scalar) [tensor] operator, respectively. The solid lines denote the results for the form factors

which are used in the analysis, taken from [36] for the B ! K⇤ and from [35] for the B ! K form

factors. Both sets of form factors are based on a combined fit to LCSR and LQCD data. The

dotted lines indicate the form factors based on the LCSR fit in [35] and the dashed lines show the

B ! K⇤ form factors obtained using a combined fit to LCSR and LQCD in [35]. Note that no SM

contribution is included here.

operators, whereas tensor operators receive the most stringent constraint from B ! K⇤⌫⌫. For

vector operators, there is no overall trend towards one clearly most competitive observable.

Lastly, we discuss the di↵erential branching ratios as functions of the transferred momentum

q2. Figure 1 shows the contours for vector (blue), scalar (red) and tensor (black) operators. For

each of the curves, one representative non-zero Wilson coe�cient is introduced. We have set

CXLL
⌫d,23sb = 0.01 TeV�2 in all cases X = V,S,T. The di↵erent linestyles correspond to di↵erent

choices for the form factors as detailed in the caption of Figure 1. One finds that vector operators

dominantly contribute to the small-q2 region in the case of B ! K⌫⌫, whereas the tensor and

scalar operators source this decay more e�ciently at intermediate and large q2, respectively. For

B ! K⇤⌫⌫, one instead finds that the contributions from tensor operators are quite large for small

and intermediate q2 and then decrease. Here, vector and scalar operators become most e�cient

for larger q2 values. As we use a logarithmic scale on the vertical axes in the top plots of Figure 1,

we cannot show the behaviour of the respective curves at the kinematic endpoints which can be

12

[JHEP 12, 118 (2021)]

Changes the branching fraction as a function of q2

mailto:sstefkov@uni-bonn.de
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               Belle II Reinterpretation 

24

Belle II will provide its own reinterpretation as , see  Lorenz Gartner talk this weekB+ → K+X
3. Decay kinematics

• Model as sharp resonance peak,

dB
dq

2 =
dB

SM

dq
2 +µ

X
p
RBW

(q
2
;m

X
, �

X
)·10�6

,

with the PDF

p
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L. Gärtner (LMU) Reinterpretation with model-agnostic likelihoods October 16, 2024 17 / 23

B
+ ! K

+
X marginal posterior

• 1d and 2d marginalized posterior

p (⌘|n,a) =
Z

d� p (⌘,�|n,a)

• Uniform priors for POIs
• Credible intervals (95%) from

�X = 0.1 GeV

B(B+ ! K
+
X) 2 [0.34, 1.4]⇥ 10�5

mX 2 [1.9, 2.7] GeV

• Consistent with results of
arXiv:2311.14629 [hep-ph],
arXiv:2312.12507 [hep-ph]

8 16 24 32

µX

2.
0

2.
4

2.
8

3.
2

m
X

[G
eV

]

2.
0

2.
4

2.
8

3.
2

mX [GeV]

°X = 1.0 GeV

°X = 0.5 GeV

°X = 0.1 GeV

L. Gärtner (LMU) Reinterpretation with model-agnostic likelihoods October 16, 2024 19 / 23

B
+ ! K

+
X marginal posterior

• 1d and 2d marginalized posterior

p (⌘|n,a) =
Z

d� p (⌘,�|n,a)

• Uniform priors for POIs
• Credible intervals (95%) from

�X = 0.1 GeV

B(B+ ! K
+
X) 2 [0.34, 1.4]⇥ 10�5

mX 2 [1.9, 2.7] GeV

• Consistent with results of
arXiv:2311.14629 [hep-ph],
arXiv:2312.12507 [hep-ph]

8 16 24 32

µX

2.
0

2.
4

2.
8

3.
2

m
X

[G
eV

]

2.
0

2.
4

2.
8

3.
2

mX [GeV]

°X = 1.0 GeV

°X = 0.5 GeV

°X = 0.1 GeV

L. Gärtner (LMU) Reinterpretation with model-agnostic likelihoods October 16, 2024 19 / 23

 Invisible + track(s)

mailto:sstefkov@uni-bonn.de
https://indico.belle2.org/event/12273/contributions/79673/attachments/30997/45885/dark_sector_ws.pdf


     Slavomira Stefkova, slavomira.stefkova@uni-bonn.de                                                                                                         Belle II Physics Week 2024

                Non-  transitionsb → s

25

b2bii [44]. The signal-side B-meson (Bsig) is recon-
structed by reconstructing the signal-side hadron (π, K, Ds
or D0). Charged particles (pions and kaons) are required to
have their point of closest approach to the interaction point
(IP) less than 2 cm and 3 cm in the directions transverse and
parallel to the beam direction, respectively, as well as meet
some particle identification requirements and have lab-
frame momentum greater than 200 MeV=c. The B → Ds
andD channels use further selection on the invariant masses
of combined tracks to findDmeson candidates, and a vertex
fit is done on theD candidate. The otherBmeson (Btag) in the
event is reconstructed with the full event interpretation
algorithm (FEI) [45], which uses over 10, 000 channels
We refer to the remaining tracks and calorimeter clusters not
used in the reconstruction as the rest of event (ROE).
The Btag is required to have a beam-energy-constrained

mass of more than 5.27 GeV=c2 and FEI must return a
signal probability of greater than 0.005. The total unused
ECL energy must be less than 0.4 GeV. Two multivariate
classifiers are trained to separate the signal process from qq̄
and nonsignal B events respectively. These are trained on
variables that describe the shape of the events.
The search method looks for resonances in the signal-

side hadron’s Bsig-frame momentum, which should peak
due to two-body kinematics. The signal-side B frame
momentum is calculated by subtracting the four vectors
of tag-side and ROE from that of the eþe− beam.
The signal peak is fitted for each generated mass

hypothesis using a convolution of two Gaussians. The free
parameters of this probability density function (PDF) are
then parametrized as a function of the mean of the
Gaussians in order to have a well-defined signal PDF
anywhere in the search range. The background distribution
is parametrized using a kernel density estimator [46].
A combined fit is performed over background-only MC,

with only the yield of the signal and background PDFs

allowed to float, and a 90% confidence interval on the
number of signal events yielded by the fit is calculated. We
use this upper limit to estimate the branching fraction
sensitivity of the analysis. Our result is shown in Fig. 2. The
largest discrepancy in the sensitivity between MC and real
data is driven by the difference in the FEI performance
between MC and data. The efficiency of the FEI can be
30% less on data compared to MC. The sensitivity limits
shown here include a correction factor for the FEI effi-
ciency derived from an analysis of B" → K"J=ψ , J=ψ →
lþl− decays where l∈ e, μ.

