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Neutral B-mesons are flavor eigenstates but not mass eigenstates 
and they oscillate.
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Neutral B-mesons are flavor eigenstates but not mass eigenstates 
and they oscillate.

http://arxiv.org/abs/arXiv:1304.4741
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CP Violation in B-Meson Mixing
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Key question: are these mass eigenstates also eigenstates of CP?

|Beven
CP ⟩ = 1

2 [ |Bq⟩ − | B̄q⟩]
|Bodd

CP ⟩ = 1
2 [ |Bq⟩ + | B̄q⟩]

= |BLong⟩?

= |BShort⟩?
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The answer within the Standard Model is no: They are not the 
same as CP is violated. 



CP violation in B-Meson mixing Moriond EW  24-03-25Miguel Escudero Abenza (CERN)

CP Violation in B-Meson Mixing

3

Key question: are these mass eigenstates also eigenstates of CP?

|Beven
CP ⟩ = 1

2 [ |Bq⟩ − | B̄q⟩]
|Bodd

CP ⟩ = 1
2 [ |Bq⟩ + | B̄q⟩]

= |BLong⟩?

= |BShort⟩?

The answer within the Standard Model is no: They are not the 
same as CP is violated. 

b

b̄q̄

q

B̄q Bq

W−

W+

u, c, t ū, c̄, t̄
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ū, c̄, t̄

W− W+

t̄

t



CP violation in B-Meson mixing Moriond EW  24-03-25Miguel Escudero Abenza (CERN)

CP Violation in B-Meson Mixing

3

Key question: are these mass eigenstates also eigenstates of CP?

|Beven
CP ⟩ = 1

2 [ |Bq⟩ − | B̄q⟩]
|Bodd

CP ⟩ = 1
2 [ |Bq⟩ + | B̄q⟩]

= |BLong⟩?

= |BShort⟩?

The answer within the Standard Model is no: They are not the 
same as CP is violated. 

BSM?
Z’s, W’s, Scalars, Leptoquarks etc … see e.g. Nir 9911321
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The key quantity that measures CP violation in mixing are the 
semileptonic CP asymmetries: 
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The key quantity that measures CP violation in mixing are the 
semileptonic CP asymmetries: 

small because of 
CKM unitarity 
and because 
(mb/mt)2  is small

Standard Model
Lenz & Tetlalmatzi-Xolocotzi

1912.07621

Ad
SL|SM = (�4.7± 0.4)⇥ 10�4

As
SL|SM = (2.1± 0.2)⇥ 10�5
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Measurements
World averages 

[HFLAV]
LHCb, Belle, 

BaBar, D0

Ad
SL = (�2.1± 1.7)⇥ 10�3

As
SL = (�0.6± 2.8)⇥ 10�3
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1) Measurements are consistent with no CP violation in Mixing
2) There is a priori room for new physics [factors of 4 Bd, 20 Bs]
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Motivations to study these Asymmetries
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1) There is a priori ample room for new physics in the 
semileptonic asymmetries [factors of 4 for Bd and 20 for Bs]

Ad
SL|SM = (�4.7± 0.4)⇥ 10�4

As
SL|SM = (2.1± 0.2)⇥ 10�5

<latexit sha1_base64="W0C5nMI4f6WQUpnfqpHAThSUEAU="></latexit>

Ad
SL = (�2.1± 1.7)⇥ 10�3

As
SL = (�0.6± 2.8)⇥ 10�3
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World averages
 (HFLAV)vs:
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2) The latest reported measurement is from 2014!

World averages
 (HFLAV)vs:
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2) The latest reported measurement is from 2014!

World averages
 (HFLAV)vs:

3) There was a wave of 
theory papers studying this 
because of the “D0” 
anomaly back in 2009. 

but, what happened with 
these models after the LHC 
started?
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3) There was a wave of 
theory papers studying this 
because of the “D0” 
anomaly back in 2009. 

but, what happened with 
these models after the LHC 
started?

