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1 Introduction

Understanding the origin of the baryon asymmetry of the Universe is one of the key issues
of modern physics. Sakharov showed that such an asymmetry can arise if three conditions
are fulfilled [1], one of which is the requirement that both charge (C) and charge-parity
(CP) symmetries are broken. The latter phenomenon arises in the Standard Model (SM)
of particle physics through the complex phase of the Cabibbo-Kobayashi-Maskawa (CKM)
quark mixing matrix [2, 3], although the effect in the SM is not large enough to account
for the observed baryon asymmetry in the Universe [4]. Violation of CP symmetry can be
studied by measuring the angles of the CKM unitarity triangle [5-7]. The least precisely
known of these angles, v = arg[—V, V. /V_ V], can be measured using only tree-level pro-
cesses [8-11]; a method that, assuming new physics is not present in tree-level decays [12],
has negligible theoretical uncertainty [13]. Disagreement between such direct measure-
ments of v and the value inferred from global CKM fits, assuming the validity of the SM,
would indicate new physics beyond the SM.

The value of v can be determined by exploiting the interference between favoured
b— cW (V,) and suppressed b — ulV (V) transition amplitudes using decay channels
such as Bt — Dht, B— DK*°, B DK*n~, Bt — Dh*r~ 7" and B - DFK®* [8-
11, 14-21], where h is a kaon or pion and D refers to a neutral charm meson that is a mixture
of the D? and D° flavour eigenstates. The inclusion of charge conjugate processes is implied
throughout, unless otherwise stated. The most precise way to determine ~ is through a
combination of measurements from analyses of many decay modes. Hadronic parameters
such as those that describe the ratio (73 ) or strong phase difference (63 ) between the V,
and V,, transition amplitudes and where X is a specific final state of a B meson decay,
are also simultaneously determined. The ratio of the suppressed to favoured B decay
amplitudes is related to v and the hadronic parameters by Asup/Afay = 75 ¢i05 %) where
the + (—) sign refers to the decay of a meson containing a b (b). The statistical uncertainty
with which v can be measured is approximately inversely proportional to the value of r)B< ,
which is around 0.1 for BY — DK™ decays [22].! In the BT — Dnt channel, 75" is
expected to be of order 0.005 [23] because the favoured amplitude is enhanced by |Vi4|/|Vus|
while the suppressed amplitude is further reduced by |Vq|/|Ves| with respect to Bt — DK™
decays. Consequently, the expected sensitivity to v in B* — Dn™ decays is considerably
lower than for Bt — DK™ decays, although the signal yields are higher. For B — DK*?
(and also BY — DFK®*) decays a higher value is expected [24], rgk*o ~ rgsK ~ 0.3,
which compensates for the lower branching fraction [25],2 whilst the expected value for
rgK” is similar to rgK . The current world average, using only direct measurements of
B — DK-like decays, is v = (73.2 753)° [26]* (or, using different inputs with an alternative
statistical approach, v = (68.3 & 7.5)° [27]*). The previous LHCb combination found
v = (73+9,)° [28).

!Updated results and plots available at http://www.slac.stanford.edu/xorg/hfag/.
2See also 2015 update.

3Updated results and plots available at: http://ckmfitter.in2p3.fr.

4Updated results and plots available at: http://www.utfit.org/UTfit/.
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This paper presents the latest combination of LHCb measurements of tree-level decays
that are sensitive to 7. The results supersede those previously reported in refs. [28-31],
including more decay channels and updating selected channels to the full Run 1 dataset of
pp collisions at /s = 7 and 8 TeV, corresponding to an integrated luminosity of 3 fb~!. Two
combinations are performed, one including all inputs from B — DK-like modes (referred
to as DK) and one additionally including inputs from BT — Dz and BT — Drtr 7t
decays (referred to as Dh). The DK combination includes 71 observables depending on 32
parameters, whilst the Dh combination has 89 observables and 38 parameters.

The analyses included in the combinations use a variety of methods to measure v, which
are reviewed in ref. [32]. The observables are briefly summarised below; their dependence
on « and various hadronic parameters is given in appendix A. The Gronau-London-Wyler
(GLW) method [8, 9] considers the decays of D mesons to CP eigenstates, for example
the CP-even decays D — KYK~ and D — w7 ~. The Atwood-Dunietz-Soni (ADS)
approach [10, 11] extends this to include final states that are not CP eigenstates, for
example D — 77K, where the interference between the Cabibbo-allowed and doubly
Cabibbo-suppressed decay modes in both the B and D decays gives rise to large charge
asymmetries. This introduces an additional dependence on the D decay dynamics through
the ratio of suppressed and favoured D decay amplitudes, rp, and their phase difference, ép.
The GLW/ADS formalism is easily extended to multibody D decays [10, 11, 33] although
the multiple interfering amplitudes dilute the sensitivity to . For multibody ADS modes
this dilution is parameterised in terms of a coherence factor, xp, and for the GLW modes
it is parametrised by Fy, which describes the fraction of CP-even content in a multibody
decay. For multibody D decays these parameters are measured independently and used
as external constraints in the combination as discussed in section 3. The GLW/ADS
observables are constructed from decay-rate ratios, double ratios and charge asymmetries
as outlined in the following.

For GLW analyses the observables are the charge-averaged rate and the partial-rate
asymmetry. The former is defined as

F(Bi — DcpKf) + F(B+ — DCPK+)

Rep =2 - :
o [(B~ — D'K—) + (Bt — D'K*)

(1.1)

where Dcp refers to the final state of a D meson decay into a CP eigenstate. Experimentally
it is convenient to measure Rcp, for a given final state f, by forming a double ratio that
is normalised using the rate for a Cabibbo-favoured decay (e.g. D° — K~7t), and the
equivalent quantities from the relevant BT — D7~ decay mode. Defining the ratio of the
favoured BT — DYK* and Bt — D%zt partial widths, for a given final state f, as

; _T(B~ = D= fIJK") +T(B* - D[ fIK™)
K/m — F(B— - D[_> f]’]‘(’_) + F(B+ — D[—> f]ﬂ—l—) ’

(1.2)

the double ratios are constructed as

RKK RTT KKn° w0
RKK ~ K/m T~ K/m RKKﬂ’O ~ K/m RTI'7T7T0 ~ K/m ete (1 3)
cp ~ RKW ) CcpP ~ RK7r ) CcP ~ RKWWO ) cpP -~ RKmTO? : .
K/m K/m K/m K/m



These relations are exact when the suppressed BT — Dzt decay amplitude (b — u)
vanishes and the flavour specific rates, given in the denominator of eq. (1.1), are measured
using the appropriate flavour-specific D decay channel. The GLW partial-rate asymmetry,
for a given D meson decay into a CP eigenstate f, is defined as

['(B~ — Dcph™) —T'(BY — Dcph™)

APIT . 1.4
P " I(B- — Dcph~) + (BT — Dcpht) (14)

Similarly, observables associated to the ADS modes, for a suppressed D — f decay, are
the charge-averaged rate and the partial-rate asymmetry. For the charge-averaged rate, it
is adequate to use a single ratio (normalised to the favoured D — f decay) because the
detection asymmetries cancel out. The charge-averaged rate is defined as

ROMT _ I'(B~ — D[~ f]h™) + (Bt — D[— f]h")
ADS ™ D(B- — D[— flh~) + (Bt — D[— f]h*)’

(1.5)

whilst the partial-rate asymmetry is defined as

ADRF _ (B~ — D[~ f]h~) —T(B* — D[— f]h")

ADS ™ D(B— — D[— f]h~) + (BT — D[— flh*)’ (16)

The equivalent charge asymmetry for favoured ADS modes is defined as

pnj T(B™ — D[— flh™) —T(B* — D[— flh*)
v I(B- = D[ f]h~) + (BT — D|— flh*)’

(1.7)

Some of the input analyses determined two statistically independent observables instead
of those in egs. (1.5) and (1.6), namely the ratio of partial widths for the suppressed and
favoured decays of each initial B flavour,

7 I'(B"—=D +
I'(B+* — D[— f]ht)
7 D(B™ — D[— f]h™)
RPM = . 1.9
- I'(B- — D[— f]h™) (1.9)
It should be noted that egs. (1.5) and (1.6) are related to egs. (1.8) and (1.9) by
R, +R_ R_—R,
— A e 1.1
Raps y o Aaps =R (1.10)

if the rates of the Cabibbo-favoured decays for B~ and BT are identical.

Similar to the ADS approach is the Grossman-Ligeti-Soffer (GLS) method [16] that
exploits singly Cabibbo-suppressed decays such as D — KSK ~nt. The GLS observables
are defined in analogy to egs. (1.5)—(1.7). Note that in the GLS method the favoured decay
has sensitivity to v because the ratio between the suppressed and favoured amplitudes is
much larger than in the ADS approach. It is therefore worthwhile to include the favoured
GLS decays in the combinations, which is not the case for the favoured ADS channels alone.

The Giri-Grossman-Soffer-Zupan (GGSZ) method [14, 15] uses self-conjugate multi-
body D meson decay modes like K977 ~. Sensitivity to v is obtained by comparing the



distributions of decays in the D — f Dalitz plot for opposite-flavour initial-state B and B
mesons. The population of candidates in the Dalitz plot depends on four variables, referred
to as Cartesian variables which, for a given B decay final state X, are defined as

z¥ =1 cos(6n £7), (1.11)
Yy = sin(0p +7). (1.12)

These are the preferred observables for GGSZ analyses. The GLW/ADS and GGSZ for-
malisms can also be extended to multibody B decays by including a coherence factor, kg,
that accounts for dilution from interference between competing amplitudes. This inclusive
approach is used for all multibody and quasi-two-body B decays, with the exception of the
GLW-Dalitz analysis of B — DK~ decays where an amplitude analysis is performed to
determine x5 and y7 . Here the term quasi-two-body decays refer to a two body resonant
decay that contributes to a three body final state (e.g. B® — DK*(892)" decays in the
BY— DK™*r~ final state).

