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B+ → K+ + DM + DM
Λb → Λ + DM + DM
K+ → π+ + DM + DM
D0 → π0 + DM + DM

Collider

see also 武雷’s talk



3

Theoretically cleanest processes in heavy flavour physics 

power corrections, e.g., QED corrections, …

 mixing 

:  ,  , … …


:  , , … …


:  ,  , … …


:  , , …

Bs,d − B̄s,d

b → u(c)ℓν̄ B → Dℓν̄ B → D*ℓν̄

b → s(d)γ B → Xsγ B → K*γ

b → s(d)ℓ+ℓ− Bs → ℓ+ℓ− B → K*ℓ+ℓ−

b → s(d)νν̄ B → Kνν̄ K → πνν̄ NOT measured yet !  
 DM DM

B → K + ν + ν̄
B → K + +

NP Effects < 𝓞(20%)
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Direct Detection (DD)

Light DM: a bottom-up view

 O’Hare, 2024

DM is electrically neutral !  DM only have FC or FCNC couplings to fermions !⟹

means related to the DM relic density

d s b

d
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Belle II

u c t
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BES/STCFDD

BES/STCF

LHC/CEPC

LHC/CEPC

LHC/CEPC

Belle II/LHC

Light DM

example: 





    

B+ → K+ + DM + DM
K+ → π+ + DM + DM
D0 → π0 + DM + DM

Cirelli, Strumia, Zupan

2406.01705

DD = Direct Detection
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Experimental Search

b → s

b → d

s → d NA62 
KOTO

Belle II 
CEPC

c → u  + inv,  + inv, … …D+ → π+ D0 → ρ0 BESIII 
STCF

DM B+ Υ(4S)
K+

B−

DM
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Experimental Search

b → s

b → d

s → d NA62 
KOTO

Belle II 
CEPC

c → u  + inv,  + inv, … …D+ → π+ D0 → ρ0 BESIII 
STCF

Belle II, 2104.12624 [PRL]

Ganiev@EPS-HEP, 23 Aug 2023/Belle II, 2311.14647 [PRD]

‣2021 Apr 
xx 

‣2023 Aug: first evidence
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Direct Detection (DD)

Light DM: a bottom-up view

 O’Hare, 2024

DM is electrically neutral !  DM only have FC or FCNC couplings to fermions !⟹
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B+ → K+ + DM + DM
K+ → π+ + DM + DM
D0 → π0 + DM + DM

Cirelli, Strumia, Zupan

2406.01705

DD = Direct Detection

future exp uncertainties: 
@Belle II with 


            @CEPC Tera-Z


future theo uncertainties: 
less than 

𝒪(20 ∼ 40%) 5ab−1

𝒪(2%)

10 %
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B+ → K+ + DM + DM
K+ → π+ + DM + DM
D0 → π0 + DM + DM

Cirelli, Strumia, Zupan

2406.01705

DD = Direct Detection

future exp uncertainties: 
@Belle II with 


            @CEPC Tera-Z


future theo uncertainties: 
less than 

𝒪(20 ∼ 40%) 5ab−1

𝒪(2%)

10 %

  It’s natural to ask: 
1. Compared to DM direct detection, what’s the advantage of hadron 

decays ？which DM scenario is more sensitive to ? Can provide 
other information ? 

2. Can we build NP model, in which hadron decays into DM reach the 
future Belle II/STCF sensitivities, while providing enough DM relic 
density and satisfying the bounds from DM direct detection ? 

3. Is it possible to obtain the flavour structure of light DM ?
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Effective Field Theory approach to combine the various experimental searches

μEW

μb

Dark SMEFT

Dark LEFT

2009  H.Zhang, Q.H.Cao, C.R.Chen, C.S.Li

2011  Kamenik, Smith

2014  Duch, Grzadkowski, Wudka

2017  Brod, Gootjes-Dreesbach, Tammaro, Zupan

2021  Criado, Djouadi, Perez-Victoria, Santiago

2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2023  Song, Sun, Yu (basis@dim-8)

2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2022  He, Ma, Valencia (basis@dim-6) 
2023  Liang, Liao, Ma, Wang  (basis@dim-8)

2020  Bauer, Neubert, Renner, Schnubel, Thamm

2023  Song, Sun, Yu (basis@dim-8)

Axion-like particle,               see also H.Y.Cheng, Phys.Rept 1988

example

example

In EFT, DM is a just singlet under the SM gauge group. 

