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Interested in decays 
to charmonium? See 
Yinghua’s talk! 



𝐶𝑃 violation in the SM: the CKM 
matrix
• Quark flavour mixing determined by 

CKM matrix – connects mass and 
flavour eigenstates
• 𝐶𝑃-violation in SM – complex phase in 

CKM
• Unitarity of CKM matrix ⇒	unitarity 

relations
%
2

𝑉32𝑉42∗ = 0

• Form triangles in the complex plane

CKMfitter Group (J. Charles et al.), Eur. Phys. J. 
C41, 1-131 (2005) [hep-ph/0406184], updated results 
and plots available at: http://ckmfitter.in2p3.fr 

𝑉CKM =
𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$
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Measuring 𝐶𝑃 violation
Direct 𝐶𝑃 violation Mixing–induced 𝐶𝑃 violation
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Requires 
multiple 
contributing 
amplitudes with 
different strong 
and weak phases

Requires 𝑀 and 
(𝑀 to be 
accessible to 
same final state

ΔΓ

“indirect”



Measuring the CKM 
parameters
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𝐵$! → 𝐷$∓𝐾±
𝐵$! → 𝐽/𝜓𝜙 and 
𝐵$! → 𝐷$"𝐷$# 

𝐵!

"𝐵!

𝑓

ΔΓ

Interference 
between mixing and 

decay

𝐵$! → 𝐽/𝜓𝜂′ and 
𝐵$! → 𝐽/𝜓𝜋"𝜋#

𝐵! triangle 𝐵"! triangle𝐵! → 𝐽/𝜓𝐾)!



The LHCb experiment – 
Run 1 and Run 2  

Vertex Locator (VELO) 
tracks particles to 
reconstruct primary 
vertex

RICH detectors use 
Cherenkov light to 
identify particle 
types!

The T-Stations provide particle 
tracking information which 
allows us to reconstruct particle 
tracks 

Electromagnetic (ECAL) and 
Hadronic (HCAL) calorimeters 
to measure particle energies

Muon stations for 
detecting muons 
from decays

proton beam proton beam

collision point!
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Alves, A., & others (2008). The 
LHCb Detector at the LHC. 
JINST, 3, S08005.

momentum resolution: 
Δ p / p = 0.5 % at low 
momentum to 1.0% at 200 
GeV/c 

impact parameter resolution: 
(15 +29/pT[GeV] ) µm 

https://jinst.sissa.it/LHC/LHCb/2008_JINST_3_S08005.pdf


𝐵 decays to open charm
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B0
(s) and B0

(s) states. The partial decay rate as a function of the decay time t is given by17

d�(t, d)

dt
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2
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where ��q = �qL � �qH and �mq = mqH �mqL are the decay-width di↵erence and mass18

di↵erence of the heavy and light B0 (q = d) or B0
s (q = s) mass eigenstates, ⌧B0

(s)
is the19

mean lifetime of the B0
(s) meson and the tag d represents the flavour at production taking20

the value +1 for a B0
(s) meson and �1 for a B0

(s) meson. The CP -violation parameters are21

defined as22

Df = �2|�f | cos�q

1 + |�f |2
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1 + |�f |2
, Sf = �2|�f | sin�q

1 + |�f |2
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�f =
q

p

Āf

Af
and �q = � arg �f ,

(2)

where Af and Āf are the decay amplitudes of B0
(s) and B0

(s) to the common final state23

f and the ratio q/p describes mixing of the B0
(s) mesons. The parameter Df cannot be24

measured in B0 decays because, at the current experimental precision, ��d is compatible25

with zero. Thus, the decay rates for B0! D+D� can be simplified to26

d�(t, d)

dt
/ e�t/⌧B0 (1 + dCD+D� cos�mdt� d SD+D� sin�mdt) . (3)

If only tree-level contributions in B0 ! D+D� decays are considered, direct CP vi-27

olation vanishes resulting in CD+D� = 0 and SD+D� = � sin�d = � sin 2�. This28

assumption is valid within the current experimental precision for B0 ! J/ K0
S de-29

cays, where � can be measured with high precision as recently reported by LHCb [7].30

However, in B0 ! D+D� measurements the loop-mediated penguin contributions31

shown in Fig. 1 cannot be neglected and an additional phase shift is measured via32

sin (2� +��d) = �SD+D�/
p

1� C2
D+D� . This measurement enables higher-order cor-33

rections to the measurement of �s in B0
s ! D+

s D
�
s decays to be constrained, under the34

assumption of U-spin flavour symmetry.35

Due to the similarities of the two decay channels, a parallel measurement of the CP -36

violation parameters in B0! D+D� and B0
s ! D+

s D
�
s decays is performed. Both decays37

have been previously studied by LHCb [8, 9], while measurements of the CP -violation38

parameters in B0 ! D+D� decays have been performed by BaBar [10] and Belle [11].39

The Belle result lies outside the physically allowed region and shows a small tension with40

the other measurements.41

This analysis uses proton-proton (pp) collision data collected by the LHCb experiment42

during the years 2015 to 2018 corresponding to an integrated luminosity of 6 fb�1. The43

B0 ! D+D� candidates are reconstructed through the decays D+ ! K�⇡+⇡+ and44

D+ ! K�K+⇡+.1 These decays have the highest branching fractions into charged45

kaons and pions. Candidates where both D± mesons decay via D+ ! K�K+⇡+ are46

not considered due to the smaller branching fraction of this mode. Similarly, one of the47

D±
s mesons from the B0

s ! D+
s D

�
s candidates is always reconstructed through the decay48

D+
s ! K�K+⇡+ and the other is reconstructed through the decays D+

s ! K�K+⇡+,49

D+
s ! ⇡�K+⇡+ or D+

s ! ⇡�⇡+⇡+.50

1If not stated otherwise, charge-conjugated decays are implied.

2

Measurement of 𝐶𝑃 violation in 
𝐵! → 𝐷"𝐷# and 𝐵$! → 𝐷$"𝐷$#
• Time-dependent flavour-

tagged analysis
• Relate to CKM angles 𝛽 and 
𝛽; where 𝜙; = −2𝛽;
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1 Introduction1

Measurements of CP violation in B0
(s) mesons play a crucial role in the search for physics2

beyond the Standard Model (SM). With the increase in experimental precision, control3

over hadronic matrix elements becomes more important, which is a major challenge in4

most decay modes. In decays of beauty mesons to two charmed mesons B! DD, this5

can be achieved by employing U-spin flavour symmetry and constraining the hadronic6

contributions by relating di↵erent CP -violation and branching fraction measurements [1–4].7

The B! DD system gives access to a variety of interesting observables that probe8

elements of the Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing matrix [5, 6]. In9

B0 ! D+D� and B0
s ! D+

s D
�
s decays, the CP -violating weak phases � and �s can be10

measured, respectively. The phases arise in the interference between the B0–B0 (B0
s–B

0
s)11

mixing and the tree-level decay amplitudes to the D+D� (D+
s D

�
s ) final state, leading12

to time-dependent CP asymmetries. The decays can also proceed through several other13

diagrams, as shown in Fig. 1. The CP asymmetries may arise from both SM contributions14

and new physics e↵ects, if present.15

In B0! D+D� and B0
s ! D+

s D
�
s decays, the same final state is accessible from both16
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Figure 1: Dominant Feynman diagrams contributing to the B0 ! D+D� and B0
s ! D+

s D�
s

decays. The (top left) tree-level, (bottom left) exchange, (top right) penguin and (bottom right)
penguin annihilation diagrams are shown.
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where Af and Āf are the decay amplitudes of B0
(s) and B0

(s) to the common final state23

f and the ratio q/p describes mixing of the B0
(s) mesons. The parameter Df cannot be24

measured in B0 decays because, at the current experimental precision, ��d is compatible25

with zero. Thus, the decay rates for B0! D+D� can be simplified to26

d�(t, d)

dt
/ e�t/⌧B0 (1 + dCD+D� cos�mdt� d SD+D� sin�mdt) . (3)

If only tree-level contributions in B0 ! D+D� decays are considered, direct CP vi-27

olation vanishes resulting in CD+D� = 0 and SD+D� = � sin�d = � sin 2�. This28

assumption is valid within the current experimental precision for B0 ! J/ K0
S de-29

cays, where � can be measured with high precision as recently reported by LHCb [7].30

However, in B0 ! D+D� measurements the loop-mediated penguin contributions31

shown in Fig. 1 cannot be neglected and an additional phase shift is measured via32

sin (2� +��d) = �SD+D�/
p

1� C2
D+D� . This measurement enables higher-order cor-33

rections to the measurement of �s in B0
s ! D+

s D
�
s decays to be constrained, under the34

assumption of U-spin flavour symmetry.35

Due to the similarities of the two decay channels, a parallel measurement of the CP -36

violation parameters in B0! D+D� and B0
s ! D+

s D
�
s decays is performed. Both decays37

have been previously studied by LHCb [8, 9], while measurements of the CP -violation38

parameters in B0 ! D+D� decays have been performed by BaBar [10] and Belle [11].39

The Belle result lies outside the physically allowed region and shows a small tension with40

the other measurements.41

This analysis uses proton-proton (pp) collision data collected by the LHCb experiment42

during the years 2015 to 2018 corresponding to an integrated luminosity of 6 fb�1. The43

B0 ! D+D� candidates are reconstructed through the decays D+ ! K�⇡+⇡+ and44

D+ ! K�K+⇡+.1 These decays have the highest branching fractions into charged45

kaons and pions. Candidates where both D± mesons decay via D+ ! K�K+⇡+ are46

not considered due to the smaller branching fraction of this mode. Similarly, one of the47

D±
s mesons from the B0

s ! D+
s D

�
s candidates is always reconstructed through the decay48

D+
s ! K�K+⇡+ and the other is reconstructed through the decays D+

s ! K�K+⇡+,49

D+
s ! ⇡�K+⇡+ or D+

s ! ⇡�⇡+⇡+.50

1If not stated otherwise, charge-conjugated decays are implied.

2

Extract 𝑆<!<"	, 𝐶<!<"	, 
𝜙; and |𝜆<#!<#"|

B0
(s) and B0

(s) states. The partial decay rate as a function of the decay time t is given by17

d�(t, d)

dt
/ e

�t/⌧B0
(s)

✓
cosh

��qt

2
+Df sinh

��qt

2
+ dCf cos�mqt� d Sf sin�mqt

◆
, (1)

where ��q = �qL � �qH and �mq = mqH �mqL are the decay-width di↵erence and mass18

di↵erence of the heavy and light B0 (q = d) or B0
s (q = s) mass eigenstates, ⌧B0

(s)
is the19

mean lifetime of the B0
(s) meson and the tag d represents the flavour at production taking20

the value +1 for a B0
(s) meson and �1 for a B0

(s) meson. The CP -violation parameters are21

defined as22

Df = �2|�f | cos�q

1 + |�f |2
, Cf =

1� |�f |2

1 + |�f |2
, Sf = �2|�f | sin�q

1 + |�f |2
,

�f =
q

p

Āf
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Measurement of 𝐶𝑃 violation in 
𝐵! → 𝐷"𝐷# and 𝐵$! → 𝐷$"𝐷$#
• Unbinned maximum 

likelihood fit to signal-
weighted decay time 
distributions 

• 𝑪𝑷 symmetry excluded 
by more than 6𝝈 in 
𝑩𝟎 → 𝑫"𝑫#
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Figure 4: Decay-time distribution of (left) B0! D+D� and (right) B0
s ! D+

s D�
s candidates.

The background-subtracted data are shown as points and the projection of the PDF is shown as
a solid blue line.