Time-dependent (TD) analyses of BY — DF K™ are also sensitive to v [17-19]. Due to
the interference between the mixing and decay amplitudes, the CP-sensitive observables,
which are the coefficients of the time evolution of BY — DF K decays, have a dependence
on (v — 2fs), where 3 = arg(—V,,V,;/V,.sV.). In the SM, to a good approximation, —2
is equal to the phase ¢ determined from BY — J/i) ¢ and similar decays, and therefore an
external constraint on the value of ¢4 provides sensitivity to v. The time-dependent decay
rates for the initially pure B? and BY flavour eigenstates are given by

AT o (8) 1 AT .t ATt
Bg;f() = §|Af\2(1 +ApH)e Tt [cosh ( 5 ) + A?F sinh ( 5 )

dt
+ Cfcos (Amgt) — Sy sin (Amt) ] , (1.13)
T:§|Af\ . (1+[Af[%)e [cosh( 5 ) + Af smh( 5 >
— Cy cos (Amgt) + Sgsin (Amgt) ] , (1.14)

where A\f = (¢/p) - (Af/Ay) and A; (Ay) is the decay amplitude of a B? (BY) to a final
state f. In the convention used, f (f) is the Dy K+ (D} K~) final state. The parameter
Amy is the oscillation frequency for BY mesons, T's is the average BY decay width, and
Al'; is the decay-width difference between the heavy and light mass eigenstates in the
BY system, which is known to be positive [34] as expected in the SM. The observables
sensitive to v are A?F, C} and Sy. The complex coefficients p and g relate the BY meson
mass eigenstates, | B, i), to the flavour eigenstates, |BY) and |BY), as |Br) = p|BY) +q|BY)
and |By) = p|BY) — ¢|BY) with |p|?> + |¢|*> = 1. Similar equations can be written for the
CP-conjugate decays replacing Sy by S7, and A?F by A2T | and, assuming no CP violation
in either the decay or mixing amplitudes, Cf = —Cy. The relationships between the
observables, v and the hadronic parameters are given in appendix A.



The combinations are potentially sensitive to subleading effects from D°-DY mix-
ing [35-37]. These are corrected for where necessary, by taking into account the D decay-
time acceptances of the individual measurements. The size of the correction is inversely
proportional to 74 and so is particularly important for the B — Dat(7+7~) modes.
For consistency, the correction is also applied in the corresponding Bt — DK™ (7T 7r™)
modes. The correction for other decay modes would be small and is not applied. There
can also be an effect from CP violation in D — h™h™ decays [38-41], which is included
in the relevant BT — DA™ (7+7~) analyses using the world average values [22], although
the latest measurements indicate that the effect is negligible [42]. Final states that include
a K2 meson are potentially affected by corrections due to CP violation and mixing in
the neutral kaon system, parametrised by the non-zero parameter ex [43]. The effect is
expected to be O(ex /r'h), which is negligible for BT — DK™ decays since |ex| &~ 0.002
and rB% ~ 0.1 [22]. For B* — Dnr* decays this ratio is expected to be O(1) since rB™
is expected to be around 0.5% [23]. Consequently, the BT — Dzt decay modes affected,
such as those with D — K{K¥7*, are not included in the Dh combination.

To determine ~ with the best possible precision, auxiliary information on some of
the hadronic parameters is used in conjunction with observables measured in other LHCb
analyses. More information on these quantities can be found in sections 2 and 3, with
a summary provided in tables 1 and 2. Frequentist and Bayesian treatments are both
studied. Section 4 describes the frequentist treatment with results and coverage studies
reported in section 5. Section 6 describes the results of a Bayesian analysis.

2 Inputs from LHCDb analyses sensitive to ~

The LHCb measurements used as inputs in the combinations are summarised in table 1
and described briefly below. The values and uncertainties of the observables are provided
in appendix B and the correlations are given in appendix C. The relationships between the
observables and the physics parameters are listed in appendix A. All analyses use a data
sample corresponding to an integrated luminosity of 3 fb~!, unless otherwise stated.

e Bt —- Dh™, D — hTh~. The GLW/ADS measurement using B™ — DhT,
D° — hTh™ decays [44] is an update of a previous analysis [53]. The observables are
defined in analogy to egs. (1.3)—(1.7).

e Bt - Dht, D — htm—wtn—. The ADS measurement using the B* — Dh™,
D — K*g¥rtr~ decay mode [44] is an update of a previous measurement [54].
The quasi-GLW measurement with BT — Dh™, D — 777~ 77~ decays is included
in the combination for the first time. The label “quasi” is used because the D —

Tr-ntr~ decay is not completely CP-even; the fraction of CP-even content is given

7r
by Frrrr as described in section 3. The method for constraining v using these decays

is described in ref. [33], with observables defined in analogy to egs. (1.3)—(1.7).

e BT — Dht, D — hth—7° Inputs from the quasi-GLW/ADS analysis of
BT — Dh*, D — hth= 7" decays [45] are new to this combination. The CP-even



B decay D decay Method Ref. Status since last
combination [28]

Bt — Dht D — hth~ GLW/ADS [44] Updated to 3fb~!

BT — Dt D — htn~ntr~ GLW/ADS [44] Updated to 3fb~!

BT — Dht D — hth= 70 GLW/ADS [45] New

BT — DK™ D — KOhth~ GGSZ [46]  As before

BT — DK™ D — KYK—=t  GLS [47]  As before

Bt = Dhtr—nt D — hth- GLW/ADS [48] New

BY — DK*0 D— Ktn~ ADS [49]  As before

B~ DK*r~ D — hTh™ GLW-Dalitz [50] New

B° — DK*0 D — Kdrtr~ GGSZ [51] New

BY » DFK* Df— nth—nt  TD [52]  As before

Table 1. List of the LHCb measurements used in the combinations.

content of the D — KTK~7° (D — 77~ 7") decay mode is given by the parameter
Frgro (Frrro), as described in section 3. The observables are defined in analogy to
egs. (1.3)—(1.7).

e Bt - DK+, D — K2hth~. The inputs from the model-independent GGSZ
analysis of BT — DK™, D — KJh*th™ decays [46] are the same as those used
in the previous combination [28]. The variables, defined in analogy to egs. (1.11)—
(1.12), are obtained from a simultaneous fit to the Dalitz plots of D — K277~ and
D — K{K*K~ decays. Inputs from a model-dependent GGSZ analysis of the same
decay [55] using data corresponding to 1 fb~! are not included due to the overlap of
the datasets.

e Bt - DK+,D — KgK_TF+. The inputs from the GLS analysis of BT — DK™,
D — K{K 7+ decays [47] are the same as those included in the last combination [28].
The observables are defined in analogy to egs. (1.5)—(1.7). The negligible statistical
and systematic correlations are not taken into account.

e BT - Dhtn—nT, D — hTh~. The inputs from the LHCb GLW/ADS analysis
of BY — Dhtr—nt, D° — hth~ decays [48] are included in the combination for
the first time. The observables are defined in analogy to egs. (1.3)—(1.4), (1.7)—(1.9).
The only non-negligible correlations are statistical, p(Ag]f m KK Agg T = 0.20
and p(Agp™™ 5, AZETTTT) = 0.08.

B - DK**, D — K*t=n~. The inputs from the ADS analysis of B? —
DYK*(892)%, DY — K*n¥F decays [49] are included as they were in the previous
combination [28]. However, the GLW part of this analysis (with D — KT K~ and



D% — 77 77) has been superseded by the Dalitz plot analysis. The ADS observables
are defined in analogy to egs. (1.7)—(1.9).

e B » DKtn~, D — hth~. Information from the GLW-Dalitz analysis of
B - DK*n~, D° — h*h~ decays [50] is added to the combination for the first
time. The “Dalitz” label indicates the method used to determine information about
CP violation in this mode. The variables, defined in analogy to egs. (1.11)—(1.12), are
determined from a simultaneous Dalitz plot fit to B’ — DK 7~ with D° — K7,
D — KtK~ and D — 7w~ samples, as described in refs. [20, 21]. Note that the
observables are those associated with the DK*(892)° amplitudes. Constraints on
hadronic parameters are also obtained in this analysis, as described in section 3.

e B - DK*, D — Kgﬂ""ﬂ'_. Inputs from the model-dependent GGSZ analysis
of B — DK*(892), D — KrTn~ decays [51] are included in the combination
for the first time. The observables, defined in analogy to egs. (1.11)—(1.12), are
measured by fitting the D — K77~ Dalitz plot using a model developed by the
BaBar collaboration [56].

A model-independent GGSZ analysis [57] is also performed by LHCb on the same
data sample. Currently, the model-dependent analysis has the best sensitivity to
the parameters x+ and y4. Therefore the model-dependent results are used in the
combination. The numerical results of the combination change insignificantly if the
model-independent results are used instead.

e B - DFK £, The inputs used from the time-dependent analysis of B — DF K+
decays using data corresponding to 1fb~! [52] are identical to those used in ref. [28].
Note however that a different sign convention is used here, as defined in eqs. (1.13)—
(1.14) and appendix A.

