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Abstract

A combination of measurements sensitive to the CP -violation angle γ of the Cabibbo–
Kobayashi–Maskawa unitarity triangle, to the charm mixing parameters that de-
scribe oscillations between D0 and D0 mesons, and to the CP asymmetries in
the D0 → K+K− and D0 → π+π− decays is performed. All relevant beauty
and charm results obtained with the data collected with the LHCb detector at
CERN’s Large Hadron Collider to date are included. The charm mixing parame-
ters are determined to be x = (0.41± 0.05)% and y = (0.621 +0.022

−0.021)%, the magni-
tude and phase of CP violation in charm mixing to be |q/p| = 0.989± 0.015 and
φ = (−2.5± 1.2)◦, and the CP asymmetries in decay to be ad

K+K− = (6 +6
−5)× 10−4

and ad
K+K− = (22± 6)× 10−4, with a correlation of ρ = 0.88. The angle γ is

found to be (64.6± 2.8)◦, which is the most precise determination from direct
measurements to date.
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1 Introduction

Precise measurements of the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle
provide a strict test of the Standard Model (SM) and allow for indirect searches for
physics beyond the SM (BSM) in the quark sector up to very high mass scales. The
CP -violating phase γ ≡ arg(−VudV ∗ub/VcdV ∗cb), where Vqq′ is the CKM matrix element for
the quarks q and q′, is the only angle of the unitarity triangle that can be determined
using solely measurements of tree-level B-meson decays [1–8]. Assuming no new physics at
tree level [9], the theoretical uncertainties are negligible in such direct measurements [10].
Deviations between direct measurements of γ and indirect determinations from global
CKM fits [11, 12], which are based on independent observables and assume the validity of
the SM and hence unitarity of the CKM matrix, would be a clear indication of physics
BSM. Furthermore, comparisons between the values of γ measured using decays of different
B-meson species provide sensitivity to possible BSM effects at the tree level given the
different topologies of the involved decay amplitudes. For example, modes involving a
charged initial state have sensitivity to annihilation diagrams that the neutral modes do not.
The world average for direct measurements of γ = (66.5 +2.8

−2.9)◦ [13] is dominated by LHCb
results [14]. The experimental uncertainty on γ is larger than the indirect determination
obtained from global CKM fits, γ = (66.3+0.7

−1.9)◦ using a frequentist framework [11], and
γ = (64.9 ± 1.4)◦ with a Bayesian approach [15]. Closing this sensitivity gap is a key
physics goal of the LHCb experiment [16,17].

This note updates the combination of measurements of the angle γ and of mixing
and CP violation in D0–D0 mixing presented in Refs. [14, 18]. It includes nine new
measurements published by the LHCb collaboration during 2023 and 2024 [19–27]. The
statistical procedure is identical to that described in Ref. [18], and follows a frequentist
treatment described in detail in Ref. [28]. The formalism, motivation and implementation
of this update follow those described in Ref. [18], and the results presented here supersede
previous LHCb combinations [14,18,28–34].

2 Input measurements and assumptions

The full list of LHCb measurements that are used as inputs to the present combination
is provided in Table 1. Additional external constraints for the hadronic parameters and
coherence factors in multibody B and D decays are summarised in Table 2. Compared to
the previous combination [14], there are four new and three updated measurements from
beauty meson decays and one new measurement and one updated measurement of charm
meson decays.

For the beauty inputs, the first new result is a measurement of B± → Dh± with
D → h+h−π+π− decays [19], from which only the model-independent phase-space in-
tegrated results are included.1 The next two are measurements of B± → D∗h±

with D → K0
Sh

+h− decays in which the D∗ meson is either partially [20] or fully re-
constructed [21]. The fourth is a measurement of B± → DK∗± with D → h±h′∓,
D → h±π∓π+π−, and D → K0

Sh
+h− decays [22]. The three remaining beauty inputs

are updated measurements of B0 → DK∗0 with D → h±h′∓ and D → h±π∓π+π− [23]