The selection and reconstruction e�ciency depends on the B0 decay time due to245

displacement requirements made on the final-state particles and a decrease in the recon-246

struction e�ciency for tracks with large impact parameter with respect to the beamline [41].247

The decay-time dependent e�ciency is modeled by cubic-spline functions [42] with five248

knots at (0.3, 0.5, 2.7, 6.3, 10.3) ps, whose positions were determined using simulation. The249

spline coe�cients are free to vary in the fit.250

Gaussian constraints are used to account for the uncertainties on the tagging calibration251

parameters, the B0 lifetime, the oscillation frequency, �md, and the production asymmetry.252

The world-average values are used for the external parameters [43], while the production253

asymmetry is taken from a similar time-dependent analysis of B0! D⇤±D⌥ decays [44].254

The tagging e�ciencies are free to vary in the decay-time fit. Figure 4 (left) shows the255

results of the decay-time fit for this channel.256

B0
s ! D+

s D
�
s257

In the decay-time fit of B0
s ! D+

s D
�
s decays, the hyperbolic terms of Eq. (5) can be258

measured provided that ��s is not zero. Moreover, the definitions from Eq. (2) are used259

to directly determine the parameters �s and |�|. The acceptance function, the tagging260

parameters and external parameters are treated in the same way as for the B0! D+D�
261

decays. In addition to the lifetime and the oscillation frequency, �ms, the decay-width262

di↵erence ��s is constrained in the fit to the world-average value [43]. The value of the263

production asymmetry is taken from the control channel B0
s ! D�

s ⇡
+ as described in264

Ref. [45].265

Due to the high oscillation frequency of the B0
s meson, the decay-time resolution plays266

an important role. A per-event decay-time resolution is determined based on the per-event267

decay-time uncertainty estimated from the vertex fit, which is calibrated using a sample268

of D�
s ⇡

+ candidates, with D�
s ! �(K+K�)⇡�, and additional requirements imposed to269

suppress candidates produced in B decays to negligible levels. The measured decay time of270

the remaining candidates, which originate from the PV, is consistent with zero, and their271

distribution is used to assess resolution and bias e↵ects. A linear fit to the measured and272
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Figure 5: Decay-time-dependent CP asymmetry of (left) B0! D+D� and (right) B0
s ! D+

s D�
s

candidates. The asymmetry in the background-subtracted data is shown as points and the
projection of the PDF is shown as a solid blue line. Due to the high oscillation frequency of the
B0

s mesons, the corresponding distribution is folded onto one oscillation period.

predicted decay-time resolution is performed. A scale factor is then applied to translate273

the resulting calibration to the signal B0
s ! D+

s D
�
s mode. It is determined by comparing274

the decay-time resolution of B0
s ! D�

s ⇡
+ and B0

s ! D+
s D

�
s decays in simulation. Figure 4275

(right) shows the results of the decay-time fit for this channel.276

The decay-time-dependent CP asymmetry and the projection of the PDF are shown in277

Fig. 5 for (left) B0! D+D� and (right) B0
s ! D+

s D
�
s decays. The CP asymmetry in each278

decay-time bin is given by ACP = �(
P

j wjdjDj)/(
P

j wjD2
j ) with the tagging decision279

dj , the tagging dilution Dj and the signal weight wj obtained by the sPlot method [7], for280

each candidate j.281

7 Systematic uncertainties and cross-checks282

A variety of cross-checks are performed and potential sources of systematic uncertainties283

are considered.284

The decay-time fit is performed on a simulated B0! D+D� sample using the same285

strategy for the tagging calibration as for the fit to data. A second fit is performed where286

instead of the reconstructed tagging, the truth information of the initial flavour of the B0
287

mesons is used. Both results of the CP -violation parameters agree with the generated288

values.289

The decay-time fit is performed on several subsets of the data to test the consistency290

of the results. The data subdivision is done according to the final state, magnet polarity,291

years of data taking and tagging information (OS only or SS only). Consistent results are292

found in all cases.293

A bootstrapping procedure [46] is used to cross-check the statistical uncertainty from294

the decay-time fit to data. A data set is created by randomly drawing candidates from295

the original sample until a certain number of candidates is reached that itself is drawn296

from a Poisson distribution with the expected number of candidates matching the original297
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results of the decay-time fit for this channel.256

B0
s ! D+

s D
�
s257

In the decay-time fit of B0
s ! D+

s D
�
s decays, the hyperbolic terms of Eq. (5) can be258

measured provided that ��s is not zero. Moreover, the definitions from Eq. (2) are used259

to directly determine the parameters �s and |�|. The acceptance function, the tagging260

parameters and external parameters are treated in the same way as for the B0! D+D�
261

decays. In addition to the lifetime and the oscillation frequency, �ms, the decay-width262

di↵erence ��s is constrained in the fit to the world-average value [43]. The value of the263

production asymmetry is taken from the control channel B0
s ! D�

s ⇡
+ as described in264

Ref. [45].265

Due to the high oscillation frequency of the B0
s meson, the decay-time resolution plays266

an important role. A per-event decay-time resolution is determined based on the per-event267

decay-time uncertainty estimated from the vertex fit, which is calibrated using a sample268

of D�
s ⇡

+ candidates, with D�
s ! �(K+K�)⇡�, and additional requirements imposed to269

suppress candidates produced in B decays to negligible levels. The measured decay time of270

the remaining candidates, which originate from the PV, is consistent with zero, and their271

distribution is used to assess resolution and bias e↵ects. A linear fit to the measured and272
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Table 1: Systematic uncertainties for the B0! D+D� and B0
s ! D+

s D�
s channel. A dash (—)

is used to denote that a systematic has not been evaluated. The total systematic uncertainty is
the quadratic sum of the individual uncertainties.

Source SD+D� CD+D� �s[ rad] |�D+
s D�

s
|

Mass model 0.001 0.005 0.003 0.005
�� 0.010 0.005 — —
Decay-time resolution 0.002 0.007 0.011 0.027
Decay-time bias — — 0.026 0.014
Acceptance function 0.001 0.001 < 0.001 0.001
Total 0.010 0.010 0.028 0.031

is not evaluated here. However, in B0
s decays, this bias could have a significant impact345

on the measurement. To evaluate the e↵ect, the mean of the resolution function in the346

generation of the pseudoexperiments is set to the largest observed bias.347

The individual systematic uncertainties on the CP -violation parameters are reported348

in Table 1 and summed in quadrature.349

8 Results and interpretation350

A flavour-tagged time-dependent analysis of B0 ! D+D� and B0
s ! D+

s D
�
s decays is351

performed using proton-proton collision data collected by the LHCb experiment during the352

years 2015 to 2018, corresponding to an integrated luminosity of 6 fb�1. Approximately353

5 700 B0! D+D� signal candidates are observed. A fit to their decay-time distribution,354

including evaluation of systematic uncertainties, gives the final results355

SD+D� = �0.552± 0.100 (stat)± 0.010 (syst),

CD+D� = 0.128± 0.103 (stat)± 0.010 (syst),

with a statistical correlation between the two parameters of ⇢(SD+D� , CD+D�) = 0.472.356

The results and correlations of the external parameters from the decay-time fit are357

presented in Appendix A. Wilks’ theorem [48] is used to determine the significance of the358

result, excluding systematic uncertainties. The hypothesis of CP symmetry, corresponding359

to SD+D� = CD+D� = 0, can be rejected by more than six standard deviations. The360

values are consistent with previous results from LHCb and BaBar [10], which correspond361

to a small contribution from higher-order SM corrections. Thus, this measurement will362

move the world average further away from the Belle measurement, which lies outside the363

physical region [11].364

The result is combined with the previous LHCb measurement in this channel [8]. Due365

to the small e↵ect of the external parameters on the result, the two measurements are366

assumed to be uncorrelated and the combined values are367

SD+D� = �0.549± 0.085 (stat)± 0.015 (syst),

CD+D� = 0.162± 0.088 (stat)± 0.009 (syst),

with a statistical correlation between the two parameters of ⇢(SD+D� , CD+D�) = 0.474.368
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Approximately 13 000 B0
s ! D+

s D
�
s signal candidates are observed and the final results369

of the decay-time fit and the systematic uncertainties are370

�s = �0.086± 0.106 (stat)± 0.028 (syst) rad,

|�D+
s D�

s
| = 1.145± 0.126 (stat)± 0.031 (syst),

with a statistical correlation between the two parameters of ⇢(�s, |�D+
s D�

s
|) = �0.007.371

Further information on the results of the decay-time fit is shown in Appendix A. This372

result is consistent with, and more precise than, the previous LHCb measurement [9]. The373

combination with the previous LHCb measurement, following the same strategy as for374

the B0! D+D� decays, yields the values375

�s = �0.055± 0.090 (stat)± 0.021 (syst) rad,

|�D+
s D�

s
| = 1.054± 0.099 (stat)± 0.020 (syst),

with a statistical correlation between the two parameters of ⇢(�s, |�D+
s D�

s
|) = 0.005. The376

values are consistent with CP symmetry in the B0
s ! D+

s D
�
s channel.377

These results can be used in combination with other B ! DD measurements to378

perform a global analysis and extract SM parameters as has previously been performed379

in Ref. [3]. They represent the most precise single measurements of the CP -violation380

parameters in their respective channels and the combined results supersede the previous381

LHCb measurements. For the first time, CP symmetry can be excluded by more than six382

standard deviations in a single measurement of B0! D+D� decays.383
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phase-space bin. These are obtained from quantum-correlated DD pairs produced at the47

 (3770) threshold [10–13].48

An analogous extension of this approach can be applied to four-body charm decays [14].49

In Ref. [15], it has been demonstrated that an optimal binning scheme for the decay50

D ! K+K�⇡+⇡� can achieve competitive statistical precision with other decay modes51

that contribute to the combination of � measurements by LHCb [8]. The binning scheme52

was constructed using knowledge from an amplitude model [16]. At the time of this53

previous � measurement, no strong-phase information was available. Consequently,54

the same amplitude model was used to calculate the strong-phase inputs. This model55

dependence introduced systematic uncertainties that are challenging to evaluate.56

In this paper, a model-independent determination of � using B± ! DK±, with the57

subsequent D ! K+K�⇡+⇡� decay, is presented. The analysis is performed in bins58

of phase space and takes as input direct measurements of the strong-phase parameters59

recently reported by the BESIII collaboration [17]. This is the first binned model-60

independent measurement of � exploiting this four-body D decay mode, and supersedes61

the model-dependent measurement in Ref. [15].62

Analogously, the decay D ! ⇡+⇡�⇡+⇡� may also be used in a measurement of �. This63

decay mode has a branching fraction approximately three times that of D ! K+K�⇡+⇡�,64

with similar kinematics, and it is therefore expected to also provide valuable sensitivity to65

�. Data collected by the CLEO-c experiment has been used to construct an amplitude66

model, devise a binning scheme for the measurement of �, and determine the strong-phase67

parameters within these bins [18]. More recently, an amplitude model, binning scheme68

and strong-phase measurements for this same decay mode have been reported by the69

BESIII collaboration [19, 20]. As the BESIII data sample is significantly larger than that70

accumulated by CLEO-c, it is expected that the BESIII choice of binning allows for a71

better sensitivity to �, as does the higher precision of the strong-phase measurements72

within these bins. This paper presents a first determination of � using B± ! DK±,73

D ! ⇡+⇡�⇡+⇡� decays that exploits the BESIII measurements, and also a cross-check74

using the earlier CLEO-c inputs. Finally, a measurement of � is reported that combines75

the results from both the D ! K+K�⇡+⇡� and D ! ⇡+⇡�⇡+⇡� decay modes.76

2 Analysis strategy77

The formalism for measuring � in this analysis is presented in Ref. [15]. In summary, the78

analysis of multibody decays with mixed CP -content can be performed with a binned phase-79

space approach, which is the main focus of this paper. This requires a determination of the80

yield N±
i of B± decays in the 2⇥N bins of phase space, labelled i = �N , ...,�1,+1, ...,N .81

The key equations relating the yields N±
i of B± decays in bin i are given by82

N+
+i =hDK

B+

⇣
F�i +

�
(xDK

+ )2 + (yDK
+ )2

�
Fi + 2

p
F�iFi(x

DK
+ ci + yDK

+ si)
⌘
, (1)

N�
�i =hDK

B�

⇣
F�i +

�
(xDK

� )2 + (yDK
� )2

�
Fi + 2

p
F�iFi(x

DK
� ci + yDK

� si)
⌘
, (2)

where the CP -violating observables xDK
± and yDK

± are related to � by83

xDK
± ⌘ rDK

B cos(�DK
B ± �), yDK

± ⌘ rDK
B sin(�DK

B ± �). (3)
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Figure 1: Invariant-mass distributions for the (left) B± ! DK± and (right) B± ! D⇡±

selections, for the D ! K+K�⇡+⇡� decay. The square brackets in the legend denote particles
that are not reconstructed.

