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The CKM angle 

Only UT angle measurable through tree-level decays alone.

Direct  vs indirect CKM constraints (including loops)
An indirect search for new physics.

The results agree, but direct measurements are less precise.

LHCb 2025: 

CKMfitter, Summer 2025: 

More precise direct  measurements are needed.
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Improving the precision of direct  measurements

Use larger data samples LHCb Run 3 (2024)
( )

JHEP 08 (2026) 037

Expand the  + charm combination LHCb: 
JHEP 02 (2024) 118; 02 (2025) 113

BESIII: 
JHEP 06 (2025) 086

Study  in -baryon decays
Phys. Rev. D 89 (2014) 032001; 104 (2021) 112008

Optimise sensitivity per event Optimal Fourier weights — This talk

arXiv:2604.05712; arXiv:2604.05701
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https://arxiv.org/abs/2605.03501
https://arxiv.org/abs/2311.10434
https://arxiv.org/abs/2410.21115
https://arxiv.org/abs/2503.22126
https://arxiv.org/abs/1311.4823
https://arxiv.org/abs/2109.02621
https://arxiv.org/abs/2604.05712
https://arxiv.org/abs/2604.05701


Measuring  in  decays

 (favoured)  (suppressed): 

Amplitude ratio (suppressed / favoured): 

For : 

When  and  decay to the same final state , the  and  decay paths interfere, giving access to .

: amplitude ratios; : strong-phase differences
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Binned phase-space measurement

Multibody  decays: phase-space-dependent sensitivity to .
Local  asymmetries can be much larger than the integrated asymmetry.

Phase-space binning retains local information.
Lower  uncertainty than in a phase-space-integrated measurement.

: -decay fractions; : amplitude-weighted bin averages of  and .

 from BESIII and CLEO charm measurements.
Avoids uncertainty from the choice of strong-phase model.

Current binning schemes retain only about 85% of the sensitivity to .
A more sensitive, model-independent approach is needed.
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From binning to Fourier expansion

Binning

Equal weights within each bin.
Strong-phase variations averaged within bins.

W
ei

gh
t

Fourier expansion

Give each event sine/cosine weights up to order .
Retains sensitivity to phase variation within bins.

W
ei

gh
t

: strong-phase difference from Belle/BaBar -amplitude models.
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The optimal Fourier method

Sensitivity to  also depends on the -amplitude ratio , efficiency and background.

To account for these effects, an optimal factor  is introduced and weighted signal observables are formed:

Maximum Fourier orders: 

 for  for 
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Joint LHCb–BESIII measurement

LHCb
 of  data · Run 1+2

BESIII
 at 

Joint fit
Fit both sets of weighted observables

with their covariance matrices.

: charm strong-phase moments for 

Fit CP observables to extract  and hadronic parameters.
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Results of the joint measurement

This is the most precise single direct measurement of  and agrees with world averages.
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Comparison with previous binned work

5% smaller statistical uncertainty
vs the same-sample binned refit

Comparable LHCb systematics

Smaller charm-input uncertainty
BESIII Data: 
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Summary and outlook

This work

LHCb  + BESIII 

Optimal Fourier weights

Full-sample projection

LHCb  + BESIII 

Current Fourier orders

?

Further gains

Same LHCb and BESIII data

Higher Fourier orders/other methods?
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Thank you for your attention!
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LHCb signal extraction
LHCb 9 fb−1 · B± → DK±

