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Introduction



Rare meson decays Introduction
• There are no tree-level flavour changing neutral cur-

rents (FCNC) in the Standard Model (SM)

• FCNC processes only occur at loop level. They are
highly suppressed and are rare processes.

• Rare processes valuable probe for new physics (NP),
because small NP contributions can be significant.

• Meson can be produced abundantly and thus allow for
high statistics in searches for rare meson decays.

• (Semi-)leptonic decays provide clean exp. signatures

Michael Schmidt 𝐵 → 𝐾 + invisible as a probe for light physics 18 October 2024 @ PPC 2 / 25



Rare meson decays Introduction
• There are no tree-level flavour changing neutral cur-

rents (FCNC) in the Standard Model (SM)

• FCNC processes only occur at loop level. They are
highly suppressed and are rare processes.

• Rare processes valuable probe for new physics (NP),
because small NP contributions can be significant.

• Meson can be produced abundantly and thus allow for
high statistics in searches for rare meson decays.

• (Semi-)leptonic decays provide clean exp. signatures • 𝐾 and 𝐵 meson decays can be
calculated reliably (compared to 
𝐷 mesons)

• many more 𝐵 meson decay
channels, since 𝐵 is heavier
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𝐵 → 𝐾 + invisible Introduction

• SM loop, CKM and GIM suppressed: 𝒜 ∝ 4𝐺𝐹√
2
𝛼
4𝜋∑𝑖 𝑉𝑖𝑏𝑉

∗
𝑖𝑠
𝑚2
𝑖

𝑚2
𝑊

• complete factorisation into hadronic and leptonic part

• sensitive to virtual corrections and new light exotic final state

• Belle II experiment expected to measure 𝐵 → 𝐾(∗)𝜈𝜈 with 𝒪(10%) precision

• Belle II already measured 𝐵+ → 𝐾+ + invisible
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𝐵 → 𝐾 + invisible Introduction

• SM loop, CKM and GIM suppressed: 𝒜 ∝ 4𝐺𝐹√
2
𝛼
4𝜋∑𝑖 𝑉𝑖𝑏𝑉
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𝑖
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𝑊

• complete factorisation into hadronic and leptonic part

• sensitive to virtual corrections and new light exotic final state

• Belle II experiment expected to measure 𝐵 → 𝐾(∗)𝜈𝜈 with 𝒪(10%) precision

• Belle II already measured 𝐵+ → 𝐾+ + invisible

• Tree level contribution to 𝐵+ → 𝐾+𝜈𝜈 [Kamenik+ 0908.1174] treated as background
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Current experimental result [Belle II 2311.14647] Introduction

Weighted avg: ℬ(𝐵+ → 𝐾+𝜈𝜈)SD = (1.3 ± 0.4) ⋅ 10
−5

Two 𝐵+ → 𝐾+𝜈𝜈 analyses

Υ(4𝑆) ∼ (𝑏𝑏),𝐵+ ∼ (𝑢𝑏),𝐾+ ∼ (𝑢𝑠)
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Current experimental result [Belle II 2311.14647] Introduction

[2311.14648]

𝑞2rec = 𝑞2 + (𝐸𝐵 −𝑚𝐵)
2 − 2𝒑𝑲 ⋅ 𝒑𝑩 Belle II result

• ITA: excess for 𝑞rec ∼ (3 − 5)GeV2
• HTA: no significant excess
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https://arxiv.org/abs/2311.14648


Fits to data for different new physics [Fridell+ 2312.12507] Introduction

[Fridell+ 2312.12507]

𝑞2rec = 𝑞2 + (𝐸𝐵 −𝑚𝐵)
2 − 2𝒑𝑲 ⋅ 𝒑𝑩

See also Altmannshofer+ 2311.14629 for 2-body
decay explanation.

