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• Here you can see the CKM constraints, the main ones we will look at:


• Δms/d B(s) oscillation frequencies (loop level).


• sin(2β) from CPV in B0—>J/ψKs0 (loop level)


• 𝛾 from B—>Dh decays (tree level). 


• |Vub|/|Vcb| from semileptonic decays (tree level).


• Then we will go into some direct CPV (including charm physics).
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Reminder:Oscillations (mixing)
• Meson oscillations occur when the mass eigenstates are not equal to the flavour eigenstates.
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• Physical states propagate as a superposition of flavour eigenstates.

• Get oscillations in all neutral meson systems.
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• The oscillation frequency is related 
to the CKM elements involved in the 
mixing diagrams.


• Measurements of meson oscillations 
is sensitive to new physics.

Mika Vesterinen

Neutral meson mixing

• Time evolution from Schrodinger’s equation:

• With “heavy” and “light” mass eigenstates:

• Which can have different masses and decay widths

• Probability to find B at time t in a B beam:
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Oscillations as a tool for CPV
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• Oscillations give access to CP violation in two ways:


• They provide a second path for a meson to decay into a 
particular final state (interference between mixing and 
decay).


• You can get CPV in oscillations themselves via the 
interference between two contributions of the mixing 
amplitude.
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Manifestations of  CP violation
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CP violating observables 
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Mixing phenomenology

beauty (Bd) beauty (Bs)

Lifetimes Lifetimes

B0 B0 ?
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in mixing
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The measurement of sin(2β)
• The measurement of sin(2β) is a CPV measurement in the interference between mixing and decay.


• ‘Golden mode’ is the decay 
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• A cleaner way to measure CPV is in the interference between mixing and decay 
amplitudes.

CPV in mixing and decay

• ‘Golden mode’ is the decay                         

• Why? Both a B0 and B0 can decay into the same final state.

• You can then get interference between mixing and decay amplitudes.

B0 ! J/ K0
s
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• A cleaner way to measure CPV is in the interference between mixing and decay 
amplitudes.

CPV in mixing and decay

• ‘Golden mode’ is the decay                         

• Why? Both a B0 and B0 can decay into the same final state.

• You can then get interference between mixing and decay amplitudes.

B0 ! J/ K0
s
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• A cleaner way to measure CPV is in the interference between mixing and decay 
amplitudes.

CPV in mixing and decay

• ‘Golden mode’ is the decay                         

• Why? Both a B0 and B0 can decay into the same final state.

• You can then get interference between mixing and decay amplitudes.
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• A cleaner way to measure CPV is in the interference between mixing and decay 
amplitudes.

CPV in mixing and decay

• ‘Golden mode’ is the decay                         

• Why? Both a B0 and B0 can decay into the same final state.

• You can then get interference between mixing and decay amplitudes.
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•  Golden mode B0àJ/Ψ Ks
0 

•  Time dependent asymmetry measurement: 

• Here is the signal yield asymmetry as measured by LHCb as a function of the decay 
time.

• The tricky part is to determine the flavour of the B0. 

Time dependent fit
!

• Fit asymmetry as a function 
of the B decay time.
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•  Golden mode B0àJ/Ψ Ks
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•  Time dependent asymmetry measurement: 

• Here is the signal yield asymmetry as measured by LHCb as a function of the decay 
time.

• The tricky part is to determine the flavour of the B0. 

Time dependent fit
!

• Fit asymmetry as a function 
of the B decay time.
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• Here is the signal yield asymmetry as measured as a function of the decay time.
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• The idea to measure the asymmetry between a B0 and B0 decaying into the same 
final state.
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•  Golden mode B0àJ/Ψ Ks
0 

•  Time dependent asymmetry measurement: 

• Here is the signal yield asymmetry as measured by LHCb as a function of the decay 
time.

• The tricky part is to determine the flavour of the B0. 

Time dependent fit
!

• Fit asymmetry as a function 
of the B decay time.
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• Result consistent with BaBar 
and Belle measurements. 

• LHCb now competitive with 
B-factory precision.

LHCb-PAPER-2015-004

Precise determination of |Vub| 
using the decay Λb

0->pµν

Patrick Owen, 
on behalf of the LHCb collaboration

24/03/15

CERN LHC seminar 

LHCb-PAPER-2015-013, in preparation preliminary

• As with the oscillation frequency, the tricky part is to determine the flavour of the B meson.

Phys. Rev. Lett. 115 (2015) 031601

https://doi.org/10.1103/PhysRevLett.115.031601
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• One can relate sin(2β) to the CKM elements of the diagrams involved.

sin(2β) and the unitarity triangle

• Measuring sin(2β) is therefore a crucial part of validating the unitarity of the CKM matrix.


• It was the B factories first measurements of this which lead to the 2008 Nobel prize for Kobayashi 
and Maskawa.

Physics at LHCb - KT2 guest lecturePatrick Owen

sin(2β) and the unitarity triangle 
• One can relate sin(2β) to the CKM elements of the diagrams involved.

• The β is the same angle as in the 
unitarity triangle!

• Measuring sin(2β) and comparing it to other measurements can shed light on 
possible new physics. 

• At the moment is the consistency is reasonably good.

Unitarity Triangle II

Stephanie Hansmann-Menzemer – p.6/24γ
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• The β is the same one as in the unitarity triangle!
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• Both the oscillation frequency and sin(2β) are highly sensitive to NP, but need tree level 
constraints to compare to - turns out these are less precise than the loop level 
measurements.

Tree level constraints

• There is therefore a huge motivation to improve these constraints to provide a more precise SM 
benchmark for the NP sensitive (loop-level) measurements.

• Heres the UT constraints for only tree level 
decays from 2010: Plenty of room for NP to hide!
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Measuring the CKM angle 𝛾

8

• The CKM angle 𝛾 is given by, which is the phase of Vub.

September 2019
Flavour physics                                                    
Guy Wilkinson 50

‘The’ Unitarity Triangle
Three complex vectors sum to zero

→ triangle in Argand plane

(φ2, φ1 & φ3 alternative notation)

Expressions for angles:

Upper vertex:

• Access this phase through the interference between Vcb and Vub decay amplitudes.

• Anyone notice possible complication here?

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

Vcb

Vub

• As the CKM phase is CP violating, the CP asymmetry of these decays is sensitive to the angle.

• One decays into a D, the other into a D.
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The GLW method

9

• Simplest way to get 𝛾 is to reconstruct the D mesons in CP eigenstates, known as the GLW method.

• Then you still get interference even if one gives a D and the other a D.

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

• The CP asymmetry is then sensitive to 𝛾 by:

rB: ratio of Vub and Vcb decay amplitude magnitudes. δB the strong phase difference between the two.

• Good D decay candidates? D—>ππ and D—>KK pretty good - fully charged final states.
Figure 3: Invariant-mass distribution of B± ! [K⌥⇡±]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.
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Figure 4: Invariant-mass distribution of B± ! [K+K�]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.

8

• CP violation quite large (~15%), but is there any way to enhance it further?

ARXIV:2012.09903 

CKM angle ɣ

05/07/2017 97

4. CKM angle � 29/77

Methods to measure �

Reconstruct the D
0/D0 in a final state accesible to both to acheieve interference

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

I GLW method
I CP eigenstates e.g. D ! KK
I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

I ADS method
I CF or DCS decays e.g. D ! K⇡
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

I GGSZ method

I 3-body final states e.g. D ! K 0
S⇡⇡

I Giri, Grossman, So↵er, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

Matthew Kenzie (Cambridge) Neckarzimmern B Physics Workshop Measuring the CKM angle �

http://arxiv.org/abs/2012.09903
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The ADS method

10

• Counterbalance suppression of the two amplitudes by reconstructing the D0 meson into K+π-

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.
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important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes
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, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

Vcb

Vub
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! K+⇡�

DCS

CF

CP violation in the B system 33

Such analyses have been performed by LHCb with the D ! ⇡+⇡�⇡0, K+K�⇡0 [188]

and ⇡+⇡�⇡+⇡� [185] decays. An earlier analysis with B±
! [⇡+⇡�⇡0]D K± decays by

BaBar [189] had noted the dominantly CP -even nature of the final state and measured

ACP , whilst also using this information in an amplitude analysis.

• The asymmetry of Eq. (26) can be largest when rD ⇠ rB. Therefore, it is particularly

interesting to use doubly-Cabibbo-suppressed D decays, such as D0
! K+⇡� for

which rD ⇠ 0.06 [12], which is known as the ADS method [190, 191]. The fact that

the B�
! [K+⇡�]D K� final state involves only charged tracks makes this channel

accessible to several experiments [185,192–194]. The world average is [12]

ACP (B
�
!

⇥
K+⇡�⇤

D
K�) = �0.41± 0.06 , (29)

representing a significant CP violation e↵ect in this mode.

• Multibody doubly-Cabibbo-suppressed D decays can be used in an extension of

the ADS method [191].k Similarly to the quasi-GLW method, additional hadronic

parameters are introduced in a modified version of Eq. (26),

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (30)

where the coherence factor  quantifies the dilution of the asymmetry due to

interference between di↵erent resonances in the multibody final state (0 <  < 1).

The parameters rD and �D also become e↵ective parameters, averaged over the

phase space of the decay. Multibody ADS analyses have been performed by BaBar,

Belle and LHCb for B�
! [K+⇡�⇡0]D K� decays [188, 195, 196] and by LHCb for

B�
! [K+⇡�⇡+⇡�]D K� decays [185].

• In the case of D decay to a multibody self-conjugate final state that is not dominated by

one CP eigenstate, the distribution of decays over the phase space provides additional

sensitivity to �. The study of this distribution can be performed either with an

amplitude model for the D decay or model-independently; either approach is referred

to as the GGSZ method [197,198]. In the former case, the choice of amplitude model

results in a systematic uncertainty that is hard to quantify. In the model-independent

analysis the phase space (described by a Dalitz plot in the case of three-body decays)

is binned, and the method requires knowledge of the average cosine and sine of the

strong phase di↵erence between amplitudes for D0 and D0 decays to points within each

bin [197,199,200]. Such knowledge can be obtained from  (3770) ! DD samples, with

results available from CLEOc [201, 202]. The limited precision of these measurements

leads to a systematic uncertainty on � which, however, often appears as part of

the statistical error since it is experimentally convenient to constrain these hadronic

parameters within uncertainties through a Gaussian penalty term in the likelihood

function used in the fits.

The GGSZ method gives good sensitivity to � as it combines the strong features of

the GLW and ADS approaches in channels with relatively large yields available. For

k Since Ref. [191] describes the use of multibody D decays, this is considered part of the ADS method
rather than a “quasi-ADS” approach.

• As rD and rB  are of similar size, this maximises the CP asymmetry - look at the difference here!
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Figure 3: Invariant-mass distribution of B± ! [K⌥⇡±]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.