· Long · Downstream

· Long · Downstream
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Figure 4: Mass distributions and fit results of the (left) B±→ DK± and (right) B±→ Dπ±

data, with the D meson decaying to either (top four) K0
Sπ

+π− or (bottom four) K0
SK

+K− final
states. The first and third rows correspond to the long category, while the second and fourth
rows correspond to the downstream category.
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Figure 4: Mass distributions and fit results of the (left) B±→ DK± and (right) B±→ Dπ±

data, with the D meson decaying to either (top four) K0
Sπ

+π− or (bottom four) K0
SK

+K− final
states. The first and third rows correspond to the long category, while the second and fourth
rows correspond to the downstream category.
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Figure 4: Mass distributions and fit results of the (left) B±→ DK± and (right) B±→ Dπ±

data, with the D meson decaying to either (top four) K0
Sπ

+π− or (bottom four) K0
SK

+K− final
states. The first and third rows correspond to the long category, while the second and fourth
rows correspond to the downstream category.
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Figure 4: Mass distributions and fit results of the (left) B±→ DK± and (right) B±→ Dπ±

data, with the D meson decaying to either (top four) K0
Sπ

+π− or (bottom four) K0
SK

+K− final
states. The first and third rows correspond to the long category, while the second and fourth
rows correspond to the downstream category.
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BESIII signal extraction
BESIII 8 fb−1 · Representative double-tag samples
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Figure 3: Example fit results for the D→ K0
S/LK

+K− channel at BESIII, where (top left)

corresponds to the D→ K0
SKK vs. KK tag; (top right) the D→ K0

SKK vs. Ke[νe] tag; (bottom
left) the D→ K0

S[K]K vs. D→ K0
Sππ tag; and (bottom right) the D→ [K0

L]KK vs. KK tag.

In the datasets collected by the LHCb detector, decays of K0
S→ π+π− are reconstructed

in two different categories. The first involves K0
S mesons that decay early enough for the

pions to be reconstructed in the vertex detector, and the second involves K0
S mesons that

decay later such that track segments of the pions cannot be formed in the vertex detector.
These categories are referred to as long and downstream, respectively. The long category
has better mass, momentum and vertex resolution than the downstream category, while the
downstream category has higher reconstruction efficiency and contributes approximately
two thirds of the dataset. The D-meson candidates are then formed by combining a
K0

S candidate with two tracks both with either the pion or kaon mass hypothesis. The
B-meson candidate is subsequently built by combining a D candidate and another pion
or kaon track. This constitutes eight categories in the B±→ D(→ K0

Sh
′+h′−)h± data.

The selection criteria and fit model to the Dh± mass spectra are identical to those
described in Ref. [16]. Signal and background yields in data are extracted by a two-
stage fit. The first stage is the same as the global fit in Ref. [16], in which the
parametrizations of signal and background components are determined. The global fit
includes: the signal B±→ Dh± decays; partially reconstructed B±→ D∗(→ Dγ/π0)h±,
B0→ D∗∓(→ Dπ∓)h±, B0→ Dh±π∓ and B0

s → DK−π+ decays, where a pion or photon
is not reconstructed; the aforementioned background decays in B±→ Dπ± with the com-
panion pion misidentified as a kaon; and a combinatorial component in each category.
All shape parameters are subsequently fixed in the second stage, in which another fit is

10

1.84 1.85 1.86 1.87 1.88 1.89

]2c [GeV/BCM

5

10

15

20

25

30

)2 c
C

an
di

da
te

s 
/ (

0.
00

1 
G

eV
/ BESIII

1−   8 fb

Data
KKS 

0K→D
KKππ→D

0D0DOther 
Continuum
Total

0.1− 0.05− 0 0.05 0.1
 [GeV]missU

20

40

60

80

100

C
an

di
da

te
s 

/ (
0.

00
4 

G
eV

)

BESIII

1−   8 fb

Data
KK0

S K→D
KKππ→D

0D0DOther 
Continuum
Total

0.1 0.2 0.3 0.4

]4c/2 [GeV2
missM

20

40

60
80

100

120
140

160

180
200

)4 c/2
C

an
di

da
te

s 
/ (

0.
00

5 
G

eV

BESIII

1−   8 fb

Data
KK0

S K→D
KKππ→D

0D0DOther 
Continuum
Total

0.1 0.2 0.3 0.4

]4c/2 [GeV2
missM

10

20

30

40

50

60

70

80

90

)4 c/2
C

an
di

da
te

s 
/ (

0.
00

5 
G

eV

BESIII

1−   8 fb

Data
KK0

L K→D
KK)0π0π→(0

S K→D
0D0DOther 

Continuum
Total

Figure 3: Example fit results for the D→ K0
S/LK

+K− channel at BESIII, where (top left)

corresponds to the D→ K0
SKK vs. KK tag; (top right) the D→ K0

SKK vs. Ke[νe] tag; (bottom
left) the D→ K0

S[K]K vs. D→ K0
Sππ tag; and (bottom right) the D→ [K0

L]KK vs. KK tag.