While the BDT setup is identical to that described in Ref. [15], in this analysis it is263

applied at the end of the selection procedure, and the BDT was retrained to adapt to264

the new selection procedure. In comparison, in Ref. [15], the BDT was applied before the265

rectangular selections that suppress charmless background, cloned tracks and K0
S decays.266

To improve the resolution of the momenta of the D-decay products and the invariant267

mass of the B± candidate, a kinematic fit is performed in which the D meson candidate is268

constrained to its known mass [22], and the B± candidate is constrained to originate from269

its associated PV. This is defined as the PV with the smallest IP with respect to the B±
270

candidate. After the kinematic fit, it is found that a negligible number of candidates are271

outside the kinematic boundary of the phase space, and these candidates are therefore272

removed from the selection.273

6 Invariant-mass fit274

An unbinned, extended maximum-likelihood fit is performed simultaneously to the re-275

constructed invariant-mass spectra, mB, of the B± ! [K�K+⇡+⇡�]Dh± and B± !276

[⇡�⇡+⇡+⇡�]Dh± candidates in the range from 5080 to 5700MeV/c2. This section de-277

scribes the first stage of the fit, which is referred to as a global fit, and is identical to278

that described in Ref. [15]. It is performed on the selected B± ! DK± and B± ! D⇡±
279

candidates, integrated over all phase-space bins. The global fit is used to determine280

the parameters of the functions that describe the signal and background invariant-mass281

distributions. The second part of the fit, which is discussed in Sect. 8, uses the results282

from the global fit to interpret the yields of each phase-space bin in terms of the physics283

parameters.284

The B± ! [K�K+⇡+⇡�]Dh± invariant-mass distributions are shown in Fig. 1, while285

those of B± ! [⇡�⇡+⇡+⇡�]Dh± are shown in Fig. 2. In the global fit, the yield of286

B± ! D⇡± is varied separately for the two D decays, while the yield of B± ! DK±
287

is parameterised as a ratio relative to the B± ! D⇡± yield. This ratio is a common fit288

parameter for the two D decays, as are the parameters that describe the signal shape.289

The peak at around 5280MeV/c2 corresponds to B± ! Dh± candidates that are290
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Figure 2: Invariant-mass distributions for the (left) B± ! DK± and (right) B± ! D⇡±

selections, for the D ! ⇡+⇡�⇡+⇡� decay. The square brackets in the legend denote particles
that are not reconstructed.

correctly reconstructed. The signal invariant-mass shape is parameterised as a sum of a291

Gaussian function and a modified Gaussian function, as detailed in Ref. [15]. Similarly,292

at masses above the B± ! DK± peak there is a non-negligible contribution from293

B± ! D⇡± decays where the companion is misidentified as a kaon. The treatment of this294

component is explained in Ref. [15], along with the analogous misidentification component295

of B± ! DK± candidates in the B± ! D⇡± selection.296

Candidates with masses below that of the signal peak are background from B-meson297

decays where a neutral particle or charged pion is not reconstructed. The model describing298

this partially reconstructed background and its associated parameters are taken from299

Ref. [9], with the exception of the contamination from B0
s ! D0K�⇡+ and B0

s ! D0K+⇡�
300

decays with a missing pion. Instead, for this component, the total size of the background301

contamination is taken from the fit results of Ref. [47].302

The contamination of charmless decays in the D ! K+K�⇡+⇡� and ⇡+⇡�⇡+⇡�
303

modes is also di↵erent from Ref. [9]. In particular, the B± ! DK± sample has a304

significant charmless contribution. Although this type of background was not included305

as part of the nominal fit model in Ref. [9], it is necessary to do so for the four-body306

decays described here, due to the larger relative size of this background. Both the yield307

and invariant-mass shape of this contribution are fixed from studies of the lower (upper)308

sideband of the D ! K+K�⇡+⇡� (⇡+⇡�⇡+⇡�) invariant mass. Analogous studies show309

that there is no significant contamination from charmless decays in the B± ! D⇡±
310

selection.311

Additionally, the D ! K+K�⇡+⇡� mode is contaminated by D ! K⌥⇡±⇡�⇡+⇡0
312

decays, where a charged pion is misidentified as a kaon and the neutral pion is not313

reconstructed. This background is present at mass values below the signal peak, but has314

a large tail which extends into the signal region. The shape of this background is fixed315

using a simulation sample, while its yield is a free parameter. The ratio between this316

background and the signal is shared between the B± ! DK± and B± ! D⇡± modes. In317

the absence of kaons in the final state, the D ! ⇡+⇡�⇡+⇡� decay has no such partially318

reconstructed misidentified component.319

The signal yields, obtained from the global fit, are given in Table 3. The yields are320
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Figure 9: One-dimensional scans of the confidence interval distribution of the CKM angle �. The
solid lines are obtained using the Prob method. The data points are the results of the Plugin
method and these confidence intervals are in general wider than those obtained from the Prob
method. On the left is a comparison between fits to the (red) D ! K+K�⇡+⇡� and (blue)
⇡+⇡�⇡+⇡� channels, and (green) the combined fit. On the right is a comparison between the
binned measurement, and the combined binned and integrated measurements.

channel. Thus, the contours in Fig. 7 are in fact underestimated, which further reduces499

the tension between the two D-decay modes. Similar scans are also performed over the500

other physics parameters, and the final results with both the D ! K+K�⇡+⇡� and501

D ! ⇡+⇡�⇡+⇡� modes combined, using the phase-space binned strategy, are502

� =(53.9+9.5
�8.9)

�,

�DK
B =(111.0+8.0

�7.9)
�,

rDK
B =0.101+0.021

�0.018,

�D⇡
B =(241+103

�98 )�,

rD⇡
B =0.0022+0.0041

�0.0022.

When combining with the phase-space integrated measurements, the result is the503

first standalone model-independent measurement of � in the B± ! Dh± decay, with the504

self-conjugate charm decays D ! K+K�⇡+⇡� and ⇡+⇡�⇡+⇡�. The numerical values are505

� =(52.6+8.5
�6.4)

�,

�DK
B =(112.6+6.1

�7.8)
�,

rDK
B =0.102+0.014

�0.017,

�D⇡
B =(262+40

�52)
�,

rD⇡
B =0.0043+0.0033

�0.0043,

making it one of the most precise measurements of � to date. Its central value is also506

consistent with the combination of other LHCb results [8].507
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Charmless 𝐵 → 𝑉𝑉 decays
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Charmless 𝐵 → 𝑉𝑉 decays particularly 
interesting
• Decays of 𝐵(;)A → 𝑉B𝑉C with 𝑉B,C in {𝜙, 𝐾∗, 𝜌}
• Three contributing amplitudes – mixture of 𝐶𝑃 states
• 𝐴∥, 𝐴+, 𝐴,

• Polarization puzzle - expect longitudinal polarization, 𝐴A, to 
dominate due to helicity suppression
• Holds for decays at tree-level but not penguin-dominated

• Indirect 𝐶𝑃 violation in penguin 𝐵 → 𝑉𝑉	susceptible to new 
physics entering in loops

18.08.25 Mary Richardson-Slipper (Cambridge) 13

𝐶𝑃 even odd



Measurement of 𝜙$$ ̅$$ with 𝐵$! → 𝜙𝜙 
• A golden mode of LHCb -

experimentally clean 
• Probe of 𝐶𝑃 violation in 

penguin-dominated decays 
• 𝐶𝑃 violation in mixing and 

decay predicted to cancel in the 
SM

𝜙!! ̅!! = 𝜙# − 𝜙$ ≈ 0
 Upper limit: 0.02 rad.[1]

• Significant deviation from zero 
is clear signature of new 
physics 

18.08.25 Mary Richardson-Slipper (Cambridge) 14

[1] Matthaeus Bartsch, Gerhard Buchalla, & Christina Kraus. 
(2008). B -> V_L V_L Decays at Next-to-Leading Order in QCD. 

Figure 2.7 Angular variables in the B0
s ! �� decay in the rest frame of the B0

s

meson [1].

amplitudes Ak and A? linear combinations of the amplitudes of defined helicity,

Ak ⌘ 1p
2
(A+ + A�), (2.40)

A? ⌘ 1p
2
(A+ � A�), (2.41)

where A+ and A� are the amplitudes corresponding to final states with overall

helicities of +1 and �1 respectively. The amplitudes A0 and Ak are even under

CP while amplitude A? is odd under CP , and hence this decay mode contains

an admixture of CP states. Thus the fraction of each of these helicity states that

contribute to the final state is required to determine �
ss̄s
s . Each of these helicity

states has a di↵erent angular distribution. The angular variables are defined

according to Fig. 2.7. The angles ✓1,2 are the angles between the K
+ meson

momentum in the rest frame of �1,2 and the �1,2 momentum in the rest frame of

the B
0
s . The angle � here is the angle between the two � decay planes [1]. The

choice of which � meson is labelled with 1 or 2 is random. The CP -violating

phase, �
ss̄s
s , is extracted from a time dependent angular analysis to disentangle

the helicity amplitudes.

The CP -violating phase �
ss̄s
s was first measured by the LHCb collaboration using

1 fb�1 of data collected in 2011. This analysis restricted the value of �
ss̄s
s

to the range [�2.46, �0.76] rad [46]. With the full Run 1 sample of 3 fb�1,

�
ss̄s
s was measured to be �0.17 ± 0.15 (stat) ± 0.03 (syst) rad [47]. In 2020,

LHCb published an enhanced measurement including further data from 2015

and 2016. Now with a total 5 fb�1 of data, the measurement of �
ss̄s
s was

�s = �0.073 ± 0.115 (stat) ± 0.027 (syst) rad [1]. In 2023, the LHCb experiment

16
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• Value of 𝜙###̅# extracted from 4D fit to decay 
time and three helicity angle distributions

• Fit results using full Run 2 dataset with 
15.8k events:

𝜙!! ̅!! = −0.042 ± 0.075 stat. ± 0.009	(syst.)	rad

• Most precise measurement of time-
dependent 𝑪𝑷 asymmetry in penguin 
dominated 𝑩 decays to date and 
consistent with the SM prediction

Measurement of 
𝜙$$ ̅$$ with 𝐵$! → 𝜙𝜙 
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Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables (cos ✓1 and �) and decay time,
superimposed by the fit projections.

combinatorial background is represented by an exponential function. The yields of the
three components, the position and resolution of the signal component and the slope of
the background exponential function are allowed to vary in the fit. The B0

s ! �� signal
yield is measured to be 15840±140. Based on the result of the fit to the mass distribution,
a signal weight is assigned to each candidate using the sPlot method [37]. These signal
weights are subsequently used in a maximum-likelihood fit [38] to the decay-time and
angular distributions in order to statistically subtract the background contribution.

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f0

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�

and the narrow K+K� mass window used to select the � candidates, the latter two
contributions are highly suppressed and found to be negligible from an angular fit that
accounts for these contributions. Thus in the subsequent analysis, only the B0

s ! �� decay
is considered. The di↵erential decay rate is written as the sum of six terms, corresponding
to contributions from the three polarization states and their interferences,

d4�(t, ~⌦)

dtd~⌦
/

6X

k=1

hk(t)fk(~⌦) , (1)

where t is the decay time of the B0
s meson, and ~⌦ = (✓1, ✓2,�) denotes the helicity angles

of the two K+ mesons in the corresponding � rest frame (✓1, ✓2) and the angle between the
two � ! K+K� decay planes (�). The angular functions fk(~⌦) are defined in Ref. [18].

3
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Table 2: Systematic uncertainties for physics parameters in the polarization-independent fit, the
values are given in units of 10�3 (10�3 rad for angles).