1Throughout the note, h± and h′± are used to refer to π± or K±, D to refer to a superposition of D0

and D0 states, and D∗ to a superposition of D∗0 and D∗0 states.
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Table 1: Measurements used in the combination. Those that are new or have changed since
the previous combination [14] are highlighted in bold. LHCb Run 1 took place from 2011 to
2012, collecting proton-proton collision data at centre-of-mass energies,

√
s, of 7 and 8 TeV,

corresponding to an integrated luminosity of 1 and 2 fb−1, respectively. LHCb Run 2 took
place from 2015 to 2018 at

√
s = 13 TeV, corresponding to an integrated luminosity of 6 fb−1.

In the table, “PR” refers to measurements where the γ or π0 from D∗ → γ/π0D decays is
not reconstructed, and “FR” refers to measurements where a D∗→ γ/π0D candidate is fully
reconstructed. Where multiple references are cited, measured values are taken from the most
recent results, which include information from the others.

B decay D decay Ref. Dataset Status since

Ref. [14]

B± → Dh± D → h±h′∓ [35] Run 1&2 As before

B± → Dh± D → h+h−π+π− [19] Run 1&2 New

B± → Dh± D → K±π∓π+π− [36] Run 1&2 As before

B± → Dh± D → h±h′∓π0 [37] Run 1&2 As before

B± → Dh± D → K0
Sh

+h− [38] Run 1&2 As before

B± → Dh± D → K0
SK
±π∓ [39] Run 1&2 As before

B± → D∗h± D → h±h′∓ (PR) [35] Run 1&2 As before

B± → D∗h± D → K0
Sh

+h− (PR) [20] Run 1&2 New

B± → D∗h± D → K0
Sh

+h− (FR) [21] Run 1&2 New

B± → DK∗± D → h±h′∓ [22]† Run 1&2 Updated

B± → DK∗± D → h±π∓π+π− [22]† Run 1&2 Updated

B± → DK∗± D → K0
Sh

+h− [22]† Run 1&2 New

B± → Dh±π+π− D → h±h′∓ [40] Run 1 As before

B0 → DK∗0 D → h±h′∓ [23] Run 1&2 Updated

B0 → DK∗0 D → h±π∓π+π− [23] Run 1&2 Updated

B0 → DK∗0 D → K0
Sh

+h− [24] Run 1&2 Updated

B0 → D∓π± D+ → K−π+π+ [41] Run 1 As before

B0
s → D∓s K

± D+
s → h+h−π+ [25, 42]† Run 1&2 Updated

B0
s → D∓s K

±π+π− D+
s → h+h−π+ [43] Run 1&2 As before

D decay Observable(s) Ref. Dataset Status since

Ref. [14]

D0 → h+h− ∆ACP [44–46] Run 1&2 As before

D0 → K+K− ACP (K+K−) [46–48] Run 2 As before

D0 → h+h− yCP − yK−π+

CP [49, 50] Run 1&2 As before

D0 → h+h− ∆Y [51–54] Run 1&2 As before

D0 → K+π− (double tag) R±, (x′±)2, y′± [55] Run 1 As before

D0 → K+π− (single tag) RKπ, AKπ, c
(′)
Kπ, ∆c

(′)
Kπ [27, 56] Run 1&2 Updated

D0 → K±π∓π+π− (x2 + y2)/4 [57] Run 1 As before

D0 → K0
Sπ

+π− x, y [58] Run 1 As before

D0 → K0
Sπ

+π− xCP , yCP , ∆x, ∆y [59] Run 1 As before

D0 → K0
Sπ

+π− xCP , yCP , ∆x, ∆y [60, 61] Run 2 As before

D0→ π+π−π0 ∆Y eff [26] Run 2 New

† Results presented at ICHEP 2024, but not yet publically available.
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Table 2: Auxiliary inputs used in the combination. Those highlighted in bold are new or have
changed since the previous combination [14].