In the datasets collected by the LHCb detector, decays of K0
S→ π+π− are reconstructed

in two different categories. The first involves K0
S mesons that decay early enough for the

pions to be reconstructed in the vertex detector, and the second involves K0
S mesons that

decay later such that track segments of the pions cannot be formed in the vertex detector.
These categories are referred to as long and downstream, respectively. The long category
has better mass, momentum and vertex resolution than the downstream category, while the
downstream category has higher reconstruction efficiency and contributes approximately
two thirds of the dataset. The D-meson candidates are then formed by combining a
K0

S candidate with two tracks both with either the pion or kaon mass hypothesis. The
B-meson candidate is subsequently built by combining a D candidate and another pion
or kaon track. This constitutes eight categories in the B±→ D(→ K0

Sh
′+h′−)h± data.

The selection criteria and fit model to the Dh± mass spectra are identical to those
described in Ref. [16]. Signal and background yields in data are extracted by a two-
stage fit. The first stage is the same as the global fit in Ref. [16], in which the
parametrizations of signal and background components are determined. The global fit
includes: the signal B±→ Dh± decays; partially reconstructed B±→ D∗(→ Dγ/π0)h±,
B0→ D∗∓(→ Dπ∓)h±, B0→ Dh±π∓ and B0

s → DK−π+ decays, where a pion or photon
is not reconstructed; the aforementioned background decays in B±→ Dπ± with the com-
panion pion misidentified as a kaon; and a combinatorial component in each category.
All shape parameters are subsequently fixed in the second stage, in which another fit is
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downstream category has higher reconstruction efficiency and contributes approximately
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B-meson candidate is subsequently built by combining a D candidate and another pion
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L]KK vs. KK tag.
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pions to be reconstructed in the vertex detector, and the second involves K0
S mesons that

decay later such that track segments of the pions cannot be formed in the vertex detector.
These categories are referred to as long and downstream, respectively. The long category
has better mass, momentum and vertex resolution than the downstream category, while the
downstream category has higher reconstruction efficiency and contributes approximately
two thirds of the dataset. The D-meson candidates are then formed by combining a
K0

S candidate with two tracks both with either the pion or kaon mass hypothesis. The
B-meson candidate is subsequently built by combining a D candidate and another pion
or kaon track. This constitutes eight categories in the B±→ D(→ K0
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The selection criteria and fit model to the Dh± mass spectra are identical to those
described in Ref. [16]. Signal and background yields in data are extracted by a two-
stage fit. The first stage is the same as the global fit in Ref. [16], in which the
parametrizations of signal and background components are determined. The global fit
includes: the signal B±→ Dh± decays; partially reconstructed B±→ D∗(→ Dγ/π0)h±,
B0→ D∗∓(→ Dπ∓)h±, B0→ Dh±π∓ and B0

s → DK−π+ decays, where a pion or photon
is not reconstructed; the aforementioned background decays in B±→ Dπ± with the com-
panion pion misidentified as a kaon; and a combinatorial component in each category.
All shape parameters are subsequently fixed in the second stage, in which another fit is
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Figure 10: Results of CP observables from the joint fit. The contours correspond to 68% and
95% confidence levels of observable pairs, (left) (xDK

+ , yDK
+ ) in blue and (xDK

− , yDK
− ) in red, and

(right) (xDπ
ξ , yDπ

ξ ).

and LHCb data. Comparing with those fitted with only the BESIII data at the same
orders Mπ = 2 and MK = 1, strong-phase parameters from the joint fit have slightly lower
uncertainties in Sn, indicating extra sensitivity provided by LHCb data as presented in
Appendix B. The joint fit is found to be consistent with pseudoexperiments, with the
minimized χ2 corresponding to a p-value of 1%.