3 Auxiliary inputs

The external inputs are briefly described below and summarised in table 2. These mea-
surements provide constraints on unknown parameters and result in better precision on
~. The values and uncertainties of the observables are provided in appendix D and the
correlations are given in appendix E.

e Input from global fit to charm data. The GLW/ADS measurements need input
to constrain the charm system in three areas: the ratio and strong phase difference
for D° — K—nt and DY — 7~ KT decays (r&™, 65™), charm mixing (zp, yp) and
direct CP violation in D — h*h~ decays (A%, AdI) taken from a recent HFAG
charm fit [22]. These do not include the latest results on AAcp from LHCD [42]
but their impact has been checked and found to be negligible. The value of §57™ is
shifted by 180° compared to the HFAG result in order to match the phase convention
adopted in this paper. The parameter Rg’r is related to the amplitude ratio rg”

through RE™ = (rEm)2,



Decay Parameters Source Ref.
DY DP-mixing D, YD HFAG [22]
D — K*trn~ rBm §KT HFAG [22]
D — hth™ Adic - Adir HFAG [22]
D — K*pTpta— K37 plsm pKsm CLEO+LHCb  [58]
D—oratrnntn™  Frnnr CLEO [59]
D — K*rFr0 R S CLEO+LHCb  [58]
D — hth 7" Frnno, Frgeno CLEO 59
D — KOK—nt  §psiT wissim pBsET CLEO [60]
D — KYK—nt  rishT LHCh [61]
BY - DK*0 kDK™ RPE™ ASPE™ LHCb [50]
BY —» DFK* bs LHCb [62]

Table 2. List of the auxiliary inputs used in the combinations.

e Input for D° —» K*7xF 70 and D° — K*xFntnr— decays. The ADS mea-
surements with D° — K*7F70 and D® — K*nFnt7~ decays require knowledge of
the hadronic parameters describing the D decays. These are the ratio, strong phase

difference and coherence factors of the two decays: 7’[52”, 552”, /ﬁ;g%, rg?’”, 653”

and lig?’”. Recently an analysis of D° — K*7Frt7~ decays has been performed
by LHCb [63] that is sensitive to 7537 §837 and k37, Furthermore, an updated
measurement has been performed using CLEO-c data, and the results have been
combined with those from LHCD [58] to yield constraints and correlations of the six
parameters. These are included as Gaussian constraints in this combination, in line

with the treatment of the other auxiliary inputs.

e CP content of D — hth=n® and D — ntn~nwtxn~ decays. For both the
three-body D — hth~7° and four-body D — ntn~ 77~ quasi-GLW measurements
the fractional CP-even content of the decays, F g0, Frrro and Fr .., are used as
inputs. These parameters were measured by the CLEO collaboration [59]. The uncer-
tainty for the CP-even content of D — 77w~ w7~ decays is increased from +0.028
to £0.032 to account for the non-uniform acceptance of the LHCb detector following
the recommendation in ref. [44]. For the D — h*h~ 7" decay the LHCD efficiency is
sufficiently uniform to avoid the need to increase the F; uncertainty for these modes.

e Input for D — K?K~n" parameters. The BT — DK, D — KJK "
GLS measurement needs inputs for the charm system parameters TSSKW, 555K7r
and ﬁgSKﬂ—. Constraints from ref. [60] on all three are included, along with an ad-

)

ditional constraint on the branching fraction ratio Rgs K™ from ref. [61]. The results



corresponding to a limited region of the Dalitz plot, dominated by the K*(892)"
resonance, are used here. The quantity ngs K™ s related to TSSK” through

KgKm\2 KsKm KsKﬂ' KsKm KsKm
RgSKﬂ _ (rp )2 — KD D (yp cos 0y — xpsindy, ) 3.1)
1-— TKSK” gSKﬂ(yD cos 51551(” + zpsin 51551(”)
. . . K5K7T KsKﬂ'
The linear correlation coefficient between 5 and K7, is extracted from the

experimental likelihood as p(655%™, [D(SK”) = —0.60.

e Constraints on the B® - DK*? hadronic parameters. The quasi-two-body
B — DK*® ADS and model-dependent GGSZ measurements need input on the
coherence factor mgK*o and the parameters RgK*O = ng*o gK * and A(%?K*O =
SEK*O — 5§K*0, which relate the hadronic parameters of the quasi-two-body B? —
DK*® ADS and GGSZ measurements (barred symbols) to those of the BY — DK r~
amplitude analysis (unbarred symbols). The resulting values are taken from the
LHCb GLW-Dalitz analysis described in ref. [50]. These are taken to be uncorrelated
with each other and with the :L‘D K0 , ij: K0 parameters that are determined from the

same analysis.

e Constraint on ¢s. The time-dependent measurement of B — DT K* determines
the quantity v — 28s. In order to interpret this as a measurement of -y, the weak
phase —283; = ¢ is constrained to the value measured by LHCb in BY — Jiphh
decays [62]. It has been checked that using the world average instead has a negligible
impact on the results.

4 Statistical treatment

The baseline results of the combinations are presented using a frequentist treatment, start-
ing from a likelihood function built from the product of the probability density functions
(PDFs), fi, of experimental observables A;,

= Hfi(ﬁﬁbs\a“) : (4.1)

where A?bs are the measured values of the observables from an input analysis 7, and & is
the set of parameters. For each of the inputs it is assumed that the observables follow a
Gaussian distribution

fi (Aob5|a) o exp (_(A’Z( ) A‘ng)T V;fl (EZ(&) — A’;?bS)> , (4.2)

where V; is the experimental covariance matrix, which includes statistical and systematic
uncertainties and their correlations. Correlations in the systematic uncertainties between
the statistically independent input measurements are assumed to be zero.

A x2-function is defined as x?(&@) = —21In £(@). The best-fit point is given by the global
minimum of the y?-function, x?(@min). To evaluate the confidence level (CL) for a given

~10 -



value of a parameter, e.g. v = 7o in the following, the value of the y?-function at the new
minimum is considered, x*(@ ,(70)). The associated profile likelihood function for the
parameters is £(@ ;. (70)). Then a test statistic is defined as Ax? = x*(@;,) — X*(@rmin)-
The p-value, or 1 — CL, is calculated by means of a Monte Carlo procedure, described
in ref. [64] and briefly recapitulated here. For each value of g the test statistic Ax? is

calculated, and a set of pseudoexperiments, /_fj, is generated according to eq. (4.2) with

parameters @ set to the values at @, . A new value of the test statistic, Ax?, is calculated
for each pseudoexperiment by replacing /_fobs — /_fj and minimising with respect to @, once
with v as a free parameter, and once with ~ fixed to 7g. The value of 1 — CL is then defined
as the fraction of pseudoexperiments for which Ax? < Ax?%. This method is sometimes
referred to as the “4”, or the PLUGIN method. Its coverage cannot be guaranteed [64]
for the full parameter space, but can be verified for the best-fit point. The reason is
that for each value of vy, the nuisance parameters, i.e. the components of & other than the
parameter of interest, are set to their best-fit values for this point, as opposed to computing
an n-dimensional confidence region, which is computationally impractical. The coverage

of the frequentist combinations is discussed in section 5.3.

5 Results

Results for the DK combination are presented in section 5.1 and for the Dh combination
in section 5.2. The coverage of the frequentist method is discussed in section 5.3 whilst
an interpretation of the results is provided in section 5.4. The rate equations from which
the observables are determined are invariant under the simultaneous transformation v —
v + 180°, 5])9( — 5])3( + 180°, where 5])9( is the strong phase for each B — DX decay
considered. Only the solution most consistent with the determination of v from the global
CKM fit [26, 27] is shown.

5.1 DK combination

The DK combination consists of 71 observables and 32 parameters. The goodness of fit
computed from the x? value at the best fit point given the number of degrees of freedom
is p = 91.5%. The equivalent value calculated from the fraction of pseudoexperiments,
generated from the best fit point, which have a x? larger than that found in the data is
p=(90.5+0.2)%.

Table 3 summarises the resulting central values and confidence intervals that are ob-

tained from five separate one-dimensional PLUGIN scans for the parameters: +, rgK , 5§K ,
*0 *0 . . .
rgK and 5§K . These are shown in figure 1. Due to computational constraints the

two-dimensional contours, shown in figure 2, are obtained via the profile likelihood method
in which the value of the test statistic itself (Ax?) is used. Except for the coverage, as
described in section 5.3, this is verified to be a good approximation of the PLUGIN method.
The parameter correlations obtained from the profile likelihood method are given in ap-
pendix F.
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Observable  Central value 68.3% Interval 95.5% Interval  99.7% Interval
v (°) 72.2 (64.9,79.0] [55.9, 85.2] [43.7,90.9]
rBk 0.1019 [0.0963,0.1075]  [0.0907,0.1128]  [0.0849,0.1182]
§BE(°) 142.6 [136.0, 148.3] [127.8,153.6] [116.2, 158.7]
rRE 0.218 [0.171,0.263] [0.118,0.305] [0.000, 0.348]
§OE (©) 189 [169,212] [148,241] [123,283]

Table 3. Confidence intervals and central values for the parameters of interest in the frequentist
DK combination.

5.2 Dh combination

The Dh combination includes observables measured from BT — Dr™ and
BT — Drtn~nt decays, in addition to those measured in the DK combination,
for a total of 89 observables and 38 parameters. The goodness of fit calculated from the
X2 is p = 72.9% and calculated from the pseudoexperiments is p = (71.4 + 0.3)%.

Table 4 gives the results of the one-dimensional PLUGIN scans for 7, r]g“, 55“, r]gK ,

%0 %0 . .
551( , r]gK and (5§K . The scans are shown in figure 3. Two solutions are found, cor-

responding to rlg” values of 0.027 and 0.0045 for the favoured and secondary solutions,
respectively. Figure 3 shows that the secondary solution is suppressed by slightly more
than 1o. Consequently, the 1o interval for  is very narrow because the uncertainty scales
inversely with the central value of rg”. As with the DK combination, the two-dimensional
scans are performed using the profile likelihood method and are shown in figure 4. The two
solutions and the non-Gaussian contours are clearly visible. The parameter correlations
obtained from the profile likelihood method for both solutions are given in appendix F.
The coverage for the Dh analysis is examined in section 5.3, where it is found that the
coverage is slightly low and then starts to degrade when the true value of r]g” is less than
0.01, reaching a minimum around 0.006, before the behaviour of the DK combination is

recovered at very low values.

Recently, attempts have been made to estimate the value of rgﬁ using the known

branching fractions of B — DYK? and B° — Dz% decays and SU(3) symmetry [23],
predicting a value of rg” = 0.0053+0.0007, consistent with the secondary solution observed
in the data. Using this as an additional external input in the Dh combination gives v =
(71.8f§:§)°, which shows that when rB7 is small the uncertainties on + are dominated by the
B — DK inputs. This behaviour is similarly reflected by the 95.5% and 99.7% confidence
intervals for the Dh combination when no external constraint on ré)” is used. The goodness
of fit calculated from the x? is p = 70.5% and calculated from pseudoexperiments is
p = (69.7+0.6)%.