Fits of theory predictions to data
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https://arxiv.org/abs/Fridell+ 2312.12507


Observables Introduction

SM prediction: 𝐵 → 𝐾(∗)𝜈𝜈 [Becirevic+ 2301.06990]; 𝐹𝐿 [flavio 1810.08132]; 𝐵 → 𝑋𝑠𝜈𝜈 [Altmannshofer+
0902.0160] constraints: 𝐵 → 𝐾(∗)0𝜈𝜈 [Belle 1702.03224]; 𝐵+ → 𝐾+𝜈𝜈 [Belle II 2311.14647]; 𝐵+ → 𝐾∗+𝜈𝜈 [Belle
1303.3719]; 𝐵 → 𝑋𝑠𝜈𝜈 [ALEPH hep-ex/0010022]; 𝐵𝑠 → inv [Alonso-Alvarez+ 2310.13043] projections: [2207.06307,
1808.10567, private communication] 𝐹𝐿 is longitudinal polarisation fraction of 𝐾∗
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Light physics



Recent work on light physics explanations Light physics

High theory activity on
light physics following re-
cent Belle II measurement.
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Earlier work on light new physics Light physics

This is a small selection of papers.

Let me know if I forgot to include
your paper.
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Light scalar 𝜑

𝐵 → 𝐾(∗) + 𝜑(→ invisible)



Light GeV-scale Higgs-like scalar Light physics

[2305.16169]

• 2 parameters: mass 𝑚𝜑 and mixing angle 𝜃
• strongest constraint: 𝐵+ → 𝐾+𝜑(→ 𝜇𝜇) [LHCb 1612.07818]
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https://arxiv.org/abs/2305.16169


Light GeV-scale scalar [Ovchynnikov, MS, Schwetz 2306.09508] Light physics
In presence of addi-
tional invisible decay
width Γinv, LHCb con-
straint is weakened

𝐵 → 𝐾 + invisible
provides a complemen-
tary probe which con-
strains this scenario.

requires Γinv ≳ 1 eV
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Light GeV-scale scalar [Ovchynnikov, MS, Schwetz 2306.09508] Light physics
• BaBar differential distribution
• 3 benchmark points with

‣ masses 0.9, 2.2 and 4.4 GeV
‣ Γinv = 10 eV and
‣ sin 𝜃 = 6 ⋅ 10−3

𝑠𝐵 ≡
𝑞2
𝑚2
𝐵

• 𝐵 → 𝐾 + inv. constrains
‣ sin(𝜃) for Γinv ≫ Γvis
‣ Γinv for Γinv ≪ Γvis

• 𝐵 → 𝐾 + inv. dominates for Γinv ≳ 1 eV
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Invisible decays to heavy neutral leptons Light physics

real scalar coupled to sterile neutrinos

ℒ = −
1
2
𝑁𝑐(𝜇𝑁 + 𝑦𝑁𝜑)𝑁

Invisible Higgs decay constrains

Γ(𝜑 → 𝑁𝑁) ≲ 0.06(
10−2

sin 𝜃
)
2

𝑚𝜑
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Invisible decays to heavy neutral leptons Light physics

real scalar coupled to sterile neutrinos

ℒ = −
1
2
𝑁𝑐(𝜇𝑁 + 𝑦𝑁𝜑)𝑁

Invisible Higgs decay constrains

Γ(𝜑 → 𝑁𝑁) ≲ 0.06(
10−2

sin 𝜃
)
2

𝑚𝜑

⟹

[2005.03594]

𝐵 − 𝐿 model

ℒ = −
1
2
𝑁𝑐𝑦𝑁𝜑𝑁 → 𝑀𝑁 = 𝑦𝑁

𝑣𝜑√
2

Four free parameters: 𝑀𝑁 , 𝑚𝑍′ , 𝑚𝜑, 𝑔BL

𝑀𝑁 = max(
𝑚𝜑√
10
, 0.3 GeV)
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Light sterile neutrinos 𝑁

𝐵 → 𝐾(∗) +𝑁𝑁
𝐵 → 𝐾(∗) +𝑁𝜈



Light sterile neutrinos [Felkl,Giri,Mohanta,MS 2309.02940] Light physics

ℒ = 𝐶LNQd(𝐿𝛼𝑁)𝜀𝛼𝛽(𝑄
𝛽𝑑))

+𝐶LNQdT(𝐿𝛼𝜎𝜇𝜈𝑁)𝜀𝛼𝛽(𝑄
𝛽𝜀𝜇𝜈𝑑)