The CP observables from the joint fit are shown in Fig. 10, including the two-
dimensional likelihood contours for the pairs of observables (xDK

− , yDK
− ), (xDK

+ , yDK
+ ) and

(xDπ
ξ , yDπ

ξ ). The contours are determined from the statistical uncertainties and correlations
from the joint fit, and those from systematic uncertainty studies as detailed in Sect. 7. The
likelihood distributions are assumed to be Gaussian-like and were validated by the binned
measurement [16]. The lengths of the two vectors from the origin to (xDK

± , yDK
± ) are the

individual rDK
B± values from B±→ DK± decays. The nonzero opening angle between these

two vectors, which equals 2γ, shows a clear sign of CP violation.
Several cross-checks have been performed to validate the fit procedure. The fits to data

are performed with higher Fourier orders, (Mπ,MK) = (2, 2), (3, 1) and (3, 2), and the
results of CP observables and strong-phase parameters are found to be consistent. Fits are
also performed using only the LHCb data with both the binned and unbinned approaches,
in which the unbinned strong-phase parameters are fixed to those measured in Fig. 11,
and the binned strong-phase parameters are fixed to those measured in Refs. [24, 25].
Correlation between the resultant CP observables was studied with pseudoexperiments and
was found to be around 0.8 for each of the observables. Using the same pseudoexperiments
their consistency in six-dimensional parameter space was found to correspond to a p-value
of 39%.

Searches for intrinsic bias are conducted by generating and fitting an ensemble of
pseudoexperiments. The yields and mass distributions are based on the fits to data in
Sect. 4, and the distributions across the phase space are generated from the baseline
amplitude models [30–32]. Standardized-residual distributions of the CP observables are
found to be consistent with the standard normal distribution.
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Figure 12: One-dimensional scan of the confidence level of the CKM angle γ from the Plugin
and Prob methods.

These are consistent with the world-average values [2,72] and the previous measure-
ment using the binned phase-space approach [16] when considering statistical correlations
estimated by pseudoexperiments. The uncertainty of γ is smaller than the previous mea-
surement, marking the most precise single measurement of γ to date. A one-dimensional
confidence-level scan of γ is shown in Fig. 12, in which a profile-likelihood method, denoted
as Prob, is also applied. Results from the Plugin and Prob methods are found to
be identical. Figure 13 shows the two-dimensional confidence levels of the (γ, rB) and
(δB, rB) pairs.

Additional studies are performed to evaluate uncertainties of γ from different sources
and different approaches. The statistical and systematic uncertainties from LHCb are
found to be 4.9◦ and 0.8◦, respectively, which are compatible with the previous binned
measurement [16]. The BESIII data has an impact of 0.6◦ on γ, which is smaller than
that in Ref. [16], owing to the increase in the BESIII sample size. The LHCb data is
refitted using the binned approach with updated strong-phase inputs from D→ K0

Sπ
+π−

decays [25] and using the unbinned approach with higher orders. Results are listed in
Table 9, where the uncertainties are from LHCb statistics only. It is shown that the
statistical uncertainty of γ is improved by 5% in the unbinned method. The precision of
γ is found to be improved when employing higher Fourier orders, indicating that more
information can be extracted from higher-order observables. This is because the model to
compute weights does not perfectly describe the data. In future unbinned measurement of
γ, better precision can be achieved by incorporating higher-order observables in the fits.

9 Conclusions

In this paper and an accompanying Letter [26], a novel approach developed from Ref. [21] is
adopted to determine the CP observables that lead to a precise measurement of the CKM
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Correlations and hadronic parameters
68% and 95% confidence regions
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Figure 13: Two-dimensional confidence levels of the indicated parameter pairs from the Prob
method. The contours correspond to 68% and 95% confidence levels of the observable pairs.