B. Diphoton decay of ALP

In the a0 → γγ study, signal-side is fully reconstructed by
combining a hadron h ¼ π, K,D0,Ds and a combination of
two photons. All charged particles are required to have
distance from the eþe− IP smaller than 0.2 cm in the
plane transverse to the beams and smaller than 1.0 cm along
the beam direction. The binary ratio LðK=πÞ≡ LðKÞ

LðKÞþLðπÞ, is
used to identify the species of charged particles, whereLðhÞ
is the likelihood for a kaon or pion to produce the signals
observed in the detectors. Charged particles with LðK=πÞ >
0.6 are identified as kaons and those with Lðπ=KÞ > 0.6 as
pions. The photons need to meet the criteria of energy
E > 0.05 GeV. The π0 and ALP candidates are formed
from the combination of two photons, the former within
the invariant mass range of ½0.125; 0.140' GeV=c2, cor-
responding to "2.5σ away from the nominal π0 mass. To
suppress peaking backgrounds originating from π0 and η
in the mass spectrum of ALP candidates, we veto the
diphoton mass ranges of ½0.120; 0.160' GeV=c2 and
½0.520; 0.590' GeV=c2. An additional requirement on the
π0 momentum to be larger than 0.5 GeV=c is implemented.
TheD mesons are reconstructed from the final states K∓π",
K∓π"π0, and K"π∓π"π∓ within the invariant mass ranges
of ½1.845; 1.885' GeV=c2, ½1.833; 1.890' GeV=c2, and
½1.850;1.880' GeV=c2, respectively. The D"

s mesons are
reconstructed in the channelK"K∓π∓ with an invariantmass
requirement of ½1.950; 1.990' GeV=c2. These ranges are
approximately 3σ on either side of the nominal mass. The
D andD"

s momenta are recalculated froma fit of themomenta
of its decay products that constrains them to a common origin
and their mass to the nominal mass of the D and D"

s ,
respectively. The B mesons candidates are selected to have a
beam-energy-constrained mass larger than 5.27 GeV=c2 and
energy difference in the range of ½−0.4; 0.4' GeV.
To suppress the background originating from eþe− →

qq̄ events, a boosted decision tree (BDT) classifier is
used to veto candidates from continuum events, training
them on equal numbers of simulated signal and continuum.
Differing from the invisible search, for a0 → γγ, the
nominal approach is to scan the resonances directly on
the invariant mass spectrum of the two photons.

FIG. 2. Expected upper limit for B → hða0 → invisibleÞ at
Belle experiment, where h is π; K;D0; Ds. The filled gray bands
are the veto ranges of B → K0π and B → Dð(Þ0π, respectively.

BELLE II OBSERVATION PROSPECTS FOR AXIONLIKE … PHYS. REV. D 109, 016008 (2024)

016008-5

[PRD 109 1, 016008 (2024)]

 Invisible + track(s)
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- mesogenesisBThe type of baryon produced depends on the operator mediating the interaction, 
leading to a variety of final states.  Must explore all possibilities to fully test this 
scenario. Four  possible flavorful operators that can lead to B-Mesogenesis:

J.M. Roney - Dark Matter and Baryogensis in  B decays

24

ΔM = difference  in mass between initial and final SM hadron

Alonso-Alvarez, Elor and Escudero 
PHYSICAL REVIEW D 104, 035028 (2021)

YB is baryon asymmetry of Universe
measured by Planck Collab 
[Astron. Astrophys 641, A6 (2020)]:

s is the entropy density of Universe ~7.04nγ

Processes we can search for: 


 

 
Belle & BaBar set limits:


[PRD 105 5, L051101 (2022)]

[PRL 131, 201801 (2023)]

B+ → p + ΨD
B0 → Λ + ΨD
B0 → π− + Λ+

C + ΨD

See more in Gilly Elor's talk from this week

J.M. Roney - Dark Matter and Baryogensis in  B decays

45

Final Results
B0 → ΨD + Λ

J.M. Roney - Dark Matter and Baryogensis in  B decays

46

Final Results
B+ → ΨD + p

 Invisible + track(s)
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Signature 3. 

27

Track(s)

e . g . B → KX(X → Y+Y−)

mailto:sstefkov@uni-bonn.de
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Search Strategy: long-lived scalar particle = LLP  that decays visibly into pair of charged particles 
: 

Both  LLP and 

Bump hunt in the invariant mass  for each lifetime separately


Separately for  

Separately for different lifetimes (  cm)

Vertex radial distance  > 0.05 &  > 0.2 cm around reson.


Used first 189 fb-1 data 

x+x−, x ∈ (e, μ, π, K)
B+ → K+ B0 → K*0[K+π0]S

mLLP
x ∈ (e, μ, π, K)

0.001 < cτ < 400
dr dr

Tracks

[PRD 108, L111104(2023)]
 First Search for  @ Belle IIB → KS

mailto:sstefkov@uni-bonn.de
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L111104


     Slavomira Stefkova, slavomira.stefkova@uni-bonn.de                                                                                                         Belle II Physics Week 202429

Experimental challenges: 
Simulation generation for all mass hypotheses and lifetimes

Performance with displaced vertex signature  use  as guinea pig 


PID 

Reconstruction efficiency


 shape

Low count fitting


Fits to other channels also available on HEPdata repository

→ K0
S

mLLP

[PRD 108, L111104(2023)]

 First Search for  @ Belle IIB → KS Tracks

purity by the jΔEj requirement alone due to the larger K
mass. To reduce continuum background, events must have
R2 < 0.45, where R2 is the ratio of the second and zeroth
Fox-Wolfram moments. The ratio tends to small values for
more spherical distributions of final-state particle momenta
as expected fromB-mesons, which are lightly boosted, while
larger values are expected for the collimated momentum
distribution of light-quarks, which are boosted [37]. The
requirement is restricted to R2 < 0.35 for πþπ− candidates.
We reject events with displaced track-pairs consistent with
0.498 < Mðπþπ−Þ < 0.507 GeV=c2 to reduce background
from K0

S decays. If multiple signal candidates pass the
selections, which happens in less than 0.5% of the events,
we choose the candidate with the smallest value of jΔEj.
For the signal extraction, we use a modified mass

M0ðxþx−Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2ðxþx−Þ− 4m2

x

p
with mx¼meþ ;mμþ ;mπþ ,

or mKþ, to simplify the modeling of the signal width close
to kinematic thresholds where the scalar mass approaches
twice the rest mass of the final-state particles. M0 equals
twice the x momentum in the xþx− rest frame. An example
of a modified-mass distribution for Bþ → KþSð→ πþπ−Þ
is shown in Fig. 1. Normalization discrepancies are not a
concern since backgrounds are floating in all fits.
To validate the selection we compare simulation and data

in the K0
S mass region rejected in the signal selection, in the

displacement regions close to promptly decaying SM
resonances rejected in the signal selection, and in sidebands
formed by inverting the Mbc and ΔE selections. We find
agreement for all selection variables.

We extract the Bþ → KþSð→ xþx−Þ and B0 → K%0ð→
Kþπ−ÞSð→ xþx−Þ signal yields by performing extended
maximum likelihood fits to the unbinned modified S-mass
distribution. We fit for a narrow nonnegative-yield signal
peak, at various values of S mass and assuming various
lifetimes, over a smooth background. We perform inde-
pendent fits [38] for each of the eight final states and for
each lifetime with a S-mass scan step-size equal to half
the signal mass resolution σsig. For the model-dependent
searches, we perform a combined fit in all relevant and
kinematically accessible analysis channels, again sepa-
rately for various lifetimes. For the dark scalar model
we fix the B-meson and scalar branching fractions to the
theoretical values from Refs. [11,23,39]; for the ALPmodel
the B-meson and ALP branching fractions are taken from
Refs. [3,7,40,41] using a cut-off scale of Λ ¼ 1 TeV and
assuming identical coupling fa ¼ fq ¼ fl to quarks and
leptons. For mS greater than 2 GeV=c2, only S → μþμ− is
included in the combined scalar fit due to large uncertain-
ties in the predicted branching fractions.
The signal is described by a double-sided Crystal Ball

function [42,43] with all parameters determined from fits to
the simulated signal samples. Mass hypotheses that lack a
simulation sample are interpolated from adjacent simulated
samples. The resolution σsig increases smoothly from about
2 MeV=c2 for a light S to about 10 MeV=c2 for a heavy S
and does not depend significantly on lifetime or final state.
However, the tails of the signal distribution, especially for
largermS, increase for larger lifetimes. This is reflected in a
variation of the corresponding parameter values.
The background is modeled by a straight line, with

normalization and slope determined from the fit to data.
This model describes the background beneath any potential
signal across the range of S masses. We restrict the linear
function to non-negative values in the full fit range by
limiting the slope parameter accordingly. To account for a
possible remaining conversion background, an exponential
function is added to the background model when signal
mass hypotheses below mS < 40 MeV=c2 are tested in the
eþe− final state. Each likelihood fit is performed over an
M0ðxþx−Þ range with a width of&20σsig. To improve the fit
stability, we iteratively increase the fit range symmetrically
in 10% steps until it contains at least ten events. We verify
that small variations of the fit-interval extension have
negligible effects on the results.
We include mass- and lifetime-dependent systematic

uncertainties associated with the signal efficiency and with
our signal model pdf as Gaussian nuisance parameters
with widths equal to the systematic uncertainty. The syste-
matic uncertainties associated with the signal efficiency
are typically around 4% for most of the scalar masses and
lifetimes, but can reach 10% for the lightest scalar masses
accessible in the eþe− final state. For large displacements,
the dominant systematic uncertainty on the signal effi-
ciency is due to the difference in track finding efficiency for