Source �sss
s |�| |A0|2 |A?|2 �k � �0 �? � �0

Time resolution 4.9 2.6 0.8 0.8 0.1 3.4
Flavor tagging 4.8 4.7 0.9 1.3 1.2 9.7
Angular acceptance 3.9 4.9 1.4 1.7 4.7 1.2
Time acceptance 2.3 1.7 0.1 0.1 5.6 0.7
Mass fit & factorization 2.2 4.4 1.9 2.3 2.3 2.5
MC truth match 1.1 0.2 0.1 0.1 0.2 0.3
Fit bias 0.8 0.7 0.9 0.3 3.6 0.7
Candidate multiplicity 0.3 0.2 0.1 0.8 0.2 0.1
Total 8.8 8.6 2.7 3.3 8.5 10.7

�sss
s = �0.17 ± 0.15 (stat) ± 0.03 (syst) rad and |�| = 1.04± 0.07 (stat)± 0.03 (syst) [17]

using the procedure described in Ref. [43]. In the combination, those systematic
uncertainties that arise from the same origin are taken to be completely correlated between
the Run 1 and Run 2 results. The combined values of the CP -violation parameters are
�sss
s = �0.074± 0.069 rad and |�| = 1.009± 0.030, with a correlation coe�cient of �0.02.

This is the most precise measurement of CP violation in B0
s ! �� decays to date, as is

illustrated in Fig. 2.
A polarization-dependent fit is performed using the same data set, where the parameters

�s,i and �i can take di↵erent values for the three polarization states. To reduce parameter
correlations in the fit, the phase di↵erences, �s,k � �s,0 and �s,? � �s,0, and ratios, |�?/�0|
and |�k/�0|, are used as fit parameters. The measured values are

�s,0 = �0.18± 0.09 rad , |�0| = 1.02± 0.17 ,

�s,k � �s,0 = 0.12± 0.09 rad , |�?/�0| = 0.97± 0.22 ,

�s,? � �s,0 = 0.17± 0.09 rad , |�k/�0| = 0.78± 0.21 ,

-12011, 1 fb

-1Run 1, 3 fb

-1Run 1 + 2015 + 2016, 5 fb

-1Run 2, 6 fb

-1Run 1 + Run 2, 9 fb

 [rad]sss
sφ

3− 2− 1− 0 1

LHCb

SM prediction

Figure 2: Comparison of �sss
s measurements from this and previous analyses [16–18] by the

LHCb collaboration. The vertical band indicates the SM prediction [6, 7, 9].
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15.8k events 
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Search for 𝐵! → 𝜙𝜙
• Complementary study
• .𝑏𝑑 → 𝑠𝑠̅	 annihilation: loop, Cabibbo 

and OZI suppressed
• Branching fraction may be enhanced 

in many scenarios: new physics, 𝜔 −
𝜙 mixing…
• Predictions at ~ 10#% level - vary by 

order of magnitude
• Leading-order non-factorizable 

contributions to 𝐵& → 𝜙𝜙 are higher-
order corrections to 𝐵'& → 𝜙𝜙

18.08.25 Mary Richardson-Slipper (Cambridge) 16

2.6 The B
0 ! �� decay

The B
0 ! �� decay is an example of a b̄d ! ss̄ penguin annihilation. It is highly

suppressed in the SM by multiple quantum loops, Cabibbo suppression [32] and

the OZI rule[50, 51]. The latter of these states that if the Feynman diagram of

a process may be separated into two disconnected diagrams by cutting the gluon

lines then this process is suppressed. For these reasons, the B
0 ! �� decay is

predicted to have a very small branching fraction. A summary of theoretical

predictions for the B
0 ! �� branching fraction is given in Table 2.2. The table

also shows the calculation used to arrive at the prediction, either perturbative

QCD (PQCD) or QCD factorisation (QCDF). An example Feynman diagram for

this process is shown in Figure 2.9.

!"
#̅

%̅

%̅

%

%

&
#

#'!

(

(

)

Figure 2.9 An example Feynman diagram for the penguin annihilation process
that describes the decay B0 ! ��.

These predictions vary by more than an order of magnitude and have large

BF (⇥10�8) Scheme Reference
1.2 ± 0.6 PQCD [52]
2.9 ± 0.6 PQCD [53]
1.6 ± 0.4 PQCD [54]
1.2 ± 0.3 QCDF [55]
4.4+0.9

�0.8 PQCD [56]
1.9 ± 0.3 PQCD [57]
< 3 QCDF [45]
0.21+0.16

�0.3 QCDF [58]

Table 2.2 Theory predictions for the B0 ! �� branching fraction, and the
calculation used.
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Bar-Shalom, S., Eilam, G., & Yang, Y.-D. (2003). 𝐵 → 𝜙𝜋 and 
𝐵! → 𝜙𝜙 the standard model and new bounds on 𝑅-parity 
violation. Physical Review D, 67(1). 
https://doi.org/10.1103/physrevd.67.014007 

non-factorizable 

𝐵!

𝜙

𝜙

LHCb-PAPER-2025-018, submitted to JHEP

https://doi.org/10.1103/physrevd.67.014007
https://arxiv.org/abs/2507.20945
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New limit set on branching fraction
• BF from fit to 

invariant mass, 
relative to 𝐵;A → 𝜙𝜙
• Set a new limit on 

the branching 
fraction at 90% 
confidence level 
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ℬ 𝐵A → 𝜙𝜙 < 1.3	×	10@E
• factor of two better 

than previous limit

LHCb-PAPER-2025-018, submitted to JHEP
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Amplitude analysis of 𝐵" → 𝜌𝐾∗"
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• 𝐵" → 𝜌𝐾∗"

• Extract
•  longitudinal fraction, 𝑓%
• 𝐶𝑃 asymmetry, 𝒜&'
• Triple product 

asymmetries 
• 5-dimensional fit to 
𝑚(𝐾)𝜋"), 𝑚(𝜋"𝜋#), and 
helicity angles cos 𝜃*(+), 
cos 𝜋"𝜋# and 𝜙
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Figure 1: Mass distributions of (left) B+
! ⇢0K⇤+ and (right) B�

! ⇢0K⇤� candidates, with
the fit results also shown.

The numbers of B+ and B� signal candidates are determined to be 2208±53 and 2333±55,95

respectively, where the uncertainties are statistical. The subsequent amplitude analysis96

exploits candidates in the signal region, defined as ±2.5 times the experimental mass97

resolution around the known B+ mass [38]. Within this region, the fraction of B+ (B�)98

combinatorial background over the total yield, including signal and background of both99

flavors, is r+b = 0.0631 ± 0.0032 (r�b = 0.0633 ± 0.0032), where the uncertainties are100

statistical only. The charge asymmetry is not significant for either the combinatorial101

background or the signal. The amount of partially reconstructed background in the signal102

regions is negligible.103

An amplitude analysis is performed to study the di↵erent amplitudes contributing to104

the decay, thereby enabling measurements of the polarization and the CP asymmetry for105

each component. The kinematics of the B+
! (⇡+⇡�)(K0

S⇡
+) decay can be fully described106

by five independent variables, ~O = (m⇡+⇡� ,mK0
S⇡

+ , cos ✓⇡+⇡� , cos ✓K0
S⇡

+ ,�), where m⇡+⇡�107

and mK0
S⇡

+ are the masses, ✓⇡+⇡� and ✓K0
S⇡

+ are the helicity angles, and � is the angle108

between the ⇢0 ! ⇡+⇡� and K⇤+
! K0

S⇡
+ decay planes. The variable ✓⇡+⇡� (✓K0

S⇡
+) is109

defined as the angle between the momentum of the ⇡+ (K0
S) in the ⇡+⇡� (K0

S⇡
+) rest110

frame and the momentum of the ⇢0 (K⇤+) meson in the B+ rest frame. Following the111

isobar approach [65], the total amplitude of the B+
! (⇡+⇡�)(K0

S⇡
+) is built by the112

coherent sum of quasi-two-body amplitudes. The di↵erential decay rate for the B+ decay113

is defined as the squared modulus of the total amplitude114

d5�

d
�
m⇡+⇡�

�
d
�
mK0

S⇡
+

�
d
�
cos ✓⇡+⇡�

�
d
�
cos ✓K0

S⇡
+

�
d�

/� ·

�����

NX

i=1

Ai · gi
�
cos ✓⇡+⇡� , cos ✓K0

S⇡
+ ,�

�
·Mi

�
m⇡+⇡� ,mK0

S⇡
+

�
�����

2

,

(1)

where � is the four-body phase-space density and Ai is the complex coupling for each115

amplitude. For the B� decay, the sign of the � angle is flipped and an independent set116

of complex couplings, Ai, is measured. The gi functions are characterized by spherical117

harmonics describing the angular distribution. The 22 amplitudes included in the baseline118

fit are detailed in Table 3 of Supplemental Material [66]. The Mi functions describe the119

3

𝐵# → 𝜌𝐾∗# 𝐵% → 𝜌𝐾∗%

Select signal candidates from simultaneous 
fit to 𝑚(𝐾3𝜋𝜋𝜋) within 2.5𝜎 of 𝐵± mass

𝑁5" = 2208 ± 53	, 𝑁5# = 2333 ± 55

→ 𝜋#𝜋%
(→ 𝐾&𝜋#)

Preliminary Preliminary

LHCb-PAPER-2025-026 in preparation
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• Charge-averaged longitudinal fraction
𝑓F ≡

𝐴A C + 𝐴A C

∑G( 𝐴G C + 𝐴G C)
= 0.720 ± 0.028 ± 0.009

• Direct 𝐶𝑃	asymmetry 
𝒜HI ≡

∑G( 𝐴G C − 𝐴G C)
∑G( 𝐴G C + 𝐴G C)

= 0.507 ± 0.062 ± 0.017
 9𝜎 with likelihood-ratio test!

Figure 4: Overview of results of longitudinal polarization fractions in B+
! ⇢0K⇤+ decay. The

black points are di↵erent theoretical predictions, the blue one is the previous measurement, and
the red one is the result from this work.

Figure 5: Overview of results of direct CP asymmetries in B+
! ⇢0K⇤+ decay. The black points

are di↵erent theoretical predictions, the blue one is the previous measurement, and the red one
is the result from this work.
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LHCb makes the headlines with first 
observation of 𝐶𝑃 violation in baryon 
decays
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Measure of direct 
𝐶𝑃 asymmetry in 
ΛJA → 𝑝𝐾@𝜋?𝜋@
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Figure 2: Mass distributions together with the fit projections. Displayed are the
mass distributions for the signal channel: (a) ⇤0

b ! pK�⇡+⇡� and (b) ⇤0
b ! pK+⇡�⇡+. The

di↵erent components utilised in the fit are described in detail in the Methods section and listed
in the legend. The area under a curve represents the yield of the corresponding component.

observed by selecting regions with appropriate contributions from hadronic resonances.
The CP asymmetry in the ⇤0

b decay, as defined in Eq. (1), is inferred through the yield
asymmetry between the numbers (N) of observed ⇤0

b ! pK�⇡+⇡� and ⇤0
b ! pK+⇡�⇡+

decays, defined as

AN ⌘ N(⇤0
b ! pK�⇡+⇡�)�N(⇤0

b ! pK+⇡�⇡+)

N(⇤0
b ! pK�⇡+⇡�) +N(⇤0

b ! pK+⇡�⇡+)
. (2)

As depicted in Fig. 1, the ⇤0
b and ⇤0

b baryons in this study are produced in high-energy
proton-proton (pp) collisions provided by the Large Hadron Collider at CERN from 2011
to 2018. The total integrated luminosity of the data is about 9 fb�1. Beauty baryons from
pp collisions then decay into final-state particles, which are detected by the LHCb detector.
The LHCb experiment was designed to study CP violation in particles containing b or c
quarks. Detailed descriptions of the LHCb detector and its performance can be found in
Refs. [30, 31].

An event selection is performed to reduce background, primarily arising from random
combinations of final-state particles. Due to its relatively long lifetime, the ⇤0

b baryon
travels a measurable distance before decaying, resulting in a decay vertex displaced from
the pp collision point. The final-state particles of the signal decay have relatively high
transverse momentum, i.e. the component of the momentum transverse to the beam
direction, reflecting the large ⇤0

b mass. These characteristics are exploited to suppress
background due to random combinations of p, K�, ⇡+ and ⇡� particles through a machine-
learning technique implemented with a boosted decision tree classifier [32,33]. Background
involving misidentified particles, such as the ⇤0

b ! p⇡�⇡+⇡� decay where a ⇡� candidate
is reconstructed as a K�, is mitigated using particle identification (PID) information.