Table 9: Results of the extracted parameters (γ, rDK
B , δDK

B , rDπ
B , δDπ

B ), where the uncertainties
are statistical only, deriving from LHCb data.

Configuration γ (◦) rDK
B (10−2) δDK

B (◦) rDπ
B (10−2) δDπ

B (◦)

Binned (refitted) 67.7 ± 5.1 9.61 +
−

0.78
0.77 118.6+5.2

−5.6 0.53 ± 0.19 286+24
−28

Mπ = 2, MK = 1 (baseline) 71.3 ± 4.9 9.48 ± 0.81 121.6+5.3
−5.5 0.64 ± 0.20 311+16

−20

Mπ = 2, MK = 2 71.6 +
−

4.7
4.8 9.58 +

−
0.81
0.80 122.5+5.1

−5.4 0.62 +
−

0.20
0.19 309+17

−20

Mπ = 3, MK = 1 71.0 ± 4.9 9.36 +
−

0.80
0.79 120.7+5.2

−5.6 0.64 +
−

0.20
0.19 311+16

−20

Mπ = 3, MK = 2 71.3 +
−

4.8
4.9 9.46 +

−
0.80
0.79 121.5+5.1

−5.5 0.63 +
−

0.19
0.20 309+17

−20

angle γ. The approach uses per-event weights that account for the strong-phase variation,
magnitude of the decay amplitude and background level to optimize the sensitivity to γ.
The approach is employed in datasets collected by the BESIII and LHCb detectors,
corresponding to integrated luminosities of 8 fb−1 and 9 fb−1, respectively. The CKM
angle γ is determined from B±→ DK± and B±→ Dπ± decays followed by D→ K0

Sπ
+π−

and D→ K0
SK

+K− decays with input of the strong-phase information from the doubly-
tagged ψ(3770)→ DD process. The CP -violating parameters are determined from a
joint fit to both datasets, and an interpretation of the underlying physics parameters
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Charm strong-phase moments: 
BESIII-only fit · Mπ = 3, MK = 2
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Figure 11: Strong-phase parameters of the (top) D→ K0
S/Lπ

+π− and (bottom) D→ K0
S/LK

+K−

decays from BESIII data.

in the extracted strong-phase parameters are assigned as the corresponding systematic
uncertainties.

Another source of uncertainty originates from the tracking efficiency of pions from
K0

S decays. This effect is due to the relatively low momentum and displaced topology of
these secondary pions, making their tracking efficiencies less well constrained than those
of prompt tracks. Although the overall uncertainties related to PID and tracking are
found to be negligible after correcting the efficiency with the method described in Sect. 5,
residual mismodeling of the pions from K0

S decays can still affect the signal efficiencies.
To quantify this, the signal efficiencies and efficiency profiles are varied according to the
tracking-efficiency corrections derived from π± control samples. The resulting shifts in
the refitted strong-phase parameters are taken as systematic uncertainties.

Possible mismodeling of the detector resolution between data and simulation is taken
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Charm strong-phase moments: 
BESIII-only fit · Mπ = 3, MK = 2
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in the extracted strong-phase parameters are assigned as the corresponding systematic
uncertainties.

Another source of uncertainty originates from the tracking efficiency of pions from
K0

S decays. This effect is due to the relatively low momentum and displaced topology of
these secondary pions, making their tracking efficiencies less well constrained than those
of prompt tracks. Although the overall uncertainties related to PID and tracking are
found to be negligible after correcting the efficiency with the method described in Sect. 5,
residual mismodeling of the pions from K0

S decays can still affect the signal efficiencies.
To quantify this, the signal efficiencies and efficiency profiles are varied according to the
tracking-efficiency corrections derived from π± control samples. The resulting shifts in
the refitted strong-phase parameters are taken as systematic uncertainties.
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Results at different Fourier orders
LHCb statistical uncertainties only
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