FIG. 1. Distribution of M0ðπþπ−Þ together with the stacked
contributions from the various simulated SM background sam-
ples for Bþ → KþSð→ πþπ−Þ candidates. Simulation is normal-
ized to a luminosity of 189 fb−1. The hatched area represents the
statistical uncertainty of the SM background prediction. The
background from eþe− → ττðγÞ is negligible. The bottom panel
shows the pulls per bin, defined as the difference between data
and simulation, normalized to the statistical uncertainties added
in quadrature.

I. ADACHI et al. PHYS. REV. D 108, L111104 (2023)

L111104-4
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displaced tracks between data and simulation. This uncer-
tainty varies between zero (prompt) and 45% per event
depending linearly on the vertex position. We correct for
this efficiency difference based on a large K0

S control
sample and assign the full efficiency difference as a
systematic uncertainty, which is relevant mostly for small
mS. For larger mS values, the 2.9% contribution from the
combination of the uncertainty on the BB̄ yield and the
uncertainty on the charged-to-neutral B-meson ratio from
ϒð4SÞ decays [44], along with the PID efficiency of low-
momentum prompt kaons in the K#0 channel (3%) are the
largest systematic uncertainties. We verify the modeling
and fitting procedure using pseudoexperiments and add an
uncertainty of 3% to the signal efficiency to account for a
small bias in the independent fits; the uncertainty is 4% for
the combined fit. We also include systematic uncertainties
due to differences between simulation and data that affect
the signal model. For this we correct the difference between
simulation and data of the signal pdf parameters using a
large K0

S control sample and assign the full difference
between simulation and data as a systematic uncertainty.
The typical total uncertainty is around 15% for the signal
width and around 10% for the tail parameters.

The local significance S of the signal for a given
mass and lifetime hypothesis is given by S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðlogL − logLbkgÞ

p
, where L is the maximum like-

lihood for the full fit and Lbkg is the maximum likelihood
for a fit to the background-only hypothesis.
The largest local significance for the model-independent

search is 3.6σ, including systematic uncertainties, found
near mS ¼ 1.061 GeV=c2 for Kþπþπ− for a lifetime
of cτ ¼ 0.05 cm. Taking into account the look-elsewhere
effect [45], this excess has a global significance of 1.0σ. By
dividing the signal yield by the signal efficiency and NBB̄,
we obtain the products of branching fractions BðBþ →
KþSÞ × BðS → xþx−Þ and BðB0 → K#0ð→ Kþπ−ÞSÞ×
BðS → xþx−Þ. To convert the latter to upper limits on
the product of branching fractions BðB0 → K#0SÞ×
BðS → xþx−Þ, the limits are multiplied by 3=2 [46]. We
compute the 95% confidence level (CL) upper limits [47] as
functions of scalar mass mS using a one-sided modified
frequentist CLS method [48] with asymptotic approxima-
tion [49]. The observed upper limits are shown in Fig. 2.
Systematic uncertainties weaken the limits by about 2% for
light S and large lifetime; for heavier S or short lifetimes,
the reduction is less than 1%. A direct comparison of our
model-independent limits with the inclusive BABAR [22]
limits are possible whenever the BABAR limits are stronger
than ours and the knowledge of the production mode is
not important.

FIG. 2. Upper limits (95% CL) on the product of branching
fractions BðBþ → KþSÞ × BðS → xþx−Þ (left) and BðB0 →
K#0ð→ Kþπ−ÞSÞ × BðS → xþx−Þ (right) as functions of scalar
mass mS for cτ ¼ 1 cm (green), cτ ¼ 10 cm (orange), and cτ ¼
50 cm (lavender). The region corresponding to the fully-vetoed
K0

S for S → πþπ− is marked in gray.

FIG. 3. Exclusion regions in the plane of the sine of the mixing
angle θ and scalar mass mS from this work (blue) together with
existing constraints from LHCb [12,13], CMS [14], KTeV [15],
E949 [16], CHARM [17], PS191 [18], NA62 [19,20]BABAR [22],
MicroBooNE [21], and L3 [50]. The exclusion regions from
Belle II, CMS, LHCb, CHARM, and MicroBooNE correspond
to 95% CL, while PS191, KTeV, E949, NA62, and BABAR
correspond to 90% CL. The CMS constraint should be interpreted
with caution since it is based on different B-meson and scalar
branching fractions. Constraints colored in gray with dashed
outline are reinterpretations not performed by the experimental
collaborations.

SEARCH FOR A LONG-LIVED SPIN-0 MEDIATOR IN b → s … PHYS. REV. D 108, L111104 (2023)

L111104-5

Results (Step 0): 
○ Extract model independent limits

○ Different colors represent independent lifetime!

[PRD 108, L111104(2023)]

Tracks
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displaced tracks between data and simulation. This uncer-
tainty varies between zero (prompt) and 45% per event
depending linearly on the vertex position. We correct for
this efficiency difference based on a large K0

S control
sample and assign the full efficiency difference as a
systematic uncertainty, which is relevant mostly for small
mS. For larger mS values, the 2.9% contribution from the
combination of the uncertainty on the BB̄ yield and the
uncertainty on the charged-to-neutral B-meson ratio from
ϒð4SÞ decays [44], along with the PID efficiency of low-
momentum prompt kaons in the K#0 channel (3%) are the
largest systematic uncertainties. We verify the modeling
and fitting procedure using pseudoexperiments and add an
uncertainty of 3% to the signal efficiency to account for a
small bias in the independent fits; the uncertainty is 4% for
the combined fit. We also include systematic uncertainties
due to differences between simulation and data that affect
the signal model. For this we correct the difference between
simulation and data of the signal pdf parameters using a
large K0

S control sample and assign the full difference
between simulation and data as a systematic uncertainty.
The typical total uncertainty is around 15% for the signal
width and around 10% for the tail parameters.

