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Caveat
In UV complete models: strong mass suppression from heavy mediators contributing to Mq

12

Φ
b

b̄

Out of equilibrium 
late time decay

mΦ ∈ [10, 100] GeV

4 MeV ≲ T ≲ 100 MeV
BBN QCD

Bd B̄d

Bs B̄s

CP violating oscillations

Ad
SL

As
SL

Bq ψ B

Br (Bq → ψℬℳ)

+

Decays into dark matter 
and baryons

Figure adapted from 1810.00880 and 2101.02706

Dark 
antibaryon

Visible 
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Modifies  b → uiūjqNew decay b → ψ ψ̄q

 scalar boson 
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Y ∼ (3,1)−1/3
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MY )
2

|δAq
SL(ψ) | ≤ 𝒪(10−4)( 500 GeV

MY )

Stronger bounds than in the Heavy New Physics scenario 

with a general modification of Mq
12



9

Overall picture



9

0

10°5

10°4

10°3

10°2

0.1

0-10°5-10°4-10°3-10°2-0.1

0

-10°5

-10°4

-10°3

-10°2

-0.1

w

w 0 10°5 10°4 10°3 10°2 0.1

SM

As
SL

Ad
SL

Overall picture



0

10°5

10°4

10°3

10°2

0.1

0-10°5-10°4-10°3-10°2-0.1

0

-10°5

-10°4

-10°3

-10°2

-0.1

w

w

World Averages 2024

95% CL

0 10°5 10°4 10°3 10°2 0.1
As

SL

Ad
SL

SM

9

Overall picture



0

10°5

10°4

10°3

10°2

0.1

0-10°5-10°4-10°3-10°2-0.1

0

-10°5

-10°4

-10°3

-10°2

-0.1

w

w

World Averages 2024

95% CL

0 10°5 10°4 10°3 10°2 0.1
As

SL

Ad
SL

SM

Heavy NP
in Mq

12

9

Overall picture



0

10°5

10°4

10°3

10°2

0.1

0-10°5-10°4-10°3-10°2-0.1

0

-10°5

-10°4

-10°3

-10°2

-0.1

w

w

World Averages 2024

95% CL

0 10°5 10°4 10°3 10°2 0.1
As

SL

Ad
SL

SM

Belle II
[50ab°1]

LHCb
[23fb°1]

Heavy NP
in Mq

12

9

Overall picture



0

10°5

10°4

10°3

10°2

0.1

0-10°5-10°4-10°3-10°2-0.1

0

-10°5

-10°4

-10°3

-10°2

-0.1

w

w

World Averages 2024

95% CL

0 10°5 10°4 10°3 10°2 0.1
As

SL

Ad
SL

SM

Baryogenesis and Dark Matter

B
r=

0.01

B
r=

10
°

3

B
r=

10
°

4

Belle II
[50ab°1]

LHCb
[23fb°1]

Heavy NP
in Mq

12

9

Overall picture



10

Conclusions

• General modification of  can lead to  and Mq
12 Ad

SL ∼ 𝒪(10−3) As
SL ∼ 𝒪(10−4)

• Similar results with VLQ extensions inducing deviations of 3x3 CKM unitarity

• Modifications of  give much smaller enhancements in realistic UV completionsΓq
12

• -Mesogenesis in tension: small enhancements of  require larger B Aq
SL Br(Bq → ψℬℳ)

• Upcoming LHCb and Belle II searches for CP asymmetries are not expected to probe 

new regions of the parameter space in the most generic models (chance at FCC-ee…)
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Mixing parameters
Neutral B meson systems

In the absence of weak interactions,  evolves in time according to: |ψ (t)⟩ = a(t) |Bq⟩ + b(t) | B̄q⟩

ℋq = (
MBq

0

0 MBq) MBq
= ⟨Bq |ℋq |Bq⟩ = ⟨B̄q |ℋq | B̄q⟩

 is hermitianℋq

N.B. CPT invariance is 
assumed

 is the common mass of  and MBq
Bq B̄q

Once the weak interaction is considered,  and  can decay to other states (  is not hermitian anymore) and oscillate 

between themselves (  is not diagonal anymore):

Bq B̄q ℋq

ℋq

The underlying fundamental physics effects can be encoded into the matrix elements of  using the framework of 
perturbation theory (in the weak interaction ):