Wilson coeff. defined at 𝜇 = 1 TeV

• ℬ(𝐵+ → 𝐾+ + inv) = (2.4 ± 0.7) ⋅ 10−5 [EPS 2023]
• naive comparison of branching ratio
• scalar operator not constrained by 𝐵 → 𝐾∗ + inv
• tensor operator strongly constrained by 𝐵 → 𝐾∗ + inv

scalar operator tensor operator

blue region preferred by weighted avg (hatched by Belle II), experimental constraints - dashed, theory prediction - solid
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Light sterile neutrinos [Felkl,Giri,Mohanta,MS 2309.02940] Light physics
ℒ = 𝐶QN(𝑄𝛾𝜇𝑄)(𝑁𝛾𝜇𝑁) + 𝐶dN(𝑑𝛾𝜇𝑑)(𝑁𝛾𝜇𝑁)
• Wilson coefficients defined at 𝜇 = 1 TeV
• naive comparison of branching ratio
• 𝐵 → 𝐾∗ + inv constrains chiral vector operator at

low mass, → interference allows to avoid constraint

same applies to
(𝑑𝛾𝜇𝑑)(𝑁𝛾𝜇𝑁)

ℬ(𝐵+ → 𝐾+ + inv) = (2.4 ± 0.7) ⋅ 10−5 [EPS 2023]

blue region preferred by weighted avg
(hatched by Belle II),
experimental constraints - dashed,
theory prediction - solid
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Complementarity [Felkl, Li, MS 2111.04327 ] Light physics

LEFT operators

𝒪VLX𝜈𝑑,𝛼𝛼𝑠𝑏 =

(𝜈𝛼𝛾𝜇𝑃𝐿𝜈𝛼)(𝑠𝛾𝜇𝑃𝐿,𝑅𝑏)

• current constraints solid
purple and green lines

• viable light (dark) re-
gions if SM confirmed by
Belle II with 5(50)ab−1

• black dotted (dashed) 
𝐵 → 𝑋𝑠𝜈𝜈 with 50%
(20%) precision

Different observables provide complementary probes

• Straight bands 𝒜 ∝ |𝐶VLL𝜈𝑑,𝛼𝛼𝑠𝑏 +𝐶VLR𝜈𝑑,𝛼𝛼𝑠𝑏|

• Ellipses: 𝒜 ∝ 𝐴(𝑞2)|𝐶VLL𝜈𝑑,𝛼𝛼𝑠𝑏 +𝐶VLR𝜈𝑑,𝛼𝛼𝑠𝑏| + 𝐵(𝑞2)|𝐶VLL𝜈𝑑,𝛼𝛼𝑠𝑏 +𝐶VLR𝜈𝑑,𝛼𝛼𝑠𝑏|
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Light dark matter

𝐵 → 𝐾(∗) +DM DM



Light scalar dark matter [He, Ma, MS, Valencia, Volkas 2403.12485] Light physics
• Real scalar 𝜑 ∼ (𝟏, 𝟏, 0)−
• Scalar operator 𝒪𝑆,𝑠𝑏𝑞𝜑 = 1

2(𝑠𝑏)𝜑
2 viable explanation for 𝐵+ → 𝐾+𝜈𝜈 with Λ~𝑂(10 PeV)

[Ma+ 2309.12741]

• UV completion: Introduce vector-like quarks 𝑄 ∼ (𝟑, 𝟐, 16)− and 𝐷 ∼ (𝟑, 𝟏,−1
3)−

• SMEFT ℒ ≃ 𝑦𝑞𝑦𝑑𝑦1
𝑚𝑄𝑚𝐷

(𝑞𝐿𝑑𝑅𝐻)𝜑2

• LEFT 𝐶𝑆(𝑃),𝑠𝑏𝑞𝜑 ≃ (𝑦2𝑞𝑦3𝑑𝑦1 ± 𝑦3∗𝑞 𝑦2∗𝑑 𝑦∗1)
𝑣 𝒪𝑆(𝑃),𝑠𝑏𝑞𝜑√
2𝑚𝑄𝑚𝐷

with 𝒪𝑆(𝑃),𝑠𝑏𝑞𝜑 = 1
2(𝑠(𝛾5)𝑏)𝜑

2

• 𝐶𝑆,𝑠𝑏𝑞𝜑  and 𝐶𝑃,𝑠𝑏𝑞𝜑  are independent
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Light scalar dark matter [He, Ma, MS, Valencia, Volkas 2403.12485] Light physics

Rescaling w/ signal efficiency 𝜀: 𝜔(𝑚) = ∑𝑖 Γ𝑖,SM𝜀𝑖
∑𝑖 Γ𝑖, NP(𝑚)𝜀𝑖

 (blue)