The local significance S of the signal for a given
mass and lifetime hypothesis is given by S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðlogL − logLbkgÞ

p
, where L is the maximum like-

lihood for the full fit and Lbkg is the maximum likelihood
for a fit to the background-only hypothesis.
The largest local significance for the model-independent

search is 3.6σ, including systematic uncertainties, found
near mS ¼ 1.061 GeV=c2 for Kþπþπ− for a lifetime
of cτ ¼ 0.05 cm. Taking into account the look-elsewhere
effect [45], this excess has a global significance of 1.0σ. By
dividing the signal yield by the signal efficiency and NBB̄,
we obtain the products of branching fractions BðBþ →
KþSÞ × BðS → xþx−Þ and BðB0 → K#0ð→ Kþπ−ÞSÞ×
BðS → xþx−Þ. To convert the latter to upper limits on
the product of branching fractions BðB0 → K#0SÞ×
BðS → xþx−Þ, the limits are multiplied by 3=2 [46]. We
compute the 95% confidence level (CL) upper limits [47] as
functions of scalar mass mS using a one-sided modified
frequentist CLS method [48] with asymptotic approxima-
tion [49]. The observed upper limits are shown in Fig. 2.
Systematic uncertainties weaken the limits by about 2% for
light S and large lifetime; for heavier S or short lifetimes,
the reduction is less than 1%. A direct comparison of our
model-independent limits with the inclusive BABAR [22]
limits are possible whenever the BABAR limits are stronger
than ours and the knowledge of the production mode is
not important.

FIG. 2. Upper limits (95% CL) on the product of branching
fractions BðBþ → KþSÞ × BðS → xþx−Þ (left) and BðB0 →
K#0ð→ Kþπ−ÞSÞ × BðS → xþx−Þ (right) as functions of scalar
mass mS for cτ ¼ 1 cm (green), cτ ¼ 10 cm (orange), and cτ ¼
50 cm (lavender). The region corresponding to the fully-vetoed
K0

S for S → πþπ− is marked in gray.

FIG. 3. Exclusion regions in the plane of the sine of the mixing
angle θ and scalar mass mS from this work (blue) together with
existing constraints from LHCb [12,13], CMS [14], KTeV [15],
E949 [16], CHARM [17], PS191 [18], NA62 [19,20]BABAR [22],
MicroBooNE [21], and L3 [50]. The exclusion regions from
Belle II, CMS, LHCb, CHARM, and MicroBooNE correspond
to 95% CL, while PS191, KTeV, E949, NA62, and BABAR
correspond to 90% CL. The CMS constraint should be interpreted
with caution since it is based on different B-meson and scalar
branching fractions. Constraints colored in gray with dashed
outline are reinterpretations not performed by the experimental
collaborations.
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L111104-5

Results (Step1):  
B-meson & scalar BF fixed to the theoretical predictions from [PRD 101, 095006 (2020)] 
and [JHEP 01 (2019) 150]  extract exclusion contours for  + Scalar Mediator→ B → K

[PRD 108, L111104(2023)]

Scalar Mediator

 First Results for  @ Belle IIB → KS Tracks
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Results (Step 2): Reinterpretation with [J. Phys. G 47, 010501 (2020)] and [PRD 83, 054005 
(2011)]  extract exclusion contours for  + ALP→ B → K

[PRD 108, L111104(2023)]

Search for a long-lived spin-0 mediator in b ! s transitions at the Belle II experiment
(supplementary information)

Supplementary information

This material is submitted as supplementary informa-

tion for the Electronic Physics Auxiliary Publication Ser-

vice.

Peaking background selection

The transverse distance requirement of the displaced

vertex is increased to dv > 0.2 cm in S mass regions

in the vicinity of various known narrow SM states with

two-body decays D0 ! K+K�
and D0 ! K�⇡+

,

J/ ! e+e� and J/ ! µ+µ�
,  (2S) ! e+e� and

 (2S) ! µ+µ�
, hadronic decays of ⌘c, �c1, and ⌘c(2S),

and �! K+K�
. These backgrounds include missing or

misidentified particles leading to wrong mass hypothe-

ses and hence invariant masses shift with respect to the

known particle masses. The resulting final-state depen-

dent mass regions are summarized in Table I.

Axionlike particles with coupling to fermions

For the model-dependent search for axionlike particles

with coupling to fermions, we perform a combined fit in

all relevant and kinematically accessible analysis chan-

nels, again separately for various lifetimes. We follow

the conventions of Refs. [1, 2]. For masses ma  2mµ we

use the pseudoscalar branching fractions calculation from

Ref. [3], neglecting interference with the ⇡0
meson. For

masses 2mµ < ma  1.2 GeV/c2 we use a chiral model

and for ma > 1.2 GeV/c2, we employ the spectator ap-

proach [4]. The interference with the ⌘c is not included

in this calculation. Our observed upper limits are shown

in Fig.X 1.

Table I: Selection requirements on two-body masses (in

GeV/c2) to reject peaking backgrounds for the di↵erent S
final states.

e+e� µ+µ� ⇡+⇡� K+K�

D0
[1.0, 1.3] [1.7, 1.8] [1.65, 1.75] [1.75, 1.85]

J/ [3.00, 3.15] - -

 (2S) [3.65, 3.75] - -

⌘c - - [2.85, 3.15] [2.80, 3.20]

�c1, ⌘c(2S) - - [3.4, 3.8]

� - - - [1.00, 1.04]

Figure X 1: Exclusion regions in the plane of the coupling

gY = 2v/fa with the vacuum expectation value v and the

ALP mass ma from this work (blue) together with existing

constraints from LHCb [5, 6], E949 [7], and CHARM [8]. The

exclusion regions from Belle II, LHCb, and CHARM corre-

spond to 95%CL, while E949 correspond to 90% CL. All ex-

isting limits are taken from Ref. [1]. The constraint colored in

gray with dashed outline is a reinterpretation not performed

by the experimental collaboration and without access to raw

data.

Example fits

Figures X 2 and X 3 show the fits that resulted in the

largest local significance observed in the single channel

fits. Figure X 4 shows the fit for mS = 2.619GeV/c2 for

a lifetime of c⌧ = 100 cm that resulted in the largest local

significance observed in the combined fits.

Constraints from LHCb
Constraints from E949 
Constraints CHARM 
Limit from Belle II

Pseudoscalar ALPs

 First Results for  @ Belle IIB → KS Tracks

mailto:sstefkov@uni-bonn.de
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.83.054005
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L111104
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What are next options?

33

1. Other channels with :

More ideas in Kohsaku Tobioka slide from 
this week


2. Test others than  transitions

K
B → Kaa′￼(a → ll′￼)

B → Ka(a → π+π−π0)
B → Ka(a → ηπ+π−)

b → s

Heavy QCD axion decay patterns
• Chiral perturbation theory, ma<1GeV   
• Data-driven method, ma~1-2GeV  [essential for ] 

Axion-vector meson-vector meson
B → Ka
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B → Ka(inclusive)

a(γγ)
a(ηπ+π−)

a(γγ)
a(ϕϕ)a(3π)

a(KKπ)

• Recast 
Old (Babar) and new (Belle II) analyses

,B → KX(π0π+π−, ηπ+π−, KKπ, ϕϕ, γγ)

• Need similar/dedicated analyses at Belle II 
Also new searches. 

Kohsaku Tobioka slide from this week

mailto:sstefkov@uni-bonn.de
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Signature 4. 