The mass distributions of ⇤0
b and ⇤0

b candidates, m(pK�⇡+⇡�) and m(pK+⇡�⇡+),
are displayed in Fig. 2, showing prominent peaks corresponding to the ⇤0

b and ⇤0
b signal

3

• Fit the 𝑝𝐾?𝜋@𝜋? invariant mass 
distribution for the yields

• Global 𝐶𝑃 asymmetry is 
measured

𝒜AB 	= 2.45 ± 0.46 ± 0.10 %

• differs from zero by 5.2𝝈
• Across phase space, largest 𝐶𝑃 

asymmetry in Λ$+ → 𝑅 𝑝𝜋@𝜋? 𝐾? 
– more than 6𝜎 𝑁'!" = 4.184 ± 0.025 ×10(	 𝑁'!" = 3.885 ± 0.023 ×10(
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Measurement of Λ'! (Ξ'!) → 𝑝𝐾(!ℎ#

• Four modes:
• Λ$+ → 𝑝𝐾3+𝜋?

• Λ$+ → 𝑝𝐾3+𝐾?

• Ξ$+ → 𝑝𝐾3+𝐾?

• Ξ$+ → 𝑝𝐾3+𝜋? 
• ΛJA → 𝑝𝐾KA𝜋@ proceeds 

through ΛJA →
𝑝𝐾∗ 892 @(→ 𝐾KA𝜋@)

18.08.25 Mary Richardson-Slipper (Cambridge) 23

Observed for 
the first time! 

Upper limit set

• Methods such as QCD factorisation 
predict large 𝐶𝑃 asymmetries for 
ΛJA → 𝑝𝐾∗ 892 @ (𝒜HI~20-30%)

• Perturbative QCD and final-state 
rescattering predict cancellation 
from partial waves (𝒜HI 	~−5 – 2%)

LHCb-PAPER-2025-016 in preparation



Measurement of Λ'! (Ξ'!) → 𝑝𝐾(!ℎ#
• Measurement of branching 

fractions – fit to 𝑝𝐾KAℎ@ 
invariant mass 
distributions
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Figure 1: Mass distributions for (top left) the ⇤0
b! pK0

S⇡
� decay, (top right) the ⇤0

b! pK0
SK

�

decay, and (bottom) the ⇤0
b! ⇤+

c (! pK0
S)⇡

� decay, with the fit results also shown.

based on the yields of the corresponding signal components and the e�ciencies determined166

from simulation. For the ⇤0
b! ⇤+

c (! pK0
S)⇡

� control channel, the ⇤0
b! ⇤+

c (! pK0
S)K

�
167

channel is used to constrain the yield of the misidentified background. The combinatorial168

background is modelled using an exponential function, with a slope parameter di↵erent169

for each data category, except for the ⇤0
b! pK0

SK
� sample, for which the slope is shared170

across di↵erent data-taking periods and K0
S categories due to the small sample size. The171

partially reconstructed background from ⇤0
b decays, with an additional ⇡0 meson that is172

not reconstructed, is modelled by an ARGUS function [46] convolved with a Gaussian173

resolution function. The parameter of the ARGUS function describing the mass cuto↵ is174

fixed to the known mass di↵erence between the ⇤0
b and ⇡0 hadrons [40]. The other shape175

parameters are free and shared across data-taking periods and K0
S categories of the same176

channel, except for the ⇤0
b! pK0

SK
� sample, for which the shape of the ARGUS function177

is fixed to that of the ⇤0
b! pK0

S⇡
� sample due to the small sample size. In the fit to the178

⇤0
b! pK0

SK
� sample, the yield of the partially reconstructed background is found to be179

negative, but statistically consistent with zero.180

The fit results for the ⇤0
b(⌅

0
b ) signal yields, reported with statistical uncertainties only,181

are summarised in Table 1. For the previously unobserved ⇤0
b! pK0

SK
�, ⌅0

b ! pK0
S⇡

�,182

and ⌅0
b ! pK0

SK
� decays, the corresponding significances, evaluated using Wilks’ the-183

orem [47] and taking into account systematic uncertainties as detailed later, are also184

reported. Systematic uncertainties are incorporated by evaluating the significance under185

5

Λ)! (Ξ)!) → 𝑝𝐾&!𝜋%

Λ)! (Ξ)!) → 𝑝𝐾&!𝐾%

Table 1: Yields of the ⇤0
b(⌅

0
b ) signal components are presented with statistical uncertainties

only. The corresponding significances, which include systematic uncertainties, are also provided.
The significances of the previously observed ⇤0

b! pK0
S⇡

� and ⇤0
b! ⇤+

c (! pK0
S)⇡

� decays are
not evaluated.

Decay Yield Significance
⇤0

b! pK0
S⇡

� 4740± 90 -
⇤0

b! pK0
SK

� 127± 17 8.1 �
⌅0

b ! pK0
S⇡

� 70± 40 1.0 �
⌅0

b ! pK0
SK

� 88± 13 8.0 �
⇤0

b! ⇤+
c (! pK0

S)⇡
� 34 680± 200 -

alternative systematic scenarios, with the smallest value quoted as the significance includ-186

ing systematic e↵ects. Both the ⇤0
b! pK0

SK
� and the ⌅0

b ! pK0
SK

� decays are observed187

for the first time, with significances reaching 8 standard deviations (�), indicating the188

discovery of these two decays, while no significant contribution of the ⌅0
b ! pK0

S⇡
� decay189

is observed. Consequently, the branching fractions of the ⇤0
b! pK0

S⇡
�, ⇤0

b! pK0
SK

�,190

and ⌅0
b ! pK0

SK
� decays are measured in this work, while an upper limit is set for the191

⌅0
b ! pK0

S⇡
� decay due to a low significance of 1�.192

4.2 E�ciencies193

The total e�ciency, including detector acceptance, reconstruction, trigger, and o✏ine selec-194

tion e�ciencies, is estimated from simulation. To account for known discrepancies between195

simulation and data, several corrections are applied to the simulated samples. The tracking196

e�ciency in simulation is corrected using large calibration samples from the J/ ! µ+µ�
197

decay [48]. Additionally, calibration samples from the ⇤! p⇡�, ⇤+
c ! pK�⇡+, and198

D⇤+! D0⇡+ decays are used to correct the mismodelling of PID information [49, 50] and199

trigger response [51] in simulation. The ⇤0
b kinematics and track multiplicity in simulated200

⇤0
b decay samples are corrected by a reweighting procedure [52]. The simulation and201

data samples of the ⇤0
b! ⇤+

c (! pK0
S)⇡

� control channel are used as input to obtain the202

correction weights, which are subsequently applied to all simulated ⇤0
b decay samples. As203

no control channel is available for ⌅0
b decays, the e↵ect is incorporated as a systematic un-204

certainty for these decays. Finally, the kinematical phase-space distribution in simulation205

is corrected to match that in data. Since the ⇤0
b baryon is unpolarised at LHCb [53,54],206

the phase space of the ⇤0
b! ⇤+

c (! pK0
S)⇡

� channel can be described using the ⇤+
c he-207

licity angle [55]. The measured angular distribution [55] is applied to the simulated208

⇤0
b! ⇤+

c (! pK0
S)⇡

� sample. For the ⇤0
b(⌅

0
b )! pK0

Sh
� signal channels, the three-body209

phase space is described by the Dalitz-plot variables, m2(ph�) and m2(K0
Sh

�), which are210

computed by constraining the reconstructed masses of the ⇤0
b(⌅

0
b ) and K0

S candidates to211

their known values [40]. As for the background-subtracted Dalitz-plot distribution in data,212

it is obtained using the sPlot technique [56]. The simulated ⇤0
b(⌅

0
b )! pK0

Sh
� samples213

are weighted to match the dynamics of the decay. The total e�ciencies of the signal and214

control channels, estimated from the simulation samples after applying the same selection215

criteria as in data and incorporating all aforementioned corrections, are used to calculate216

the ratios of branching fractions.217

6

Table 3: Ratios of branching fractions with respect to the ⇤0
b! ⇤+

c (! pK0
S)⇡

� control channel.
The first uncertainty is statistical, and the second is systematic.

Result
R(⇤0

b! pK0
S⇡

�) 0.1363± 0.0027± 0.0020
R(⇤0

b! pK0
SK

�) 0.0079± 0.0010± 0.0007

R(⌅0
b ! pK0

S⇡
�)⇥

f⌅0
b

f⇤0
b

< 0.0028 (0.0031) at 90 (95)% CL

R(⌅0
b ! pK0

SK
�)⇥

f⌅0
b

f⇤0
b

0.0041± 0.0006± 0.0005

Table 4: Branching fractions of the ⇤0
b(⌅

0
b )! pK0

Sh
� decays. The first uncertainty is statistical,

the second is systematic, and the third arises from the uncertainty in the branching fraction of
the ⇤0

b! ⇤+
c (! pK0

S)⇡
� control channel [40]. For ⌅0

b decays, a fourth uncertainty accounts for
the b-quark fragmentation fractions [44].

Result [⇥10�6]
B(⇤0

b! pK0
S⇡

�) 10.62± 0.21± 0.16± 0.98
B(⇤0

b! pK0
SK

�) 0.61± 0.08± 0.06± 0.06
B(⌅0

b ! pK0
S⇡

�) < 2.8 (3.2) at 90 (95)% CL
B(⌅0

b ! pK0
SK

�) 3.9 ± 0.6 ± 0.5 ± 0.4 ± 1.4

4.4 Results252

The measured ratios of branching fractions are listed in Table 3. Since the significance of253

the ⌅0
b ! pK0

S⇡
� decay is only 1�, upper limits are set at 90% and 95% confidence levels254

(CL), by integrating the profile likelihood with a uniform Bayesian prior in the region of255

positive branching-fraction ratio. By incorporating external inputs from the measurement256

of B(⇤0
b! ⇤+

c ⇡
�)B(⇤+

c ! pK0
S) [40] and the measurement of f⌅0

b
/f⇤0

b
[44], the absolute257

branching fractions of the ⇤0
b(⌅

0
b )! pK0

Sh
� decays are extracted and summarised in258

Table 4. The measured branching fraction of the ⇤0
b! pK0

S⇡
� decay agrees with, and259

supersedes, the previous measurement [3], with the statistical precision improved by a260

factor of 9.261

5 Measurement of CP -violating observables262

For the ⇤0
b! pK0

S⇡
�, ⇤0

b! pK0
SK

�, and ⌅0
b ! pK0

SK
� signal channels, all of which263

have significances exceeding 5 �, CP -violating observables are also measured. The CP264

asymmetry is defined as265

ACP (⇤0
b(⌅

0
b )! pK0

Sh
�) ⌘ �(⇤0

b(⌅
0
b )! pK0

Sh
�)� �(⇤0

b(⌅
0
b)! pK0

Sh
+)

�(⇤0
b(⌅

0
b )! pK0

Sh
�) + �(⇤0

b(⌅
0
b)! pK0

Sh
+)

, (3)

where � represents the partial decay rate of the ⇤0
b(⌅

0
b )! pK0

Sh
� decays or their charge-266

conjugate processes. The CP asymmetry is determined by correcting the raw asymmetry267

for several nuisance asymmetries,268

ACP = Araw �AP �AD �Atrigger �APID, (4)
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(stat.) ± (syst.) ± (normalization) ± (𝑏-quark fragmentation fractions) 

LHCb-PAPER-2025-016 in preparation

Preliminary

Preliminary

5600 5800 6000 6200
]2c) [MeV/−π0

SKp(m

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
310×)2 c

C
an

di
da

te
s /

 (1
5.

6 
M

eV
/ Data

Total Fit
−π0

SKp →0bΛ
−π0

SKp →0bΞ
−K0

SKp →0bΛ
−K0

SKp →0bΞ

Part. reco. bkg.
Comb. bkg.

LHCb
1−9 fb

5600 5800 6000 6200
]2c) [MeV/−K0

SKp(m

0
10
20

30
40
50

60
70

)2 c
C

an
di

da
te

s /
 (1

5.
6 

M
eV

/ Data
Total Fit

−K0
SKp →0bΛ

−K0
SKp →0bΞ

−π0
SKp →0bΛ

−π0
SKp →0bΞ

Part. reco. bkg.
Comb. bkg.