Decay Parameters Source Ref. Status since

Ref. [14]

B± → DK∗± κDK
∗±

B± LHCb [62] As before

B0 → DK∗0 κDK
∗0

B0 LHCb [63] As before

B0 → D∓π± β HFLAV [13] Updated

B0
s → D∓s K

±(ππ) φs LHCb [64] Updated

D → K+π− cos δKπD , sin δKπD , (rKπD )2, x2, y CLEO-c [65] As before

D → K+π− AKπ, Aπππ
0

Kπ , rKπD cos δKπD , rKπD sin δKπD BESIII [66] As before

D → h+h−π0 F+
πππ0 , F

+
KKπ0 CLEO-c [67] As before

D → π+π−π+π− F+
4π CLEO-c+BESIII [67,68] As before

D → K+K−π+π− F+
KKππ BESIII [69] New

D → K+π−π0 rKππ
0

D , δKππ
0

D , κKππ
0

D CLEO-c+LHCb+BESIII [70–72] As before

D → K±π∓π+π− rK3π
D , δK3π

D , κK3π
D CLEO-c+LHCb+BESIII [57,70–72] As before

D → K0
SK
±π∓ r

K0
SKπ

D , δ
K0

SKπ

D , κ
K0

SKπ

D CLEO-c [73] As before

D → K0
SK
±π∓ r

K0
SKπ

D LHCb [74] As before

and D → K0
Sh

+h− decays [24] as well as results from a time-dependent analysis of
B0
s → D∓s K

± decays [25], which have all been updated to the full LHCb dataset collected
during Run 1 and 2.

For the charm inputs, the new result is a measurement of the time-dependent CP
asymmetry in D0 → π+π−π0 decays [26], while the updated result is a measurement of
mixing and CP violation in D0 → K+π− decays [27], which has been updated to the
full dataset collected during Run 2. For the latter measurement, the parametrisation in
Appendix B of Ref. [27] is employed.

The external constraints include a new measurement of the CP -even fraction, F+,
in D → K+K−π+π−decays [69], as well as updates to the CKM phases β and φs from
HFLAV [13] and from Ref. [64], respectively.

3 Results

The combination uses a total of 198 input observables to determine 53 free parameters,
and the goodness-of-fit is found to be about 20.8%, evaluated using the best-fit χ2 and
cross-checked with simulation. The resulting confidence intervals for each parameter
of interest (externally constrained nuisance parameters are not shown) are provided in
Table 3. The intervals are computed using a Feldman–Cousins procedure with the Plugin
treatment of nuisance parameters [75]. Further details of the statistical procedure can be
found in Ref. [18]. The correlation matrix is given in Appendix A, while the contribution
of each input measurement to the χ2 is given in Appendix B.

The p-value, or equivalently one minus the confidence level (1− CL), distribution as
a function of γ is shown in Fig. 1 for the total combination and for subcombinations in
which the input observables are split by the initial state, final state or analysis method.
Confidence intervals for combinations split by initial B state are provided in Table 4.
Significant differences between initial state B mesons could be an indication of BSM
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Table 3: Confidence intervals and best-fit values for each of the parameters of interest, computed
using the Feldman–Cousins Plugin method [75]. Entries marked with an asterisk show where
the scan has hit a physical boundary.

Quantity Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

γ[◦] 64.6 ±2.8 [61.8, 67.4] +5.5
−5.7 [58.9, 70.1]

rDK
±

B± [%] 9.73 +0.21
−0.20 [9.53, 9.94] +0.42

−0.40 [9.33, 10.15]

δDK
±

B± [◦] 127.4 +2.8
−3.0 [124.4, 130.2] +5.6

−6.2 [121.2, 133.0]

rDπ
±

B± [%] 0.49 +0.06
−0.05 [0.44, 0.55] +0.12

−0.10 [0.39, 0.61]

δDπ
±

B± [◦] 292 +10
−11 [281, 301] +19

−22 [269, 310]

rD
∗K±

B± [%] 10.6 ±1.0 [9.6, 11.6] ±2.0 [8.6, 12.6]