, all the SM particlesSU(3)C ⊗ SU(2)L ⊗ U(1)Y

,  have been integrated outSU(3)C ⊗ U(1)em W, Z, h, t

μc

1 GeV
NRET/HDMET/Chiral EFT

connect to UV model

direct 
detection 

relic density

hadron decay

for light DM

2010 J.J.Fan, Reece, L.T.Wang

2011 Hill, Solon

2012 Fitzpatrick, Haxton, Katz, Lubbers, Xu

2013 Hill, Solon

2013 Anand, Fitzpatrick, Haxton

2016 Bishara, Brod, Grinstein, Zupan
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 theoretical calculation and experimental searchesH1 → H2 + DM
‣  

‣  

‣  

‣

di → dj + ϕ + ϕ

di → dj + χ + χ

di → dj + X + X

di → dj + a

2011  Kamenik, Smith

2014  Bird, Jackson, Kowalewski, Pospelov

2019  G.Li, J.Y. Su, Tandean

          , , ,

          ,  
2020  X.G. He, X.D. Ma, Tandean, Valencia

2020  C.Q.Geng, Tandean, 

2021  G. Li, T. Wang, J.B. Zhang, G.L. Wang

2022  Kling, S. Li, H. Song, S. Su, W. Su 

Λ → n + ϕϕ Σ+ → p + ϕϕ Ξ0 → Λ + ϕϕ
Ξ− → Σ−ϕϕ Ω− → Σ− + ϕϕ

K → ππ + ϕϕ

2011  Kamenik, Smith

2019  J.Y. Su, Tandean 

2020  G. Li, T. Wang, Y. Jiang, J.B. Zhang, G.L. Wang 

2021  Felkl, S. L. Li, Schmidt 

2011  Kamenik, Smith

2021  G. Li, T. Wang, J.B. Zhang, G.L. Wang  

2022  X.G. He, X.D. Ma, Valencia  

2020  Camalich, Pospelov, Vuong, Ziegler, Zupan, 

2021  Bauer, Neubert, Renner, Schnubel, Thamm   

2022  Guerrera and S. Rigolin   

‣  c → u + DM
2022  C.Q.Geng, G.Li

2023  G.Li, Tandean

‣theoretically clean:   


‣no GIM suppression


‣possibly two-body decay

A ∝ C ⋅ ⟨H1 |O |H2⟩ ⋅ DM current

ν → DM

} enhancement

HadronToNP:a package to calculate decay of hadron to new particles

B.F. Hou, X.Q.Li, H.Yan, Y.D.Yang, XBY                             to be finished 

longitudinal polarization 
FL

form factor

based on complete EFT basis (Dark LEFT)

Λb → Λ + DM + DM

see also 刘佳’s talk
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DM

: DSMEFTb → sνν̄

B+ Υ(4S)
K+

B−

DM

μEW

μb

Dark SMEFT

Dark LEFT

scalar: 4

fermion: 2

vector: 1+13

ALP: 2

scalar: 4

fermion: 5

vector: 1+10

ALP: 2

Can DSMEFT operators explain the Belle II excess, 
while satisfy other  bounds ?b → s



Dark SMEFT: Scalar

11



Dark SMEFT: Vector

12



Dark SMEFT: Fermion, ALP

13

All the operators survive from the constraints of the various FCNC decays. 
In the future, all the parameter space to explain the Belle II anomaly can be covered by combing the Belle II  
(e.g., ) and CEPC (e.g.,  and ) measurements. B0 → K0 + inv Bs → ϕ + inv Bs → inv