LHCb
1−9 fb

5600 5800 6000 6200
]2c) [MeV/−π0

SKp(m

0

2

4

6

8

10

12
310×)2 c

C
an

di
da

te
s /

 (1
5.

6 
M

eV
/ Data

Total Fit
−π+cΛ →0bΛ
−K+cΛ →0bΛ

Part. reco. bkg.
Comb. bkg.

LHCb
1−9 fb

Figure 1: Mass distributions for (top left) the ⇤0
b! pK0

S⇡
� decay, (top right) the ⇤0

b! pK0
SK

�

decay, and (bottom) the ⇤0
b! ⇤+

c (! pK0
S)⇡

� decay, with the fit results also shown.

based on the yields of the corresponding signal components and the e�ciencies determined166

from simulation. For the ⇤0
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� control channel, the ⇤0
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channel is used to constrain the yield of the misidentified background. The combinatorial168

background is modelled using an exponential function, with a slope parameter di↵erent169

for each data category, except for the ⇤0
b! pK0

SK
� sample, for which the slope is shared170

across di↵erent data-taking periods and K0
S categories due to the small sample size. The171

partially reconstructed background from ⇤0
b decays, with an additional ⇡0 meson that is172

not reconstructed, is modelled by an ARGUS function [46] convolved with a Gaussian173

resolution function. The parameter of the ARGUS function describing the mass cuto↵ is174

fixed to the known mass di↵erence between the ⇤0
b and ⇡0 hadrons [40]. The other shape175

parameters are free and shared across data-taking periods and K0
S categories of the same176

channel, except for the ⇤0
b! pK0

SK
� sample, for which the shape of the ARGUS function177

is fixed to that of the ⇤0
b! pK0

S⇡
� sample due to the small sample size. In the fit to the178

⇤0
b! pK0

SK
� sample, the yield of the partially reconstructed background is found to be179

negative, but statistically consistent with zero.180

The fit results for the ⇤0
b(⌅

0
b ) signal yields, reported with statistical uncertainties only,181

are summarised in Table 1. For the previously unobserved ⇤0
b! pK0

SK
�, ⌅0

b ! pK0
S⇡

�,182

and ⌅0
b ! pK0
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� decays, the corresponding significances, evaluated using Wilks’ the-183

orem [47] and taking into account systematic uncertainties as detailed later, are also184

reported. Systematic uncertainties are incorporated by evaluating the significance under185
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Measurement of 
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Figure 2: Mass distributions for (top) the ⇤0
b! pK0

S⇡
� decay, (middle) the ⇤0

b! pK0
SK

� decay
and (bottom) the ⇤0

b! ⇤+
c (! pK0

S)⇡
� decay, shown separately for (left) baryon and (right)

antibaryon samples. The fit results are also shown.

⇤0
b! pK0

Sh
� signal and the ⇤0

b! ⇤+
c (! pK0

S)⇡
� control channels are obtained by calcu-296

lating the averaged ⇤0
b production asymmetry, weighted by the two-dimensional pT and y297

distributions in the corresponding background-subtracted data. Since no direct measure-298

ment of the ⌅0
b production asymmetry in pp collisions is available, the measurement of299

�AP between the ⌅�
b ! J/ ⌅� and the ⇤0

b! J/ ⇤ decays [44] is used to estimate the300

systematic uncertainty in the ACP (⌅0
b ! pK0

SK
�) measurement arising from residual pro-301

duction asymmetry by assuming isospin symmetry between the ⌅0
b and ⌅�

b baryons. The302

detection asymmetries for pion and kaon hadrons in momentum bins have been measured303
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Table 6: CP asymmetries ACP for the ⇤0
b! pK0

S⇡
�, ⇤0

b! pK0
SK

�, and ⌅0
b ! pK0

SK
� decays.

The first uncertainty is statistical, and the second is systematic.

Result [%]
ACP (⇤0

b! pK0
S⇡

�) 3.4± 1.9± 0.9
ACP (⇤0

b! pK0
SK

�) 2± 13± 9
ACP (⌅0

b ! pK0
SK

�) 22± 15± 11

using D⇤+! D0(! K�⇡+⇡�⇡+)⇡+, D+! K�⇡+⇡+, and D+! K0
S⇡

+ data [59]. For the304

detection asymmetry of protons, simulated samples of the ⇤0
b! ⇤+

c (! pK�⇡+)µ�⌫µ decay305

are used [14]. The AD for pion, kaon, and proton hadrons in the signal and control channels306

are obtained separately by calculating the averaged detection asymmetry weighted by307

the momentum distribution in the background-subtracted data. The asymmetry arising308

from di↵erent trigger responses to oppositely charged particles is measured using the309

⇤0
b! ⇤+

c (! pK�⇡+)µ�⌫µ decay data, which includes pion, kaon, and proton hadrons310

in the final state. The PID asymmetry is considered as a systematic uncertainty, and311

its e↵ect is estimated using the PID calibration tool at LHCb [49, 50]. The systematic312

uncertainty in estimating the residual nuisance asymmetries is evaluated using pseudo-313

experiments, in which the measured asymmetries in bins of the relevant variables and314

the corresponding distributions in the background-subtracted data are randomly varied315

within their uncertainties. The resulting variation of the residual nuisance asymmetries is316

taken as the systematic uncertainty, as summarised in Table 5.317

5.3 Results of integrated ACP
318

The ACP values of the ⇤0
b(⌅

0
b )! pK0

Sh
� signal channels are obtained by combining the319

measurements of �Araw and residual nuisance asymmetries, as described in Eq. 5, and are320

presented in Table 6. The statistical precision of the CP asymmetry in the ⇤0
b! pK0

S⇡
�

321

decay has improved by a factor of 7 in comparison with the previous LHCb measurement [3].322

No global CP violation is found in any of the three signal channels.323

5.4 Results of ACP
(⇤0

b! pK0
S⇡

�
) in Dalitz-plot regions324

Given the substantial signal yield of (4.74 ± 0.09) ⇥ 103 in the ⇤0
b! pK0

S⇡
� decay, the325

ACP is also measured in di↵erent regions of the Dalitz plot. As shown in Fig. 3, the Dalitz326

plot of the background-subtracted ⇤0
b! pK0

S⇡
� sample is divided into four bins according327

to the observed resonances: bin 1 corresponds to the K⇤(892)� region, bin 2 to the region328

of the K⇤(1410)�, K⇤
0 (1430)

�, and K⇤
2 (1430)

� resonances, bin 3 to the N⇤ region, and bin329

4 to the nonresonant region. The same strategy used for the integrated ACP measurement330

is applied to determine the ACP in these bins. The pK0
Sh

� mass distributions for the331

⇤0
b! pK0

S⇡
� decay, divided into the four bins and further separated into baryon and332

antibaryon samples after applying all selection criteria, are shown in Fig. 4. The measured333

ACP , as well as the binning scheme, are summarised in Table 7. All the ACP in the334

four Dalitz-plot bins for the ⇤0
b! pK0

S⇡
� decay are consistent with zero, with the largest335

deviation observed in bin 2, corresponding to a significance of 2.7 �. The ACP in the336

K⇤(892)� dominated region is (�0.6±4.0±1.9)%, where the first and second uncertainties337

are statistical and systematic, significantly smaller than the predicted value of 20% [23–26].338
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• No significant 𝑪𝑷 
asymmetry in any channel  

• Dalitz region of ΛJA → 𝑝𝐾KA𝜋@ 
shows vanishing 𝐶𝑃 
asymmetry of ΛJA → 𝑝𝐾∗ 892 @ 
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Thank you for your attention!
• LHCb has many results on 𝐶𝑃 

violation with new results from 
Run 1 and Run 2 still coming out
• LHCb provides observation of 𝐶𝑃 

violation in baryon decays for the 
first time – new avenue to 
constrain CKM
• We are taking our largest 

datasets yet with LHCb Run 3 – 
stay tuned for LHCb Run 3 
results 
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Collecting our largest dataset yet! 
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𝐵$! → 𝐷$∓𝐾± decay rate
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Figure 1: Leading-order Feynman diagrams for B0
s ! D+

s K
� decays (left) without and (right)

with B0
s–B

0
s mixing.

determined to be negligible in simulation samples. A systematic uncertainty is assigned to
account for the impact of any remaining correlations. The two-dimensional fit is performed
simultaneously to all D�

s
final states considered in this analysis and to three data-taking

periods (2015–2016, 2017, 2018), where the 2015 sample is fitted together with 2016 data
due to its limited size. In the second stage, an unbinned maximum-likelihood fit to the
decay-time distribution of the background-subtracted B0

s
! D⌥

s
K± signal is performed to

determine the CP -violating parameters. In the decay-time fit the data-taking periods are
fitted simultaneously, while the D�

s
final states are combined.

Finally, the results of the present analysis are combined with those of Ref. [1], which
uses an integrated luminosity of 3 fb�1 recorded at

p
s = 7 and 8TeV during the Run 1

data-taking period (2011–2012) with the external inputs updated to match the values
used in the present analysis.

1.1 Decay rates and CP -violating parameters

Following the conventions of Ref. [1], the time-dependent decay rates of an initially
produced flavour eigenstate B0

s
or B0

s
decaying to final state f can be written as

d�B0
s!f (t)

dt
=

1

2
|Af |

2(1 + |�f |
2)e��st


cosh

✓
��st

2

◆
+ A��

f
sinh

✓
��st

2

◆

+ Cf cos (�mst) � Sf sin (�mst)
i

, (1)

d�
B0

s!f
(t)

dt
=

1

2
|Af |

2

����
p

q

����
2

(1 + |�f |
2)e��st


cosh

✓
��st

2

◆
+ A��

f
sinh

✓
��st

2

◆

� Cf cos (�mst) + Sf sin (�mst)
i

, (2)

where �f ⌘ (q/p)(Āf/Af ), Af (Āf ) is the amplitude of a B0
s

(B0
s
) decay to the final state

f ⌘ D�
s
K+ and the complex coe�cients p and q describe the mixing of the light, |BLi,

and heavy, |BHi, mass and flavour eigenstates according to

|BLi ⌘ p|B0
s
i + q|B0

s
i and |BHi ⌘ p|B0

s
i � q|B0

s
i , (3)

with the normalisation condition |p|2 + |q|2 = 1. Here, �s is the B0
s

decay width or inverse
B0

s
lifetime, ��s ⌘ �BL

� �BH
is the decay-width di↵erence between the light and heavy

mass eigenstates and �ms ⌘ mBH
� mBL

is the mixing frequency in the B0
s

system.
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Similar equations can be obtained for decays into the CP -conjugate final state f̄ ⌘ D+
s
K�

by replacing Cf by Cf̄ , Sf by Sf̄ , and A��
f

by A��
f̄

. The CP -asymmetry parameters can
be written as

Cf =
1 � |�f |

2

1 + |�f |
2

= �Cf̄ = �
1 � |�f̄ |

2

1 + |�f̄ |
2

,

A��
f

=
�2Re(�f )

1 + |�f |
2

, A��
f̄

=
�2Re(�f̄ )

1 + |�f̄ |
2

,

Sf =
2Im(�f )

1 + |�f |
2

, Sf̄ =
2Im(�f̄ )

1 + |�f̄ |
2

.

(4)

The relation Cf = �Cf̄ results from the conditions |q/p| = 1 and |�f | = |1/�f̄ |, which
imply no CP violation both in mixing, in agreement with current measurements [22],
and decay. The second assumption is motivated by the fact that only a single amplitude
contributes to each initial-to-final-state transition. Finally, the CP observables are related
to the magnitude of the amplitude ratio rDsK

, the strong-phase di↵erence � between the
amplitudes A(B0

s
! D�

s
K+) and A(B0

s
! D�

s
K+) and the weak-phase di↵erence � � 2�s

by the following equations

Cf =
1 � r2

DsK

1 + r2
DsK

,

A��
f

=
�2rDsK

cos(� � (� � 2�s))

1 + r2
DsK

, A��
f̄

=
�2rDsK

cos(� + (� � 2�s))

1 + r2
DsK

,

Sf =
2rDsK

sin(� � (� � 2�s))

1 + r2
DsK

, Sf̄ =
�2rDsK

sin(� + (� � 2�s))

1 + r2
DsK

.