Figure 4: Invariant-mass distribution of B± ! [K+K�]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.
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to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

I GLW method
I CP eigenstates e.g. D ! KK
I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

I ADS method
I CF or DCS decays e.g. D ! K⇡
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

I GGSZ method

I 3-body final states e.g. D ! K 0
S⇡⇡

I Giri, Grossman, So↵er, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

Matthew Kenzie (Cambridge) Neckarzimmern B Physics Workshop Measuring the CKM angle �

http://arxiv.org/abs/2012.09903


The Dalitz plot

11

• Consider the three body decay B->abc. If the decay products are spin-0, then the phase-space of 
the decay is entirely described by two mass combinations mab2 and mac2.

Introduction 

•  Named after R. H. Dalitz 
•  Originally used for 3 body* decays of the τ meson 
•  This τ meson is just the charged kaon 
•  Idea is simple - two dimensional scatter plot 
•  All particles are** (pseudo)scalars – spin 0 

08/02/2016 2 

* Multibody (>3) decays can be done 
with amplitude analysis… 
**Particles with non zero spin can be 
included in amplitude analysis… 

Interference!paVern!

20/11/2014! Ds!spectroscopy!at!LHCb! 20!

Toy!simula?on!of!Ds!⟶!K+!K−!π+!

The Dalitz plot 

08/02/2016 4 
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Figure 1.5: D+
! K

�
K

+
⇡
+ Dalitz plot where the vertical band is from the decay

D
+
! K

+
K̄

⇤(892)0 with K̄
⇤(892)0 ! K

�
⇡
+ and the horizontal band from D

+
!

�(1020)⇡+ with �(1020) ! K
+
K

� events. Reproduced from Ref. [26].

the conservation of energy and momentum, and it may be shown that:

M
2
B +M

2
a +M

2
b +M

2
c = m

2
ab +m

2
ac +m

2
bc, (1.40)

where Mx is the mass of particle x. Equation 1.40 shows that for a three-body final

state there are three pairs of invariant masses that may be used as axes on a Dalitz

plot. Three Dalitz plots may be defined from these,
�
m

2
ab
,m

2
ac

�
,
�
m

2
ab
,m

2
bc

�
and

�
m

2
ac,m

2
bc

�
. One of these definitions is then chosen based upon the physics being

studied.

The boundary of the Dalitz plot seen in Fig 1.5 shows the kinematically

allowed region. The diagonal Dalitz plot boundary, close to the LHCb label, is

actually the third axis m
2
K+⇡� . Diagonal bands that appear on Dalitz plots corre-

spond to a resonance on the third axis. The bands, that correspond to resonances,

in Fig. 1.5 also appear to have structure. The type of band produced by a reso-

nance is related to the angular momentum of the state. Scalar resonances produce

a single band without further structures. Vector resonances produce a band with

a two lobe structure, as seen in Fig. 1.5. Tensor resonances produce bands with

three lobe structure. This derives from the conservation of angular momentum of

the resonance to the daughter particles.

To determine phase information a fit must be performed over the Dalitz plot

to extract the resonant structures seen in the plot. The most common way to form

18

• Two-dimensional scatter plot then encodes the entire decay kinematics.

• Resonances then show up as bands on this plot.


• Spin structure determines shape across these bands.


• Dip in the middle classic signature for spin 1 resonance.
<latexit sha1_base64="GnuySoZVlPYEsekO0lF6oU0LGSs=">AAACAXicdVBLSwMxGMzWV62vqhfBS7AIFbFkS+3jVvQieKlgH9BdSzZN29DsgyQrlKVe/CtePCji1X/hzX9jtl1BRQcShpnvI5lxAs6kQujDSC0sLi2vpFcza+sbm1vZ7Z2W9ENBaJP43BcdB0vKmUebiilOO4Gg2HU4bTvj89hv31Ihme9dq0lAbRcPPTZgBCst9bJ7VjBieRMV0ZGlfHh5Ex1P9XUy7WVzqFA5NVG5BlEBzRCTGqpUy9BMlBxI0Ohl362+T0KXeopwLGXXRIGyIywUI5xOM1YoaYDJGA9pV1MPu1Ta0SzBFB5qpQ8HvtDHU3Cmft+IsCvlxHX0pIvVSP72YvEvrxuqQdWOmBeEinpk/tAg5FBnjeuAfSYoUXyiCSaC6b9CMsICE6VLy+gSvpLC/0mrWDDLhdJVKVc/S+pIg31wAPLABBVQBxegAZqAgDvwAJ7As3FvPBovxut8NGUkO7vgB4y3T0U+lYg=</latexit>

�(1020) ! K+K�
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K⇤(892) ! K+⇡�

• The next method is known as the BPGGSZ method, and uses the Dalitz plot technique:



Why is it important for CPV?

12

• If the system is fully described by this plot, then overlapping resonances will interfere with each 
other.


• This again provides us with two paths in which to be sensitive to CPV in the decay amplitude.

• Two approaches. 


• Model independent: Bin the Dalitz plot and calculate ACP.


• Little model dependence.


• Difficult to interpret, lose sensitivity.

ARXIV:1408.5373 

• Model dependent: Bin the Dalitz plot and calculate ACP.


• Can interpret causes of ACP, get maximum sensitivity.


• Dependent on hadronic model (e.g. isobar model).

ARXIV:1909.05211 

http://arxiv.org/abs/1408.5373
http://arxiv.org/abs/1909.05211
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The BPGGSZ method

13

• Always get parameter of interest 𝛾 with strong phase differences 𝛿B/D, leading to multiple solutions .

• There are other methods as well (GLS, quasi-GLW .. ). For more details I recommend this review

• Can break this by reconstructing the D meson in a three body final state such as Ksππ.

• D0—> Ksππ contains contributions from both singly and double cabibbo suppressed combinations.

• Variation across Dalitz plot allows for more sensitivity and also to 
break degeneracy with hadronic nuisance parameters.

CP violation in the B system 33

Such analyses have been performed by LHCb with the D ! ⇡+⇡�⇡0, K+K�⇡0 [188]

and ⇡+⇡�⇡+⇡� [185] decays. An earlier analysis with B±
! [⇡+⇡�⇡0]D K± decays by

BaBar [189] had noted the dominantly CP -even nature of the final state and measured

ACP , whilst also using this information in an amplitude analysis.

• The asymmetry of Eq. (26) can be largest when rD ⇠ rB. Therefore, it is particularly

interesting to use doubly-Cabibbo-suppressed D decays, such as D0
! K+⇡� for

which rD ⇠ 0.06 [12], which is known as the ADS method [190, 191]. The fact that

the B�
! [K+⇡�]D K� final state involves only charged tracks makes this channel

accessible to several experiments [185,192–194]. The world average is [12]

ACP (B
�
!

⇥
K+⇡�⇤

D
K�) = �0.41± 0.06 , (29)

representing a significant CP violation e↵ect in this mode.

• Multibody doubly-Cabibbo-suppressed D decays can be used in an extension of

the ADS method [191].k Similarly to the quasi-GLW method, additional hadronic

parameters are introduced in a modified version of Eq. (26),

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (30)

where the coherence factor  quantifies the dilution of the asymmetry due to

interference between di↵erent resonances in the multibody final state (0 <  < 1).

The parameters rD and �D also become e↵ective parameters, averaged over the

phase space of the decay. Multibody ADS analyses have been performed by BaBar,

Belle and LHCb for B�
! [K+⇡�⇡0]D K� decays [188, 195, 196] and by LHCb for

B�
! [K+⇡�⇡+⇡�]D K� decays [185].

• In the case of D decay to a multibody self-conjugate final state that is not dominated by

one CP eigenstate, the distribution of decays over the phase space provides additional

sensitivity to �. The study of this distribution can be performed either with an

amplitude model for the D decay or model-independently; either approach is referred

to as the GGSZ method [197,198]. In the former case, the choice of amplitude model

results in a systematic uncertainty that is hard to quantify. In the model-independent

analysis the phase space (described by a Dalitz plot in the case of three-body decays)

is binned, and the method requires knowledge of the average cosine and sine of the

strong phase di↵erence between amplitudes for D0 and D0 decays to points within each

bin [197,199,200]. Such knowledge can be obtained from  (3770) ! DD samples, with

results available from CLEOc [201, 202]. The limited precision of these measurements

leads to a systematic uncertainty on � which, however, often appears as part of

the statistical error since it is experimentally convenient to constrain these hadronic

parameters within uncertainties through a Gaussian penalty term in the likelihood

function used in the fits.

The GGSZ method gives good sensitivity to � as it combines the strong features of

the GLW and ADS approaches in channels with relatively large yields available. For

k Since Ref. [191] describes the use of multibody D decays, this is considered part of the ADS method
rather than a “quasi-ADS” approach.
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first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

I GLW method
I CP eigenstates e.g. D ! KK
I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

I ADS method
I CF or DCS decays e.g. D ! K⇡
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

I GGSZ method

I 3-body final states e.g. D ! K 0
S⇡⇡

I Giri, Grossman, So↵er, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

Matthew Kenzie (Cambridge) Neckarzimmern B Physics Workshop Measuring the CKM angle �

https://arxiv.org/abs/1607.06746
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𝛾 combination

14

• Several measurements with shared parameters and similar uncertainties - combination mandatory.

• Statistically complicated, e.g. sensitivity depends on central value of rB.


• Both Frequentist and Bayesian approaches used and compared.

26/07/2021

• Results 
• First simultaneous fit for charm and beauty parameters

Table 4: Confidence intervals and central values for � when splitting the combination inputs by
initial B meson species.

Species Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

B+ [�] 61.7 +4.4
�4.8 [56.9, 66.1] +8.6

�9.5 [52.2, 70.3]

B0 [�] 82.0 +8.1
�8.8 [73.2, 90.1] +17

�18 [64, 99]

B0
s [�] 79 +21

�24 [55, 100] +51
�47 [32, 130]

Figure 3: Two dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the � and |q/p| parameters. The blue contours show the current charm world
average from Ref. [14], the green contours show the result of this combination. Contours are
drawn out to 5� and contain 68.3%, 95.4%, 99.7%, etc. of the distribution.

The relative impact of systematic uncertainties on the input observables is studied, and259

found to contribute approximately 1.4� to the result for �, demonstrating this combination260

is still in the regime of statistical dominance. Correlations between systematic uncertainties261

from statistically independent measurements are currently neglected.262

In previous combinations, the experimental input from B0
! D⌥⇡± decays was263

included with an external theoretical prediction of rD
⌥⇡±

B0 = 0.0182 ± 0.0038 [33]. This264

prediction requires a modest assumption of SU(3) symmetry, and was the only theory265

input in an otherwise purely experimental measurement. This external input is no longer266

used, and the combination gives an experimental determination of rD
⌥⇡±

B0 = 0.030+0.014
�0.012.267

This is in good agreement with the theory based prediction and provides confidence that268

the assumption of SU(3) symmetry is valid within the current precision. Note that this269

change has a negligible impact on the determination of other parameters.270

5 Conclusion271

In summary, a combination of LHCb measurements sensitive to � and charm mixing, along272

with auxiliary information from other experiments, is performed for the first time. This273

10

Headline results
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Observables: 151 
Parameters: 52 
Fit probability: 67%
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Figure 5: Profile likelihood contours for the components which contribute towards the charm part
of the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations of
modes. The contours shown are the two-dimensional 1� and 2� contours which correspond to
the areas containing 68.3% and 95.4% of the distribution.
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Figure 6: One dimensional 1� CL distribution for � from all inputs used in the combination.

x = (4.0±0.5)⇥10�3 and y = (6.3±0.3)⇥10�3, which are the most precise measurements253

to date including a factor of two improvement for the latter.254

11

LHCb-CONF-2021-001

xD = (4.00+0.52
−0.53) × 10−3 , yD = (6.30+0.33

−0.30) × 10−3

xD = (4.09+0.48
−0.49) × 10−3, yD = (6.15+0.56

−0.55) × 10−3World average (HFLAV)

Preliminary Preliminary

Preliminary

• Recent update brings uncertainty down to 4 degrees - 
three times lower than when we started in 2010!