δD
∗K±

B± [◦] 312 +6
−7 [304, 318] +12

−16 [296, 324]

rD
∗π±

B± [%] 0.74 +0.41
−0.32 [0.42, 1.15] +0.87

−0.62 [0.12, 1.61]

δD
∗π±

B± [◦] 37 +39
−20 [17, 76] +94

−31 [6, 131]

rDK
∗±

B± [%] 10.6 +0.9
−1.0 [9.6, 11.5] +1.7

−2.0 [8.6, 12.3]

δDK
∗±

B± [◦] 49 +14
−11 [38, 63] +30

−23 [26, 79]

rDK
∗0

B0 [%] 23.4 +1.5
−1.6 [21.8, 24.9] +2.9

−3.3 [20.1, 26.3]

δDK
∗0

B0 [◦] 192 ±6 [186, 198] +13
−12 [180, 205]

rD
∓
s K
±

B0
s

[%] 33.3 +3.7
−3.5 [29.8, 37.0] +7.5

−7.1 [26.2, 40.8]

δD
∓
s K
±

B0
s

[◦] 349 ±6 [343, 355] ±12 [337, 361]

rD
∓
s K
±π+π−

B0
s

[%] 46 ±8 [37, 54] +16
−17 [29, 62]

δD
∓
s K
±π+π−

B0
s

[◦] 345 +13
−12 [333, 358] +26

−25 [320, 371]

rD
∓π±

B0 [%] 3.0 +1.3
−1.2 [1.8, 4.3] +3.1

−2.7 [0.3, 6.1]

δD
∓π±

B0 [◦] 30 +25
−36 [−6, 55] +45

−77 [−47, 75]

rDK
±π+π−

B± [%] 8.0 +2.7
−3.3 [4.7, 10.7] +4.9

−8.0 [0.0, 12.9]∗

rDπ
±π+π−

B± [%] 6.2 +2.2
−3.0 [3.2, 8.4] +3.7

−6.2 [0.0, 9.9]∗

x[%] 0.41 ±0.05 [0.36, 0.45] ±0.09 [0.31, 0.50]

y[%] 0.621 +0.022
−0.021 [0.600, 0.643] +0.044

−0.042 [0.579, 0.665]

rKπD [%] 5.855 +0.010
−0.009 [5.846, 5.865] +0.020

−0.019 [5.836, 5.875]

δKπD [◦] 191.6 +2.5
−2.4 [189.2, 194.1] +4.9

−5.1 [186.5, 196.5]

|q/p| 0.989 ±0.015 [0.974, 1.004] +0.031
−0.030 [0.959, 1.020]

φ[◦] −2.5 ±1.2 [−3.7,−1.3] ±2.5 [−5.0, 0.0]

ad
K+K− [%] 0.06 +0.06

−0.05 [0.01, 0.12] ±0.11 [−0.05, 0.17]

ad
π+π− [%] 0.22 ±0.06 [0.16, 0.28] ±0.12 [0.10, 0.34]

ad
K+π− [%] −0.60 +0.27

−0.26 [−0.86,−0.33] +0.53
−0.54 [−1.14,−0.07]

4



Table 4: Confidence intervals and best-fit values for γ when splitting the combination inputs by
initial B meson species, computed using the Feldman–Cousins Plugin method [75].

Species Value [◦]
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

B+ 63.4 +3.2
−3.3 [60.1, 66.6] +6.4

−6.5 [56.9, 69.8]

B0 64.6 +6.5
−7.5 [57.1, 71.1] +12.0

−17.0 [48.0, 77.0]

B0
s 75.0 +10.0

−11.0 [64.0, 85.0] ±20.0 [55.0, 95.0]

Table 5: Confidence intervals and best-fit values for γ when splitting the combination inputs
by time-dependent and time-integrated methods, computed using the Feldman–Cousins Plugin
method [75].