Dark SMEFT: dB/dq2

14

Difficult to distinguish the DSMEFT operators by considering only the  decay. However,B+ → K+νν̄



mDM = 1500 MeVDark SMEFT: , dB/dq2 FL

15

All the operators are distinguishable from each other by combing these observables
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Effective Field Theory approach to combine the various experimental searches

μEW

μb

Dark SMEFT

Dark LEFT
2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2022  He, Ma, Valencia (basis@dim-6) 
2023  Liang, Liao, Ma, Wang  (basis@dim-8)

2020  Bauer, Neubert, Renner, Schnubel, Thamm

2023  Song, Sun, Yu (basis@dim-8)

Axion-like particle,               see also H.Y.Cheng, Phys.Rept 1988

example

example

In EFT, DM is a just singlet under the SM gauge group. 

, all the SM particlesSU(3)C ⊗ SU(2)L ⊗ U(1)Y

,  have been integrated outSU(3)C ⊗ U(1)em W, Z, h, t

μc

1 GeV
NRET/HDMET/Chiral EFT

2010 J.J.Fan, Reece, L.T.Wang

2011 Hill, Solon

2012 Fitzpatrick, Haxton, Katz, Lubbers, Xu

2013 Hill, Solon

2013 Anand, Fitzpatrick, Haxton

2016 Bishara, Brod, Grinstein, Zupan

connect to UV model

direct 
detection 

relic density

hadron decay

for light DM

2009  H.Zhang, Q.H.Cao, C.R.Chen, C.S.Li

2011  Kamenik, Smith

2014  Duch, Grzadkowski, Wudka

2017  Brod, Gootjes-Dreesbach, Tammaro, Zupan

2021  Criado, Djouadi, Perez-Victoria, Santiago

2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2023  Song, Sun, Yu (basis@dim-8)



Top-flavored DM
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2013  Tongyan Lin, Kolb, Lian-Tao Wang 

2015  Kilic, Klimek, Jiang-Hao Yu 
2015  Haisch, Re 

2015  Boucheneb, Cacciapaglia, Deandrea, Fuks 

2017  Blanke, Kast 

2021  Blanke, Pani, Polesello, Rovelli 

2021  Haisch, Polesello, Schulte

2021  Hermanna, Worek

2022  Yandong Liu, Bin Yan, Rui Zhang

… …


2019  ATLAS [JHEP05(2019)142]

hadron decay direct detection

‣Dark SMEFT with 3rd generation@μEW

⟹ (t̄RγμtR)( χ̄γμχ)

μEW

μb

1 GeV

Dark SMEFT

Dark LEFT

one-loop matching

+ operators with u, d, s

⟨N |𝒪j |N⟩
+  operators𝒪(20)

⟨H2 |𝒪i |H1⟩

tt tt
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One-Loop Matching between Dark SMEFT and Dark LEFT
‣Dark SMEFT

‣Dark LEFT: hadron detection

… …

… …

… …

scalar

fermion

vector

‣Matching 

… …

… …

… …

scalar

fermion

vector

tt
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One-Loop Matching between Dark SMEFT and Dark LEFT
‣Dark SMEFT

‣Dark LEFT: direct detection

… …

… …

… …

scalar

fermion

vector

‣Matching 

… …

… …

… …

scalar

fermion

vector

tt tt

u, d, s u, d, s
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Hadron decay vs Direct detection 
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Hadron decay vs Direct detection 

1 2

mdm

10°4

10°2

100

102

104

106

D
D

/B
D

Qu¡2

Qu¬

Qq¬

Qu¬2

QuX2

1 2

mdm

10°4

10°2

100

102

104

106

D
D

/B
D

Qu¡2

Qu¬

Qq¬

Qu¬2

QuX2

Dark Side-50 CRESST-III

upper bound from direct detection 
upper bound from B FCNC decay



DM B+ Υ(4S)
K+

B−

DM

Conclusion

23

HadronToNP:a package to calculate decay of hadron to new particles  

,  ,  , , … 
,  ,  ,  , …

B → K + DM B → ρ + DM Λb → Λ + DM Υ → DM
D → π + DM D → ρ + DM Ξc → Ξ + DM J/ψ → DM

to be finished

d s b

d

s

b

NA62/KOTODD

DD

Belle II

Belle II

u c t

u

c

t

BES/STCFDD

BES/STCF

LHC/CEPC

LHC/CEPC

LHC/CEPC

Belle II/LHC

A Possible Flavour Path to Dark Matter

  It’s natural to ask: 
1. Compared to DM direct detection, what’s the advantage of 

hadron decays？which DM scenario is more sensitive to ? Can 
provide other information ? 