Given the poor expected additional sensitivity from the B — Dw-like modes, coupled
with the highly non-Gaussian p-value distribution of the Dh combination, and the fact
that the coverage of the Dh combination is low near the expected value of rgﬂ (see sec-
tion 5.3), we choose to quote as the nominal result that of the DK combination, namely
v = (12.2155)°.
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Figure 1. 1 — CL curves for the DK combination obtained with the PLUGIN method. The 1o and
20 levels are indicated by the horizontal dotted lines.

5.3 Coverage of the frequentist method

The coverage of the PLUGIN (and the profile likelihood) method is tested by generating
pseudoexperiments and evaluating the fraction for which the p-value is less than that
obtained for the data. In general, the coverage depends on the point in parameter space.
Following the procedure described in ref. [30], the coverage of the profile likelihood and
one-dimensional PLUGIN method intervals are tested. The coverage is determined for each
method using the same pseudoexperiments; consequently their uncertainties are correlated.
The results for the best fit points are shown in table 5. Figure 5 shows the coverage of
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Figure 2. Profile likelihood contours from the DK combination. The contours show the two-
dimensional 1o and 20 boundaries, corresponding to 68.3% and 95.5% CL, respectively.

the 1o intervals as determined from pseudoexperiments for the DK (Dh) combination as a
function of the value of rgK (r]g’r) used to generate the pseudoexperiments. It can be seen
that the coverage for the DK combination degrades as the true value of TgK gets smaller.
This behaviour has previously been observed by the CKMfitter group [26]. The fitted value
found in this combination, T[B)K ~ 0.1, is well within the regime of accurate coverage. The
dependence of the coverage for the Dh combination on rlB?” shows similar behaviour, where
the coverage begins to degrade when the true value reaches 7’5” < 0.01, worsening until
the true value of rg” becomes so small that the Dm modes offer no sensitivity and the

behaviour seen in the DK combination is recovered. The fitted value of rgﬂ in the Dh
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Observable  Central value 68.3% Interval 95.5% Interval 99.7% Interval
v (°) 73.5 [70.5,76.8] [56.7, 83.4] [40.1, 90.8]
rPK 0.1017 [0.0970,0.1064] [0.0914,0.1110] [0.0844,0.1163]
§BE(°) 141.6 [136.6, 146.3] [127.2,151.1] [114.6, 155.7]
rRE 0.220 [0.173,0.264] [0.121,0.307] [0.000, 0.355]
§OE (©) 188 (168, 211] 148, 239] 120, 280]
rBT 0.027 [0.0207,0.0318]  [0.0020,0.0365] [0.0008, 0.0425]
5E™(°) 348.3 [343.2, 352.9) 220.5, 356.4] [192.9,359.8]

Table 4. Confidence intervals and central values for the parameters of interest in the frequentist

Dh combination.

60'75' T —_— 60'75' T T —_—
= LHCb] = | LHCb ]
o 07F 1 o 07F =
o0 F 4 0) E =
< F ¢ [} < [ ]
BREREER O T E
2 i 1 2 b #F 5
@) 0.6~ 1 ®) 0.6~ *, 1
C ¥  Profile likelihood C % Profile likelihood
055F & $ PLUGIN () method 055F L ¢ PLUGIN (i) method ]
: " 1 " " " " 1 ] : " 1 " " 1 " " " " 1 ]
05 0.05 0.1 03y 0.01 0.02 0.03
yDK D
B B

Figure 5. Dependence of the coverage for the one-dimensional PLUGIN method (blue circles) and
the profile likelihood method (red squares) on r5% for the DK combination (left) and on rE™ for
the Dh combination (right). The solid horizontal line shows the nominal coverage at 1o of 68.3%.

combination (~ 0.03) falls in the regime with good coverage, whilst the expected value, and
indeed the value of the second minimum (~ 0.005), is in the regime in which the coverage
starts to deteriorate. No correction for under-coverage is applied to the confidence intervals
quoted in tables 3 and 4.

5.4 Interpretation

Using the nominal DK combination and the simple profile likelihood method some further
interpretation of the results is presented in this section. Performing the DK combination
with statistical uncertainties only suggests that the systematic contribution to the uncer-
tainty on  is approximately 3°. Performing the combination without use of the external
constraints (described in section 3) roughly doubles the uncertainty on 7, demonstrating
the value of including this information.

The origin of the sensitivity to v of the various decay modes and analysis methods in
the DK combination is demonstrated in figure 6. It can be seen that BT — DK™ decays
offer the best sensitivity (see figure 6 left) and that the GLW/ADS methods offer multiple
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n (%] « (profile likelihood) [%] «a (PLUGIN) [%]
68.3 65.1 £0.7 67.1£0.7
DK | 95.5 93.5+04 94.3 4+ 0.3
99.7 98.7+0.2 98.8 £0.2
68.3 63.0 £ 0.7 64.3 £0.7
Dh 95.5 90.9+04 91.7+£04
99.7 95.3+£0.3 95.6 £ 0.3

Table 5. Measured coverage « of the confidence intervals for -, determined at the best fit points,
for both the one-dimensional PLUGIN and profile likelihood methods. The nominal coverage is
denoted as 7.
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Figure 6. 1—CL plots, using the profile likelihood method, for DK combinations split by the initial
B meson flavour (left) and split by analysis method (right). Left: (orange) B? initial state, (yellow)
BO initial states, (blue) BT initial states and (green) the full combination. Right: (yellow) GGSZ
methods, (orange) GLW/ADS methods, (blue) other methods and (green) the full combination.

narrow solutions compared to the single broader solution of the GGSZ method (see figure 6
right). Figures 7 and 8 further demonstrate the complementarity of the input methods in
the (yvs.dx) and (yvs.7x) planes, for the BT and B° systems respectively.

6 Bayesian analysis

The combinations are also performed using a Bayesian procedure. Probability (or credible)
intervals (or regions) are obtained according to a highest posterior density approach. A
highest posterior density interval (region) is defined by the property that the minimum
density of any point within the interval (region) is equal to, or larger than, the density of
any point outside that interval (region).
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Observable  Central value 68.3% Interval 95.5% Interval  99.7% Interval
v (°) 70.3 62.4, 77.4] [52.6, 83.5] [42.1,88.4]
rPK 0.1012 [0.0954,0.1064] [0.0900,0.1120] [0.0846,0.1171]
§BE(°) 142.2 [134.7,148.1] [125.3,153.7] [113.2,157.9]
rRE 0.204 [0.149, 0.253] [0.073,0.299] [0.000, 0.322]
§OE (©) 190.3 [165.8,218.4] [139.5,263.4] [117.8,292.4]

Table 6. Credible intervals and most probable values for the hadronic parameters determined from
the DK Bayesian combination.

6.1 DK combination

Uniform prior probability distributions (hereafter referred to as priors) are used for v and
the B-meson hadronic parameters in the DK combination, allowing them to vary inside
the following ranges: v € [0°,180°], 68X € [-180°,180°], rEX € [0.06,0.14]. The priors
for §PK™™ and §0+% are identical to that for §5%; the range for 5§K*0 is [0°,360°]. The
allowed ranges for rgK*O, rPETT and 5+ are [0, 0.45], [0, 0.16] and [0, 0.2]. The remain-
ing auxiliary parameters are constrained with Gaussian priors according to the externally
measured values and their uncertainties. A range of alternative prior distributions have
been found to have negligible impact on the results for . The results are shown in table 6
and in figures 9 and 10. The Bayesian credible intervals are found to be in good agreement
with the frequentist confidence intervals.

6.2 Dh combination

For the Dh combination additional uniform priors are introduced: rB7 € [0,0.06], 657 €
[180°,360°], rB™™™ € [0,0.13] and 68™™ € [0°,360°]. All other priors are as described
above for the DK combination.

The results are given in table 7 and shown in figures 11 and 12. Comparison with
the frequentist treatment (section 5.2) shows that the 1o intervals and regions differ be-
tween the two treatments, but satisfactory agreement is recovered at 20. Such differences
are not uncommon when comparing confidence and credible intervals or regions with low
enough confidence level and probability, in the presence of a highly non-Gaussian likelihood
function.

7 Conclusion
Observables measured by LHCb that have sensitivity to the CKM angle ~, along with

auxiliary information from other experiments, are combined to determine an improved
constraint on . Combination of all B — DK-like modes results in a best fit value of
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Figure 9. Posterior probability density from the Bayesian interpretation for the DK combination.

v = 72.2° and the confidence intervals

~ € [64.9,79.0]° at 68.3% CL,
~ € [55.9,85.2]° at 95.5% CL .

A second combination is investigated with additional inputs from B — D-like modes.
The frequentist and Bayesian approaches are in agreement at the 2o level, giving intervals
of v € [56.7,83.4]° and ~ € [52.1,84.6]° at 95.5% CL, respectively.

Taking the best fit value and the 68.3% CL interval of the DK combination ~ is found
to be

Y= (72'21_(7;:3)0 )
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where the uncertainty includes both statistical and systematic effects. A Bayesian inter-
pretation yields similar results, with credible intervals found to be consistent with the
corresponding confidence intervals of the frequentist treatment. The result for v is com-
patible with the world averages [26, 27] and the previous LHCb average, v = (73%],)° [28].
This combination has a significantly smaller uncertainty than the previous one and replaces
it as the most precise determination of v from a single experiment to date.