Method Value [◦]
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

Time integrated 63.6 ±3.0 [60.6, 66.6] +5.9
−6.2 [57.4, 69.5]

Time dependent 75.0 +10.0
−11.0 [64.0, 85.0] ±20.0 [55.0, 95.0]

effects entering at tree level, as the topologies of the decay amplitudes for charged and
neutral initial states are different. Figure 1 shows excellent agreement between all modes.
Table 5 presents the confidence intervals for γ determined separately from time-dependent
and time-integrated measurements.

Two-dimensional profile-likelihood contours for the charm mixing parameters (x, y),
as defined in Ref. [18], and for the (rKπD , δKπD ) parameters are shown in Fig. 2. These
demonstrate that the combination of beauty and charm measurements significantly
improves the precision on the parameters y and δKπD . Two-dimensional profile-likelihood
contours in the (ad

K+K− , a
d
π+π−) and (|q/p|, φ) planes are shown in Fig. 3. The large

correlation between ad
K+K− and ad

π+π− follows from the much better precision of the ∆ACP
measurement [44] compared to the measurement of the time-integrated CP asymmetry of
D0 → K+K− decays [47].

A breakdown of the sensitivity from different measurements to the parameters of
greatest interest is shown in Figs. 4 to 7. These highlight the complementary nature of
the input measurements to constrain both γ and the charm mixing parameters. All one-
dimensional figures are produced using the Plugin treatment [28] of nuisance parameters,
while two-dimensional figures are produced using the profile-likelihood method, also known
as Prob method [28], to limit the usage of computing power.

The determined value of γ from this combination, (64.6± 2.8)◦, is compatible with
the previous LHCb combination, γ = (63.8+3.5

−3.7)◦ [14], and is in excellent agreement with
the global CKM fit predictions. The charm mixing parameters are determined to be
x = (0.41 ± 0.05)% and y = (0.621+0.022

−0.021)%. The magnitude and phase of CP viola-
tion in charm mixing are determined to be |q/p| = 0.989± 0.015 and φ = (−2.5± 1.2)◦.
Finally, the CP asymmetries in the decay are determined to be ad

K+K− = (6 +6
−5)× 10−4

and ad
π+π− = (22± 6)× 10−4, with a correlation of ρ = 0.88. The change since the last

combination [14] is due to the new measurement of D0 → K+π− decays [27], which
provides a measurement of the following difference of CP asymmetries, ad

K+π− − ad
K+K− .
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Figure 1: One-dimensional profile-likelihood scans of the 1 − CL distribution for the CKM
angle γ. In each plot, the total combination, which includes all beauty and charm modes, is
shown in dark blue with a solid line. Top left: inputs split by contributions from B0

s (light blue,
dotted), B0 (dark orange, dot-dashed), and B+ mesons (red, dashed). Top right: inputs split by
contributions from time-dependent modes (light blue, dotted), 2-body D decays (light orange,
single-dot-dashed), D→ K0

Sh
+h− decays (red, dashed), and other multibody D decays (dark

orange, triple-dot-dashed). Bottom left: inputs split by contributions from B0
s→ D∓s K

±π+π−

(purple, fine-dotted), B0
s → D∓s K

± (green, double-dot-dashed), B± → DK∗± (dark orange,
triple-dot-dashed), B±→ D∗h± (light orange, single-dot-dashed), B0→ DK∗0 (red, dashed),
and B±→ Dh± (light blue, dotted) decays. Bottom right: inputs split by contributions from
time-dependent (light blue, dotted) and time-integrated (dark orange, dot-dashed) measurements.

The phase δKπD is determined to be (191.6 +2.5
−2.4)◦, increasing the significance of the deviation

of its value from the limit of U -spin symmetry (δKπD = 180◦) [76] compared with the
previous combination [14]. While the breaking of U -spin symmetry is well established
by the measured branching fractions of D0→ K+π− and D0→ K−π+ decays [76], more
precise determinations of the phase δKπD can help clarify the size and nature of the contri-
bution to U -spin breaking from rescattering [77–82] and provide additional information
on nonperturbative strong interactions at the charm-mass scale, which limit the precision
of the predictions of CP violation in charm decays [83–90].