        Angular distribution (  ) ; top-flavored DM 

2. Can we build NP model, in which hadron decays into DM reach 
the future Belle II/STCF sensitivities, while providing enough DM 
relic density and satisfying the bounds from DM direct detection ? 

3. Is it possible to obtain the flavour structure of light DM ?

FL



Thank You !
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Backup
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Hadron decay vs Relic density and Indirect detection 



B+ Υ(4S) DMν

ν̄

K+

B− B+ Υ(4S)
K+

B−

DM

SMEFT

LEFT
μEW

μb

Dark SMEFT

Dark LEFT

Conclusion

Belle II excess (if confirmed in the future) implies:

- impossible to explain in SMEFT with MFV

- NP flavour structure is highly non-trivial

- NP structure in quark sector is beyond MFV 

- flavour violation is beyond Yukawa coupling

HadronToNP:a package to calculate decay of hadron to new particles  

,  ,  , , … 
,  ,  ,  , …

B → K + DM B → ρ + DM Λb → Λ + DM Υ → DM
D → π + DM D → ρ + DM Ξc → Ξ + DM J/ψ → DM

29

to be finished

d s b
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Belle II
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u c t

u
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LHC/CEPC

LHC/CEPC

LHC/CEPC

Belle II/LHC

A Possible Flavour Path to Dark Matter



: exp & theoryb → sνν̄

30

theoretically, simple and clean 
one of the cleanest channels in 
flavour physics

Belle II, 2104.12624 (PRL)

Ganiev@EPS-HEP, 23 Aug 2023/Belle II, 2311.14647

 

 

 (  lower bound)

ℬ(B+ → K+νν̄)SM = 4.16 ± 0.57
ℬ(B+ → K+νν̄)exp = 23 ± 7

ℬ(B+ → K+νν̄)exp ≳ 10 2σ

[10−6]‣2021 Apr 
xx 

‣2023 Aug

‣Exp vs SM 

‣Theoretical prediction 

 difference2.7σ

𝒜 ∝ CL ⋅ ⟨K | s̄γμb | B̄⟩ ⋅ ν̄γμν
Factorization

}

quark current neutrino currentWilson coef

 𝒪L = (s̄γμPLb)(ν̄γμPLν)

𝒪R = (s̄γμPRb)(ν̄γμPLν) possible in BSM

 in the SM  

 

 

𝒪L = (s̄PLb)(ν̄PLν)
𝒪R = (s̄PRb)(ν̄PRν)
𝒪T = (s̄σμνb)(ν̄σμνν)

𝒪T5 = (s̄σμνγ5b)(ν̄σμνν)
operator structure highly  
constrained by LH neutrino

NP/SM  ≳ 2

form factor: ⾼婧，李东浩，沈⽉龙, WIP（see also 李东浩’s talk）



: exp & theoryb → sνν̄
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theoretically, simple and clean 
one of the cleanest channels in 
flavour physics

 

 

 (  lower bound)

ℬ(B+ → K+νν̄)SM = 4.16 ± 0.57
ℬ(B+ → K+νν̄)exp = 23 ± 7

ℬ(B+ → K+νν̄)exp ≳ 10 2σ

[10−6]‣Exp vs SM 

‣Theoretical prediction 

 difference2.7σ

𝒜 ∝ CL ⋅ ⟨K | s̄γμb | B̄⟩ ⋅ ν̄γμν
Factorization

}

quark current neutrino currentWilson coef

 𝒪L = (s̄γμPLb)(ν̄γμPLν)

𝒪R = (s̄γμPRb)(ν̄γμPLν) possible in BSM

 in the SM  

 

 