Additional inputs to the combinations in the future will add extra sensitivity, this
includes use of new decay modes (such as BT — DK*T), updates of current measurements
to the full Run I data sample (such as B? — DT K¥) and inclusion of the Run II data
sample. Exploiting the full LHCb Run II data sample over the coming years is expected
to reduce the uncertainty on ~ to approximately 4°.
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Observable  Central value 68.3% Interval 95.5% Interval 99.7% Interval

v (°) 72.4 [63.9,79.0] [52.1, 84.6] [40.1, 89.5]
rOk 0.1003 [0.0948,0.1057]  [0.0893,0.1109]  [0.0838,0.1159]
§PE(©) 141.0 [133.3,147.5) [122.1,153.1] [108.6,157.5]
rDK 0.2072 [0.1514,0.2555]  [0.0788,0.3007] [0.0031,0.3291]
) 189.8 [166.3,216.5)] [143.9, 255.2] [120.2, 286.0]
rom 0.0043 [0.0027,0.0063]  [0.0011,0.0281]  [0.0008, 0.0329]
§E™(°) 303.7 [264.7,332.7] [231.5, 355.2] [202.7, 359.0]

Table 7. Credible intervals and most probable values for the hadronic parameters determined from
the Dh Bayesian combination.
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A Relationships between parameters and observables

The equations given in this section reflect the relationship between the experimental ob-
servables and the parameters of interest. For simplicity, the equations are given in the
absence of DY-D° mixing. In order to include the small (< 0.5°) effects from D°-D° mix-
ing, the equations should be modified following the recommendation in ref. [37], making
use of the DY decay time acceptance coefficients, M,,, given in table 8.

Analysis My
D — h*h~ GLW/ADS 0.594
D — hth~7m° GLW/ADS 0.592

D — hta~atr~ GLW/ADS  0.570
Bt — Dhtn—nt GLW/ADS 0.6
D — KVK-n+ GLS 0.6
B° - DK*® ADS 0.6

Table 8. D° decay time acceptance coefficients (see ref. [37]) for each analysis.
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Bt — Dht, D — hTh~ observables.

ADERK _ QTEKrg” sin ((%?K + (55”) sin ~y
ADS -
b (rgK)Q + (rg“)z + 27‘51(7‘5” cos (55K + 55“) cos -y
ADTAK _ 27“}13?”7‘[5” sin (55” + 55”) sin 7y
ADS -
b (TEW)Q + (7“[5“)2 + 27’5“7"[5” cos ((55” + (55’7) cosy
2rDK gin 8K sin :
Ag§7KK _ B B v +A(]i{1rK

14 (TgK)2 + 2r§K cos (%’K cos 7y

DK ;.. sDK _:

ADK,THT _ 2"nB Sln(SB S 7y +Adir

cp B 1 DK\2 | 9,.DK §DK L
+(7“B ) + 2rg™ cosog™ cosvy

= + A%k
1+ (rg“)Q + 27"5” cos 55” CoS 7y

D . D .
ADT KK 2rg"sindp" siny dir
cpP

D i sD7 o

DT _ 2rgp™ sindp” sinvy 4 Adir

CP - 1+( D7r)2+2 D 5D7r T
T rg" cosdp™ cosy

DK, Kr . (sDK K7\ o
DK Kx 2rgtrp sm(éB —0p )smfy

fav 1+ (rgKrgﬂ)Q + 27"1[3)K7“g7T cos (5]?1{ — 515”) Cos 7y

oicetc _ (rBR)" & (57)° 4+ 20t cos (69 + 857) cosr

ADS B 1+ (rgKrg”)2 + 27’3’9’5“ cos (551( — 55“) cos 7y

(7’]_’3“)2 + (7’5”)2 + 27"}13?”7’]5” cos (55” + 55“) cosy

Dr, K
Faps™ = 1+ (TD”rK“)2 + 2rB™r K™ cos (68T — 65™) cos
B D B "D B D v
i Lt (BT 4 2B cos (3B~ 8" cos
K/ 1+ (r]_g”rg”)z + 27“5”7’}5“ oS (5]’3“ — 65“) COS Y
REKK DK\2 DK DK\ noa
REK  _ TRjn _ 1+ (rg™)* + 2rg™ cos(dg™) cos(y)
cp Rﬁ}fﬁ 14 (rB™)2 + 2787 cos(65™) cos(v)
. B 14 (rBE)? + 20 BK cos(6BK) cos(y)
cr Rﬁ% 1+ (rB™)2 + 2727 cos(687) cos(v)
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Bt — Dht, D - htn~ 7t~ observables.

K3nm,.DK K31 o; DK K3m\ o
DE.rKrr 2kp5°Trgtry sm(5B +0p )sm’y

ADS - (rgK)2 i (rID(?’”)Z + 2KE3T DK K37 g (DK 4 5K37) cos

2&53“7“5”7"53” sin (55” + 553”) sin~y

ADT{',ﬂ'Kﬂ'ﬂ' _
ADS ~ (D72 K3m\2 | 9, K3m,.Dr.K3r §Dm 4 sK3w
(rB™)" + (r5°™)" + 2657 TrETr 57 cos (65T + 675°T) cosy
ADK,ﬂ'ﬂ'ﬂ'TI’ _ 2(2F7r7r7r7r - 1)7’§K sin 551( sin 7y
“ L+ (TgK)Q + 2(2F7r7r7r7r - 1)7'1'3[( COS 513?[( COS 7y
ADWJWrTrﬂ' o 2(2F7r7r7r7r - 1)"“5” sin 55” SiH’y
. L+ (TBW)Q + 2(2Frrrr — 1)rE™ cos 687 cos
ADEAKrn _ 2k B3P DR K37 gin (§BK — §K37) sin vy
fav 1+ (rgKrgSW)z + 2k 3T DK pK3T o5 (5§K — 553”) cos 7y
2 2
DKk _ (TEK) + (7“153”) + 2/{53”7“5](7"]53” cos (5§K + 553”) cosy
ADS 1+ (rgKrg?”T)Q + 2%53”7"}%1(7"153” cos ((539[( — 553”) CoS 7y
2 2
RDTTKT _ (rgw) + (7‘53”) + 2553“7“][3)”7“53” cos (5]?” + 5153”) COos 7y
ADS 1+ (rg”rg3”)2 + 2k B3P BT 3T cos (68T — 6537) cos y
piren Lt (BSR4 26 R cos (B — 615%) cosy
K
I 14 (rBrpksm)? 4 9 KsmpDrpKam cog (507 — GK37) cogy
4
REnTm _ RI?/” _ 1+ (TgK)Q + QT‘gK(2F7r7r7r7r - 1) COS(dgK) COS(’y)
o RETT® ~ 14 (rB7)2 1 2rB7 (2Fpmnr — 1) cos(057) cos(7)
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Bt — Dht, D — hTh~n° observables.

DKxKrm®
AADS -

Drn,nKn°
AADS

DK,KKnr°
ACP

DK, mrm®
AC’P

D, KKn°
ACP

Drarn®
AC’P -

DK,Knm®
Afav -

DKrKr®
RADS -

DraKn®
RADS -

KKno _
Rcp =

7'1'71'71'0

Rep =

25152”7’5K7’152” sin (5§K + 552”) sin vy

(rgK)Q + (1"152”)2 + 2/@52”7“]?](7“52” cos (55K + 5152”) CoS

2/@52“7@’%52” sin (55” + (552”) sin~y

(rB7)? + (r82m)? 4 2k K2mpDrpK2m cog (507 4 §K2m) cos

2(2F g g0 — 1)rEE sin 6BK siny

1+ (TgK)Q +2(2F g gm0 — 1)rgK cos 5§K cosy

2(2Fn0 — D)rBE sin 625 sin

1+ (TgK)z + 2(2F 500 — 1)rBE cos 68K cosy

2(2F g g0 — 1)rE™ sin 657 sin

1+ (7'1[3)”)2 + 2(2F g ger0 — 1)rB™ cos 687 cosy

2(2F 1m0 — 1)rB™ sin 6E™ sin y

L+ (Tgw)2 + 2(2F7r7r71'0 - 1)7“5” COs 5371— Ccos 7y

K2m, DK, K27 _: DK K21\
26Ty 81n(5B —0p )sm'y

DK ,.K2m\?2 K2r,.DK . K2 DK _ sKo2r
1—|—(TB S ) + 265 TS cos(éB - 03 )cos’y

(rgK)Q + (1“52”)2 + 2/152”7“3}(7“}52” cos (5BPK + 552”) cos vy

DK . K272 K27m,.DK . K27 DK _ sK2r
1—|—(TB D ) + 25T ry cos((SB — 05 )cos*y

(7"1[3)”)2 + (rg%)Q + 25%2”7“][3)”7"[52” cos (5]?” + 552”) cos vy

2
1+ (rg“rg%) + 2&52”7@”7’52” cos (551?“ — 552”) cos 7y

0
Rgﬁ_ﬂ B 1+ (T’gK)Q + 2rgK<2FKK7r0 _ 1) COS<5ZB?K) COS("}/)
Rgﬁro 1+ (Tgﬂ)2 + 2Tg7r(2FKK7r0 —1) Cos(ég”) cos(v)
arml DEA\2 DK B 5DK
B 14+ (rg™ )"+ 2rg™ (2F 0 — 1) cos(d5™ ) cos(7)
Rg;r:rro 1+ (rgfr)z + 27@”(21’7””0 —1) cos(ég”) cos(7)
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B* - DK+, D — th"‘h_ observables.

z_ =rE% cos(65% — )
y- =rp" sin(9p" )
z; =B cos(68% + )
vy = B8 sin(65% 4 )

Bt - Dht, D — KSK_W"‘ observables.

DK\2(, . KsKm\2 KsKr DK, KsKm DK KsKm
DK Kskr_ 1+ (rp")*(rp®"")" + 265" "rgtrp® " cos(6p™ — 0p°7 ") cosy

R
ADS (rﬁK)2 + (rlgSK’r)2 + QRgSKﬂrgKrgsKﬂ cos(dgK + (51551{”) cos Y

K3n,.DK ,.K3m 43 DK K3my o3
ADK.KsKn . 26 gy sin(dg " — 6”7 ) siny
fav - DK\2/(,.K3m\2 K3n,.DK ,.K3m DK K3m
L4+ (rg™)2(rp°™)2 + 2657 Trg "t r5°T cos(dg™ — 055°™) cosy
K37, . DK, K31 . (sDK | SK3m\ o
DK KsKr _ 2k °Trgtrs T sin(dg ™ 4+ 675°7) siny
ADS - DK\2 KsKﬂ' 2 KsKTI' DK KsKTI' DK KsKﬂ'
(rg™)?+ (rp )2+ 2k Trg ey cos(dg™ +0p ) cosy
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Bt — Dhtn—nt, D — hTh~ observables.