34

e . g . B → KX(X → γγ)

Track(s) + clusters

mailto:sstefkov@uni-bonn.de
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Search for B → Ka( → γγ)
Picture credits: 
Alexander 
Heildelbach

Search Strategy: long-lived pseudoscalar = ALP  that decays visibly into pair of photons : 
Bump hunt in the invariant mass  for each lifetime separately 

Experimental challenges: 
Simulation generation for all mass hypotheses and lifetimes

Limited acceptance for photons

Degrading resolution of  with increasing lifetime

Interpolation stability between the masses

Modelling close to SM resonant windows (e.g )

γγ
ma

Mγγ

π0, ηc

mailto:sstefkov@uni-bonn.de
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Search for B → Ka( → γγ)

So far only limit from BaBar


[PRL 128 (2022) 131802]

are robust with respect to the choice of prior.
The systematic uncertainty is included in the limit calcu-
lation by convolving the likelihood function with a
Gaussian having a width equal to the systematic uncer-
tainty. Uncertainties in the luminosity (0.6%) [35] and from
the limited statistical precision of simulated samples (1%)
are included as well. The resulting limits on the branching
fraction product assuming promptly decaying ALPs are
displayed in Fig. 3.
Our search targets promptly decaying ALPs. However,

ALPs can be long lived at small masses and coupling, and
we assess how our signal efficiency and resolution are
affected for ALP proper decay lengths of cτa ¼ 1, 10, and
100 mm. These decay lengths range from nearly prompt
decays for which the efficiency and resolution are compa-
rable to the zero-lifetime signal, through to the longest
values to which our analysis is sensitive. We measure the

B" → K"a branching fraction for each decay length.
We restrict this study to the mass range for which we
obtain sensitivity to couplings that give rise to long-lived
ALPs, namely, ma < 2.5 GeV. Long-lived ALPs induce a
non-negligible bias in the measurement of mγγ, and the
resolution is significantly impacted, ranging from 15 MeV
near ma ¼ 0.175 GeV to 28 MeV near 2 GeV for
cτa ¼ 100 mm. For cτa ¼ 100 mm, we only consider
mass hypotheses ma ≥ 0.2 GeV, because there is a sig-
nificant overlap between the signal mass distribution and
the π0 background for lower ALP masses.
The signal is extracted in the same manner as for the

promptly decaying ALP, and the fitted signal yields and
local statistical significances are shown in Ref. [45]. The
largest local significance is found to be at ma ¼ 1.10 GeV
and cτa ¼ 10 mm, with a global significance of less than
one standard deviation. Systematic uncertainties are
assessed in the same manner as for the prompt analysis.
The systematic uncertainty in the signal yield resulting
from variations in the continuum (peaking) background
shape due to refitting the component normalizations is
larger for long-lived ALPs because of the long tail induced
by the bias in the measurement of the signal mγγ distribu-
tion, and is estimated to be, on average, 16% (24%) of the
corresponding statistical uncertainty for cτa ¼ 100 mm.
The other systematic uncertainties are comparable in
magnitude to the values for prompt ALPs, and the total
systematic uncertainty is subdominant to the statistical
uncertainty for all signal mass hypotheses.
The 90% CL upper limits on BðB" → K"aÞBða → γγÞ

are plotted in Fig. 4. The limits degrade at cτa ¼ 100 mm
because of the broadening of the signal shape and lower
efficiency. The cτa dependence of the limit is less pro-
nounced at higher masses because the ALP is less boosted,
leading to a shorter decay length in the detector. We use an
interpolating function to obtain product branching fraction
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FIG. 3. 90% CL upper limits on the B" → K"a branching
fraction assuming promptly decaying ALPs. The vertical gray
bands indicate the regions excluded from the search in the
vicinity of the π0, η, and η0 masses.
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FIG. 2. The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays. The vertical gray bands indicate the regions excluded
from the search in the vicinity of the π0, η, and η0 masses.
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FIG. 4. The 90% CL upper limits on the B" → K"a branching
fraction for ma < 2.5 GeV and cτa between 0 and 100 mm. The
vertical gray bands indicate the regions excluded from the search
in the vicinity of the π0, η, and η0 masses.
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limits for intermediate lifetimes between those shown
in Fig. 4.
The 90% CL limits on the ALP coupling gaW are

presented in Fig. 5. For each ALP mass hypothesis, we
determine the value of gaW such that the calculated
branching fraction is equal to the 90%-CL-excluded
branching fraction for the lifetime predicted using the
same value of gaW . This is the excluded value of gaW
shown in Fig. 5. The 90% CL bounds on gaW extend below
10−5 GeV−1 for many ALP masses, improving current
constraints by more than 2 orders of magnitude. The
strongest limit on the coupling at ma ¼ 0.2 GeV corre-
sponds to a lifetime of cτa ¼ 100 mm, decreasing to cτa ¼
1 mm at ma ¼ 2.5 GeV. Along with our limit, we show in
Fig. 5 existing constraints derived in Ref. [29] from LEP,
beam dump, and K → πγγ searches. We have also reinter-
preted a search for K" → π"X with invisible X [51], which
applies to our model if the ALP is sufficiently long lived
that it decays outside of the detector.
In summary, we report the first search for axionlike

particles in the process B" → K"a, a → γγ. The results
strongly constrain ALP couplings to electroweak gauge
bosons, improving upon current bounds by several orders
of magnitude, except in the vicinity of the π0, η, and η0

resonances. Our results demonstrate the sensitivity of
flavor-changing neutral current probes of ALP production,
which complement existing searches for the ALP coupling
to photons below the B meson mass.
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FIG. 5. The 90% CL upper limits on the coupling gaW as a
function of the ALP mass (red), together with existing constraints
[29] (blue, green, brown, and gray).
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Summary
In conclusion

Belle II : excellent place to search for different signatures  and 
reinterpret them in many models
We are only at the beginning of the journey

Invisible Invisible + track(s) Track(s) Track(s) + clusters

[PRD 108, L111104(2023)]

mailto:sstefkov@uni-bonn.de
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L111104
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Backup
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Searching for Dark Sector in Belle II

39

Approach 2: created out of 
nowhere in the detector from B-
meson decay and then decay in 
the SM

Approach 1: a trace of a new 
particle from B-meson decay 
Trick: Summing the energy

Picture credits: KEK &  KIT poster team Picture credits: KEK &  KIT poster team
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B-mesogenesis
[PhysRevD.104.035028]
○ Baryogenesis is required in order to produce an initial excess of baryons over antibaryons consistent with 

observations 
○ B-mesogenesis paradigm explains baryonic + dark matter of the Universe → baryo- and dark matter 

genesis from B-Meson give rise to distinctive signals at collider experiments 
○ A new dark anti-baryon is proposed   which can also explain the Baryon Asymmetry of the Universe
○ Kinematic constraints → 0.94 < M( ) < 4.34 GeV 

Ψ
Ψ

generation of the baryon asymmetry and the dark matter of
the Universe. We begin by briefly reviewing the mechanism
presented in [39], while referring to Appendix A 1 for a
detailed discussion of the cosmological dynamics. We then
continue by describing the new particles and interactions
necessary for the mechanism, with the goal of finding
theory-motivated benchmark points for experimental
searches. This includes the minimal particle content
required to trigger the new decay mode of B mesons in
all its possible flavorful variations. We refer to [39] for
more detailed and alternative discussions.

A. The mechanism in a nutshell

In the late 1960s, Sakharov outlined the three conditions
that must be satisfied in the early Universe in order for it to
evolve into what we observe today: A Universe in which
matter dominates over antimatter. These Sakharov con-
ditions [18] are as follows. (i) C and CP violation: Matter
and antimatter need to interact differently if an excess of
one over the other is to be generated. (ii) Departure from
thermal equilibrium: In thermal equilibrium, even if C and
CP are violated, the rates of particle and antiparticle
production and destruction are equal. Thus, the system
must be out of thermal equilibrium so that the rate of
producing particles is larger than that of antiparticles.
(iii) Baryon number violation: One requires interactions
which violate baryon number if an excess of baryons over
antibaryons is to be generated in the early Universe.
The mechanism of B-Mesogenesis addresses each of the

Sakharov conditions as follows:
(i) C and CP violation: The most novel feature of [39]

is to leverage the C and CP violation within the
oscillations in the SM neutral B-meson systems.