𝒪L = (s̄PLb)(ν̄PLν)
𝒪R = (s̄PRb)(ν̄PRν)
𝒪T = (s̄σμνb)(ν̄σμνν)

𝒪T5 = (s̄σμνγ5b)(ν̄σμνν)
operator structure highly  
constrained by LH neutrino

b → s

b → d

s → d

Why such a large NP effect has not shown up  
in other  decays ? 
in ,  decays ?

b → s
b → d s → d

NP/SM  ≳ 2

form factor: ⾼婧，李东浩，沈⽉龙, WIP（see also 李东浩’s talk）



: exp & theoryb → sνν̄
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b → s

b → d

s → d

Why such a large NP effect has not shown up  
in other  decays ? 
in ,  decays ?

b → s
b → d s → d

operator structure highly  
constrained by Left-handed neutrino

SMEFT

LEFT

μEW

μb

NP flavour structure



Minimal Flavour Violation
‣Flavour symmetry without Yukawa 

‣Flavour symmetry breaking only from SM Yukawa 

‣Flavour symmetry recovering: Yukawa coupling  spurion field


‣EFT with MFV: operators, constructed from SM and Yukawa spurion fields, are invariant under CP and  

⟹

GQF

33

f(𝖠, 𝖡) = ϵ01 + ϵ1𝖠 + ϵ2𝖡 + ϵ3𝖠2 + ϵ4𝖡2 + ϵ5𝖠𝖡 + . . .

D’Ambrosio, Giudice, Isidori, Strumia, 2009 

𝖠 = YuY†
u

𝖡 = YdY†
d



Minimal Flavour Violation
‣Spurion function 

‣Cayley-Hamilton identity for  invertible matrix  

‣Spurion function after resummation


‣assumption #1: neglect tiny imaginary parts of 


‣assumption #2: neglect spurion  (suppressed by ) 

3 × 3 X

ϵi
𝖡 𝒪(λ2

d)

34

f(𝖠, 𝖡) = ϵ01 + ϵ1𝖠 + ϵ2𝖡 + ϵ3𝖠2 + ϵ4𝖡2 + ϵ5𝖠𝖡 + . . . . . .

Colangelo, Nikolidakis, Smith, 2009 

Mercolli, Smith, 2009 
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Minimal Flavour Violation
‣MFV coupling


‣Numerics 

CMFV =

ϵ01 + ϵ1Δq for d̄LγμCdL

ϵ0
̂λd + ϵ1Δq

̂λd for d̄LCdR, d̄LσμνCdR

ϵ01 for d̄RγμCdR

Δq = V† ̂λ2
uV

No Right-handed down-type FCNC !

FCNC controlled by CKM



: SMEFT with MFVb → sνν̄

36

SMEFT

LEFT

induce  interaction,

Thus, universally affect  

s̄bZ

b → se+e−, μ+μ−, τ+τ−

one LEFT  operator ! 
just the SM operator

‣Prediction 

‣prediction 

μEW

μb

forbidden by MFV

 

 

ℬ(B+ → π+νν̄)SM = (1.40 ± 0.18) × 10−7

ℬ(B+ → π+νν̄)MFV = (7.8+2.8
−2.6) × 10−7

ℬ(B+ → π+νν̄)exp < 140 × 10−7

 

 

ℬ(B0 → K*0νν̄)SM = (9.00 ± 0.87) × 10−6

ℬ(B0 → K*0νν̄)MFV = (50+17
−16) × 10−6

ℬ(B0 → K*0νν̄)exp < 18 × 10−6



: SMEFT with MFVb → sνν̄

37

‣Prediction 

‣prediction 

Belle II excess (if confirmed in the future) implies:

- impossible to explain in SMEFT with MFV

- NP flavour structure is highly non-trivial

- NP structure in quark sector is beyond MFV 

- flavour violation is beyond Yukawa coupling

This conclusion only assumes the quark MFV.

No lepton flavour structure is assumed.