𝒪𝑆(𝑃),𝑠𝑏𝑞𝜑 = 1
2(𝑠𝑏)(𝛾5)𝜑

2

• 𝐶𝑆,𝑠𝑏𝑞𝜑  and 𝐶𝑃,𝑠𝑏𝑞𝜑  are inde-
pendent

• Branching ratios 𝐵 → 𝐾𝜑𝜑
and 𝐵 → 𝐾∗𝜑𝜑 are inde-
pendent
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Light scalar dark matter [He, Ma, MS, Valencia, Volkas 2403.12485] Light physics
• dark matter abundance set by annihilation to light mesons
• preferred DM mass range, 500 MeV < 𝑚𝜑 < 900 MeV

• Migdal effect allows to test DM

• PandaX-4T constrains Wilson coeff’s

−0.07 ≲
𝐶𝑆,𝑑𝑑𝑑𝜑

𝐶𝑆,𝑠𝑠𝑑𝜑
≲ −0.02

• Model will be further constrained by
next generation DM direct detection ex-
periments.
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Light scalar dark matter [He, Ma, MS, Valencia, Volkas 2403.12485] Light physics
Wilson coefficients parametrized by |𝐶𝑆(𝑃),𝑠𝑏𝑑𝜑 | ≈ 1

2 |𝐶
𝑆,𝑠𝑠
𝑑𝜑 | √𝑟2𝑑 + 𝑟2𝑞 ± 2𝑟𝑑𝑟𝑞 cos 𝜃

with ratios 𝑟𝑥 ≡
|𝑦𝑏𝑥|
|𝑦𝑠𝑥|

DM abundance 𝑚𝑄,𝐷
𝑦 ∼ 1.5 TeV

𝐵+ → 𝐾+ + inv: 𝑟𝑞,𝑑 ∼ 𝒪(10−3)

LHC may probe vector-like quarks

current searches don’t apply due 𝑍2
→ expect senstivity of 𝒪(2 TeV)

work in progress
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Take-away messages Light physics

• Viable DM and sterile neutrino explanations of excess in 𝐵+ → inv
for ΛNP ∼ 𝒪(1 − 10) TeV

• 𝐵 → 𝐾 + invisible is a new probe for GeV-scale new physics

• This is the first measurement…
We can look forward to further interesting results from 𝐵 → 𝐾 + invisible:
‣ other branching ratio measurements 𝐵 → 𝐾(∗) +invisible
‣ more details on missing invariant mass distribution
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Take-away messages Light physics

• Viable DM and sterile neutrino explanations of excess in 𝐵+ → inv
for ΛNP ∼ 𝒪(1 − 10) TeV

• 𝐵 → 𝐾 + invisible is a new probe for GeV-scale new physics

• This is the first measurement…
We can look forward to further interesting results from 𝐵 → 𝐾 + invisible:
‣ other branching ratio measurements 𝐵 → 𝐾(∗) +invisible
‣ more details on missing invariant mass distribution

Thank you!
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Appendix



UV completions of sterile neutrino operators Appendix
UV completion of scalar operator – electroweak doublet 𝜂 ∼ (𝟏, 𝟐,−1

2)

𝐿𝑁𝜂 + 𝑄𝜂𝑑 → (𝐿𝑁)(𝑄𝑑) + (𝐿𝛾𝜇𝐿)(𝑁𝛾𝜇𝑁) + (𝑄𝛾𝜇𝑄)(𝑑𝛾𝜇𝑑)

constraints from
• 𝐵𝑠 −𝐵𝑠 mixing
• lepton flavour universality in ℓ𝑖 → ℓ𝑗 + invisible

UV completion of vector operator – leptoquarks

𝑅2 ∼ (𝟑, 𝟐,−1
6)

𝑄𝑅2𝑁 → (𝑄𝛾𝜇𝑄)(𝑁𝛾𝜇𝑁)

• could generate 𝒪{𝐿𝑑}
• 𝐵𝑠 −𝐵𝑠 mixing only at 1-loop

𝑆1 ∼ (𝟑, 𝟏, 13)

𝑁𝑐𝑆1𝑑 → (𝑑𝛾𝜇𝑑)(𝑁𝛾𝜇𝑁)

• could generate 𝒪eu, 𝒪LQ(1,3), 𝒪LeQu (1,3)
• 𝐵𝑠 −𝐵𝑠 mixing only at 1-loop
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Branching ratio uncertainty Appendix
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