(5)

These observables are used to extract �, � and rDsK
while fixing �2�s, as discussed in

Sec. 7. The combined Run 1 and Run 2 result is also expressed in terms of � � 2�s. This
combined quantity o↵ers complementary sensitivity on a potential new physics phase in
B0

s
–B0

s
mixing.

2 Detector and software

The LHCb detector [23, 24] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. 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 4T m, and
three stations of silicon-strip detectors and straw drift tubes placed downstream of the
magnet. The tracking system provides a measurement of the momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200GeV/c. The minimum distance of a track to a primary pp collision vertex (PV), the
impact parameter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT is
the component of the momentum transverse to the beam, in GeV/c. Di↵erent types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors. Photons, electrons and hadrons are identified by a calorimeter system con-
sisting of scintillating-pad and preshower detectors, an electromagnetic and a hadronic
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Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables (cos ✓1 and �) and decay time,
superimposed by the fit projections.

combinatorial background is represented by an exponential function. The yields of the
three components, the position and resolution of the signal component and the slope of
the background exponential function are allowed to vary in the fit. The B0

s ! �� signal
yield is measured to be 15840±140. Based on the result of the fit to the mass distribution,
a signal weight is assigned to each candidate using the sPlot method [37]. These signal
weights are subsequently used in a maximum-likelihood fit [38] to the decay-time and
angular distributions in order to statistically subtract the background contribution.

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f0

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�

and the narrow K+K� mass window used to select the � candidates, the latter two
contributions are highly suppressed and found to be negligible from an angular fit that
accounts for these contributions. Thus in the subsequent analysis, only the B0

s ! �� decay
is considered. The di↵erential decay rate is written as the sum of six terms, corresponding
to contributions from the three polarization states and their interferences,

d4�(t, ~⌦)

dtd~⌦
/

6X

k=1

hk(t)fk(~⌦) , (1)

where t is the decay time of the B0
s meson, and ~⌦ = (✓1, ✓2,�) denotes the helicity angles

of the two K+ mesons in the corresponding � rest frame (✓1, ✓2) and the angle between the
two � ! K+K� decay planes (�). The angular functions fk(~⌦) are defined in Ref. [18].
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The time-dependent functions hk(t) are given by [39]

hk(t) = Nke
��st


ak cosh

✓
��s

2
t

◆
+ bk sinh

✓
��s

2
t

◆
+Qck cos(�ms t) +Qdk sin(�ms t)

�

Here Q equals +1 (�1) for an initial B0
s (B0

s) state, �ms is the mass di↵erence between
the heavy and light B0

s mass eigenstates, ��s is the decay width di↵erence between the
light and heavy mass eigenstates, and �s is the average decay width. Ignoring CP violation
in the B0

s mixing, in line with experimental measurements [40], the coe�cients Nk, ak, bk,
ck and dk are defined [18] in terms of the magnitudes |Ai|, phases �i, CP -violating phases
�s,i and direct CP -violation parameters |�i| for the three polarization states of the B0

s

decay at t = 0, with i = 0, k, ?. The three amplitudes satisfy |A0|2 +
��Ak

��2 + |A?|2 = 1.
The parameters �s,i and |�i| are defined by the equation

q

p

Āi

Ai
= ⌘i |�i| e�i�s,i , (2)

where ⌘i is the CP eigenvalue of the polarization state i, q and p are complex numbers
relating the B0

s mass eigenstates to the flavor eigenstates. A subset of parameters, chosen
here as (�s,i, |�i|, |A0|2, |A?|2, �? � �0, �k � �0), can be determined by performing a

maximum-likelihood fit to the distributions of t, ~⌦ and Q. In the SM-like case or new
physics scenarios where CP violation is polarization independent, the set of CP -violation
observables can be reduced to �s,i = �sss

s and |�i| = |�|. In this analysis, the above
formalism is used to obtain both polarization-independent and polarization-dependent
results, taking into account the experimental e↵ects discussed below.

The detector acceptance and selection requirements lead to a nonuniform e�ciency
as a function of the angular variables, referred to below as the angular acceptance. This
e↵ect is accounted for through the use of normalization factors calculated with simulated
signal events subject to the same selection criteria as the data. Weights are assigned to
the simulated events to improve the agreement with the data, in the shape of the kaon pT
distribution. These weights are determined with an iterative algorithm [18,41].

The reconstruction, trigger and selection requirements result in a decay-time dependent
e�ciency. A cubic spline function [42], with 7 knots at [0.3, 0.5, 1.0, 1.5, 2.0, 3.0, 8.0] ps
and 9 coe�cients, is employed to describe the decay-time dependent e�ciency function,
referred to below as the decay-time acceptance. One coe�cient is fixed to unity for
normalization, and all the other coe�cients are determined in the fit to the data, where
the parameters �s and ��s are constrained to the recent measurements by the LHCb
collaboration in B0

s ! J/ � decays [43]. Compared with the previous analysis in Ref. [18],
which used B0

s ! D�
s ⇡

+ and B0 ! J/ K⇤0 decays as control channels to determine
the decay-time acceptance, this method with free acceptance parameters simplifies the
analysis without loss of precision for the physics parameters.

The dilution e↵ect of the decay-time resolution on the B0
s oscillation is modelled by a

Gaussian with a per-candidate width �t, which is related to the per-candidate decay-time
uncertainty, �t, through a linear calibration function �t = q0 + q1 ⇥ �t. The parameters
q0 and q1 are obtained using fictitious candidates formed of four prompt tracks from
pp interactions, which have a decay time centered around 0. These prompt candidates
are weighted to match the momentum and pT distributions of the signal candidates
and split into ten �t intervals. For each interval, the e↵ective time resolution �t,i is

4

Table 7: Coe�cients of the time-dependent terms and angular functions used in Eq. 2. Amplitudes are defined at t = 0.

i Ni ai bi ci di fi
1 |A0|2 1 + |�0|2 �2|�0| cos(�) 1� |�0|2 2|�0| sin(�) 4 cos2 ✓1 cos2 ✓2
2 |Ak|2 1 + |�k|2 �2|�k| cos(�s,k) 1� |�k|2 2|�k| sin(�s,k) sin2 ✓1 sin

2 ✓2(1+ cos 2�)
3 |A?|2 1 + |�?|2 2|�?| cos(�s,?) 1� |�?|2 �2|�k| sin(�s,?) sin2 ✓1 sin

2 ✓2(1� cos 2�)

4
|Ak||A?|

2

sin(�k � �?)� |�k||�?|·
sin(�k � �? � �s,k + �s,?)

�|�k| sin(�k � �? � �s,k)
+|�?| sin(�k � �? + �s,?)

sin(�k � �?) + |�k||�?|·
sin(�k � �? � �s,k + �s,?)

|�k| cos(�k � �? � �s,k)
+|�?| cos(�k � �? + �s,?)

�2 sin2 ✓1 sin
2 ✓2 sin 2�

5
|Ak||A0|

2

cos(�k � �0) + |�k||�0|·
cos(�k � �0 � �s,k + �)

�|�k| cos(�k � �0 � �s,k)
+|�0| cos(�k � �0 + �)

cos(�k � �0)� |�k||�0|·
sin(�k � �0 � �s,k + �)

�|�k| sin(�k � �0 � �s,k)
+|�0| sin(�k � �0 + �)

p
2 sin 2✓1 sin 2✓2 cos�

6 |A0||A?|
2

sin(�0 � �?)� |�0||�?|·
sin(�0 � �? � �+ �s,?)

�|�0| sin(�0 � �? � �)
+|�?| sin(�0 � �? + �s,?)

sin(�0 � �?) + |�0||�?|·
sin(�0 � �? � �+ �s,?)

|�0| cos(�0 � �? � �)
+|�?| cos(�0 � �? + �s,?)

�
p
2 sin 2✓1 sin 2✓2 sin�

7 |ASS|2 1 + |�ss|2 �2|�ss| cos(�s,ss) 1� |�ss|2 2|�ss| sin(�s,ss)
4

9

8 |AS|2 1 + |�s|2 2|�s| cos(�s,s) 1� |�s|2 �2|�s| sin(�s,s)
4

3
(cos ✓1 + cos ✓2)2

9 |AS ||ASS |
2

cos(�s � �ss)� |�s||�ss|·
cos(�s � �ss � �s,s + �s,ss)

|�s| cos(�s � �ss � �s,s)
+|�ss| cos(�s � �ss + �s,ss)

cos(�s � �ss) + |�s||�ss|·
sin(�s � �ss � �s,s + �s,ss)

|�s| sin(�s � �ss � �s,s)
+|�ss| sin(�s � �ss + �s,ss)

8

3
p
3
(cos ✓1 + cos ✓2)

10 |A0||ASS |
2

cos(�0 � �ss) + |�0||�ss|·
cos(�0 � �ss � �+ �s,ss)

�|�0| cos(�0 � �ss � �)
+|�ss| cos(�0 � �ss + �s,ss)

cos(�0 � �ss)� |�0||�ss|·
sin(�0 � �ss � �+ �s,ss)

�|�0| sin(�0 � �ss � �)
+|�ss| sin(�0 � �ss + �s,ss)

8

3
cos ✓1 cos ✓2

11
|Ak||ASS |

2

cos(�k � �ss) + |�k||�ss|·
cos(�k � �ss � �s,k + �s,ss)

�|�k| cos(�k � �ss � �s,k)
+|�ss| cos(�k � �ss + �s,ss)

cos(�k � �ss)� |�k||�ss|·
sin(�k � �ss � �s,k + �s,ss)

�|�0| sin(�k � �ss � �s,k)
+|�ss| sin(�k � �ss + �s,ss)

4
p
2

3
sin ✓1 sin ✓2 cos�

12 |A?||ASS |
2

sin(�? � �ss)� |�?||�ss|·
sin(�? � �ss � �s,? + �s,ss)

|�?| sin(�? � �ss � �s,?)
�|�ss| sin(�? � �ss + �s,ss)

sin(�? � �ss) + |�?||�ss|·
sin(�? � �ss � �s,? + �s,ss)

�|�?| cos(�? � �ss � �s,?)
�|�ss| cos(�? � �ss + �s,ss)

�4
p
2

3
sin ✓1 sin ✓2 sin�

13 |A0||AS |
2

cos(�0 � �s)� |�0||�s|·
cos(�0 � �s � �+ �s,s)

�|�0| cos(�0 � �s � �)
�|�s| cos(�0 � �s + �s,s)

cos(�0 � �s) + |�0||�s|·
sin(�0 � �s � �+ �s,s)

�|�0| sin(�0 � �s � �)
�|�s| sin(�0 � �ss + �s,s)

8p
3
cos ✓1 cos ✓2

⇥(cos ✓1 + cos ✓2)

14
|Ak||AS |

2

cos(�k � �s)� |�k||�s|·
cos(�k � �s � �s,k + �s,s)

�|�k| cos(�k � �s � �s,k)
�|�s| cos(�k � �s + �s,s)

cos(�k � �s) + |�k||�s|·
sin(�k � �s � �s,k + �s,s)

�|�k| sin(�k � �s � �s,k)
�|�s| sin(�k � �ss + �s,s)

4
p
2p
3
sin ✓1 sin ✓2

⇥(cos ✓1 + cos ✓2) cos�

15 |A?||AS |
2

sin(�? � �s) + |�?||�s|·
sin(�? � �s � �s,? + �s,s)

|�?| sin(�? � �s � �s,?)
+|�s| sin(�? � �s + �s,s)

sin(�? � �s)� |�?||�s|·
sin(�? � �s � �s,? + �s,s)

�|�?| cos(�? � �s � �s,?)
+|�s| cos(�? � �s + �s,s)

�4
p
2

3
sin ✓1 sin ✓2

⇥(cos ✓1 + cos ✓2) sin�

22



𝐵" → 𝜌𝐾∗" 5D fit 
• Consider several resonances

18.08.25 Mary Richardson-Slipper (Cambridge) 30

1− 0.5− 0 0.5 1
−π+πθcos

0
20
40
60
80

100
120
140
160
180
200
220

Ca
nd

ida
tes LHCb

-19 fb
(a)