ℋq

ℋW

Mq
12 = ⟨Bq |ℋW | B̄q⟩ +∑

n

P
⟨Bq |ℋW |n⟩⟨n |ℋW | B̄q⟩

MBq
− En

+ …

•  transition through virtual intermediate statesΔB = 2

Γq
12 = 2π∑

n

δ(MBq
− En)⟨Bq |ℋW |n⟩⟨n |ℋW | B̄q⟩ +…

ℋq = Mq − i
Γq

2
ℋq = (

Mq
11 − iΓq

11/2 Mq
12 − iΓq

12 /2

Mq*
12 − iΓq*

12 /2 Mq
22 − iΓq

22 /2) Mq = Mq†

Γq = Γq†

• Sensitive to heavy virtual particles

• Two  transitions through real intermediate statesΔB = 1

• Sensitive to light particles with masses below MBq
∼ mb

• Decay modes common to both  and Bq B̄q
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Mixing observables
SM prediction

 in the Standard Model:Mq,SM
12

Mq,SM
12 =

G2
FM2

W

12π2
(λt

bq)2S0(xt)MBq
f 2
Bq

BBq
̂ηB

EW box 
diagrams

•  : CKM elementsλt
bq = VtbV*tq

•  :  Inami-Lim function (loop integral)S0(xt) ≃ 2.29
Matrix element dim-6 

operator (lattice) •  : B meson decay constantfBq

•  : bag parameter (deviation from VIA)BBq

•  : two-loop perturbative QCD corrections 
(renormalization scale and scheme independent)
̂ηB

Mq,SM
12 ∝ (λc

bq)2[F(c, c) − 2F(u, c) + F(u, u)] + 2λc
bqλt

bq [F(c, t) − F(u, t) − F(u, c) + F(u, u)] + (λt
bq)2[F(t, t) − 2F(u, t) + F(u, u)]

GIM cancellation GIM cancellation

q = s :    
q = d :   

O(λ4)
O(λ6)

q = s :    
q = d :   

O(λ4)
O(λ6)

q = s :    
q = d :   

O(λ4)
O(λ6)

Top dominance

ΔMSM
d = 0.535 ± 0.021 ps−1

ΔMSM
s = 18.23 ± 0.63 ps−1

b

b̄q̄

q

B̄q Bq

W−

W+

u, c, t ū, c̄, t̄

b

b̄q̄

q

B̄q Bq

u, c, t

ū, c̄, t̄

W− W+



Γq,SM
12

Mq,SM
12

= cq + aq (
λu

bq

λt
bq ) + bq (

λu
bq

λt
bq )

2

−
Γq,SM

12

Mq,SM
12

=
Γq,cc

12

M̃q,SM
12

+ 2 (
λu

bq

λt
bq )

Γq,cc
12 − Γq,uc

12

M̃q,SM
12

+ (
λu

bq

λt
bq )

2
Γq,cc

12 − 2Γq,uc
12 + Γq,uu

12

M̃q,SM
12
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Mixing observables
SM prediction

 in the Standard Model:Γq,SM
12 /Mq,SM

12

GIM cancellation GIM cancellation

Aq
SL = Im (

Γq,SM
12

Mq,SM
12 ) = aq Im (

λu
bq

λt
bq ) ∼ O(10−5)

−Γq,SM
12 = (λc

bq)2Γq,cc
12 + 2λc

bqλu
bqΓq,uc

12 + (λu
bq)2Γq,uu

12

Mq,SM
12 = (λt

bq)2M̃q,SM
12

λu
bq + λc

bq + λt
bq = 0

λu
bq

λt
bq

= {1.7 × 10−2 − 4.2 × 10−1 i, q = d
−8.8 × 10−3 + 1.8 × 10−2 i, q = s

CKM suppression CKM suppression

cd = (−49.5 ± 8.5) × 10−4

ad = (11.7 ± 1.3) × 10−4

bd = (0.24 ± 0.06) × 10−4

cs = (−48.0 ± 8.3) × 10−4

as = (12.3 ± 1.4) × 10−4

bs = (0.79 ± 0.12) × 10−4

Ad,SM
SL = (−5.1 ± 0.5) × 10−4

As,SM
SL = (0.22 ± 0.02) × 10−4

Top-dominance
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Mixing parameters and CP asymmetries
Relevant observables

Penguin “pollution”
Non-perturbative effects

 in the SM𝒪(1∘)

However, SM gluon penguin exchange diagrams may give a contribution comparable to the current experimental sensitivity:

ϕq = ϕtree
q + ϕpeng

q

Golden CP phases:

Bq

B̄q

f



due to the presence of two 
different interfering amplitudes

Γ(Bq(t) → f ) ≠ Γ(B̄q(t) → f )

Gold-plated modes 
Tree-level dominated

    with   


      with   

Bd → J/ψ KS ACP ∝ sin ϕtree
d

Bs → J/ψ ϕ ACP ∝ sin ϕtree
s

ϕtree
q ∼ arg Mq

12

Meson mass differences between the heavy and light eigenstates:

ΔMq = 2 |Mq
12 |

P. Frings, U. Nierste & M. Wiebusch, 1503.00859 
M. Z. Barel, K. De Bruyn, R. Fleischer & E. Malami, 2010.14423

https://arxiv.org/abs/1503.00859
https://arxiv.org/abs/2010.14423
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Mixing observables
Current measurements and future prospects

Projected 1  sensitivities (according to 1808.08865, 1808.10567, 2101.02706, 2406.19421):σ

Figure 5.2 from 1808.08865

δAs
SL = 10 × 10−4 [LHCb (23 fb−1) − 2025]

δAs
SL = 3 × 10−4 [LHCb (300 fb−1) − 2040]

δAd
SL = 8 × 10−4 [LHCb (23 fb−1) − 2025]

δAd
SL = 2 × 10−4 [LHCb (300 fb−1) − 2040]

δAd
SL = 5 × 10−4 [Belle II (50 ab−1) − 2035]

It has been suggested that FCC-ee could reach

 (see 2106.01259).δAs
SL ∼ 10−5

Current experimental status of mixing observables (see 2411.18639 for the latest update):

 systemBd  systemBs

ΔMExp
d = 0.5069(19) ps−1 ΔMExp

s = 17.766(6) ps−1

ΔΓExp
d

ΓExp
d

= 0.001(10) ΔΓExp
s = 0.076(4) ps−1

Ad,Exp
SL = (−21 ± 17) × 10−4 As,Exp

SL = (−6 ± 28) × 10−4

https://inspirehep.net/literature/1691586
https://inspirehep.net/literature/1692393
https://inspirehep.net/literature/1840008
https://inspirehep.net/literature/2803143
https://inspirehep.net/literature/1691586
https://inspirehep.net/literature/1866734
https://inspirehep.net/literature/2854243
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Golden CP asymmetries
Experimental world averages

 systemBd  systemBs

sin ϕExp
d = 0.708 ± 0.011 ϕExp

s = − 0.052 ± 0.013

 , ,  . . .Bd → J/ψKS/L Bd → ψ (2S)KL Bd → χc1KS
 , ,  . . .Bs → J/ψ ϕ Bs → ψ (2S) ϕ Bs → D+

s D−
s

Plot from LHCb seminar June 13, 2023 Plot from 2411.18639

https://indico.cern.ch/event/1281612/
https://inspirehep.net/literature/2854243
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Golden CP asymmetries
Penguin pollution

Bs → J/ψ ϕ

Figures extracted from M. Artuso, G. Borissov & A. Lenz, 1511.09466

V*cb

Vcs

V*αb Vαs

Bd → J/ψ KS

Figure extracted from N. Tunning, “Lecture notes on CP violation”

V*cb

https://inspirehep.net/literature/1407152
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Golden CP asymmetries
Penguin pollution

 systemBs  systemBd
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BSM scenarios
Experimental and theoretical constraints

Parameters 
 ,  

 ,  

 ,  

 ,  ,  , 

|Δs | |Δd |
ϕΔ

s ϕΔ
d

f 2
Bs

BBs
f 2
Bd

BBd

θ12 θ13 θ23 δ

Lattice QCD 
 , f 2

Bs
BBs

f 2
Bd

BBd

CKM 
, ,

, , 

|Vud | |Vus |
|Vub | |Vcb | γ

Leptonic 
asymmetries 

 , As
SL Ad

SL

Golden CP 
phases 

 , ϕs sin ϕd

Mass 
differences 

 , ΔMs ΔMd

Taking our model-independent analysis (assuming that heavy NP only enters in ) as a benchmark:Mq
12

+  constraint 

in VLQ extensions

|Vtb |

• Meson mass differences: ΔMq = ΔMSM
q |Δq |

• Golden CP asymmetries: 


Penguin pollution, , summed in 
quadrature with experimental error

ϕq = ϕSM
q + ϕΔ

q

𝒪(1∘)

• CKM mixing:

3x3 CKM unitarity is implicit in the PDG 

parametrization: 


In our VLQ extensions, the CKM mixing 
is embedded in 4x4 unitary matrix: 




In VLQ extensions, constraint 

must be included

{θ12, θ13, θ23, δ}

{θ12, θ13, θ23, θ14, θ24, θ34, δ, δ14, δ24}

|Vtb |

With penguin 
pollution

• Heavy quark:  to avoid direct 

lower bounds (production and decay)

mT > 1.6 TeV
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BSM scenarios
Vector-like quark contributions to mass mixing Mq

12

In UVLQ models:

Mq,UVLQ
12

Mq,SM−like
12

= 1 +
λT

bq

λt
bq

Cup
1 (xt, xT)
S0(xt)

+ (
λT

bq

λt
bq )

2
Cup

2 (xT)
S0(xt)

• Dependence on heavy  quark mass T mT

• New contributions: proportional and quadratic in 
the deviation of unitarity λT

bq

In DVLQ models:

Mq,DVLQ
12

Mq,SM−like
12

= 1 +
(DL)qb

λt
bq

Cdown
1 (xt)
S0(xt)

+ (
(DL)qb

λt
bq )

2
Cdown

2

S0(xt)

• No dependence on heavy quark masses.

• New contributions: proportional and quadratic in 
the deviation of unitarity (DL)qb

Cdown
1 (xt) = − 4Y(xt)

Cdown
2 =

2 2π2

GFM2
W

Cup
1 (xt, xT) = 2S0(xt, xT)

Cup
2 (xT) = S0(xT)

S0(x, y) = xy[ −
3

4(1 − x)(1 − y)
+ (1 − 2x +

x2

4 ) ln x
(1 − x)2(x − y)

+ (1 − 2y +
y2

4 ) ln y
(1 − y)2(y − x) ]

S0(x) ≡ lim
y→x

S0(x, y) =
x

(1 − x)2 [1 −
11x
4

+
x2

4
−

3x2 ln x
2(1 − x) ]

Loop functions:

Y(x) =
x

4(x − 1) [x − 4 +
3x ln x
x − 1 ]
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BSM scenarios
New Physics in decay mixing Γq

12

I) Channels that are common to both  and  that can still accommodate new physics effects through  operators 

(see e.g., A. Lenz & G. Tetlalmatzi-Xolocotzi, 1912.07621, and M. Bordone & M. Fernández Navarro, 2307.07013 for 
model-independent bounds on these operators) 

Bq B̄q ΔB = 1

  ( )b → uiūjq ui = u, c b → ττs

• Qs,cc
2 = (c̄α

Lγμbα
L )(s̄β

Lγμcβ
L ) ⟶ |As

SL | ≲ 2 × 10−3

• |As
SL | ≲ 10−3• Qd, cc

1 = (c̄β
Lγμbα

L )(d̄α
Lγμcβ

L ) ⟶ |Ad
SL | ≲ 2 × 10−3

• Large hadronic uncertainties

• Be careful with rare processes:  , b → qγ b → qℓℓ

• Final state particles hard to detect

• Br(Bs → ττ) < 6.8 × 10−3

e.g. scalar diquark  ϕ ∼ (3,1)−1/3 e.g. vector leptoquark  Uμ
1 ∼ (3,1)2/3

A. Crivellin & M. Kirk, 2309.07205

As
SL ≈ − 4 × 10−5

C. Cornella et al., 2103.16558

As
SL ≲ 10−5

https://inspirehep.net/literature/1771386
https://inspirehep.net/literature/2677298
https://inspirehep.net/literature/2697642
https://inspirehep.net/literature/1854533
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BSM scenarios
Minimal realization of B-Mesogenesis

Interactions involving a color triplet scalar  with hypercharge  and a dark antibaryon Y −1/3 ψ

b

b̄q̄

q

B̄q Bq

Y

Y

ψ ψ

ℒ = − ∑
k

yψdk
Ydc

kRψ̄ −∑
i, j

yuidj
Y⋆ūiRdc

jR + h . c .