DKrm
Rep

DKnrm, K~
Afav

Drrrm, K
Afav

14DI(7T7r7 KK _

CP

ADKTHT T

AD7r7r7r KK

AD7T7r7r T

RDKﬂ'ﬂ', Knr

_l’_

RDK7r7r, Knm

Drrm, KT
R+

RE)ﬂ‘THT, Kr

=1+ (TgKﬂ'ﬂ‘)Q + 2I€l§Km‘rrgK7r7r COS 5gK7r7r

cos 7,

DKnn, . DKnr, Kt o3 DKnm K\ o
2k T TS sin(d —6p7) siny

1+ (?”gK”)2(rg”)2 + 2mgK”rgK”rg“ cos(éng7r7r — (55“) cos 7y

2KD71'7T71' gﬂ'ﬂﬂ',rgﬂ Sln(égﬂﬁm _ 5[571‘) sin v

14+ (rg””) (rg“) + 2/@%“”7"5”“7”5” cos(éé)’””r — ég“) cosy

2HDK7r7r gKﬂﬂ‘ sin (5lB?K7r7r sin v Adlr
T K T COS COS
14+ ngw +2 gKﬂ'ﬂ' gKT(ﬂ' 6§K7r7r v
2HDK7T7T gKﬂ'ﬂ' sin 5IB?K7T7r sin v N Adir
1+ (rBE7m)2 4 o DEmmp DETT o5 §DETT cogy ™
Drrr D7r7r7r : Drrm 3
2k g™ sin 05" siny LoAdi
KK
14+ ( DTI'7TTI') 4 2/1D7T7T7T gﬂ'ﬂ'ﬂ' COoS 5lB?7r7r7r cos Y
DK DK i SDK :
2k gt T sin g T sin vy ydir
+ Arx

1+ (TgKW)Q + ZKgK”rgKm cos 551(”” cos 7y

(,rngw)Q + (TgW)Q + QKQKWWrgKﬂ'ﬂ'TgT( COS((ngmr + 5[5# + '7)

1+( DKTI'TF) (T’gﬂ-)2+2HgKﬂﬂT5KWﬂTgWCOS(5EKﬂW—(Sgﬂ-—i-’y)

(rgKWﬂ)2 +( Kﬂ') + QKDKTI'TF gKﬂ'ﬂ' gﬂ' Cos(églﬁm _|_5lgrr _ ,7)
14+ ( DK7r7r)2(Tg7r) 4 QKBKWTFT,IB?KWWTgﬂ' COS(&EKWW o 515% o ,.y)

(rgﬂﬂw)Z 4 (Tgﬂ)Z 4 QHBWWWTIQWT”FT%W Cos(égﬂ'ﬂ'ﬂ' 4 5g7r 4 7)

1+ ( D7r7r7r)2(r157r)2 + 2ﬁg7r7r7rr§7r7r7r,r.gw Cos(égﬂww _ 55% + ,7)

(,rngw)Q 4 ( ) 4 2I{DK7r7r gKﬂ'ﬂ'TgT( COS((SBKWT 4 5[57r o ’7)

1+ ( DKTI'ﬂ') <TD ) 4 2/€gKﬂ-ﬂ-7’gKﬂ-ﬂTgﬂ COS(&gKﬂTr _ 55# _ 7)
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BY—> DK+n—

B° -~ DK*%, D - K*Tx~ observables.

A
i} QAQK*OREK*OTQK rD Sm(éDK +A5DK*O 5K’T)sin7
+(RgK*OrgK*OP(rg’T)Q+2/@§K*DR§K*O DR O’I“D cos((SDK*0 +A6DK*O 68™) cosy
REK*O,KW _
(RDK*O DK*O) +( Kw)2+2KDK*ORDK*O,rgK TD COS((SDK +A5DK* 51577_,_7)
L4 (RRE p DR 2(plom)2 4 9 DK DK DR K oo (DK 1 AGDR™ — K™ 4 )

RE)K*O, Kn

(RgK*OTgK*O)2+( Kﬂ') +2HDK RDK*" gK

r& cos(éDK +A6DK + 68™ — )

SDK*0, . DK0 DK*0 pDK=0,.DK*0, K DK DK
L+ (RRErgE)2(r5™)? + 26K REE P r PR r 5™ cos (655 + ASR

, D — hTh™ observables.

?K*O DK*0 COS((SgK*O _ ’7)
DK*O _TgK*OSin((SgK*O /7)
DI = r B cos(3R 4 9)
DI = B sin(5R 4 )

B° - DK*°, D — Kg7r+7r_ observables.

j‘?K*O RgK*O DK*OCOS((SDK*O—{—A(SDK*O )
gDK*O RgK*o DK*OblIl( DK*0+A6DK*0 )
fEK*O _ RBK*O DK*O COS( K*O + A(S fy)
QEK*O RDK*O DK*0 Sln(éDK *0 + AggK ’Y)
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Bg — D;FK'i observables.

c B 1— (TgSK)2
T (B Ey2
AT _ 27"351(008(535[{ —(v+ ¢s))
g g
qor _ 2rp" " cos(G5 + (7 + 4))
f DsK\2
1+ (rg*™)
g 27’%}( sin(égsK — (v + ¢s))
= DsK\2
1+ (TB )
g 2rD K sin(65°F + (v + ¢5))
;o=

14 (rpe¥)2
B Input observable values and uncertainties

The input observable values and their statistical and systematic uncertainties are listed
below. The observables labelled D7 are only used in the Dh combination.

Bt — Dh*T, D — hth~ analysis. The values and uncertainties are taken from
ref. [44]. The observables are defined in analogy to egs. (1.3)—(1.7), and the measured

values are

ARETE = —0.403 £ 0.056 =+ 0.011,

ARETE = 0100 +0.031 =+ 0.009,
AR = 0,087 +0.020 =+ 0.008,

AQE™ = 0128 +0.037 +0.012,

AZRRE = —0.0145 £ 0.0050 £ 0.0017,

AZE™ = 0.0043 + 0.0086 =+ 0.0031,
APRET = 0.0194 £ 0.0072 + 0.0060,
RS = 0.0188 4 0.0011 + 0.0010,
RYSTR = 0.0036 + 0.0001 + 0.0001,

REE = 0968 +0.022 4 0.021 + 0.010,
RT, = 1.002 +0.040 =+0.026 + 0.010,
REZ. = 0.0779 £ 0.0006 =+ 0.0019

where the first uncertainties are statistical and the second are systematic. For Rgf-f and
RTT, the third uncertainties arise from the assumption that rB™ = 0 as discussed in ref. [44]
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and subsequently applies only for the DK combination. Their statistical and systematic
correlations are given in tables 9 and 10. The relationships between observables and pa-
rameters are given in appendix A.

Bt — Dht, D — htwn~ntxn~ analysis. The values and uncertainties are taken
from ref. [44]. The observables are defined in analogy to egs. (1.3)—(1.7), and the measured
values are

ARETET = 0.313 £ 0.102 4 0.038,

ARETRTT — 0,023 4 0.048 £ 0.005,
AGRTTTT = 0100 £ 0.034 + 0.018,
AQETTTT = —0.0041 + 0.0079 + 0.0024
APRTETT — 0,000 + 0.012 4 0.002,
ROBTET™™ = 0.0140 4 0.0015 + 0.0006 ,
RESTET™ = 0.0038 4 0.0002 4 0.0001,
T = 0975 +0.037 +0.019 £ 0.005,
RETI™ = 0.0793 % 0.0010 + 0.0018,,

where the first uncertainty is statistical and the second is systematic. The third uncertainty
for REF™ is again from the assumption that Tgﬂ— = 0 and subsequently applies only for
the DK combination. Their statistical and systematic correlations are given in tables 11
and 12. The relationships between observables and parameters are given in appendix A.

Bt — Dht, D — hTh7° analysis. The values and uncertainties are taken from
ref. [45]. The observables are defined in analogy to egs. (1.3)—(1.7), and the measured

values are
ARESKT® 020 4027  +£0.04,
ARTIET 044 £019  £0.01,
ADIKET _ 030 £020 £0.02,
ADITm® 0,054 40091 +0.011,
ADTEKT — 0030 +0.040 =+ 0.005,
ADmmm 0,016  +0.020 =+ 0.004,
ADKKTT 0010 +0.026 =+ 0.005,
RPETET — 0014  £0.005 < 0.002,
RYmET —0.00235 + 0.00049 + 0.00006 ,
REE™  — 095 +£022 +0.05,
o’ = 098  +£0.11  +0.05,
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where the first uncertainty is statistical and the second is systematic. The statistical and
systematic correlations are given in tables 13 and 14. The relationships between observables
and parameters are given in appendix A.

Bt - DK+, D — th+h_ analysis. The values and uncertainties are taken from
ref. [46]. The results are

yPX = 0.075 + 0.029 £ 0.005 + 0.014,
P = —0.077 £ 0.024 £ 0.010 £ 0.004,
yP* = —0.022 £ 0.025 £ 0.004 £ 0.010,

#PK = 0.025 £ 0.025 £ 0.010 + 0.005,

where the first uncertainty is statistical, the second is systematic, and the third is an
external uncertainty due to the information on the strong phase variation across the D —
KOhTh~ phase space. Correlations between the statistical and systematic uncertainties
are given in tables 15 and 16. The relationships between observables and parameters are
given in appendix A.