• Include charm mixing/CPV in combination for the first time.
26/07/2021

• We’ve been measuring     for a while now  
• Last two results around 65 degrees 

• Lower value mostly driven by  

• Run 1+2 
updated treatment of backgrounds 

• Run 1+2                 
backgrounds and merging of  
degenerate solutions 

• 5D compatibility to 2018 result ~2 sigma 

• Excellent agreement with indirect global  
CKM fitters.

Evolution of    results
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Figure 7: Evolution of the LHCb combination result for �, with the central values and 1�
uncertainties in black. This result is the 2021 data point, the value and uncertainty are
highlighted by the dashed blue line and band, respectively.
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The CKM element ratio |Vub|/|Vcb|

15

• The other big tree level CKM input is |Vub|/|Vcb|, which determines the length of side opposite the 
CKM angle β.

• Still want to use b—>u and b—>c transitions as with 𝛾, 
but now we are interested in the branching fractions:

• Why don’t we just use these again? 

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.
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! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

Vcb
Vub
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B / |Vxb|2

1. Need pure |Vcb| and |Vub| decays.


2. Fully hadronic BF difficult to interpret (QCD).


3. These decays are fairly low yields.

• The solution is to use semileptonic decays, which are of the type <latexit sha1_base64="8sLaLwMz50Xz13AdRDHnhcB2CkM=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSwFVyWpra27opsuK9gHNCFMptN26GQSZiZCDcVfceNCEbf+hzv/xkkbQUUPDBzOmcs99/gRo1JZ1oeRW1ldW9/Ibxa2tnd298z9g64MY4FJB4csFH0fScIoJx1FFSP9SBAU+Iz0/OlV6vduiZA05DdqFhE3QGNORxQjpSXPPGp5iT+HjgrhBDqEMejw2DOLVtmy6pXKBUyJfdaoZaRag7YmKYogQ9sz351hiOOAcIUZknJgW5FyEyQUxYzMC04sSYTwFI3JQFOOAiLdZJF+DktaGcJRKPTjCi7U7xMJCqScBTplKUBqIn97qfiXN4jVqOEmlEexIhwvF41iBvWtaRVwSAXBis00QVhQnRXiCRIIK11YQZfwdSn8n3QrZfu8XL2uFpuXWR15cAxOwCmwQR00QQu0QQdgcAcewBN4Nu6NR+PFeF1+zRnZzCH4AePtE5FklK4=</latexit>

Hb ! h`⌫



How to measure |Vub| (exclusively)
• Semi-leptonic decays can be used to make precise measurements of  |Vub|.
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Context and Motivation
Current Bs ! Kµ⌫ line

⇤b ! pµ⌫ Line
Conclusion

Current Status of |Vub|

I Semi-Leptonic B Decays:
Inclusive (B̄ ! Xu l ⌫̄l) Exclusive (B̄0 ! ⇡+l ⌫̄l)

Xu

l

v̄l

Vub

W�

B̄

b u

B̄0 ⇡+
d̄

b u

W�

l

⌫̄l

Vub

|Vub| = (4.41± 0.15+0.15
�0.17)⇥ 10

�3 |Vub| = (3.23± 0.31)⇥ 10
�3

I Leptonic B decays (B+ ! ⌧+⌫⌧ ):

B+

b̄

u

Vub

⌧+

⌫⌧

W+

William Sutcli↵e ⇤b ! pµ⌫ 3/ 16

Having a ground state hadron, such 
as a pion, is useful to control 

theoretical uncertainties.

QCD part encompassed by form-
factor.

• Factorise electroweak and strong parts of the decay:

9 75. Semileptonic b-Hadron Decays, Determination of Vcb, Vub

m
MS
c (3 GeV) = 0.986 ± 0.013 GeV [99], a fit in the kinetic scheme [5] obtains

|Vcb| = (42.19 ± 0.78) ◊ 10≠3 (75.26)
m

kin

b = 4.554 ± 0.018 GeV (75.27)
µ

2

fi(kin) = 0.464 ± 0.076 GeV2
, (75.28)

where the errors include experimental and theoretical uncertainties. Theoretical uncertainties from
higher orders in 1/m as well as in –s are estimated and included in performing the fits. Similar
values for the parameters are obtained with a variety of assumptions about the theoretical uncer-
tainties and their correlations. The ‰

2
/dof is well below unity in all fits, which could suggest that

the theoretical uncertainties may be overestimated. However, while one could obtain a satisfac-
tory fit with smaller uncertainties, this would result in unrealistically small uncertainties on the
extracted HQE parameters, which are used as input to other calculations (e.g. the determination
of |Vub|). The mass in the MS scheme corresponding to Eq. (75.27) is m

MS

b
= 4.19 ± 0.04 GeV,

where the uncertainty includes a contribution from the translation between mass schemes; this can
be compared with a value obtained using relativistic sum rules [99], m

MS

b
= 4.163 ± 0.016 GeV,

which provides a non-trivial cross-check.
A fit to the measured moments in the 1S scheme [5,86,93] gives

|Vcb| = (41.98 ± 0.45) ◊ 10≠3 (75.29)
m

1S

b = 4.691 ± 0.037 GeV (75.30)
⁄1(1S) = ≠0.362 ± 0.067 GeV2

, (75.31)

This fit uses moments measurements from semileptonic and radiative decays and constrains the
chromomagnetic operator using the B

ú-B and D
ú-D mass di�erences, but does not include the

constraint on mc nor the full NNLO corrections.
The fits in the two renormalization schemes give consistent results for |Vcb| and, after translation

to a common renormalization scheme, for mb and µ
2
fi. We take the fit in the kinetic scheme

[95], which includes higher-order corrections and results in a more conservative uncertainty, as the
inclusive determination of |Vcb|:

|Vcb| = (42.2 ± 0.8) ◊ 10≠3 (inclusive). (75.32)

The precision of the global fit results can be further improved by calculating higher-order
perturbative corrections to the coe�cients of the HQE parameters. The inclusion of still-higher-
order moments, if they can be measured with the required precision, may improve the sensitivity
of the fits to higher-order terms in the HQE.

75.3 Determination of |Vub|
Summary: Currently the best determinations of |Vub| are from B̄ æ fi¸‹̄¸ decays, where com-

bined fits to theory and experimental data as a function of q
2 provide a precision of about 4%; the

uncertainties from experiment and theory are comparable in size. Determinations based on inclu-
sive semileptonic decays are based on di�erent observables and use di�erent strategies to suppress
the b æ c background. Most of the determinations are consistent and provide a precision of about
7%, with comparable contributions to the uncertainty from experiment and theory. The exception
is the most recent Babar analysis, which observes significant model dependence.

The values obtained from inclusive and exclusive determinations are

|Vub| = (4.25 ± 0.12 + 0.15

≠ 0.14
± 0.23) ◊ 10≠3 (inclusive), (75.33)

|Vub| = (3.70 ± 0.10 ± 0.12) ◊ 10≠3 (exclusive), (75.34)

1st June, 2020 8:31am

• Result: Uncertainty split between experimental and lattice
PDG review

https://pdg.lbl.gov/2021/reviews/rpp2020-rev-vcb-vub.pdf


Lattice QCD
• Always measure product of |Vub| and form factors. 


• Rely techniques such as Lattice QCD to calculate latter.


• Lattice QCD works by discretising space-time, with lattice spacing, a.


• Uncertainties best with momentum << cutoff (1/a)
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FIG. 6. ⇤b ! p vector form factors: lattice results and extrapolation to the physical limit (nominal fit). The bands indicate
the 1� statistical uncertainty.
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FIG. 6. ⇤b ! p vector form factors: lattice results and extrapolation to the physical limit (nominal fit). The bands indicate
the 1� statistical uncertainty.

Example of form factor 
from [1].

[1] W. Detmold, C. Lehner, S. Meinel, arXiv:1503.01421

http://arxiv.org/abs/1503.01421


|Vub| from inclusive decays
• Forget about form factors, just measure all


• Experimentally very difficult, need fiducial cut to remove large Vcb background.


• Efficiency of this fiducial cut introduces model dependence, and drives 
systematic uncertainty.
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Measurement found to be:

Doesn’t agree with exclusive  
determination at all.

b ! u`⌫

PDG review

14 75. Semileptonic b-Hadron Decays, Determination of Vcb, Vub

of the values and errors is |Vub| = (4.25±0.12exp
+0.15

≠0.14 theo)◊10≠3, although there is a spread of ap-
proximately 10% in the evaluations with the three theoretical models. For reasons discussed below,
we assign an additional uncertainty due to model dependence that is not reflected in the HFLAV
averages. As highlighted in the BABAR analysis [140], model dependence entering measurement
procedures can be sizeable, and is not consistently treated across analyses. Many of the analyses
shown in Table 75.1 were based on partial branching fraction measurements determined in a single
model (i.e. the one used by that analysis when simulating B̄ æ Xu¸‹̄¸ decays), although in some
cases simulated events were weighted to match the expected spectra in other models and the dif-
ferences introduced as systematic uncertainties, e.g. Ref. [145]. The |Vub| value quoted by HFLAV
for each model are, typically, derived from this unique partial branching fraction combined with
another model-specific partial rate calculation. This translation from a single partial branching
fraction into |Vub| values in di�erent models su�ers, in principle, from the di�culties made explicit
in the recent BABAR measurement. The model dependence in the partial branching fraction is
sensitive to how the model predictions compare in the restricted region with good signal-to-noise,
not by how they compare when integrated over the full kinematic range used in the fit. This e�ect
needs to be accounted for by the experiments; the published results are insu�cient to determine
it. To account for the range in results using the di�erent theoretical models, we take half of the
spread of the averages as an additional systematic uncertainty, denoted �BF. With this addition,
the inclusive |Vub| average is

|Vub| = (4.25 ± 0.12exp
+0.15

≠0.14 theo ± 0.23�BF) ◊ 10≠3 (inclusive). (75.38)

75.3.4 |Vub| from exclusive decays

Exclusive charmless semileptonic decays o�er a complementary means of determining |Vub|. For
the experiments, the specification of the final state provides better background rejection, but the
branching fraction to a specific final state is typically only a few percent of that for inclusive decays.
For theory, the calculation of the form factors for B̄ æ Xu¸‹̄¸ decays is challenging, but brings in a
di�erent set of uncertainties from those encountered in inclusive decays. In this review we focus on
B̄ æ fi¸‹̄¸, as it is the most promising decay mode for both experiment and theory. Measurements
of other exclusive B̄ æ Xu¸‹̄¸ decays can be found in Refs. [147–160].
75.3.5 B̄ æ fi¸‹̄¸ form factor calculations