The relative impact of systematic uncertainties on the input observables is studied,
and found to contribute approximately 1.4◦ to the result for the angle γ, demonstrating
that the uncertainties for the combination are still in the regime of statistical dominance.
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Figure 2: Two-dimensional profile-likelihood contours for (left) the charm mixing parameters
x and y, and (right) the rKπD and δKπD parameters. The red dashed contours correspond to
the combination of only the charm inputs, and the blue solid contours show the result of
this combination. Contours are drawn out to 3σ and contain 68.3%, 95.4% and 99.7% of the
distribution.
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Figure 3: Two-dimensional profile-likelihood contours for (left) the CP asymmetries in the decay
of the D0→ K+K− and D0→ π+π− channels, and (right) the |q/p| and φ parameters. The red
dashed contours correspond to the combination of only the charm inputs, which are covered by
the blue solid contours showing the result of this combination. Contours are drawn out to 3σ
and contain 68.3%, 95.4% and 99.7% of the distribution. The marks labelled with “No CPV ”
identify the scenario without CP violation.

The correlated systematic uncertainty due to common inputs used by γ measurements
with D → K0

Sh
+h− decays are accounted for in the combination, but all other systematic

uncertainties from statistically independent measurements are neglected, as this effect is
expected to be smaller than 1◦. The majority of systematic uncertainties are expected to
reduce with additional data.
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Figure 4: Profile-likelihood contours for the components that contribute towards the γ part of the
combination, showing the breakdown of sensitivity amongst different subcombinations of decay
modes. The contours shown are the two-dimensional 1σ and 2σ contours, which correspond to
the areas containing 68.3% and 95.4% of the distribution.
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the areas containing 68.3% and 95.4% of the distribution.
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breakdown of sensitivity amongst different decay modes. The contours indicate the 68.3% and
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all charm inputs are hidden below the blue ones that include also beauty inputs, which do not
significantly improve the precision. In the top plots, the following parameters are fixed to their
best-fit values: rKπD , δKπD , |q/p| and φ for the D0→ h+h− subcombination in the left plot; x and
y for all subcombinations, and additionally rKπD and δKπD for the D0→ h+h− subcombination,
in the right plot.
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4 Results under the assumption of no CP violation

in doubly Cabibbo-suppressed D0 decays

For the first time, the fit is repeated also under the assumption of no CP violation in
doubly Cabibbo-suppressed D0 → K+π− decays, i.e. ad

K+π− = 0. This condition is
expected to hold in the SM within a better precision than that achievable at all current
and planned experiments. It allows for better precision to be achieved for the parameters
of CP violation in D0 mixing and for the CP asymmetries in D0 → h+h− decays, while
having negligible impact on the results for γ and the hadronic parameters of B-meson
decays. The corresponding results are shown in Table 6, while a comparison of the results
for the charm CP -violation parameters with and without this assumption is provided
in Fig. 8. The combination uses a total of 197 input observables to determine 52 free
parameters, and the goodness-of-fit is found to be about 13.7%, evaluated using the
best-fit χ2.

Table 6: Confidence intervals and best-fit values for each of the parameters of interest, computed
using the Feldman–Cousins Plugin method [75], for the fit under the assumption of no CP viola-
tion in doubly Cabibbo-suppressed D0→ K+π− decays (ad

K+π− = 0). Only the results for the
charm parameters are shown, as the results for the parameters of B decays are indistinguishable
from those of Table 3.