(ii) Departure from thermal equilibrium: It is assumed
that the early Universe is dominated by a
combination of radiation and a very weakly coupled

scalar particle Φ, with mass MΦ≳11GeV and a
lifetime of τΦ ∼ 10−3 s.4 The Φ particle predomi-
nantly decays into b quarks, and in doing so reheats
the Universe at temperatures TR ∼ 20 MeV. Given
that T < TQCD ∼ 200 MeV during this era, the
produced b quarks quickly hadronize to yield a
substantial population of B mesons in the early
Universe: nB=nγ ∼ 10 × TR=MΦ ∼ 0.02. This pop-
ulation of B mesons is in this way out of thermal
equilibrium.

(iii) Baryon number violation? In this setup, B mesons
posses a nonstandard decay channel into a dark
sector antibaryon (ψ) and a SM baryon: B → ψBM.
This results in the generation of a baryon asymmetry
in the visible sector that is exactly compensated by a
dark antibaryon asymmetry. As a consequence, total
baryon number is actually conserved.5

In summary, the late-time out-of-equilibrium B0
q and B̄0

q

production, oscillation, and subsequent decay into ψ and B
results in the generation of an excess of baryons in the
visible sector and an excess of antibaryons in the dark
sector. In this way, the origin of baryogenesis and that of
dark matter are linked.
Importantly, following the chain of events described

above and as depicted in Fig. 2, it is possible to show
that the observed baryon abundance today (see
Appendix A 1) can be directly related to two observables
at collider experiments:

FIG. 2. Summary of the mechanism of baryogenesis and dark matter from B mesons [39], i.e., B-Mesogenesis. Adapted from Fig. 1
in [39].

4These values are roughly those expected for a pseudo-
Goldstone boson with Planck suppressed interactions with
matter; see, e.g., [45]. Note that these values imply that it is
hopeless to produce the Φ particle at colliders since the coupling
to matter would be ≲10−10.

5In a similar fashion to [46].

ALONSO-ÁLVAREZ, ELOR, and ESCUDERO PHYS. REV. D 104, 035028 (2021)

035028-4

parameter space, while we expect that Belle II and LHCb
could be able to fully test the mechanism by searching for
these processes.
B-Mesogenesis directly relates the matter-antimatter

asymmetry of the Universe to the CP violation in the
neutral B0

d and B0
s meson-mixing systems. Although many

BSM scenarios can lead to nonstandard CP violation in the
B-meson system (see, e.g., [44], prior to the work of [39]),
there existed no mechanisms that could directly connect
such CP violation to the baryon asymmetry of the
Universe. Therefore, B-Mesogenesis makes current and
upcoming measurements of CP violation in the neutral
B-meson system not only a powerful probe of BSM physics
but also a potential test of the physics of baryogenesis.
Additionally and as discussed above, B-Mesogenesis

requires the existence of a new bosonic colored mediator in
order for B mesons to decay into a baryon and missing
energy. Thus, searches for heavy colored scalars at ATLAS
and CMS lead to relevant implications for the mechanism.
In particular, multijet and jet plus missing-energy searches
at the LHC have a direct connection to BrðB → ψBMÞ.
Given the exciting possibility of generating baryogenesis

and dark matter from B mesons and the potential for
B-Mesogenesis to be tested at hadron colliders and B
factories, in this work we set up an enterprise to shape the
experimental signatures of the mechanism proposed
in [39]. In particular, we study the reach of current and
upcoming collider experiments to the new decay mode
B → ψBM, the implications from CP-violation measure-
ments in the B-meson system, and the phenomenology of

TeV-scale color-triplet scalars. The conclusion of this paper
is that B-Mesogenesis could be fully confirmed at current
hadron colliders and B factories. It is our intention for this
work to provide a roadmap for experimental efforts directed
at uncovering the mechanism responsible for baryogenesis
and dark matter production.
This paper is organized as follows: In Sec. II, we begin

by reviewing the key ingredients and features of the
B-Mesogenesis mechanism, including an updated calcu-
lation of the early Universe dynamics that allow us to refine
the predictions for B-meson observables. Section III is
devoted to the study of the implications of current and
upcoming measurements of CP violation in mixing in B0

d
and B0

s mesons. In particular, we use these measurements
to set a theoretical lower bound on BrðB → ψBMÞ.
In Sec. IV, we review the current experimental limits on
B → ψBM decays and comment on the prospects for B
factories and LHC experiments. Next, in Sec. V we
consider the various collider implications of the new
bosonic mediator needed to trigger the new decay mode
B → ψBM, including dijet and jet plus MET signatures of
color-triplet scalars, as well as flavor-mixing constraints.
After discussing the interplay of the different searches in
Sec. VI, we conclude in Sec. VII by summarizing our main
results and outlining various avenues for future work.

II. B-MESOGENESIS

In this section, we explore how allowing B mesons to
decay into a baryon and dark matter can lead to the

FIG. 1. Summary of the collider implications of baryogenesis and dark matter from B mesons [39], i.e., B-Mesogenesis. The
distinctive signals of the mechanism are (i) the requirement that at least one of the semileptonic (CP) asymmetries in B0

q decays is
Aq
SL > 10−4, (ii) that both neutral and charged B mesons decay into a dark sector antibaryon (appearing as missing energy in the

detector), a visible baryon, and any number of light mesons with BrðB → ψBMÞ > 10−4, and (iii) that b-flavored baryons should decay
into light mesons and missing energy at a rate BrðBb → ψ̄MÞ > 10−4. In addition, we include as indirect signals the various oscillation
observables in the B0

q − B̄0
q system as they are linked to Aq

SL, and the presence of a new TeV-scale color-triplet scalar Y that is needed to
trigger the B → ψBM decay. We also highlight the existing experiments that can probe each corresponding signal. Notation: B, B
meson; B, SM baryon; M, any number of light mesons; ψ , dark sector antibaryon (ME in the detector).

COLLIDER SIGNALS OF BARYOGENESIS AND DARK MATTER … PHYS. REV. D 104, 035028 (2021)

035028-3
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B-mesogenesis

Models for Baryogenesis Bad Honnef 21-03-24Miguel Escudero Abenza (CERN)

Parameter Space

70

CP violation

Signatures

New b decays

High pT jets 
and missing 
energyBaBar/Belle 

Belle-II & LHCb

ATLAS & CMS

Belle-II LHCb

LHCb

Conclusion: B-Mesogenesis will be tested in the upcoming years!
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Scalar Mediators @ Belle II

42

Scalar mediator + fermionic DM avoids strong CMB constraints through velocity-suppressed 
(p-wave) annihilation ⟨σv⟩ ∼ v2 


Mixing after EW symmetry breaking  and a new scalar S

 couplings ~ 

Direct production from  suppressed   heavy quark loops in B-meson decays

h125

Sff̄
mf

v
sinθ

e+e− →

Elias Bernreuther                                                             Dark matter at Belle II

Scalar mediators

• Scalar mediator + fermionic DM avoids strong CMB constraints 
through velocity-suppressed (p-wave) annihilation ⟨σv⟩ ∼ v2

4

ℒ ⊃ − 1
2 m2

ϕϕ2 − mχ χ̄χ − λ3ϕH†H − yχ χ̄χϕ

• Mixing after EW symmetry breaking:  and new scalar h125 S

  couplings  Sff̄ ∼
mf

v
sin θ

Direct production from  suppressed

Instead: heavy quark loops in meson decays

e+e−

B → KS
Filimonova et al., 1911.03490, Kachanovich et al., 2003.01788

mailto:sstefkov@uni-bonn.de
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Pseudoscalar ALPs @ Belle II

43

Pseudoscalar mediator with fermionic DM avoids direct detection
 
Special type of pseudoscalar: Axion-like particle defined by shift symmetry a → a + c

Elias Bernreuther                                                             Dark matter at Belle II