The relevant form factors for the decay B̄ æ fi¸‹̄¸ are usually defined as

Èfi(pfi)|V µ
|B(pB)Í = f+(q2)

C

p
µ

B
+ p

µ

fi ≠
m

2

B
≠ m

2
fi

q2
q

µ

D

+ f0(q2)m
2

B
≠ m

2
fi

q2
q

µ (75.39)

in terms of which the rate becomes (in the limit m¸ æ 0)

d≈

dq2
= G

2

F
|Vub|

2

24fi3
|pfi|

3
|f+(q2)|2, (75.40)

where pfi is the pion momentum in the B meson rest frame.
Currently available non-perturbative methods for the calculation of the form factors include lat-

tice QCD (LQCD) and light-cone sum rules (LCSR). The two methods are complementary in phase
space, since the lattice calculation is restricted to the kinematical range of high momentum trans-
fer, q

2, to the leptons, while light-cone sum rules provide information near q
2 = 0. Interpolations

between these two regions can be constrained by unitarity and analyticity.
Lattice simulations for B æ fi¸‹̄ and Bs æ K¸‹̄ transitions, where quark loop e�ects are

fully incorporated, have been performed by the Fermilab/MILC [161, 162], HPQCD [163, 164] and

1st June, 2020 8:31am
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The |Vub| puzzle
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|Vub| at a hadron collider?
• Neutrinos are a double-edged sword.


• They are an unambiguous signal for a short distance interaction.


• They need a light-year of steel to absorb.


• These complications led to the prevailing wisdom that |Vub| could not be measured at a hadron 
collider.
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B-fractions analysis, Phys.Rev. D100 (2019) no.3, 031102

• Recent measurements with Bs0 and Λb0 decays make possible by:


• Normalisation to a Vcb mode to cancel production/systematics.


• Construct the so-called corrected mass, allowed to fit a peak even with 
missing neutrino.


• Isolation against additional particles to reduce and control backgrounds.



Signatures
• The signal is either a Bs0 or Λb0 decaying into either a kaon or proton with the lepton pair.
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B0
s ! K�µ+⌫µ

<latexit sha1_base64="AWCrLRUB0LTcwqesfEBoK/+odC8="></latexit>

⇤0
b ! ⇤+

c µ
�⌫̄µ

Xb

Xc

h

h

µµ

p

⇤0
b

Signal Background

Rate: 10-4 Rate: 10-1

• Background dominated by Vcb decays, typical for a |Vub| measurement.
Decay ⇤0

b B0
s

theory error 5% 3%
prod frac 20% 10%

BF 4⇥ 10�4 1⇥ 10�4

B(Xc) error
+5.3
�4.7% ±3.9%

background ⇤+
c ⇤+

c , Ds, D+, D0

|Vcb| using B0
s æ D≠

s µ+‹µ and B0
s æ Dú≠

s µ+‹µ

• Phys. Rev. D101 (2020), 3 fb≠1, Run 1 data
• Ds Momentum transverse to B0

s flight direction Ã form factors
• Fit in corrected mass-P‹(Ds): |Vcb| and form factors,

B(B0
s æ D≠

s µ+‹µ)/B(B0 æ D(ú)≠µ+‹µ)
• |Vcb| is the integral of the signal yield multiplied by ·B0

s
• Signal yields are normalized to yields of B0 æ D(ú)≠µ+‹µ

B. Khanji (Dortmund) LHCb results and prospects on Semi-leptonic decays October 29, 2020 18 / 29

±5%
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|Vcb| using B0
s æ D≠

s µ+‹µ and B0
s æ Dú≠

s µ+‹µ

• Phys. Rev. D101 (2020), 3 fb≠1, Run 1 data
• Ds Momentum transverse to B0

s flight direction Ã form factors
• Fit in corrected mass-P‹(Ds): |Vcb| and form factors,

B(B0
s æ D≠

s µ+‹µ)/B(B0 æ D(ú)≠µ+‹µ)
• |Vcb| is the integral of the signal yield multiplied by ·B0

s
• Signal yields are normalized to yields of B0 æ D(ú)≠µ+‹µ
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Results: |Vub|/|Vcb|

|Vub|/|Vcb|(low) = 0.0607 ± 0.0015(stat) ± 0.0013(syst) ± 0.0008(Ds) ± 0.0030(FF )

|Vub|/|Vcb|(high) = 0.0946 ± 0.0030(stat)+0.0024
≠0.0025(syst) ± 0.0013(Ds) ± 0.0068(FF )
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• |Vub|/|Vcb|(high): compatible with �b æ pµ≠‹µ

• Discrepancy between |Vub|/|Vcb|(low) and other Measurements
• Need to measure the full q2 shape of B0

s æ K≠µ+‹µ
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• Decays with Bs0 or Λb0 and complimentary with 
each other.



Fitting technique
• The key to determine the signal yield is to fit the corrected mass.
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3. Selection 7/17

The corrected mass

Fit the corrected mass:
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• Corrected mass peaks at Λb/Bs mass if not missing any massive particles.
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Figure 1: Distribution of mcorr for (top) the signal B0
s ! K�µ+⌫µ, with (left) q2 < 7GeV2/c4

and (right) q2 > 7GeV2/c4, and (bottom) the normalization B0
s ! D�

s µ
+⌫µ channel. The points

represent data, while the resulting fit components are shown as histograms.

by a combined shape. Other sources of background are the decays of the form B !
D

�
s DX and the semitauonic decay B

0
s ! D

�
s ⌧

+(! µ
+
⌫µ⌫̄⌧ )⌫⌧ . Due to similarity of their

shapes, the B
0
s ! D

⇤⇤�
s µ

+
⌫µ channels are grouped with Bs ! D

�
s DX decays, while

B
0
s ! D

�
s ⌧

+(! µ
+
⌫µ⌫̄⌧ )⌫⌧ is combined with Bu,d ! D

�
s DX decays.

The corrected mass distributions of the signal and normalization candidates are shown
in Fig. 1, with the binned maximum-likelihood fit projections overlaid. The B0

s ! K
�
µ
+
⌫µ

yields for q2 < 7GeV2
/c

4 and q
2
> 7GeV2

/c
4 regions are found to be NK = 6922 ± 285

and 6399 ± 370, respectively, while the B
0
s ! D

�
s µ

+
⌫µ yield is NDs = 201450 ± 5200.

The uncertainties include both the e↵ect of the limited data set and the finite size of the
samples used to derive the fit templates. Unfolding the two e↵ects in quadrature shows
that they have similar sizes.

This is the first observation of the decay B
0
s ! K

�
µ
+
⌫µ. The ratio of branching

fractions is inferred as

RBF ⌘ B(B0
s ! K

�
µ
+
⌫µ)

B(B0
s ! D�

s µ
+⌫µ)

=
NK

NDs

✏Ds

✏K
⇥ B(D�

s ! K
+
K

�
⇡
�), (2)

4



Results
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Results: |Vub|/|Vcb|

|Vub|/|Vcb|(low) = 0.0607 ± 0.0015(stat) ± 0.0013(syst) ± 0.0008(Ds) ± 0.0030(FF )

|Vub|/|Vcb|(high) = 0.0946 ± 0.0030(stat)+0.0024
≠0.0025(syst) ± 0.0013(Ds) ± 0.0068(FF )
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• Need to measure the full q2 shape of B0
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• Make two measurements at high q2 and one at low q2.


• The high and low q2 measurements disagree with each other by 4σ!

• As can be seen, there is also a discpreancy in |Vcb| .. 



A word on |Vcb|
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• The comparison of |Vcb| measurements is similar to the |Vub|.


• Inclusive b—>clnu decays are compared with specific final states such as B—>D*lnu.

• In 2017 there was lots of discussion whether the FF model could be responsible for the 
discrepancy (CLN vs BGL). Still unclear.


• New lattice result has provided some much needed input but the puzzle remains for now.

• Analysis proceeds via simultaneous extraction of |Vcb| (from normalisation) and form factors 
from the shape information.

5.4. DETERMINATION OF B
0 REST FRAME
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Figure 5.7: lepton momentum distribution in the lab frame. The colour scheme is

defined in the Fig.5.11

5.4 Determination of B
0 rest Frame

To calculate the B
0 momentum, we require information on the neutrino 4-momentum

however, neutrinos are not detected in the Belle detector. The variable cos ◊B,D
ú ¸ defines

the cosine of angle between D
ú+ and ¸≠ with which the direction of the B

0 momentum is

determined as shown in the Figure 5.8.
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Figure 5.8: Illustration for the B
0 reconstruction

cos◊B,D
ú ¸ is not measured directly, but is found by applying conservation of momentum

of the decay, pB = pDú + p¸ + p‹,

(5.1)

p‹ = (pB ≠ pDú ¸).

(5.2)
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FIG. 4. Result of the fits to the (cos ✓B,D⇤`, �m, p`) distributions in the e mode (left) and µ mode (right). The bin boundaries

are discussed in the text. The points with error bars on-resonance data. Where not shown, the uncertainties are smaller than

the black markers. The histograms are, top to bottom, the signal component, B ! D ⇤ ⇤`⌫ background, signal correlated

background, uncorrelated background, fake ` component, fake D⇤
component and continuum background.

and Rij is the detector response matrix (the probability390

that an event generated in bin j is observed in bin i).391
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i is the number of expected background events as392

constrained from the total background yield fit.393

In the nominal fit we use the following �
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where Nobs
i are the number of events observed in bin i of397

our data sample, and C
�1
ij is the inverse of the covariance398

matrix. The covariance matrix is the variance-covariance399
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component and continuum background.
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• 3D - Binned Maximum Likelihood fit of
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• ΔM = mass (D*-D0)
• lepton momentum

• Float Signal & Backgrounds components from MC to extract 
background yields
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FPCP2019 Eiasha WAHEED �15

FF parameters and |Vcb| from CLN
Simultaneous fit of 1D projections of w, cosθl, cosθv, Χ to extract ρ2, R1(1), 
R2(1) and F(1)|Vcb| 

w cosθl

cosθv �

9

TABLE V. Fit Results for the four sub-samples in the CLN parameterisation.

SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)

⇢2 1.165 ± 0.099 1.165 ± 0.102 1.087 ± 0.046 1.095 ± 0.051

R1(1) 1.326 ± 0.106 1.336 ± 0.102 1.117 ± 0.040 1.289 ± 0.048

R2(1) 0.767 ± 0.073 0.777 ± 0.074 0.861 ± 0.030 0.882 ± 0.034

F(1)|Vcb|⌘EW ⇥ 10
3

34.66 ± 0.48 35.01 ± 0.50 35.25 ± 0.23 34.98 ± 0.24

�2
/ndf 35/36 36/36 44/36 43/36

p-value 0.52 0.47 0.17 0.20

B.F [%] 4.84 ± 0.06 4.91 ± 0.06 4.88 ± 0.03 4.82 ± 0.03

TABLE VI. Fit Results for the four sub-samples in the BGL parameterisation where the following parameters are floated:ãf
0 ,

ãf
1 , ã

F1
1 , ãF1

2 , ãg
0 ⇥ 10

2
.

SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)

F(1)|Vcb|⌘EW ⇥ 10
3

38.82 ± 0.86 39.16 ± 0.91 39.29 ± 0.39 38.74± 0.42

�2
/ndf 36/35 35/35 44/3 44/35

p-value 0.42 0.47 0.14 0.14

across all bins in plab and ✓lab.481

• The results from the background normalisation fit482

are varied within their fitted uncertainties. We take483

into account finite correlations between the fit re-484

sults of each component.485

• The uncertainty of the decays B̄ ! D
⇤⇤
`
�
⌫̄`486

are twofold: the indeterminate composition of487

each D
⇤⇤ state and the uncertainty in the form-488

factor parameters used for the MC sample pro-489

duction. The composition uncertainty is estimated490

based on uncertainties of the branching fractions:491

±6% for B̄ ! D1(! D
⇤
⇡)`⌫̄`, ±12% for B̄ !492

D
⇤
2(! D

⇤
⇡)`⌫̄`, ±24% for B̄ ! D

0
1(! D

⇤
⇡⇡)`⌫̄`493

and ±17% for B̄ ! D
⇤
0(! D

⇤
⇡)`⌫̄`. If the494

experimentally-measured branching fractions are495

not applicable, we vary the branching fractions con-496

tinuously from 0% to 200% in the MC expectation.497

We estimate an uncertainty arising from the LLSW498

model parameters by changing the correction fac-499

tors within the parameter uncertainties.500

• The relative number of B
0
B̄

0 meson pairs com-501

pared to B
+
B

� collected by Belle has a small un-502

certainty and a↵ects only the relative composition503

of cross-feed signal events from B
+ and B

0 decays504

• Charged hadron particle identification is deter-505

mined with data using D
⇤ tagged charm decays.506

The uncertainties that only a↵ect the overall normalisa-507

tion are: tracking e�ciency for high momentum tracks,508

the branching ratios B(D⇤+
! D

0
⇡
+), and B(D0

!509

K
�
⇡
+), the total number of ⌥(4S) events in the sam-510

ple, and the B
0 lifetime.511

The breakdown of the systematic uncertainties in the512

CLN fit is given in Table VII.513

VIII. RESULTS514

The full results for the CLN fit are given below, where515

the first uncertainty is statistical, and the second system-516

atic.517

⇢
2 = 1.106± 0.031± 0.007518

R1(1) = 1.229± 0.028± 0.009519

R2(1) = 0.852± 0.021± 0.006520

B(B0
! D

⇤�
`
+
⌫`) = (4.86± 0.02± 0.15)%521

F (1)|Vcb|⌘EW ⇥ 103 = 35.06± 0.15± 0.54522

These results are consistent with, and more precise than523

those published in Refs. [4, 17–19]. We also present524

the results for the BGL fit, where the first uncertainty is525

statistical, and the second systematic.526

F (1)|Vcb|⌘EW ⇥ 103 = 39.01± 0.26± 0.60.527

These results are consistent with those based on a pre-528

liminary tagged approach by Belle [20], as performed in529

Refs. [14, 15]. Both sets of fits give acceptable �
2
/ndf:530

therefore the data does not discriminate between the pa-531

rameterisations. The result with the BGL paramterisa-532

tion has a larger fit uncertainty.533

Taking the value of F (1) = 0.906± 0.013 from Lattice534

QCD [21] and ⌘EW = 1.0066 from Ref. [13], we find the535

following values for |Vcb|: (38.70±0.17±0.60±0.56)⇥10�3
536

(CLN+LQCD) and (42.78 ± 0.29 ± 0.66 ± 0.62) ⇥ 10�3
537

(BGL+LQCD).538

We perform a lepton flavour universality (LFU) test539

by forming a ratio of the branching fractions of modes540

with electrons and muons. The corresponding value of541

this ratio is542

B(B0
! D

⇤�
e
+
⌫)

B(B0 ! D⇤�µ+⌫)
= 1.01± 0.01± 0.03,543

62 CHAPTER 5. ANALYSIS PROCEDURE

D0 candidate vertices are selected if the ‰2 probability of the fit is greater than 10≠3 as

shown in Fig. 5.6. The reconstructed mass of the D0 is constrained to lie within a 3‡

range from the accepted PDG value as shown in the Fig. 5.7. The standard deviation

value is found to be 4.5 MeV/c2, as calculated using real data. For reconstruction of the
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Figure 5.7: Reconstructed D
0 mass distribution distribution and the dashed line

show 3‡ mass window.

Dú candidate, the D0 candidate is combined with a charged slow pion, fi+
s . This slow pion

is reconstructed with low e�ciency, due to its very low momentum and doesn’t need to

satisfy the impact parameter cuts or SVD hit requirement. To minimise the qq̄ continuum,

the centre-of-mass frame momentum of the Dú must be less then 2.45 GeV/c as shown in

Fig. 5.15. For final analysis signal selection, the mass di�erence (� M) between Dú and

D0 is required to lie between 0.144 and 0.147 GeV as shown in Fig. 5.8.
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Figure 5.8: Distribution of � M where the dashed line show the signal selection.
The colour scheme is defined in the Fig. 5.7
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CLN: FF parameters and |Vcb|
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are dominated by contributions that are correlated480
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uncertainties. We conservatively treat the uncer-475
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• The lepton identification e�ciencies are varied ac-478

cording to their respective uncertainties, which479

are dominated by contributions that are correlated480
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TABLE V. Fit Results for the four sub-samples in the CLN parameterisation.

SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)

⇢2 1.165 ± 0.099 1.165 ± 0.102 1.087 ± 0.046 1.095 ± 0.051

R1(1) 1.326 ± 0.106 1.336 ± 0.102 1.117 ± 0.040 1.289 ± 0.048

R2(1) 0.767 ± 0.073 0.777 ± 0.074 0.861 ± 0.030 0.882 ± 0.034

F(1)|Vcb|⌘EW ⇥ 10
3

34.66 ± 0.48 35.01 ± 0.50 35.25 ± 0.23 34.98 ± 0.24

�2
/ndf 35/36 36/36 44/36 43/36

p-value 0.52 0.47 0.17 0.20

B.F [%] 4.84 ± 0.06 4.91 ± 0.06 4.88 ± 0.03 4.82 ± 0.03

TABLE VI. Fit Results for the four sub-samples in the BGL parameterisation where the following parameters are floated:ãf
0 ,

ãf
1 , ã

F1
1 , ãF1

2 , ãg
0 ⇥ 10

2
.

SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)

F(1)|Vcb|⌘EW ⇥ 10
3

38.82 ± 0.86 39.16 ± 0.91 39.29 ± 0.39 38.74± 0.42

�2
/ndf 36/35 35/35 44/3 44/35

p-value 0.42 0.47 0.14 0.14

across all bins in plab and ✓lab.481

• The results from the background normalisation fit482

are varied within their fitted uncertainties. We take483

into account finite correlations between the fit re-484

sults of each component.485

• The uncertainty of the decays B̄ ! D
⇤⇤
`
�
⌫̄`486

are twofold: the indeterminate composition of487

each D
⇤⇤ state and the uncertainty in the form-488

factor parameters used for the MC sample pro-489

duction. The composition uncertainty is estimated490

based on uncertainties of the branching fractions:491

±6% for B̄ ! D1(! D
⇤
⇡)`⌫̄`, ±12% for B̄ !492

D
⇤
2(! D

⇤
⇡)`⌫̄`, ±24% for B̄ ! D

0
1(! D

⇤
⇡⇡)`⌫̄`493

and ±17% for B̄ ! D
⇤
0(! D

⇤
⇡)`⌫̄`. If the494

experimentally-measured branching fractions are495

not applicable, we vary the branching fractions con-496

tinuously from 0% to 200% in the MC expectation.497

We estimate an uncertainty arising from the LLSW498

model parameters by changing the correction fac-499

tors within the parameter uncertainties.500

• The relative number of B
0
B̄

0 meson pairs com-501

pared to B
+
B

� collected by Belle has a small un-502

certainty and a↵ects only the relative composition503

of cross-feed signal events from B
+ and B

0 decays504

• Charged hadron particle identification is deter-505

mined with data using D
⇤ tagged charm decays.506

The uncertainties that only a↵ect the overall normalisa-507

tion are: tracking e�ciency for high momentum tracks,508

the branching ratios B(D⇤+
! D

0
⇡
+), and B(D0

!509

K
�
⇡
+), the total number of ⌥(4S) events in the sam-510

ple, and the B
0 lifetime.511

The breakdown of the systematic uncertainties in the512

CLN fit is given in Table VII.513

VIII. RESULTS514

The full results for the CLN fit are given below, where515

the first uncertainty is statistical, and the second system-516

atic.517

⇢
2 = 1.106± 0.031± 0.007518

R1(1) = 1.229± 0.028± 0.009519

R2(1) = 0.852± 0.021± 0.006520

B(B0
! D

⇤�
`
+
⌫`) = (4.86± 0.02± 0.15)%521

F (1)|Vcb|⌘EW ⇥ 103 = 35.06± 0.15± 0.54522

These results are consistent with, and more precise than523

those published in Refs. [4, 17–19]. We also present524

the results for the BGL fit, where the first uncertainty is525

statistical, and the second systematic.526

F (1)|Vcb|⌘EW ⇥ 103 = 39.01± 0.26± 0.60.527

These results are consistent with those based on a pre-528

liminary tagged approach by Belle [20], as performed in529

Refs. [14, 15]. Both sets of fits give acceptable �
2
/ndf:530

therefore the data does not discriminate between the pa-531

rameterisations. The result with the BGL paramterisa-532

tion has a larger fit uncertainty.533

Taking the value of F (1) = 0.906± 0.013 from Lattice534

QCD [21] and ⌘EW = 1.0066 from Ref. [13], we find the535

following values for |Vcb|: (38.70±0.17±0.60±0.56)⇥10�3
536

(CLN+LQCD) and (42.78 ± 0.29 ± 0.66 ± 0.62) ⇥ 10�3
537

(BGL+LQCD).538

We perform a lepton flavour universality (LFU) test539

by forming a ratio of the branching fractions of modes540

with electrons and muons. The corresponding value of541

this ratio is542

B(B0
! D

⇤�
e
+
⌫)

B(B0 ! D⇤�µ+⌫)
= 1.01± 0.01± 0.03,543

62 CHAPTER 5. ANALYSIS PROCEDURE

D0 candidate vertices are selected if the ‰2 probability of the fit is greater than 10≠3 as

shown in Fig. 5.6. The reconstructed mass of the D0 is constrained to lie within a 3‡

range from the accepted PDG value as shown in the Fig. 5.7. The standard deviation

value is found to be 4.5 MeV/c2, as calculated using real data. For reconstruction of the
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Figure 5.7: Reconstructed D
0 mass distribution distribution and the dashed line

show 3‡ mass window.