1− 0.5− 0 0.5 1
+π0

SK
θcos

0
20
40
60
80

100
120
140
160
180
200

Ca
nd

ida
tes LHCb

-19 fb
(b)

2− 0 2
 [rad]φ

0
20
40
60
80

100
120
140

Ca
nd

ida
tes LHCb

-19 fb
(c)

1− 0.5− 0 0.5 1
−π+πθcos

0
20
40
60
80

100
120
140
160
180
200
220

Ca
nd

ida
tes LHCb

-19 fb
(d)

1− 0.5− 0 0.5 1
−π0

SK
θcos

0
20
40
60
80

100
120
140
160
180
200

Ca
nd

ida
tes LHCb

-19 fb
(e)

2− 0 2
 [rad]φ

0
20
40
60
80

100
120
140

Ca
nd

ida
tes LHCb

-19 fb
(f)

0.4 0.6 0.8 1
]2c  [GeV/−π+πm

0
20
40
60
80

100
120
140
160
180
200)2 c

Ca
nd

ida
tes

 / (
0.0

2 G
eV

/ LHCb
-19 fb

(g)

0.8 0.9 1 1.1 1.2]2c  [GeV/+π0
SK

m
0

20
40
60
80

100
120
140
160
180
200
220
240)2 c

Ca
nd

ida
tes

 / (
0.0

1 G
eV

/ LHCb
-19 fb

(h)

0.4 0.6 0.8 1
]2c  [GeV/−π+πm

0
20
40
60
80

100
120
140
160
180
200)2 c

Ca
nd

ida
tes

 / (
0.0

2 G
eV

/ LHCb
-19 fb

(i)

0.8 0.9 1 1.1 1.2]2c  [GeV/−π0
SK

m
0

20
40
60
80

100
120
140
160
180
200
220
240)2 c

Ca
nd

ida
tes

 / (
0.0

1 G
eV

/ LHCb
-19 fb

(j)

Data

Total fit

 + interf.+(892)K*0(782)ω + +(892)K*0(770)ρ = VV

 + interf.S)+π
0
SK(0(782)ω + S)+π

0
SK(0(770)ρ = VS

 + interf.+(892)K*3S + +(892)K*2S + +(892)K*1S = SV

 + interf.S)+π
0
SK(3S + S)+π

0
SK(2S + S)+π

0
SK(1S = SS

 + interf.0
SK+(1640)1a + 0

SK+(1260)1a = 0
SK1a

Background

(k) Legend

13700f(980), 0f(500), 0f ≡ 3S, 2S, 1SWhere: 

Figure 2: Projections of the multidimensional amplitude fit onto (a) cos ✓⇡+⇡� , (b) cos ✓K0
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uncertainties of observables is detailed in Table 1 of End Matter. Results of the fitted163
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The experimental systematic uncertainty from the background fractions is evaluated165
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Systematic uncertainties due to the e�ciency parameterization arise from imperfections167

of the five-dimensional e�ciency map and from any residual charge-asymmetry e↵ect.168

5

𝐵" → 𝜋"𝜋# (𝐾)𝜋")
𝜌 770 !

𝜔 782
𝑓!(500)
𝑓!(980)
𝑓!(1370)

𝐾∗ 892 "

𝐾𝜋 )

𝐵" → 𝜋"𝜋#𝜋" (𝐾))
𝑎, 1260
𝑎,(164)

𝐾)

Preliminary Preliminary Preliminary

Preliminary Preliminary Preliminary

Preliminary Preliminary

Preliminary Preliminary

LHCb-PAPER-2025-026 in preparation



Measurement of 𝐶𝑃 violation in 𝐵%" → 𝐷%∓𝐾±

• 𝐶𝑃 violation parameters are 
function of CKM angles 𝛽; and 𝛾
• Sensitivity to 𝛾 is achieved since 

interfering amplitudes have 
similar magnitudes 𝑟<#Y 	~𝒪(𝜆Z) 
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Figure 1: Leading-order Feynman diagrams for B0
s ! D+

s K
� decays (left) without and (right)

with B0
s–B

0
s mixing.

determined to be negligible in simulation samples. A systematic uncertainty is assigned to
account for the impact of any remaining correlations. The two-dimensional fit is performed
simultaneously to all D�

s
final states considered in this analysis and to three data-taking

periods (2015–2016, 2017, 2018), where the 2015 sample is fitted together with 2016 data
due to its limited size. In the second stage, an unbinned maximum-likelihood fit to the
decay-time distribution of the background-subtracted B0

s
! D⌥

s
K± signal is performed to

determine the CP -violating parameters. In the decay-time fit the data-taking periods are
fitted simultaneously, while the D�

s
final states are combined.

Finally, the results of the present analysis are combined with those of Ref. [1], which
uses an integrated luminosity of 3 fb�1 recorded at

p
s = 7 and 8TeV during the Run 1

data-taking period (2011–2012) with the external inputs updated to match the values
used in the present analysis.
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Figure 3: (Top) Decay-time distribution of B0

s ! D⌥
s K

± signal candidates, where the background
is statistically subtracted using the sPlot technique. (Bottom) Mixing asymmetry, Amix, for
the (blue) D�

s K
+ and the (red) D+

s K
� final states, folded into one mixing period, 2⇡/�ms. In

both plots, the curves show the result of the decay-time fit.

ter, the average di↵erence of the CP observables between the baseline and the modified fit
is taken as the systematic uncertainty. After evaluating single contributions, all sources
are added in quadrature.

The flavour-tagging parameters are constrained to the values found in the B0
s
! D�

s
⇡+

decay-time fit. Systematic uncertainties are assigned by performing a single B0
s
! D⌥

s
K±

decay-time fit, where the uncertainties on the flavour-tagging parameters are enlarged
to account for their systematic e↵ects. This fit accounts for both the variation of the fit
strategy used in the B0

s
! D�

s
⇡+ data fit, as described in Ref. [36], and the portability

of the flavour-tagging calibration to B0
s
! D⌥

s
K± decays, studied in simulation. This

alternative decay-time fit is compared to the baseline fit and the di↵erence in the results

11

• Unbinned maximum 
likelihood fit to signal-
weighted decay time 
distribution 
• 8.6𝜎 from 𝐶𝑃 symmetry 
• Combination with Run 

1 and taking 𝛽; from 
LHCb 𝐵;A → 𝐽/𝜓𝜙

~20k events

collisions recorded with the LHCb detector. Their values are found to be

Cf = 0.791 ± 0.061 ± 0.022 ,

A��
f

= �0.051 ± 0.134 ± 0.058 ,

A��
f̄

= �0.303 ± 0.125 ± 0.055 ,

Sf = �0.571 ± 0.084 ± 0.023 ,

Sf̄ = �0.503 ± 0.084 ± 0.025 ,

where the first uncertainties are statistical and the second are systematic. CP violation
in the interference between B0

s
–B0

s
mixing and B0

s
! D⌥

s
K± decays is observed with a

significance of 8.6 �. The results are used to determine the CKM angle �, the strong-phase
di↵erence � and the magnitude of the ratio rDsK

between the B0
s

! D+
s
K� and the

B0
s
! D�

s
K+ decay amplitudes, leading to

� = (74 ± 12)� ,

� = (346.9+6.8
�6.6)

� ,

rDsK
= 0.327+0.039

�0.037 ,

where all angles are given modulo 180�, and uncertainties shown are the combination of
the statistical and systematic contributions.

The results of the present analysis are combined with those from the previous LHCb
analysis [1], which is updated to account for improved determinations of �s, ��s and
�ms values. The following values of �, � and rDsK

are found from the combination:

� = (81+12
�11)

� ,

� = (347.6 ± 6.3)� ,

rDsK
= 0.318+0.034

�0.033 .

This value of � represents the most precise determination of � in B0
s

meson decays and is
in good agreement with the most recent LHCb � combination [12].
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collisions recorded with the LHCb detector. Their values are found to be

Cf = 0.791 ± 0.061 ± 0.022 ,

A��
f

= �0.051 ± 0.134 ± 0.058 ,

A��
f̄

= �0.303 ± 0.125 ± 0.055 ,

Sf = �0.571 ± 0.084 ± 0.023 ,

Sf̄ = �0.503 ± 0.084 ± 0.025 ,

where the first uncertainties are statistical and the second are systematic. CP violation
in the interference between B0

s
–B0

s
mixing and B0

s
! D⌥

s
K± decays is observed with a

significance of 8.6 �. The results are used to determine the CKM angle �, the strong-phase
di↵erence � and the magnitude of the ratio rDsK

between the B0
s

! D+
s
K� and the

B0
s
! D�

s
K+ decay amplitudes, leading to

� = (74 ± 12)� ,

� = (346.9+6.8
�6.6)

� ,

rDsK
= 0.327+0.039

�0.037 ,

where all angles are given modulo 180�, and uncertainties shown are the combination of
the statistical and systematic contributions.

The results of the present analysis are combined with those from the previous LHCb
analysis [1], which is updated to account for improved determinations of �s, ��s and
�ms values. The following values of �, � and rDsK

are found from the combination:

� = (81+12
�11)

� ,

� = (347.6 ± 6.3)� ,

rDsK
= 0.318+0.034

�0.033 .

This value of � represents the most precise determination of � in B0
s

meson decays and is
in good agreement with the most recent LHCb � combination [12].

Acknowledgements

We express our gratitude to our colleagues in the CERN accelerator departments for the
excellent performance of the LHC. We thank the technical and administrative sta↵ at the
LHCb institutes. We acknowledge support from CERN and from the national agencies:
CAPES, CNPq, FAPERJ and FINEP (Brazil); MOST and NSFC (China); CNRS/IN2P3
(France); BMBF, DFG and MPG (Germany); INFN (Italy); NWO (Netherlands); MNiSW
and NCN (Poland); MCID/IFA (Romania); MICIU and AEI (Spain); SNSF and SER
(Switzerland); NASU (Ukraine); STFC (United Kingdom); DOE NP and NSF (USA). We
acknowledge the computing resources that are provided by CERN, IN2P3 (France), KIT
and DESY (Germany), INFN (Italy), SURF (Netherlands), PIC (Spain), GridPP (United
Kingdom), CSCS (Switzerland), IFIN-HH (Romania), CBPF (Brazil), and Polish WLCG
(Poland). We are indebted to the communities behind the multiple open-source software
packages on which we depend. Individual groups or members have received support from
ARC and ARDC (Australia); Key Research Program of Frontier Sciences of CAS, CAS

18

JHEP 2503 (2025) 139

40 60 80 100 120 140
]° [γ

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5K s
Dr -19 fb

LHCb

contours hold 68%, 95% CL

40 60 80 100 120 140
]° [γ

320

330

340

350

360

370

]° [
δ -19 fb

LHCb

contours hold 68%, 95% CL

0

0.2

0.4

0.6

0.8

1

C
L

−1

40 60 80 100 120 140
]° [γ

°)
11−

+12(81

68.3%

95.4%

-19 fb
LHCb

Figure 6: Contour plots arising from the combined extraction of �, � and rDsK from the CP
parameters from the Run 1 and Run 2 data sets. (Top left) rDsK vs. � and (top right) � vs. �, the
contours correspond to the confidence levels (CL) of 68% and 95%. The bottom plot shows the
1 � CL curve for the angle �, with the 68.3% and 95.4% CL intervals indicated with horizontal
and vertical lines.

The resulting values are

� = (81+12
�11)

� ,

� = (347.6 ± 6.3)� ,

rDsK
= 0.318+0.034

�0.033 .

The corresponding 1 � CL curve for � is shown in Fig. 6, as well as the two-dimensional
contours of � versus rDsK

and �. Finally, the value of the relative weak-phase di↵erence
in B0

s
! D⌥

s
K± decays is determined to be � � 2�s = (79+12

�11)
�, providing complementary

sensitivity to �s on a potential new physics phase in B0
s
–B0

s
mixing.

9 Conclusion

The CP -violating parameters that describe the B0
s

! D⌥
s
K± decay rates have been

measured using a data set corresponding to an integrated luminosity of 6 fb�1 of pp

17

http://dx.doi.org/10.1007/JHEP03(2025)139
http://dx.doi.org/10.1007/JHEP03(2025)139