Quantity Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

x[%] 0.41 ±0.05 [0.36, 0.45] +0.09
−0.10 [0.31, 0.50]

y[%] 0.619 ±0.021 [0.598, 0.640] +0.044
−0.046 [0.573, 0.663]

rKπD [%] 5.855 +0.009
−0.010 [5.845, 5.864] +0.019

−0.021 [5.834, 5.874]

δKπD [◦] 191.4 ±2.4 [189.0, 193.8] +4.8
−5.0 [186.4, 196.2]

|q/p| 0.984 +0.014
−0.015 [0.969, 0.998] +0.029

−0.030 [0.954, 1.013]

φ[◦] −1.6 +1.1
−1.2 [−2.8,−0.5] +2.4

−2.8 [−4.4, 0.8]

ad
K+K− [%] 0.09 ±0.05 [0.04, 0.14] ±0.11 [−0.02, 0.20]

ad
π+π− [%] 0.24 ±0.06 [0.19, 0.30] +0.12

−0.11 [0.13, 0.36]
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Figure 8: Two-dimensional profile-likelihood contours for (left) the CP asymmetries in the decay
of the D0→ K+K− and D0→ π+π− channels, and (right) the |q/p| and φ parameters. All
shown contours employ both the charm and beauty inputs; the red dashed contours correspond
to the baseline results, and the blue solid contours show the result of the combination under the
assumption of no CP violation in doubly Cabibbo-suppressed D0→ K+π− decays. Contours are
drawn out to 3σ and contain 68.3%, 95.4% and 99.7% of the distribution. The marks labelled
with “No CPV ” identify the scenario without CP violation.

5 Summary

An updated combination of LHCb measurements constraining the CKM angle γ and charm
mixing and CP -violation parameters has been performed. This combination provides
the world’s most precise determination of γ from direct measurements to date, finding
γ = (64.6± 2.8)◦. Without any assumptions on CP violation in the charm system, the
charm-mixing and CP -violation parameters are determined to be x = (0.41± 0.05)%,
y = (0.621 +0.022

−0.021)%, |q/p| = 0.989± 0.015 , φ = (−2.5± 1.2)◦, ad
K+π− = (−0.60 +0.27

−0.26)%,
ad
K+K− = (6 +6

−5)× 10−4 and ad
π+π− = (22± 6)× 10−4. A comparison of the precision of

the present combination with previous LHCb determinations of the same parameters
is provided in Appendix C. An alternate combination assuming ad

K+π− = 0 provides
results consistent with the nominal combination, but with improved precision on charm
CP -violation parameters.
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Appendices

A Correlation matrix

A subset of the global fit correlation matrix for the parameters of greatest interest presented
in Table 3 is provided in Table 7 and visualised in Fig. 9. The total correlation matrix is
given in Table 8 and visualised in Fig. 10.

Table 7: Reduced correlation matrix for the parameters of greater interest. Values smaller than
0.01 are replaced with a “-” symbol.

γ rDK
±

B± δDK
±

B± rDπ
±

B± δDπ
±

B± rKπD δKπD x y |q/p| φ ad
K+K− ad

π+π− ad
K+π−

γ 1.00 0.36 0.62 –0.02 0.19 - - - - - - - - -

rDK
±

B± 1.00 0.21 - 0.07 –0.04 –0.10 0.02 –0.08 - - - - -

δDK
±

B± 1.00 –0.04 0.18 –0.11 –0.39 0.06 –0.32 - –0.01 - - 0.02

rDπ
±

B± 1.00 0.57 0.04 0.02 - 0.01 - - - - -

δDπ
±

B± 1.00 0.01 –0.13 0.02 –0.11 - - - - -

rKπD 1.00 0.29 0.18 –0.07 –0.04 0.01 - - –0.02

δKπD 1.00 –0.05 0.84 - 0.04 –0.02 –0.02 –0.05

x 1.00 0.22 –0.09 0.09 0.01 - -

y 1.00 –0.04 0.04 –0.01 –0.01 –0.06

|q/p| 1.00 0.72 0.11 0.10 –0.16
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Figure 9: Reduced correlation matrix for the parameters of greatest interest. Values smaller
than 0.01 are not written.
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Figure 10: Correlation matrix of the fit result. Values smaller than 0.01 are not written.
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B Contribution of each input measurement to the

global χ2

The contribution of each input measurement to the global χ2 of the baseline fit, where
ad
K+π− is free to vary, is shown in Table 9.

Table 9: Contributions to the total χ2 of the global fit of the baseline fit, where ad
K+π− is free

to vary, and number of observables of each input measurement. The global fit contains 53 free
parameters.