4) Time dependent CPV measurements of  reaching !ϕs ≃ 1∘
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5) B-Mesogenesis
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Baryogenesis
⌦DMh2 = 0.12
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nB

nγ
today

= 6 × 10−10 × Br(B → ψ + ℬ + ℳ)
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q
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Aq
SL
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Elor, Escudero & Nelson [1810.00880]
see also Nelson & Xiao [1901.08141], 
Aitken, McKeen, Nelson & Neder [1708.01259], 
Alonso-Álvarez, Elor & Escudero [2101.02706]

https://arxiv.org/abs/1810.00880
https://arxiv.org/abs/2101.02706
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Baryogenesis
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Dark Matter
and

nB/nγ |today = 6 × 10−10
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Out of equilibrium 
late time decay CP violating oscillations
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B-mesons decay into 
Dark Matter and hadrons
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today
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Elor, Escudero & Nelson [1810.00880]
see also Nelson & Xiao [1901.08141], 
Aitken, McKeen, Nelson & Neder [1708.01259], 
Alonso-Álvarez, Elor & Escudero [2101.02706]

Aq
SL ≥ + 10−4

Key: 

https://arxiv.org/abs/1810.00880
https://arxiv.org/abs/2101.02706
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Understand how large could these asymmetries be Beyond the 
Standard Model (given all known experimental data as of today). 

Clear target for Baryogenesis    Aq
SL ≥ + 10−4

Goal:
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Our Goal & Methodology

7

Procedure:

1) Explore generic modifications to B-meson mass mixing:  Mq
12

2) Explore implications of CKM non-unitarity (additional 
singlet vector-like down- and up-type quarks)

3) Consider modifications to Γq
12

Understand how large could these asymmetries be Beyond the 
Standard Model (given all known experimental data as of today). 

Clear target for Baryogenesis    Aq
SL ≥ + 10−4

Goal:
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Modifications to Mass Mixing

8

The effective 2x2 Hamiltonian describing B meson 
oscillations is given by:

ℋq = Mq − i
Γq

2 = (
Mq

11 − iΓq
11/2 Mq

12 − iΓq
12/2

M⋆q
12 − iΓ⋆q

12 /2 Mq
11 − iΓq

11/2) (assuming CPT)
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ℋq = Mq − i
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B̄q Bq

u, c, t

ū, c̄, t̄

W− W+

t̄

t

(assuming CPT)
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common decay 
modes to  
and 

B0
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The effective 2x2 Hamiltonian describing B meson 
oscillations is given by:

ℋq = Mq − i
Γq

2 = (
Mq

11 − iΓq
11/2 Mq

12 − iΓq
12/2

M⋆q
12 − iΓ⋆q

12 /2 Mq
11 − iΓq

11/2)
virtual statesM12 /

b

b̄q̄

q

B̄q Bq

W−

W+

u, c, t ū, c̄, t̄t t̄
b

b̄q̄

q

B̄q Bq

u, c, t

ū, c̄, t̄

W− W+

t̄

t

(assuming CPT)

In the presence of heavy new physics consider only 
modifications to  and assume  
and check how large can  be.

Mq
12 Γq

12 = Γq
12 |SM

Aq
SL = Im(Γq

12/Mq
12)

Mq
12 = Mq,SM

12 |Δq |eiϕΔ
q

common decay 
modes to  
and 

B0

B0

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+�12 /
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Apply for an array of BSM models: Slide courtesy of Carlos Miró
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Modifications to Mass Mixing

9

Apply for an array of BSM models:

Two-Higgs-doublet models
b

q̄

q

b̄

α = u, c, t β = u, c, tH±

e.g. S. Iguro & Y. Omura, 1802.01732

Slide courtesy of Carlos Miró

https://inspirehep.net/literature/1653444


CP violation in B-Meson mixing Moriond EW  24-03-25Miguel Escudero Abenza (CERN)

Modifications to Mass Mixing
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Apply for an array of BSM models:

Two-Higgs-doublet models
b

q̄

q

b̄

α = u, c, t β = u, c, tH±

e.g. S. Iguro & Y. Omura, 1802.01732

q

b̄ b

q̄
Z′ 

Z’s

e.g. Di Luzio, Kirk, Lenz 1712.06572 

Slide courtesy of Carlos Miró

https://inspirehep.net/literature/1653444
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Modifications to Mass Mixing
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Apply for an array of BSM models:

Supersymmetric models

e.g. R-M. Wang et al., 1102.2031

Two-Higgs-doublet models
b

q̄

q

b̄

α = u, c, t β = u, c, tH±

e.g. S. Iguro & Y. Omura, 1802.01732

q

b̄ b

q̄
Z′ 

Z’s

e.g. Di Luzio, Kirk, Lenz 1712.06572 

Slide courtesy of Carlos Miró

https://inspirehep.net/literature/889170
https://inspirehep.net/literature/1653444
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Modifications to Mass Mixing

9

Apply for an array of BSM models:

Supersymmetric models

e.g. R-M. Wang et al., 1102.2031

Two-Higgs-doublet models
b

q̄

q

b̄

α = u, c, t β = u, c, tH±

e.g. S. Iguro & Y. Omura, 1802.01732

W’s 

e.g. S. Bertolini et al., 1403.7112

q

b̄ b

q̄
Z′ 

Z’s

e.g. Di Luzio, Kirk, Lenz 1712.06572 

Slide courtesy of Carlos Miró

https://inspirehep.net/literature/889170
https://inspirehep.net/literature/1653444
https://inspirehep.net/literature/1287642
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Modifications to Mass Mixing

9

Apply for an array of BSM models:

Extra dimensions

e.g. A. Datta et al., 1011.5979

Supersymmetric models

e.g. R-M. Wang et al., 1102.2031

Two-Higgs-doublet models
b

q̄

q

b̄

α = u, c, t β = u, c, tH±

e.g. S. Iguro & Y. Omura, 1802.01732

W’s 

e.g. S. Bertolini et al., 1403.7112

q

b̄ b

q̄
Z′ 

Z’s

e.g. Di Luzio, Kirk, Lenz 1712.06572 

Slide courtesy of Carlos Miró

https://inspirehep.net/literature/878808
https://inspirehep.net/literature/889170
https://inspirehep.net/literature/1653444
https://inspirehep.net/literature/1287642
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Global Fit to the CKM matrix and the amplitude and 
phase of  and  fixing Md

12 Ms
12 Γq

12 = Γq
12 |SM
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Modifications to Mass Mixing

10

Global Fit to the CKM matrix and the amplitude and 
phase of  and  fixing Md

12 Ms
12 Γq

12 = Γq
12 |SM

Main observables/inputs:
• Tree-level CKM elements:    [PDG 24’]

• B-Meson mass differences  [PDG 24’]

• Decay constants and bag parameters  [Fermilab-MILC 1602.03560]

• Time dependent CP violation measurements in interference between 
decay and mixing:  and  [HFLAV averages] 
(penguin pollution treated with  uncertainty) 

•  and its error from

|Vud | , |Vus | , |Vub | , |Vcb | , |Vtb | , γ
|ΔMd | , |ΔMs |

f 2
Bd

BBd
, f 2

Bs
BBs

β ϕs
1∘

Γq
12 |SM

see Barel, De Bruyn, Fleischer & 
Malami [2010.14423]

Artuso, Borissov & Lenz 
[1511.09466]

but see also Gerlach, Nierste, 
Shtabovenko, Steinhauser [2205.07907]
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Modifications to Mass Mixing

10

Global Fit to the CKM matrix and the amplitude and 
phase of  and  fixing Md

12 Ms
12 Γq

12 = Γq
12 |SM

Parameters:{ |Δd | , |Δs | , ϕΔ
d , ϕΔ

s , f2
Bd

BBd
, f2

Bs
BBs

, θ12, θ13, θ23, δ}
Md

12 = Md,SM
12 |Δd |eiϕΔ

d Ms
12 = Ms,SM

12 |Δs |eiϕΔ
s

Obtain allowed ranges for  and Ad
SL As

SL

Main observables/inputs:
• Tree-level CKM elements:    [PDG 24’]

• B-Meson mass differences  [PDG 24’]

• Decay constants and bag parameters  [Fermilab-MILC 1602.03560]

• Time dependent CP violation measurements in interference between 
decay and mixing:  and  [HFLAV averages] 
(penguin pollution treated with  uncertainty) 

•  and its error from

|Vud | , |Vus | , |Vub | , |Vcb | , |Vtb | , γ
|ΔMd | , |ΔMs |

f 2
Bd

BBd
, f 2

Bs
BBs

β ϕs
1∘

Γq
12 |SM

see Barel, De Bruyn, Fleischer & 
Malami [2010.14423]

Artuso, Borissov & Lenz 
[1511.09466]

but see also Gerlach, Nierste, 
Shtabovenko, Steinhauser [2205.07907]



CP violation in B-Meson mixing Moriond EW  24-03-25Miguel Escudero Abenza (CERN)

Modifications to Mass Mixing

11

°6 °4 °2 0 2 4 6
As

SL £ 103

°6

°4

°2

0

2

A
d SL

£
10

3

SM

95% CL

World Averages 2024

LHCb [23 fb°1]

Belle II [50 ab°1]

w/o penguins

w/ penguins

°3 °2 °1 0 1 2 3
As

SL £ 103

°2

°1

0

1

A
d SL

£
10

3

SM
95% CL

LHCb [23 fb°1]

Belle II [50 ab°1]

LHCb

[300 fb°1]

w/o penguins

w/ penguins



CP violation in B-Meson mixing Moriond EW  24-03-25Miguel Escudero Abenza (CERN)