Modifies  b → uiūjqNew decay b → ψ ψ̄q

 scalar boson 

 dark sector antibaryon

Y ∼ (3,1)−1/3

ψ

 MY > 500 GeV

mψ ≲ mb /2

Γq,NP
12 (ψ) = −

f 2
Bq

MBq

256π

yψqy*ψbm2
b

M4
Y (1 −

2
3

m 2
ψ

m2
b ) 1 − 4

m 2
ψ

m2
b

Mq,NP
12 (ψ) =

f 2
Bq

MBq

384π2

yψqy*ψb

M2
Y

G(xψY)

G(x) =
1 + x

(1 − x)2
+

2x ln x
(1 − x)3

xαβ =
m2

α

m2
β

|yψdyψb | < (2 − 4) × 10−2 MY

1.5 TeV

|yψsyψb | < (1 − 2) × 10−1 MY

1.5 TeV

 constraint:ΔMq
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BSM scenarios
Minimal realization of B-Mesogenesis

Interactions involving a color triplet scalar  with hypercharge  and a dark antibaryon Y −1/3 ψ

Γq,NP
12 (ψ) =

f 2
Bq

MBq

384π2 ∑
i, j=u,c

π λ(m2
b , m2

i , m2
j )

m2
b

× [(VibV ⋆
jqyiqy⋆

jb)
mimj

M2
W M2

Y
8g2

W + (yiqy⋆
ibyjqy⋆

jb)
m2

b

12M4
Y

(8gij
2 − 5gij

3 )]
Dominant contribution:  channelcc

Mq,NP
12 (ψ) = −

f 2
Bq

MBq

384π2 ∑
i, j=u,c,t [(VibV ⋆

jqyiqy⋆
jb)

mimj

M2
W M2

Y
g2

W f ij
1 − (yiqy⋆

ibyjqy⋆
jb)

1
M2

Y
f ij
2 ]

Dominant contribution: t t

f ij
1 (xiW, xjW, xiY , xjY , xWY ) =

xiW(xiW − 4)ln xiY

(xiW − 1)(xiY − 1)(xiW − xjW)
+

xjW(xjW − 4)ln xjY

(xjW − 1)(xjY − 1)(xjW − xiW)
−

3 ln xWY

(xiW − 1)(xjW − 1)(xWY − 1)

f ij
2 (xiY , xjY ) =

1
(xiY − 1)(xjY − 1)

+
x2

iY ln xiY

(xiY − xjY )(xiY − 1)2
+

x2
jY ln xjY

(xjY − xiY )(xjY − 1)2

gij
2 (m2

b , m2
i , m2

j ) = −
λ(m2

b , m2
i , m2

j )
m4

b
gij

3 (m2
b , m2

i , m2
j ) =

2(m4
b − 2m4

i − 2m4
j + m2

b m2
i + m2

b m2
j + 4m2

i m2
j )

m4
b

 :  weak couplinggW SU(2)L

xαβ =
m2

α

m2
β

λ(x, y, z) = x2 + y2 + z2 − 2x y − 2xz − 2yz

b

b̄q̄

q

B̄q Bq

Y

Y

u, c, t u, c, t

b

b̄q̄

q

B̄q Bq

Y

W

u, c, t u, c, t

b

b̄q̄

q

B̄q Bq

W

Y

u, c, t u, c, t

ℒ = − ∑
k

yψdk
Ydc

kRψ̄ −∑
i, j

yuidj
Y⋆ūiRdc

jR + h . c .

Modifies  b → uiūjqNew decay b → ψ ψ̄q

 scalar boson 

 dark sector antibaryon

Y ∼ (3,1)−1/3

ψ

 MY > 500 GeV

mψ ≲ mb /2

|ycdycb | < (2 − 4) × 10−2 MY

1.5 TeV

|ycsycb | < (1 − 2) × 10−1 MY

1.5 TeV

 constraint:ΔMq
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BSM scenarios
Minimal realization of B-Mesogenesis

Fig. 1 from G. Alonso-Álvarez, G. Ellor & M. Escudero, 2101.02706

https://inspirehep.net/literature/1840008
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BSM scenarios
Some examples

There is a plethora of models that induce modifications on mixing observables, e.g.:

Extra dimensions

A. Datta et al., 1011.5979

Supersymmetric models

R-M. Wang et al., 1102.2031

Two-Higgs-doublet models

b

q̄

q

b̄

α = u, c, t β = u, c, tH±

S. Iguro & Y. Omura, 1802.01732

Left-right symmetric models

S. Bertolini et al., 1403.7112

q

b̄ b

q̄
Z

Additional fermions

We will explore this framework…

https://inspirehep.net/literature/878808
https://inspirehep.net/literature/889170
https://inspirehep.net/literature/1653444
https://inspirehep.net/literature/1287642