Pseudoscalar ALPs

• Pseudoscalar mediator with fermionic DM avoids direct detection

• Special type of pseudoscalar: Axion-like particle  

defined by shift symmetry a → a + c

6

ℒ ⊃ 1
2 ∂μa∂μa − ma

2 a2 + ∂μa
fa ∑

f

cf

2 f̄γμγ5 f +
cχ

2
∂μa
fa

χ̄γμγ5χ

+cGG
g2

s

(4π)2
a
fa

GA
μνG̃A,μν + cBB

g′ 
2

(4π)2
a
fa

BμνB̃μν + cWW
g2

(4π)2
a
fa

WA
μνW̃A,μν

• Intriguing possibility: coupling to    dominatesWA
μνW̃A,μνProduction mechanism I  

Production mechanism II  
Production mechanism III  

B → Ka( → γγ)
B → Ka( → inv)
B → Ka( → hadrons)
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Branching ratios for ALP decays  in the  scenario (left) and the  scenario (right). The ALP couplings are 
fixed to  and  at the cutoff scale 

a → X Cff CWW
Cff(Λ) = 1 CWW(Λ) = 1 Λ = 4πTeV

Pseudoscalar ALPs @ Belle II
JHEP 04 (2023) 131

mailto:sstefkov@uni-bonn.de
https://link.springer.com/article/10.1007/JHEP04(2023)131
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Pseudoscalar ALPs @ Belle II

Kaon Track

Signal Simulation Event
 = 50 MeVma

f0 = scalar FF

Current bounds:

[JHEP 04 (2023) 131]

mailto:sstefkov@uni-bonn.de
https://link.springer.com/article/10.1007/JHEP04(2023)131
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Search for  + invisible @ Belle IIB → K

46

So far no direct measurement of 
However Belle II searched for  and can be reinterpreted in these dark scalar models [PhysRevD.109.075006]

B → KX
B+ → K+νν̄

3
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FIG. 1. Region of sin ✓ vs mS plane that can explain the Belle II excess at 2� (blue shaded region) for the singlet Higgs portal
model. The central value from Eq. (5) is depicted by the dashed white curve, and the red horizontal lines are current and
future bounds on the invisible BR of the SM Higgs boson in Tab. I. We show additional constraints from K+ ! ⇡+ + inv. [17],
K0

L ! ⇡0⌫⌫ [18] , and B0 ! K⇤0⌫⌫ [19] in the gray shaded regions. The vertical dotted blue line denotes the transition from
two-body decays B ! KS to three-body decays B ! K��.

A. Singlet Higgs Contribution to B+ ! K+ + inv.

Together, the interactions in Eqs. (10) and (11) con-
tribute to decays of B mesons and kaons involving miss-
ing energy when yD & (mµ/v) sin ✓. In this regime,
the dark Higgs hD decays dominantly to a pair of dark
fermions. When mhD < (mB � mK), B mesons un-

dergo two-body decays to kaons and on-shell dark Higgs
bosons, while three-body decays are mediated by o↵-
shell Higgs bosons when mhD > mB . Similarly, the
dark Higgs is produced on-shell in kaon decays when
mhD < (mK � m⇡). The rates for these two-body de-
cays are
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where f0(q2) and A0(q2) are hadronic form factors for
B ! K or K ! ⇡ transitions that are evaluated at the
mass of the dark Higgs mhD . The parameterization of
these form factors is discussed in App. A. The function

�(a, b, c) = a
2 + b

2 + c
2

� 2(ab + bc + ac) is the Källén
function. In Eq. (15), K 2 {K

+
, K

0
} and ⇡ 2 {⇡

+
, ⇡

0
}.

The di↵erential rates for the three-body decays B
+

!

K
+
��̄ and B

0
! K

⇤0
��̄ are

[PhysRevD.109.075006]
Singlet Higgs portal model
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FIG. 4. Same as Fig. 1 except for the Dark Abelian Higgs Model with vD = 10 GeV (left) and vD = 50 (right). In both plots
we fix the dark photon mass to mAD = 100 MeV. The dashed gray line depicts the stability condition of Eq. (35).
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where, again, �hD is the total decay rate of the the
dark Higgs and is dominated by decays to dark pho-
tons when vD . (mµmh/v sin ✓)�1. The decay rate for
hD ! ADAD is

�(hD ! ADAD) =
m
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� 4m
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(46)

For mixing angles that can address the Belle II results
for B

+
! K

+
⌫⌫, we find that vD . 3 TeV and the dark

Higgs decays invisibly.
In Fig. 4 we show the region of the sin ✓ � mhD plane

that can explain the Belle II excess by the blue shaded
region, for vD = 10 GeV (left plot) and vD = 50 GeV
(right plot) and a fixed dark photon mass mAD = 100
MeV. Similar to the singlet Higgs scenario of Sec. II, the
Belle II result can be explained when the mixing angle

sin ✓ ' 6⇥10�3 and a dark Higgs mass mhD . mB . How-
ever, stability of the scalar potential required by Eq. (35)
requires that mhD & 500 MeV. We show this by the
dashed gray line in both plots of Fig. 4.

In addition, bounds from K
+

! ⇡
+ + inv. [17], K

0
L

!

⇡
0
⌫⌫ [18], and B

0
! K

⇤0
⌫⌫ [19] are depicted bye the

gray shaded regions. Similar to the singlet Higgs por-
tal scenario, we observe that searches for invisible kaon
decays exclude mhD . 400 MeV, while bounds from
B

0
! K

⇤0
⌫⌫ exclude some of the parameter space that

can explain the Belle II excess.

C. Higgs Invisible Decays

Compared to the singlet Higgs portal model in Sec. II,
invisible decays of the SM Higgs boson has contributions
from both dark photons h ! ADAD and dark Higgs

Dark Abelian Models
[PhysRevD.109.075006]

https://inspirehep.net/literature/2769996

https://arxiv.org/pdf/2309.03706

mailto:sstefkov@uni-bonn.de
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.075006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.075006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.075006
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  scalar predictionsB → KS

47

Belle II signature:  + two charged tracksB → K
[Phys. Rev. D 101, 095006]

Set unique 
upper bounds 
with 50 ab-1 !

Prediction 
does not 
contain 

Channel
e+e−

mailto:sstefkov@uni-bonn.de
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095006
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Invisible Decays of J/psi and Psi(2S)
https://arxiv.org/pdf/1303.7465 (Conversely, a low-mass U(1) gauge boson U could enhance the invisible 
decay rates of quarkonium states by several orders of magnitude by coupling to LDM particles [12, 13]. 
The U boson could decay into a pair of spin-1/2 Majorana (χχ), spin-1/2 Dirac (χχ), or spin-0 (ϕϕ) LDM 

particles

mailto:sstefkov@uni-bonn.de
https://arxiv.org/pdf/1303.7465
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Rare  DecaysB
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Rare  decays:

GIM suppressed flavour changing neutral currents (FCNC)      

   

forbidden at tree level, allowed at loop level

electroweak decays, radiative electroweak decays


  suppressed lepton flavour violating decays

Helicity suppressed purely leptonic decays


B

→ b → s/d(γ)

m2
ν /M2

W
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Rare  DecaysB
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Rare  decays:

GIM suppressed flavour changing neutral currents (FCNC)           

   

forbidden at tree level, allowed at loop level

electroweak decays, radiative electroweak decays
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Rare  DecaysB
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Accelerators
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LHC

 collisions at 7,8,13 TeV


-quarks produced by gluon fusion


All -hadron species ( -baryons)


Highly boosted topology




Noise/Signal=1000


yesterday restarted data-taking after first 
shutdown

pp

b
b b

σbb = 100 μb

SuperKEKB

 energy-asymmetric collisions at  GeV


      (on-resonance data)


60 MeV below to constrain  (continuum) bkgs                        

(off-resonance data)


 produced via 


Exclusive  production


Asymmetric beam energy  boost




Noise/Signal=4


yesterday restarted data-taking after first shutdown

e+e− s = 10.58

e+e− → qq̄

BB̄ Υ(4(S))
BB̄

→
σbb = 1.1 nb

The SuperKEKB accelerator

• e+e− collider in Tsukuba, Japan.