Dú candidate, the D0 candidate is combined with a charged slow pion, fi+
s . This slow pion

is reconstructed with low e�ciency, due to its very low momentum and doesn’t need to

satisfy the impact parameter cuts or SVD hit requirement. To minimise the qq̄ continuum,

the centre-of-mass frame momentum of the Dú must be less then 2.45 GeV/c as shown in

Fig. 5.15. For final analysis signal selection, the mass di�erence (� M) between Dú and

D0 is required to lie between 0.144 and 0.147 GeV as shown in Fig. 5.8.
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FIG. 5. Results of the fit with the CLN form factor parameterisation. The results from the SVD1 and SVD2 samples are

added together. The electron modes are on the left and muon modes on the right. The points with error bars are the on-

resonance data. Where not shown, the uncertainties are smaller than the black markers. The histograms are, top to bottom,

the signal component, B ! D⇤⇤
background, signal correlated background, uncorrelated background, fake ` component, fake

D⇤
component and continuum.

• The tracking e�ciency corrections for low momen-473

tum tracks vary with track pT, as do the relative474

uncertainties. We conservatively treat the uncer-475

tainties in each slow pion pT bin to be fully corre-476

lated.477

• The lepton identification e�ciencies are varied ac-478

cording to their respective uncertainties, which479

are dominated by contributions that are correlated480
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cording to their respective uncertainties, which479

are dominated by contributions that are correlated480
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TABLE V. Fit Results for the four sub-samples in the CLN parameterisation.

SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)

⇢2 1.165 ± 0.099 1.165 ± 0.102 1.087 ± 0.046 1.095 ± 0.051

R1(1) 1.326 ± 0.106 1.336 ± 0.102 1.117 ± 0.040 1.289 ± 0.048

R2(1) 0.767 ± 0.073 0.777 ± 0.074 0.861 ± 0.030 0.882 ± 0.034

F(1)|Vcb|⌘EW ⇥ 10
3

34.66 ± 0.48 35.01 ± 0.50 35.25 ± 0.23 34.98 ± 0.24

�2
/ndf 35/36 36/36 44/36 43/36

p-value 0.52 0.47 0.17 0.20

B.F [%] 4.84 ± 0.06 4.91 ± 0.06 4.88 ± 0.03 4.82 ± 0.03

TABLE VI. Fit Results for the four sub-samples in the BGL parameterisation where the following parameters are floated:ãf
0 ,

ãf
1 , ã

F1
1 , ãF1

2 , ãg
0 ⇥ 10

2
.

SVD1(e) SVD1(µ) SVD2 (e) SVD2 (µ)

F(1)|Vcb|⌘EW ⇥ 10
3

38.82 ± 0.86 39.16 ± 0.91 39.29 ± 0.39 38.74± 0.42

�2
/ndf 36/35 35/35 44/3 44/35

p-value 0.42 0.47 0.14 0.14

across all bins in plab and ✓lab.481

• The results from the background normalisation fit482

are varied within their fitted uncertainties. We take483

into account finite correlations between the fit re-484

sults of each component.485

• The uncertainty of the decays B̄ ! D
⇤⇤
`
�
⌫̄`486

are twofold: the indeterminate composition of487

each D
⇤⇤ state and the uncertainty in the form-488

factor parameters used for the MC sample pro-489

duction. The composition uncertainty is estimated490

based on uncertainties of the branching fractions:491

±6% for B̄ ! D1(! D
⇤
⇡)`⌫̄`, ±12% for B̄ !492

D
⇤
2(! D

⇤
⇡)`⌫̄`, ±24% for B̄ ! D

0
1(! D

⇤
⇡⇡)`⌫̄`493

and ±17% for B̄ ! D
⇤
0(! D

⇤
⇡)`⌫̄`. If the494

experimentally-measured branching fractions are495

not applicable, we vary the branching fractions con-496

tinuously from 0% to 200% in the MC expectation.497

We estimate an uncertainty arising from the LLSW498

model parameters by changing the correction fac-499

tors within the parameter uncertainties.500

• The relative number of B
0
B̄

0 meson pairs com-501

pared to B
+
B

� collected by Belle has a small un-502

certainty and a↵ects only the relative composition503

of cross-feed signal events from B
+ and B

0 decays504

• Charged hadron particle identification is deter-505

mined with data using D
⇤ tagged charm decays.506

The uncertainties that only a↵ect the overall normalisa-507

tion are: tracking e�ciency for high momentum tracks,508

the branching ratios B(D⇤+
! D

0
⇡
+), and B(D0

!509

K
�
⇡
+), the total number of ⌥(4S) events in the sam-510

ple, and the B
0 lifetime.511

The breakdown of the systematic uncertainties in the512

CLN fit is given in Table VII.513

VIII. RESULTS514

The full results for the CLN fit are given below, where515

the first uncertainty is statistical, and the second system-516

atic.517

⇢
2 = 1.106± 0.031± 0.007518

R1(1) = 1.229± 0.028± 0.009519

R2(1) = 0.852± 0.021± 0.006520

B(B0
! D

⇤�
`
+
⌫`) = (4.86± 0.02± 0.15)%521

F (1)|Vcb|⌘EW ⇥ 103 = 35.06± 0.15± 0.54522

These results are consistent with, and more precise than523

those published in Refs. [4, 17–19]. We also present524

the results for the BGL fit, where the first uncertainty is525

statistical, and the second systematic.526

F (1)|Vcb|⌘EW ⇥ 103 = 39.01± 0.26± 0.60.527

These results are consistent with those based on a pre-528

liminary tagged approach by Belle [20], as performed in529

Refs. [14, 15]. Both sets of fits give acceptable �
2
/ndf:530

therefore the data does not discriminate between the pa-531

rameterisations. The result with the BGL paramterisa-532

tion has a larger fit uncertainty.533

Taking the value of F (1) = 0.906± 0.013 from Lattice534

QCD [21] and ⌘EW = 1.0066 from Ref. [13], we find the535

following values for |Vcb|: (38.70±0.17±0.60±0.56)⇥10�3
536

(CLN+LQCD) and (42.78 ± 0.29 ± 0.66 ± 0.62) ⇥ 10�3
537

(BGL+LQCD).538

We perform a lepton flavour universality (LFU) test539

by forming a ratio of the branching fractions of modes540

with electrons and muons. The corresponding value of541

this ratio is542

B(B0
! D

⇤�
e
+
⌫)

B(B0 ! D⇤�µ+⌫)
= 1.01± 0.01± 0.03,543

62 CHAPTER 5. ANALYSIS PROCEDURE

D0 candidate vertices are selected if the ‰2 probability of the fit is greater than 10≠3 as

shown in Fig. 5.6. The reconstructed mass of the D0 is constrained to lie within a 3‡

range from the accepted PDG value as shown in the Fig. 5.7. The standard deviation

value is found to be 4.5 MeV/c2, as calculated using real data. For reconstruction of the
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Figure 5.7: Reconstructed D
0 mass distribution distribution and the dashed line

show 3‡ mass window.

Dú candidate, the D0 candidate is combined with a charged slow pion, fi+
s . This slow pion

is reconstructed with low e�ciency, due to its very low momentum and doesn’t need to

satisfy the impact parameter cuts or SVD hit requirement. To minimise the qq̄ continuum,

the centre-of-mass frame momentum of the Dú must be less then 2.45 GeV/c as shown in

Fig. 5.15. For final analysis signal selection, the mass di�erence (� M) between Dú and

D0 is required to lie between 0.144 and 0.147 GeV as shown in Fig. 5.8.
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Figure 5.8: Distribution of � M where the dashed line show the signal selection.
The colour scheme is defined in the Fig. 5.7

F(1)|Vcb|ηEW x 103=  35.1 ± 0.2 ± 0.6
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CKM progress
• What does this all add up to? Substantial progress on CKM unitarity.


• New updates on 𝛾 yet to be included.

• |Vub| and |Vcb| puzzles remain barrier to ultimate precision, particularly now with 4 degree 𝛾 precision.
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Direct CPV 
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Direct CP violation
B ! f B̄ ! f̄

AP = |AP |e�
P
S e�

P
W

• CPV in decay is a difference in decay rate          and CP 
conjugate decay         .

• Consider the decay              and its CP conjugate             .

Strong phase
Weak phase

• With one decay amplitude,                      -> no CPV.

• With two decay amplitudes P and T:

A = AP +AT = |AP |�PS �PW + |AT |�TS �TW

|A|2 � |Ā|2 = �4|AP ||AT |sin(�PS � �TS )sin(�
P
W � �TW)

• Then taking the difference we obtain an expression for direct CPV.

• So only non-zero CPV when both strong and weak phases different.

|AP |2
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CP violation in 
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B0 ! K+⇡�

• CP violation is maximal when the two decay amplitudes are of similar size.
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• CPV is maximised when the two amplitudes are of similar size. 

• This is the case for the decay                     . 

CP violation in B0 ! K+⇡�

|A|2 � |Ā|2 = �4|AP ||AT |sin(�PS � �TS )sin(�
P
W � �TW)

B0 ! K+⇡�

AT AP

• These two amplitudes combine to give a large direct CPV.                . 
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B0 ! K+⇡�• This is the case for the decay 

• Both amplitudes suppressed due to different reasons. They combine to give large direct CPV.
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Seeing it in the data
• We see this in the LHCb dataset.

28

• See a visible difference in the yield between the decay and its CP conjugate.
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• We see this in the LHCb dataset.

Seeing it in the data

• See a visible difference in the signal yield between the decay and its CP 
conjugate.

PHYS. REV. LETT. 108 (2012) 201601 

• Is this consistent with the SM?
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B+ ! K+⇡0

The               puzzle
• Compare CP asymmetry between two very similar decays, 

29
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B0 ! K+⇡� and

ACP (B
+ ! K+⇡0) = 0.037± 0.021

<latexit sha1_base64="nI3dixbRelJMFPAsuNEX6+Yzsx0="></latexit>

ACP (B
0 ! K+⇡�) = �0.083± 0.004

• Different by over 5σ ..

• Whats going on here?

B ! K⇡



Patrick Owen - HCPSS2021

Electroweak diagrams in B ! K⇡
• Can place gluon with photon/Z to get electroweak penguin contribution.

30

• Still the same. However now the B+ has an additional diagram.

• Is this diagram weaker or stronger than the others?
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Possible explanations
• In the SM the electroweak contributions are smaller than the gluonic penguins.


• New physics in electroweak penguins?


• There is also a colour suppressed tree level diagram for the B+ mode.


• Amplitude magnitude would have to be bigger than the favoured version to explain the effect.


• Other modes help shed light (technically the puzzle is based on four channels not only two).