 

 

ℬ(B+ → π+νν̄)SM = (1.40 ± 0.18) × 10−7

ℬ(B+ → π+νν̄)MFV = (7.8+2.8
−2.6) × 10−7

ℬ(B+ → π+νν̄)exp < 140 × 10−7

 

 

ℬ(B0 → K*0νν̄)SM = (9.00 ± 0.87) × 10−6

ℬ(B0 → K*0νν̄)MFV = (50+17
−16) × 10−6

ℬ(B0 → K*0νν̄)exp < 18 × 10−6 } Inconsistent



: SMEFTb → sνν̄

38

operator structure highly  
constrained by Left-handed neutrino

Bause, Gisbert, Hiller, 2309.00075

SMEFT

LEFT

μEW

μb

Bause, Gisbert, Hiller, 2309.00075

Allwicher, Becirevic, Piazza, Rosauro-Alcaraz, Sumensari, 2309.02246


Chen, Wen, Xu, 2401.11552 



: SMEFTb → sνν̄
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operator structure highly  
constrained by Left-handed neutrino

SMEFT

LEFT

μEW

μb

b → s

b → d

s → d

Why such a large NP effect has not shown up  
in other  decays ? 
in ,  decays ?

b → s
b → d s → d NP flavour structure



 and b → sνν̄ b → sℓℓ
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SMEFT

LEFT

induce  interaction,

Thus, universally affect  

s̄bZ

b → se+e−, μ+μ−, τ+τ−

one LEFT  operator ! 
just the SM operator

‣Prediction 

‣prediction 

‣Only  is relevant with  𝓞(3)
lq RD(*)

μEW

μb

 

 

ℬ(B0 → K*0νν̄)SM = (9.00 ± 0.87) × 10−6

ℬ(B0 → K*0νν̄)SMEFT = (50+17
−16) × 10−6

ℬ(B0 → K*0νν̄)exp < 18 × 10−6
conflict

‣  can explain the  data 

‣  also induce  and  

‣They can’t improve the  fit 

𝓞ld B+ → K+νν̄
𝓞ld O′ 9,ij O′ 10,ij

b → sℓℓ
‣  and  worsen the fit.


‣  and  with  has no effect.


‣  and  with  (i.e. LFV) has no effect.


O′ 9e O′ 10μ

O′ 9,ij O′ 10,ij i = j = τ
O′ 9,ij O′ 10,ij i ≠ j

weird (LFV,  , )ττ ≫ee μμ

O′ 9, ij = (b̄γμPRs)(ℓ̄iγμℓj)

O′ 10, ij = (b̄γμPRs)(ℓ̄iγμγ5ℓj)

SMEFT notation: , , l = (ν
e)L

q = (u
d)L

d = dR

B.F.Hou, X.Q.Li, M.Shen, Y.D.Yang, XBY, 2402.19208 
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B+ Υ(4S) DMν

ν̄

K+

: exp pictureb → sνν̄

B+ B+ Υ(4S)
K+

B+

DM

SMEFT

LEFT
μEW

μb

Dark SMEFT

Dark LEFT

2011  Kamenik, Smith

2014  Duch, Grzadkowski, Wudka

2017  Brod, Gootjes-Dreesbach, Tammaro, Zupan

2021  Criado, Djouadi, Perez-Victoria, Santiago

2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2023  Song, Sun, Yu (basis@dim-8)

2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2022  He, Ma, Valencia (basis@dim-6) 
2023  Liang, Liao, Ma, Wang  (basis@dim-8)

2020  Bauer, Neubert, Renner, Schnubel, Thamm

2023  Song, Sun, Yu (basis@dim-8)

Axion-like particle,               see also H.Y.Cheng, Phys.Rept 1988

example

example



Dark SMEFT with MFV
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‣MFV coupling


‣Numerics 

8 operators are eliminated

, ,  are connected with each other.b → s b → d s → d



Dark SMEFT with MFV: Scalar
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all the operators survive 
some ones highly constrained



Dark SMEFT with MFV: Fermion, ALP

44

Fermion Axion-like Particle

all the operators survive



Dark SMEFT with MFV: Vector

45all the operators survive, some ones highly constrained



46

Backup
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Backup
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