BT* - Dht, D — KSK —nt analysis. The values and uncertainties are taken from
ref. [47]. The observables are defined in analogy to egs. (1.5)—(1.7) and are

RYSSFSHT™ = 3.855 4 0.961 + 0.060,
APTORSET — 0,026 4+ 0.109 + 0.029,

fav

ARBHFSET —.336 4 0.208 4 0.026,

where the first uncertainty is statistical and the second is systematic. The statistical and
systematic correlations are found to be negligible and not included. The relationships
between observables and parameters are given in appendix A.

Bt — Dhtn—nt, D — hth™ analysis. The values and uncertainties are taken
from ref. [48]. The observables are defined in analogy to egs. (1.3), (1.4), (1.7)—(1.9) and
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are

REBK™ = 1.040 +0.064

APETRET — 0,013 £0.019 +0.013,

APTTORET = 0,002 £ 0.003 + 0.011,

ARETRE — 0,045 4 0.064 +0.011,

ARETTT = —0.054 £ 0.101 + 0.011,

AGETER = 0,019 +0.011 +0.010,

AGE™™™™ = —0.013 +0.016 +0.010,

RPFTET — 00107 + 0.0060 + 0.0011,
RPEm™ K™ 0.0053 + 0.0045 + 0.0006,
RE™ R — 10,0043 + 0.0005 + 0.0002,
RPm™ KT 0.0042 £+ 0.0005 £ 0.0002,

where the first uncertainty is statistical and the second is systematic. For Rglﬁﬁ”r, the

single uncertainty includes both statistical and systematic contributions. The only non-
negligible correlations are the statistical correlations, p(Ag]f,( mm KK Ag]_{f T = 0.20 and
p(Ag;W’KK,Aggm’ ™) = 0.08. The relationships between observables and parameters
are given in appendix A.

B° - DK**, D —- K*Tn~ analysis. The values and uncertainties are taken from
ref. [49]. The ADS observables are defined in analogy to egs. (1.7)—(1.9) and are

TDK*0 K
Afav

= —0.03 £ 0.04 £ 0.02,

RPKTKT — 0,06 4 0.03 4 0.01,

RPEEm .06+ 0.03 + 0.01,
where the first uncertainty is statistical and the second is systematic. The statistical corre-
lations are given in table 17, and the systematic correlations in table 18. The relationships
between observables and parameters are given in appendix A.

B° - DKTn—, D — hth~ analysis. The values and uncertainties are taken from
ref. [50]. The results are

2PE™ = 0024+ 0.13+0.14,

DE™ _ .35 4 0.26 + 0.41,
2PK = 0.04+0.16 +0.11,
yPE™ — 047 +0.28 +£0.22,

where the first uncertainty is statistical and the second is systematic. The correlations are
given in tables 19 and 20. The relationships between observables and parameters are given
in appendix A.
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B° - DK*%, D -+ K g7‘r+ﬂ'_ analysis. The values and uncertainties are taken from
ref. [51]. The results are

#PK = _0.15 4+ 0.14 + 0.03 + 0.01,

gPE™ = 0.25 £ 0.15 + 0.06 + 0.01,

DK = 0.05+0.24 4 0.04 + 0.01,
gPRE™ — _0.65 + 0.24 4 0.08 £ 0.01,

where the first uncertainty is statistical, the second is systematic and the third is from the
Dalitz plot fit model. The correlations are given in table 21. The relationships between
observables and parameters are given in appendix A.

B? - DFK + analysis. The values and uncertainties are taken from ref. [52] (with a
change in the sign convention, see appendix A for the explicit definition). The results are

C; = 0.53+0.25%+0.04,
APl = —0.37 +0.42 £ 0.20,
ART = —0.20 + 0.41 + 0.20,

f
Sy = —1.09£0.33 +£0.08,
Sy = 0.36+0.34 £0.08,

where the first uncertainty is statistical and the second is systematic. The statistical corre-
lations are given in table 22, and the systematic correlations in table 23. The relationships
between observables and parameters are given in appendix A.

— 37 —



[p7] so1qeatesqo _y Yy < o7 ‘1Y < & OUY 10J SOIUIRIOUN [BIIISTIRIS 0} JO XLIJRUWL UOIJR[OII0)) "¢ O[qRL

I 9.T°0— LI€0— TI00  FITO- 0 0 1000— €000—  100°0— 0 0 R
9LT°0— I 0900  €000— ST0°0 0 €000~ 0 8€0°0— 0 0 0 g
LTE0—  090°0 I S000— 0¥00 0 0 T000— 0 V00— 0 0 vl
1100 €000— S000— T 2200- 0 0 0 0 0 €00— €000~ | 0%
PIT0— G200 0F00  @200— I 0 0 0 1000~ 0 CI00  TOT0 | 0%y

0 0 0 0 0 I €900 2600  FIOO  ¥E00  FIO0 8000 | wyyaV

0 €000- 0 0 0 €500 I 7900 9€00— 9100 OL00 G000 | L.igV
1000~ 0 T000— 0 0 600  ¥900 T 9100 2000— LI00 6000 | oV
2000~ 8£0°0— 0 0 T000— FIO0  9€00—  910°0 I 7000 €000  T000 | LuygV
1000~ 0 FI00— 0 0 ¥200 9100 L0000~ F00°0 I 1000 2000 | yysragV

0 0 0 €F00— GI00  FIO0  OT00  LI00 €000 000 T LF00— | 000V

0 0 0 €000— 2OI'0 8000 G000 6000  T000  T000  LPOO- (S I
B a i S S el wdv B iy v S S

"UOTPRUIUIOD 1Y(T oY}

Ul pasn ATUO oIk 17 PI[[OR] SO[RAIISO Y], "MO[O( TIAIS dI€ SOIJUTRLIIOUN JIJRU)SAS PUR [BIIISIIRIS Y} JO SOOLIJRU UOTR[ILIOD AT,

sa[qeAlasqo jndul 81} I0J SUOIJR[aII0D AJUTRIIDU) D)

— 38 —



[PF] so1qeAIosqo _y 1y o ‘{4 < 1 OUY 10§ SOUIRLIGOUN DIYRUIDISAS 01} JO XLIJRUL UOR[2110)) “QT O[EL
I 10— 120 200 geo—  T00— 600—  E€T0—  L00— L0°0 00—  FT0— Yy
10— I LT0 01°0 €e'0 c0'0— €00—  0T0 T1°0 8z0—  TI0 Al 42
120 LU0 I 61°0 pI'0—  100— 800—  9T0— @0~ €00 100—  ¥00— 94
goo 010  6T0 T LS0—  S0°0 90°0 10—  8T0— 900~  LVO— €0~ | yuluod
gTo— €£0  VI0—  L90— ! IT0—  €00— L0 €0 00— 690 L0 | il
g0'0— c00— T100— SO0 T1°0— I 0€°0 60°0 10°0— 60°0 GG0— 600 | uyggV
60°0— €00— 800— 900 €0°0—  0£0 T T1°0 avo— 60°0 90°0—  ¥0°0 A 4
€ro— 020  9T0— 10—  L£0 60°0 I1°0 T 61°0 08°0— G0 080 | 4y iy
L00— IT0 @g0—  830—  G€0 100— &F0— 610 T Z00—  T€0 130 vV
L0000  830— €070 90°0—  0T'0— 600 60°0 08°0—  T00— I €00~ 900~ | eV
700— &Er'0  100—  LF0— 650 60—  900— TG0 €0 €0°0— I 9¢°0 oy
PI0— €20  F00—  €70— 8.0 600 700 0£0 220 900~ 9€°0 S A
&wﬁ i Mww@ vtmmwﬁ kk,mvm_wmw kxuwmf EEMN%T xkrwmﬁ E&%%v\ VCE.%%T xmeT Mkmmmwv\

-39 —



‘[¥] so[qeatssqo _x u vy < (] ‘LY < L& 9U3 10§ SOIIUIRLIUN [BIIISIRIS O} JO XIIPEUL UOIR[LIO) “TT O[qRL

I 80£0— 2100 660°0— 100°0 0 200°0— 0 €00°0 Ly
80€°0— ! 700°0— 130°0 0  F000—  S10°0— 0 200°0 w2
Z100  $00°0— ! 970°0— 0 0 0 ce0'0— FOO0— | yuyaagdd
660°0— TV00 9700~ ! 0 0 1000— €100 2800 | wuyutyod
100°0 0 0 0 I 600 7200 L10°0 9000 | wuyuyaV

0  ¥000— 0 0 L6070 T 020°0— 0200 600°0 A
200°0— 8T0°0— 0 100°0— 7200 020°0— I G00°0 2000 | wususaV

0 0 ce0'0— €10°0 LT00 0200 G00°0 T 2900~ | wuyuagV
€000 2000 700°0— z80°0 9000 6000 200°0 290°0— S -4 7
ol 2y SO S vy gV stV eV GV SV

40 —




‘[p¥] sorqeatesqo i u u oy < (] ‘LY < L& OUI 10§ SOIJUIRLIOOUN DIJRUIISAS O} JO XLIJRUI UOTYe[o1I0)) T d[qeL

I 11°0 1o 70°0— 0 80°0 PL0— LT0 er0- a3y
110 I 90°0— 700 20°0 200~ 200 70°0— 70°0— willd
ero  90°0— I P10 00— 720 e 0— 970 500 vuymagd
70'0— 700 71°0 T 200 10°0 €070 070 L8°0 g
0 20°0 00— 20°0 I z€'0 60°0 €0°0 20°0 vV
800  L00—  ¥&0 10°0 €0 I 1€°0 €70 200 I 4
PT0— 200 Ge0— €00 600 1€°0 I 70— P00~ | wuswsgagV
LT0 ¥00— 90 0r'0 00 €70 e 0— I 60°0= | wuyuagV
€I0— ¥00—  S0°0 L8°0 200 200 70°0— 60°0— I A
w8 IS B suygV snsndqV stV waydSQV stV