31

Rare decays of heavy flavored hadrons that primarily proceed through loop-level
transitions are powerful probes of the e↵ects of new physics (NP) beyond the Standard
Model (SM). The family of B! K⇡ decays is dominated by hadronic loop amplitudes
in the SM, but include contributions from suppressed tree-level processes, as well as
electroweak loop-level processes through which NP may a↵ect the decay [1–4]. Studies of
the decay B0 ! K+⇡� at the B-factory experiments led to the first observation of direct
CP violating asymmetries in the B system [5,6] resulting from the interference of two decay
amplitudes where both the relative strong and weak phases are nonzero. The observed
asymmetries in these modes are a result of the interference between tree- and loop-level
amplitudes. Further studies at the B-factory and Tevatron experiments, and at LHCb have
provided measurements of the branching fractions and CP asymmetries of the complete
set of B ! K⇡ decays: B0 ! K+⇡� [7–10], B+ ! K+⇡0 [8, 11], B0 ! K0⇡0 [12, 13]
and B+ ! K0⇡+ [8, 14, 15], where the inclusion of charge-conjugated processes is implied
throughout this Letter, except where asymmetries are discussed. The amplitudes in the
SM are expected to obey relations imposed by isospin symmetry [1–4,16–21]. However,
measurements have revealed inconsistencies with this expectation. The largest observed
discrepancy is between the measured direct CP asymmetries of the decays B0! K+⇡�

and B+ ! K+⇡0. The di↵erence between ACP (B0 ! K+⇡�) = �0.084 ± 0.004 and
ACP (B+ ! K+⇡0) = 0.040 ± 0.021 is nonzero at 5.5 standard deviations (�), whereas
equal asymmetries are expected based on isospin arguments. A more accurate examination
of this anomaly, known as the K⇡ puzzle, is through the sum rule

ACP (K
+⇡�)+ACP (K

0⇡+)
B(K0⇡+)

B(K+⇡�)

⌧0
⌧+

= ACP (K
+⇡0)

2B(K+⇡0)

B(K+⇡�)

⌧0
⌧+

+ACP (K
0⇡0)

2B(K0⇡0)

B(K+⇡�)
(1)

proposed in Ref. [19], where ACP (K⇡) and B(K⇡) are the CP asymmetries and the
branching fractions of the B ! K⇡ decays and ⌧0/⌧+ is the ratio of the B0 and B+ lifetimes.
This sum rule predicts a nonzero direct asymmetry of ACP (B0 ! K0⇡0) = �0.150± 0.032
using current world averages for the other quantities [22]. The current measurement of this
quantity is 0.01± 0.10 [22]. The K⇡ puzzle has been the subject of significant theoretical
attention, which includes more complete examination of the SM predictions as well as
potential NP sources of the discrepancies [1–4,16,18–21].

This Letter presents a measurement of direct CP asymmetry in the decay B+ ! K+⇡0,

ACP =
�(B� ! K�⇡0)� �(B+ ! K+⇡0)

�(B� ! K�⇡0) + �(B+ ! K+⇡0)
(2)

where �(B± ! K±⇡0) refers to the rate of B± ! K±⇡0 decays, using data recorded with
the LHCb detector at the CERN Large Hadron Collider. The data sample corresponds to
an integrated luminosity of 5.4 fb�1 collected at a center-of-mass energy of 13TeV between
2016 and 2018.

The LHCb detector [23, 24] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5. The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-
area silicon-strip detector located upstream of a dipole magnet with a bending power
of about 4Tm, and three stations of silicon-strip detectors and straw drift tubes placed
downstream of the magnet. The tracking system provides a measurement of momentum,
p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum

1

• One surprise is that LHCb is contributing in the neutral mode - reconstructed without a vertex!
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Figure 1: Invariant-mass distribution of the selected candidates with fit projections overlayed.
The data set is divided by the charge of the B meson, with B+ ! K+⇡0 shown on the left and
B� ! K�⇡0 on the right.

be corrected for in order to extract ACP from Araw. The combined e↵ect of the nuisance
asymmetries is measured with a control sample of B+ ! (J/ ! µ+µ�)K+ decays, using
the same data sample as the signal channel.

In the hardware trigger, events with a B+ ! (J/ ! µ+µ�)K+ decay are required
to trigger on particles other than the kaon, in order to avoid introducing additional
trigger asymmetries. At the software stage the event must trigger on the kaon in the
same manner as signal events. The o✏ine selection requires that the B-meson lifetime be
greater than 0.1 ps and that the kaon and muons have a significant IP with respect to all
PVs. Additional requirements on the momentum of the kaon and B candidates as well as
kaon particle identification are imposed to match the signal selection. The momentum
distributions of the B+ and K+ candidates are weighted to match those of the signal
candidates using the GBR technique [33], as the production and detection asymmetries
may depend on kinematics of the decay.

The raw asymmetry in the B+ ! J/ K+ signal yields is determined via an unbinned
maximum-likelihood fit in which the invariant-mass distribution of the B+ ! J/ K+

candidates is modeled by the sum of two Gaussian functions sharing a common mean,
while the combinatorial background is modeled by an exponential distribution. The total
yield of B+ ! J/ K+ decays is measured to be 372874 ± 776 for Magnet Down and
306821± 699 for Magnet Up data samples with a purity of approximately 99%. The raw
asymmetry is found to be �0.009± 0.002 for Magnet Up, and �0.012± 0.002 for Magnet
Down samples. The CP asymmetry for the decay B+ ! (J/ ! µ+µ�)K+ is taken to be
ACP (B+ ! J/ K+) = 0.002± 0.003 from Ref. [38]. After subtracting ACP , the remaining
asymmetry is attributed to the combination of production, detection, reconstruction, and
triggering e↵ects, which can then be determined from

AB
prod. + AK

det. = Araw(B
+ ! J/ K+)� ACP (B

+ ! J/ K+). (5)

This estimate of the nuisance asymmetry is then used in Eq. 4 to determine ACP (B+ !

5

Table 1: Systematic uncertainties on ACP (B+! K+⇡0).

Systematic Value (⇥10�3)
Signal modeling shape 4.3
Combinatorial background shape 1.3
Partial reco. background shape 1.3
Peaking partial reco. background shape 1.2
Peaking partial reco. background o↵set 1.3
Peaking partial reco. background resolution 1.4
B+ ! ⇡+⇡0 yield 1.3
B+ ! ⇡+⇡0 CP asymmetry 1.5
Multiple candidates 1.3
Production/detection asymmetry stat. 2.1
Production/detection asymmetry weights 0.5

Sum in quadrature 6.1

K+⇡0).This is done separately for the Magnet Up and Magnet Down data. By averaging
the Magnet Up and Magnet Down results, the direct CP asymmetry is determined to be
ACP (B+! K+⇡0) = 0.025± 0.015, where the uncertainty is statistical only.

To assess the systematic uncertainty due to mismodeling of the signal and background
line shapes, pseudoexperiments are generated for variations of the m(K+⇡0) fit model.
The leading source of systematic uncertainty is from modeling the signal component
in the fit. This uncertainty is assessed by replacing the default model with a single
Gaussian distribution. Systematic uncertainties are assessed for numerous fit variations:
replacing the exponential distribution for the combinatorial background with a linear
function, individually replacing each low-mass background model with an Argus function,
allowing the position and resolution of the peaking low-mass background to vary freely
and independently of the signal distribution, and varying the yield and asymmetry of
B+ ! ⇡+⇡0 background. Pseudoexperiments are also generated to assess the systematic
uncertainty due to including events with multiple candidates in the base analysis.

The statistical uncertainty on the determination of the raw B+ ! J/ K+ asymmetry
is also considered as a systematic uncertainty, and is the subdominant source of systematic
uncertainty. Additionally, the di↵erence between the nuisance asymmetries with and
without applying the GBR weights is taken to be a systematic uncertainty. The estimated
values for all systematic uncertainties are shown in Table 1, where the common value
of 0.0013 is from the statistical uncertainty of the pseudoexperiments generated. The
ACP (B+ ! J/ K+) precision of 0.003 is considered separately as an external-input
uncertainty.

In conclusion, the direct CP asymmetry of the decay B+! K+⇡0 has been measured
with the LHCb detector using a data sample corresponding to a luminosity of 5.4 fb�1. It
is found to be

ACP (B+! K+⇡0) = 0.025± 0.015± 0.006± 0.003,

where the first uncertainty is statistical, the second is systematic and the third due to
external inputs, exceeding the precision of the current world average [22]. This result
is consistent with the world average and consistent with zero at approximately 1.5 �.

6

Phys. Rev. Lett. 126, 091802 (2021)

https://arxiv.org/abs/2012.12789
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CPV in charm decays
• While CPV in B mesons/kaons has long been established, it had never been seen in charm quarks.
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• The tree and penguin sizes were too different: 
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• While CPV in beauty quark decays had been long established, it had 
never been seen in charm quarks.

CPV in charm decays

• Fortunately, have millions of signal.

• The tree and penguin amplitude sizes were too different: AT >> AP.
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• Therefore expect CPV to 
be very small.

• Can detect very small CPV signals.
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• Therefore expect CPV to 
be very small.

• Can detect very small CPV signals.

• Fortunately have millions of signal.

 PHYS. REV. LETT. 122 (2019) 211803 

https://doi.org/10.1103/PhysRevLett.122.211803
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Aside: Detection asymmetries
• If we had a perfect detector, the CP asymmetry would be given by

33

!2

ACP = N − N̄
N + N̄

• In reality, there is a different efficiency for the two CP states

!3

Araw = ϵN − ϵ̄N̄
ϵN + ϵ̄N̄

!4

≈ ACP + Adet

Araw = ϵN − ϵ̄N̄
ϵN + ϵ̄N̄

Mika Vesterinen

Detection asymmetries

Negatively 
charged muon

Positively 
charged muon

Dipole !
magnet

B-field

Muon  
chambers

MV, “Considerations on the LHCb dipole magnet 
polarity reversal”, LHCb-PUB-2014-006.
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• Where does this come from?

Mika Vesterinen

Muon  
chambers

Dipole !
magnet

Detection asymmetries

Positively 
charged muon

Negatively 
charged muon

B-field

Reversed magnet polarity

MV, “Considerations on the LHCb dipole magnet 
polarity reversal”, LHCb-PUB-2014-006.

26• Controlled with a combination of data and simulation. We are interested in CP asymmetries at the 10-4 
level - the details really matter here.
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LHCb analysis
• In early 2019, we analysed our full dataset and looked for CP violation in D—>hh decays.

34

• In order to control detection asymmetries, compare two decays: D—>KK and D—>ππ.

• The flavour of the D meson is determined from 
the charge of the excited D*+ state.
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• In early 2019, we analysed our full 9fb-1 dataset in D—>hh decays.

LHCb analysis
• In order to control experimental uncertainties, compared two decays D—

>KK and D—>ππ.
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� 

∆ACP ≡ Araw (KK) − Araw (ππ) = ACP (KK) − ACP (ππ)

• This helps cancel experimental 
effects due to reconstructing 
particles with opposite charges.
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Discovery of CPV in charm 
• We measured this difference to be non-zero by 5.3 standard deviations.
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• We measured this difference to be non-zero by 5.3 standard deviations.