Modifications to Mass Mixing

11

°6 °4 °2 0 2 4 6
As

SL £ 103

°6

°4

°2

0

2

A
d SL

£
10

3

SM

95% CL

World Averages 2024

LHCb [23 fb°1]

Belle II [50 ab°1]

w/o penguins

w/ penguins

°3 °2 °1 0 1 2 3
As

SL £ 103

°2

°1

0

1

A
d SL

£
10

3

SM
95% CL

LHCb [23 fb°1]

Belle II [50 ab°1]

LHCb

[300 fb°1]

w/o penguins

w/ penguins

In these scenarios, the asymmetries are not large enough to be tested by 
LHC or Belle II (possibly HL-LHC) 
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In these scenarios, the asymmetries are not large enough to be tested by 
LHC or Belle II (possibly HL-LHC) 
Ranges for  and  arise primarily from the freedom from the CKM 
parameters and from time dependent CP violation measurements (and their 
potential penguin pollution specially relevant for )

Ad
SL As

SL

As
SL
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Allowing for CKM non-Unitarity

12

One of the main reasons  are small is the unitarity of 
the CKM matrix. What happens if we relax this assumption?

Aq
SL |SM
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One of the main reasons  are small is the unitarity of 
the CKM matrix. What happens if we relax this assumption?

Aq
SL |SM

Consider the addition of vector-like up-type or down-type heavy 
quarks, B or T

This requires considering additional angles and phases, 
 as well as new diagrams contributing to θ14, θ24 θ34, δ14, δ24 Mq

12
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Allowing for CKM non-Unitarity

12

One of the main reasons  are small is the unitarity of 
the CKM matrix. What happens if we relax this assumption?

Aq
SL |SM

Consider the addition of vector-like up-type or down-type heavy 
quarks, B or T

This requires considering additional angles and phases, 
 as well as new diagrams contributing to θ14, θ24 θ34, δ14, δ24 Mq

12
Result:

Not enough freedom is allowed and 
the results are similar to the general 
case of new physics in Mq

12
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Modifying decay mixing Γq
12

13

There is no generic way to modify . Two approaches: 
— EFT, see e.g. Lenz & Tetlalmatzi-Xolocotzi [1912.07621] and Bordone & Navarro [2307.07013]

— Model by model, see e.g. Crivellin & Kirk, 2309.07205 and C. Cornella et al., 2103.16558

Γq
12

https://inspirehep.net/literature/1771386
https://inspirehep.net/literature/2697642
https://inspirehep.net/literature/1854533
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Modifying decay mixing Γq
12

13

There is no generic way to modify . Two approaches: 
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We calculated the actual contributions to  in the minimal 
realization of B-Mesogenesis:
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realization of B-Mesogenesis:
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— Found that it cannot 
substantially modify  because 
the mass of Y should be at least 
500 GeV. 
— Also, the contributions to  
from the top quark should be 
somehow suppressed.

Γq
12

Mq
12

(These features seem to be generic)
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Baryogenesis parameter space from Alonso-Álvarez, Elor & Escudero [2101.02706]

https://arxiv.org/abs/2101.02706
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Conclusions
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We have exhaustively studied how large could CP violation in 
neutral B-Meson mixing be.

Explored the most generic scenario of modifications to , 
but also models with additional heavy quarks and a specific 
scenario modifying .

Mq
12

Γq
12

Generic modifications to  currently allow:Mq
12

Ad
SL = (−9.1 ± 3.6) × 10−4 As

SL = (−0.04 ± 1.21) × 10−4

and the other scenarios that we explored do not predict larger values.

Implications:
1) These numbers are below current projected sensitivity for LHC 

and Belle-II (but maybe HL-LHC or FCCee could get them)

2) The small asymmetries found put in tension the B-Mesogenesis 
mechanism 
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Experiment:
No measurements of the semileptonic asymmetries since 
2014. Totally worth doing them. Null test of the SM and/or a 
signal of non-trivial BSM physics. 

Can one exploit the large numbers of B produced in ATLAS & 
CMS?

Measurements of time dependent CP violation also crucial.
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Theory:
Can one build a model that features large asymmetries?

Penguins: they are comparable to current error bars, how can 
this error be reduced?

Experiment:
No measurements of the semileptonic asymmetries since 
2014. Totally worth doing them. Null test of the SM and/or a 
signal of non-trivial BSM physics. 

Can one exploit the large numbers of B produced in ATLAS & 
CMS?

Measurements of time dependent CP violation also crucial.
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