Measurement χ2 No. of obs.

B
ea

u
ty

se
ct

or

B± → Dh±, D → h±h′∓ 3.35 8

GGSZ combined 26.31 26

B± → Dh±, D → K0
SK
±π∓ 7.42 7

B± → Dh±, D → h±h′∓π0 6.06 11

B± → Dh±, D → K±π∓π+π− 4.75 6

B± → Dh±, D → h+h−π+π− 3.75 6

B± → D∗h±, D → h±h′∓ 9.35 16

B± → DK∗±, D → h±h′∓(π+π−) 28.49 12

B0 → DK∗0, D → h±h′∓(π+π−) 15.08 12

B± → Dh±π+π−, D → h±h′∓ 1.29 11

B0
s → D∓s K

± Run 1 5.39 5

B0
s → D∓s K

± Run 2 0.82 5

B0
s → D∓s K

±π+π− 2.91 5

B0 → D∓π± 0.00 2

C
h
ar

m
se

ct
or

D → K0
Sπ

+π− 2011 5.43 2

D → K0
Sπ

+π− Run 1 0.87 4

D → K0
Sπ

+π− Run 2 0.56 4

D → K±π∓ (single tag) 2.02 9

D → K±π∓ (double tag) 2.63 6

∆ACP , ACP (K+K−) 8.52 8

D → K±π∓π+π− 3.61 1

D → h+h− yCP Run 1 0.33 1

D → h+h− yCP Run 2 1.46 1

D → h+h− ∆Y 0.02 1

D → π+π−π0 ∆Y eff 0.00 1

E
x
te

rn
al

co
n
st

ra
in

ts

D → K±π∓π0, D → K±π∓π+π− 0.04 6

D → π+π−π+π− CLEO-c 1.07 1

D → π+π−π+π− BESIII 0.40 1

D → K+K−π+π− 0.42 1

D → h+h−π0 0.00 2

D → K0
SK
±π∓ Wrong-Sign 0.59 1

D → K0
SK
±π∓ 3.78 3

B± → DK∗± 0.08 1

B0 → DK∗0 0.00 1

φs 0.01 1

β 0.00 1

D → K±π∓ CLEO-c 10.63 5

D → K±π∓ BESIII 1.17 4

Total 158.61 198
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C Comparison with the previous combination

A comparison of the sensitivity of this combination with the previous two [14, 18] is
provided in Figs. 11 and 12. This combination primarily includes updated γ measurements
with Run 1 and 2 data from decay channels other than B± → Dh± decays, which allows
for significantly improved sensitivity on the hadronic parameters from a number of other
decay modes. The updated B0 → DK∗0 measurements from Refs. [23, 24] allow for
significant improvement in the determination of γ from B0 decays, and the updated
B0
s → D∓s K

± measurement from Ref. [25] provides significantly improved precision on
the determination of γ from B0

s decays.
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Figure 11: Two-dimensional profile-likelihood contours making a comparison between the
previous combinations of Refs. [18] (light orange, dot-dashed) and [14] (red, dashed), and the
current one (light blue, solid). The contours shown are the two-dimensional 1σ and 2σ contours
which correspond to areas containing 68.3% and 95.4% of the distribution.
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Figure 12: Two-dimensional profile-likelihood contours making a comparison between the
previous combinations of Refs. [18] (light orange, dot-dashed) and [14] (red, dashed), and the
current one (light blue, solid). The contours shown are the two-dimensional 1σ and 2σ contours
which correspond to areas containing 68.3% and 95.4% of the distribution. The marks labelled
with “No CPV ” identify the scenario without CP violation.
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D Additional plots

A summary of LHCb results for the γ combination as a function of time is given in Fig. 13.
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Figure 13: Evolution of published LHCb combination results for γ [14, 18, 28–34], with the
best-fit values and uncertainties in black. The result presented in this note is the rightmost data
point; its value and uncertainty are highlighted by the dashed blue line and band, respectively.
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