A recent discovery

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 71Angelo$Carbone

Interpretation

For+the+full+LHCb data+set+(9 fb$%):
& ' /) *+ = 0.115 ± 0.002

' /) *+ =+1.71 ± 0.10

Using+the+LHCb averages:

345 = 5.7 ± 1.5 ×10$8

9: = −2.8 ± 2.8 ×10$= ≃ −?45@AB

CDEFGHI = −JK. L ± M. N ×JO$P

Δ945 mostly sensitive to direct CP violation

LHCb=PAPER=2019=006

JHEP+04+(2012)+129

Phys.+Rev.+Lett.+122+(2019)+011802

JHEP+04+(2015)+043

Phys.+Rev.+Lett.+118+(2017)+261803,

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 7Angelo$Carbone

CP#violation#key#dates

1956
Parity violation
T. D. Lee,
C. N. Yang and
C. S. Wu et al.

1964
Strange particles:
CP violation in !
meson decays
J. W. Cronin,
V. L. Fitch et al.

2001
Beauty particles:
CP violation in "#
meson decays
BaBar and Belle 
collaborations

1963
Cabibbo Mixing
N. Cabibbo

1973
The CKM matrix
M. Kobayashi and 
T. Maskawa

2019
Charm particles:
CP violation in $#
meson decays
LHCb collaboration

TODAY

• The conference organisers provided a 
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First time discovered!
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the LHCb members.
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• We measured this difference to be non-zero by 5.3 standard deviations.

A recent discovery
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Interpretation

For+the+full+LHCb data+set+(9 fb$%):
& ' /) *+ = 0.115 ± 0.002

' /) *+ =+1.71 ± 0.10

Using+the+LHCb averages:

345 = 5.7 ± 1.5 ×10$8

9: = −2.8 ± 2.8 ×10$= ≃ −?45@AB

CDEFGHI = −JK. L ± M. N ×JO$P

Δ945 mostly sensitive to direct CP violation
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TODAY

• The conference organisers provided a 
celebratory drink to the LHCb 
members.

First time discovered!

• Presented at Moriond 2019 for the first time.
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Interpretation
• Interpretation is complicated by QCD uncertainties (size depends on strong phase).


• The charm quark is not very heavy - QCD is strong. Non-perturbative techniques are needed.

36
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• Interpretation of this measurement is complicated by QCD uncertainties. 

• The charm quark is light so QCD is strong: non-peterbative techniques needed.

Interpretation

New physics explanation QCD explanation

• Direct CPV often has interpretation issues 
due to the strong part needed to generate 
such effects. 

• Other CPV in mixing more theoretically 
‘clean’.

Physics at LHCb - KT2 guest lecturePatrick Owen 24

• Interpretation of this measurement is complicated by QCD uncertainties. 

• The charm quark is light so QCD is strong: non-peterbative techniques needed.

Interpretation

New physics explanation QCD explanation

• Direct CPV often has interpretation issues 
due to the strong part needed to generate 
such effects. 

• Other CPV in mixing more theoretically 
‘clean’.

• Direct CPV often has interpretation issues due to the strong part 
needed to generate such effects.



Patrick Owen - HCPSS2021

The road to discovery is often not straight
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Flavoured neutral mesons

5

Flavour quantum numbers are not conserved by the weak interaction 
→ neutral mesons oscillate:

i
d
dt (D0(t)

D0(t)) = (M − i
2 Γ) (D0(t)

D0(t))

ad
f ≡

|Af|2 − |Āf̄|2

|Af|2 + |Āf̄|2

D0 D0
 

(FCNC)
ΔC = 2

off-shell 
transitions. NP?

on-shell 
transitions The oscillation probability is determined 

by the size of the transition amplitudes:

x12 ≡ 2|M12|
Γ , y12 ≡ 2|Γ12|

Γ
“mixing 
 parameters”

Mixing provides additional interfering amplitudes. CPV is classified as:

1. CPV in the decay 
 

2. CPV in the mixing 
 

3. CPV in the interference 
(of mixing and decay)

ϕ12 ≡ arg(M12 /Γ12) ≠ 0
P(D0 → D 0) ≠ P(D 0 → D0)

• Reminder of types of CPV:

1 Introduction

The breaking of the invariance of fundamental interactions under the combined charge
conjugation (C) and parity (P ) transformation, commonly named CP violation, is a
necessary condition to explain the much larger abundance of matter with respect to
antimatter in the universe [1]. Within the standard model (SM) of particle physics, the
weak interaction provides a source of CP violation through a single complex phase in
the Cabibbo–Kobayashi–Maskawa (CKM) matrix that governs the interaction of quarks
with the W boson [2, 3]. This CKM paradigm has been tested successfully in the decays
of down-type quarks (s or b) in K and B mesons. However, the measured size of CP
violation is too small to explain the aforementioned matter–antimatter asymmetry [4],
suggesting the existence of additional sources of CP violation beyond the SM.

Hadrons containing charm quarks are the only ones where CP violation and flavour-
changing neutral currents (FCNC) involving up-type quarks (u, c or t) can be studied,
and provide a unique opportunity to detect new interactions beyond the SM that leave
down-type quarks una↵ected [5]. Within the SM both CP violation and FCNC for
charm hadrons are predicted to be smaller than for kaons and beauty hadrons. The
Glashow–Iliopoulos–Maiani mechanism is more e↵ective owing to the smaller mass of
the beauty with respect to the top quark and to the smallness of the CKM matrix
elements connecting the first two generations of quarks with the third. Furthermore, the
contributions from the strange and down quarks cancel in the U -spin limit, where U -spin
is the SU(2) subgroup of SU(3)F relating the down and strange quarks. In particular,
the combination of CKM matrix elements responsible for CP violation in charm decays in
the SM is Im(VcbV

⇤
ub/VcsV

⇤
us) ⇡ �6⇥ 10�4, corresponding to CP asymmetries typically of

the order of 10�4 to 10�3 [5].
The LHCb collaboration reported the first observation of CP violation in the decay

of D0 mesons in 2019 [6]. However, theoretical uncertainties on nonperturbative e↵ects
of the strong interaction do not allow a rigorous assessment of its compatibility with
the SM [5,7–11]. This has prompted a renewed interest of the theory community in the
field [12–20]. Complementary searches for time-dependent CP violation in D0 decays,
which has not been observed so far, have the potential to clarify this picture [21].

Cabibbo-suppressed D0 ! f decays, where the final state f = K+K� or ⇡+⇡� is
common to D0 and D0 mesons, provide one of the most sensitive tests of time-dependent
CP violation through the measurement of the time-dependent asymmetry between the
D0 and D0 decay rates,

ACP (f, t) ⌘
�(D0! f, t)� �(D0! f, t)

�(D0! f, t) + �(D0! f, t)
, (1)

where �(D0! f, t) indicates the decay rate of an initial D0 meson decaying into the final
state f at time t. The dependence of the asymmetry on decay time is due to the oscillation
of D0 into D0 mesons. This process is parametrised through the mixing parameters x12

and y12, defined as x12 ⌘ 2|M12/�| and y12 ⌘ |�12/�| [22], where H ⌘ M � i
2� is the

e↵ective Hamiltonian governing the time evolution of the D0–D0 system and � is the
average decay width of the mass eigenstates. Since both mixing parameters are smaller
than 1% [23–29], the asymmetry can be expanded to linear order in the mixing parameters
as

ACP (f, t) ⇡ adf +�Yf
t

⌧D0
, (2)

1

• Similarly to sin(2β), measure CP asymmetry as a function of time.
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1
Direct CPV

• Also parameterised as AΓ, is sensitive to CPV in mixing and the decay.

Table 1: Summary of the systematic uncertainties, in units of 10�4. The statistical uncertainties
are reported for comparison.

Source �YK+K� [10�4] �Y⇡+⇡� [10�4]

Subtraction of the m(D0⇡+
tag) background 0.2 0.3

Flavour-dependent shift of D⇤-mass peak 0.1 0.1
D⇤+ from B-meson decays 0.1 0.1
m(h+h�) background 0.1 0.1
Kinematic weighting 0.1 0.1

Total systematic uncertainty 0.3 0.4
Statistical uncertainty 1.5 2.8

⇡+
tag mesons; the D0 flight distance in the plane transverse to the beam; the position of the

PV along the beamline; and the number of PVs in the event. No significant dependencies
of �Yh+h� on any of these variables are found. The measurement is repeated for the
signal channels, assigning a zero weight in the weighting procedure of Sect. 5 only to
the candidates in the tridimensional-space intervals for which the corresponding intervals
of the K�⇡+ sample have fewer than 40 candidates or an asymmetry greater than 20%.
In this way, the choice of the zero weights is made independent of the value of �Yh+h� .
The stability of the measurement is further checked as a function of the threshold of the
minimum number of candidates and of the maximum asymmetry per interval. The results
of all these tests are compatible with the baseline one within the statistical uncertainty.
Finally, possible biases due to the decay-time resolution, approximately 0.11 ⌧D0 , are
determined in simulation to be less than 0.01⇥ 10�4, and thus are neglected.

8 Results

The time-dependent asymmetries of the D0! K+K� and D0! ⇡+⇡� channels, after the
kinematic weighting and the subtraction of the contribution from B-meson decays, are
displayed in Fig. 12. Linear fits are superimposed, and the resulting slopes are

�YK+K� = (�2.3± 1.5± 0.3)⇥ 10�4,

�Y⇡+⇡� = (�4.0± 2.8± 0.4)⇥ 10�4,

where the first uncertainties are statistical and the second are systematic. Assuming that
all systematic uncertainties are 100% correlated, except those on the m(h+h�) background,
which are taken to be uncorrelated, the di↵erence of �Yf between the two final states is
equal to

�YK+K� ��Y⇡+⇡� = (1.7± 3.2± 0.1)⇥ 10�4,

and is consistent with zero. Neglecting final-state dependent contributions to �Yf , the
two values are combined using the best linear unbiased estimator [69, 70]. The result,

�Y = (�2.7± 1.3± 0.3)⇥ 10�4,
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Incredible precision! Consistent with no CPV 

ARXIV:2105.09889 

http://arxiv.org/abs/2105.09889
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Backups
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The unique opportunity of Bs0 mesons
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• Another important target was to access flavour observables utilising the huge production of Bs0 
mesons produced at the LHC. 


• While the B factories could produce Bs0 mesons, it was at a reduced rate and a more complicated 
environment compared to B0 and B+.


• At the LHC, Bs0 mesons account around 10% of the production, meaning large datasets were 
available.


• Two golden modes were of particular focus at the start of LHCb data taking:


• Search for the ultra rare decay Bs0—>µµ.


• Measurement of the CP violating phase ɸs in Bs0—>J/ψɸ decays.


• The first three flavour physics publications of LHCb were all on Bs0 decays.
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The flavour problem
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• Naturalness implies NP at the TeV scale.


• Flavour physics constraints imply NP at > O(100) TeV scale

• The key point is that flavour measurements always probe a combination of the coupling and energy 
scale. (We will see this in more detail in lecture 3). 


• These energy constraints assume O(1) flavour violating couplings.


• If you assume Minimal Flavour Violation (MFV), then NP is also suppressed in the same way it is in 
the CKM matrix.

• How to reconcile these two?