•
√
s = 10.6GeV = m(Υ(4S)).

• B(Υ(4S) → BB) > 96%.

•
∫ 22.06.2022

25.03.2019
L√

s=m(Υ(4S)) dt = 362 fb−1.

• Maximum instantaneous luminosity: 4.7× 1034 cm−2s−1 (world record).

• Target instantaneous luminosity: 6× 1035 cm−2s−1.

Cyrille Praz (KEK) | Electroweak penguins and radiative B decays | 20.03.2023 3

On-resonance


Off-resonance


mailto:sstefkov@uni-bonn.de
https://arxiv.org/abs/2110.00790


     Slavomira Stefkova, slavomira.stefkova@uni-bonn.de                                                                                                         Belle II Physics Week 2024

  

Accelerators

53

LHC

 collisions at 7,8,13 TeV


-quarks produced by gluon fusion


all -hadron species ( -baryons)


Highly boosted topology




Different backgrounds (Noise/Signal=1000)


yesterday restarted data-taking after first

pp

b
b b

σbb = 100μb

SuperKEKB

 energy-asymmetric collisions at  GeV 


      (on-resonance data)


60 MeV below to constrain  (continuum) bkgs                        

(off-resonance data)


 produced via 


Exclusive  production


Asymmetric beam energy  boost




Different backgrounds (Noise/Signal=4)


yesterday restarted data-taking after first shutdown

e+e− s = 10.58

e+e− → qq̄

BB̄ Υ(4(S))
BB̄

→
σbb = 1.1 nb

The SuperKEKB accelerator

• e+e− collider in Tsukuba, Japan.

•
√
s = 10.6GeV = m(Υ(4S)).

• B(Υ(4S) → BB) > 96%.

•
∫ 22.06.2022

25.03.2019
L√

s=m(Υ(4S)) dt = 362 fb−1.

• Maximum instantaneous luminosity: 4.7× 1034 cm−2s−1 (world record).

• Target instantaneous luminosity: 6× 1035 cm−2s−1.

Cyrille Praz (KEK) | Electroweak penguins and radiative B decays | 20.03.2023 3

On-resonance


Off-resonance


Approximate rule:  

1 fb-1 = 1 ab-1   
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The Three Beasts
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LHCSki 2016, Apr 14 The Belle II Physics Program in light of LHCb

B-Factory Family Album
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LHCb
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Forward-looking spectrometer
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Collected 9  data so far

4x1012  pairs
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   Belle II 

SuperKEKB ( 7 GeV /4 GeV )


General purpose detector

Taking data since 2019


Collected 362  data in Run 1

370 mil.  pairs


Resumed data-taking this year       af

     after ~ 1.5y long shut-down
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e− e+
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Belle

KEKB ( 8 GeV / 3.5 GeV )


General purpose detector

Took data from 1999-2010


Collected 711  data


770 mil.  pairs


e− e+

fb−1

BB̄
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The Three Beasts
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Increasing instantaneous luminosity is the key! 

LHCb

LHC (  collisions at 7,8,13 TeV)


Forward-looking spectrometer

Taking data since 2011


Collected 9  data so far

4x1012  pairs


 (40%), (40%), (10%), 

 and -baryons (10%)
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KEKB ( 8 GeV / 3.5 GeV )


General purpose detector
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Collected 711  data
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BB̄

   Belle II 

SuperKEKB ( 7 GeV /4 GeV )


General purpose detector

Taking data since 2019


Collected 362  data in Run 1

370 mil.  pairs


Resumed data-taking this year       af

     after ~ 1.5y long shut-down
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BB̄

ab−1
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Typical Event 

56

Very clean environment

On average: 11 tracks

Known initial state kinematics


Near 100% efficiency for  decays


Sensitive to lower energy deposits


B

Rather busy environment

On average 100 tracks


Longitudinal momentum of the  not known


Lower trigger efficiency in general

B

LHCb Belle II 
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Figure 35: Distribution of E/p from electrons coming from converted photons with EPS > 50MeV,
with at least one hit on the SPD and a track with pT > 200MeV/c pointing into the ECAL
cluster (�2

2D < 25), and a matching positron to forming invariant mass M(ee) < 100 MeV/c2

(left). Resolution for �(E/p) as a function of energy (right).

obtained from a test beam, did not include those e↵ects, in particular, the material in
front of the calorimeter.

Figure 36: Distribution of E/p from simulations (left). Resolution �(E/p) as a function of
energy, obtained from simulations (right).

The results of the simulation study is shown in Figure 36, where the E/p distribution
(left) and its resolution (right) can be observed. From the corresponding fit, one obtains,

�E

E
=

(9.6 ± 1.3)%p
EGeV

� (3.7 ± 0.1)% � (395 ± 30)MeV

EGeV
. (13)

Both the background term and the stochastic terms from Eq. 12 and 13 are of the same
magnitude. Actually, ECAL is calibrated using ET so one part of the background depends
on sin ✓ where ✓ is the azimuthal angle with respect to the beam. The noise coming
from the electronics is equivalent to 1.2 ADC counts (incoherent) plus 0.3 ADC counts
(coherent), which corresponds to an average noise of about 6 ADC counts, equivalent
to 15MeV in terms of ET over one cluster. This amounts to a background range from
45MeV to 450MeV depending on the region. The actual value, 350MeV, is an average

39

FIG. 13: Photon energy resolution measured as a function of ERecoil
µµ (top). Overlaid are the

results for unfolded data and simulation. The simulation truth results are additionally
overlaid to demonstrate the accuracy of the unfolding procedure. The figure on the bottom

is the ratio of the unfolded data and simulation results.

16
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Neutral Performance

Belle II LHCb

    detection efficiency 99.9% 95 %

reconstruction Better mass resolution Worse mass resolution

 γ

  σ(E)/E

 π0

Belle II is generally better with neutrals

2.2 %

E ⨁1 %
10 %

E ⨁1 %
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Charged Track Performance


LHCb is very good with muons

Belle II has similar sensitivity for e and   μ

Belle II LHCb
Muon trigger efficiency
 100 % 90 %

  Muon ID efficiency
 95 % 97 %
            misID 7 % 1-3%

Belle II LHCb
Kaon ID efficiency
 90 % 95 %

            misID
 5 % 5 %

Belle II LHCb
Total 


efficiency
30 % 5 %

Total 

efficiency

30 % < 5 %

B+ → K+μ+μ−

B+ → K+e+e−
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 π → μ

 K → π
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Rare  DecaysB
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𝓑

> =

Better with 
higher number 
of  and  γ ν

Better with 

multiple muons/
charged tracks that 
can be vertexed
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Detectors
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  KL  and muon 

Charged PID detectors 
(TOP + ARICH)


Central Drift 
Chamber (CDC) 

Vertex detectors 

EM Calorimeter 

Magnet


Muon 
identification

Magnet


Vertex detectors Tracking detectors


Particle identification
 EM E measurement

Hermetic detector

Sensitive to lower energy/charge deposits

Known initial state kinematics

Single arm spectrometer


Longitudinal momentum of the  not knownB

Belle II LHCb
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