— 41 —




‘[2g] serqeatesqo Ly Y < (] ‘1Y + L& OU 10J SOIJUIRLIOOUN [BIIISIIR)S O} JO XLIYEW UOIFR[LI0) "ET O[qRl,
I 200 0 10°0 0 0 0 70°0— 10°0— 0 0 it
200 I 0 0 0 0 0 0 080~ 0 0 gt
0 0 I €0°0 0 0 0 0 0 ve0— 0 s
10°0 0 €0°0 T 0 0 0 0 0 10°0— €10 | uyuiygd
0 0 0 0 I 80°0 700 200 10°0 10°0 100 | wuyyaV
0 0 0 0 80°0 I 700 70'0— 10°0 10°0 10°0 S
0 0 0 0 F0°0 700 I 100 F00— 0 0 | uyyigV
70°0— 0 0 0 200 700~ 10°0 I 0 0 0 | uwwsigV
100~ 0%0— 0 0 10°0 10°0 00— 0 I 0 I A4
0 0 70— 10°0— 10°0 10°0 0 0 0 I V00— | uyatugV
0 0 0 €ro 10°0 10°0 0 0 0 70°0— I A
G S wygd etygd weyryaV pendigV eyytaV i@V ewyiaV eseedV stV

— 492 —



‘[g] serqeatesqo (L Yy < (( ‘1Y < &g U3 103 SOIFUIRIIIUN OIFRWISAS 9} JO XLIJRUL UOIJR[OLIO)) T O[RL

I 8€°0 c0°0— 200— 0 10°0 00 €C0— 8T°0— 700— €10 it
8€°0 I 200 €0°0— 700 0 700~ P10— 60— 0 200 sl
¢00— 200 I €0 900 0 200 Iro— 80°0— 67°0— 20 | uyaegd
200—  €0°0— €60 I 50°0— €0°0— 700~ €1°0 80°0 81°0— 180 | uyulyod

0 700 90°0 00— I 180~ z8°0— 90°0— 500 €9°0— 90~ | wuyyaV
10°0 0 0 €0°0— 180~ I 88°0 200 00 89°0 LT0 S
200 70°0— 200 70°0— 280~ 88°0 I 00 200 L9°0 ST0 | uyyigV
GT0—  FLO— 00— €10 90°0— 00 500 I LLO 1€°0 00 | wuugqV
8T'0—  €€0— 80°0— 80°0 00 €00 L0°0 LLO I 820 2000 | uyyaV
00— 0 670~ 8T'0— £9°0— 89°0 L9°0 1€°0 8%0 I €00 | uysugV
€10 200 €0 18°0 910~ LT°0 8T°0 L0°0 200 €00 U | utygV
T R TR T L O T G T L

43 —



:UDK yPK 'TEK yEK
DK —0.247  0.038 —0.003
yPE | 0247 1 —0.011  0.012
«PK 1 0.038 —0.011 1 0.002
yPX 1 —0.003  0.012 0.002 1

Table 15. Correlation matrix of the statistical uncertainties for the B* — DK*, D% — KJhth~

observables [46].

xDK yPK w?K ler)K
DK 0.005 —0.025  0.070
yPE | 0.005 1 0.009 —0.141
DK 1 —0.025  0.009 1 0.008
yPK | 0.070 —0.141  0.008 1

Table 16. Correlation matrix of the systematic uncertainties for the BY — DK+, D® — Kohth~

observables [46].

Ag{*o, Kr REK*O, Kn R?K*(h Kn
ADKKm |y 0.091 0.083
RDOK™ KT 10,001 1 —0.081
RPE™E™ | 0083  —0.081 1

Table 17. Correlation matrix of the statistical uncertainties for the B¢ - DK*0, D — K+n~

observables [49].

Ag{*o, Kr REK*O, Kn  pDK™ Kr
AP Ky 0.008 0.008
RPEKT 0,008 1 0.997
RPETKT 10,008 0.997 1

Table 18. Correlation matrix of the systematic uncertainties for the B — DK*, D — K+t~

observables [49].
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Table 19. Correlation matrix of the statistical uncertainties for B° — D°Kw, D — hth~ observ-

ables [50].

Table 20. Correlation matrix of the systematic uncertainties for B°— D°Knw, D — hTh™ observ-

ables [50].

Table 21. Correlation matrix of the statistical uncertainties for the B — DK**, D — K{ntn~

observables [51].

Table 22. Correlation matrix of the statistical uncertainties for the BY — DF K+ observables [52].

(DK DD DK pice
PR | 0.341  0.104  0.130
DK™ | 0341 1 0.054  0.154
2PE° 10104 0054 1 0.501
yPE 10130 0154 0501 1

DK DK DK DK
PE | 0.872  0.253  0.368
yPE** | 0872 1 0.293  0.414
ePE 10253 0293 1 0.731
yPE™ 10368 0414 0731 1

DK DK 1DK0 DK
DK | 0.143 0 0
gPE* 1 0143 1 0 0
K 10 0 1 0.143
gPE 10 0 0.143 1

Cy AT AJ%F S S;
Cy 1 —0.084 —0.103 —0.008  0.045
AR —0.084 1 0.544  0.117 —0.022
AJ%F —0.103 0544 1 0.067 —0.032
Sy | —0.008 0117  0.067 1 —0.002
S; 0.045 —0.022 —0.032 —0.002 1
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Cp  ARTART g g

Cy 1 —0.22 —0.22 —0.04 0.03
ART 1 —022 1 096 0.17 —0.14
A]%F -022 096 1 0.17 —0.14
Sg | —004 017 017 1 —0.09

Sy 0.03 -0.14 -0.14 -0.09 1

Table 23. Correlation matrix of the systematic uncertainties for the BY — DT K+ observables [52].

D External constraint values and uncertainties

Input from global fit to charm data. The values and uncertainties are taken from
ref. [22]. The observables are

zp = 0.0037+ 0.0016,
yp = 0.0066 = 0.0009,
oBT = 335+  0.21 rad,
RE™ = 0.00349 + 0.00004,
A —0.0010 £ 0.0015,
Ad. = _0.0015+ 0.0014.

Here the value of 55“ has been shifted by 7 to comply with the phase convention used in
the combination. The correlations of the charm parameters are given in table 24.

Input for D® — K*nFatx~ and D® — KT#nFx® decays. The values and uncer-
tainties are taken from ref. [58]. The values used are

rE3T = 043+ 0.17,
o83 — 223+ 0.49 rad,
kB2 — 0.81+ 0.06,
o8 — 3.46 £ 0.26 rad,

rB3T = 0.0549 + 0.0006,
rE2T = 0.0447 £ 0.0012.

The correlation matrix is given in table 25.

CP content of D —+ hth 7% and D — ntn~7ntn~ decays. The values and
uncertainties are taken from ref. [59]. The values used are

Foovo = 0973 40.017,
Fgno = 0.732 4 0.055,
Frpnr = 0.737 4 0.032.

— 46 —



Input for D — K?K~nT parameters. The following constraints from ref. [60] are
used:

RESE™ = 0.356 4 0.034 + 0.007,
SRSRT = —0.29 +0.32 rad,

RiSET = 0.9440.16.
In addition the following contraint from ref. [61] is used

RESE™ = 0.370 + 0.003 +0.012.,

KsKm
D

The correlation between 5[55 K™ and K is determined from the experimental likelihood

to be p(5psE™ KBSET) = —0.60.

Constraints on the B® -+ DK*? hadronic parameters. The values and uncertain-
ties are taken from ref. [50]. The values used are

kDK™ = 0.958 4 0.008 + 0.024,
REE™ = 1,020 £ 0.020 = 0.060,
ASEE™ = 0.020 £ 0.025 £ 0.110 rad,

where the first uncertainty is statistical and the second systematic. These are taken to be
uncorrelated.

Constraint on ¢s. The value used is taken from ref. [62] as

¢s = —0.010 £ 0.039rad .
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E Uncertainty correlations for the external constraints

o yp  0pT  RpT AT ARy
Tp 1 —0.361 —0.332  0.234  0.117  0.146
yp | —0361 1 0.941  0.234 -0.180 —0.221
ST | —0.332 0941 1 0.439 —0.200 —0.237
RE™ | 0.234 0.234 0439 1 —0.078  —0.067
Adr 10117 —0.180 —0.200 —0.078 1 0.726
Adr 10146 —0.221 —0.237 —0.067  0.726 1

Table 24. Correlations of the HFAG charm parameters (CHARM 2015, “Fit 3”, CP violation
allowed) [22].

pE3m gK3m Kom o gKom o K3r o Kox
KBS ~0.67  0.04 —0.05 -0.48 —0.04
SE3™ 1 —0.67 1 0.02 015 0.12  0.08
B2l 004 002 1 0.23 —0.04 —0.04
62 1 —0.05 015 023 1 —-0.02  0.36
rB3T 1 —048 012 —-0.04 -0.02 1 —0.03
rB27 | —0.04 008 -0.04 036 -0.03 1

Table 25. Correlations of the D° — K*7Fxt 7~ and D° — K*7F 70 parameters from CLEO and
LHCb [58].

F Fit parameter correlations

DK combination.

DK 5§K DK*0 551{*0

Y B B
v 1 0.54 044 021 -0.15
rBK 054 1 0.39 0.11 -0.08
SEE 1 044 039 1 0.08 -0.05
rPE 1021 011 0.08 1 -0.13

§PE 1015 -0.08 -0.05 -0.13 1

Table 26. Fit parameter correlations for the DK combination. The fit results are given in table 3.
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Dh combination.

Table 27. Fit parameter correlations for

in table 4.

y rgK 5EK r]gK*O 5§K*O r]g” (55”
v 1 0.19 023 0.0 -0.07 -0.59 -0.22
rBE 1019 1 023 002 0 -0.20  0.02
EE 1023 023 1 0.02 0 -0.09 0.42
rPE 010 002 002 1 010 -0.06 -0.03
§OE 1 0.07 0 0 010 1 0.04 0.03
rB™ 1-059 -0.20 -0.09 -0.06 004 1 0.45
§E™ 1-0.22 0.02 042 -0.03 0.03 045 1

the Dh combination solution 1. The fit results are given

A A
v 1 0.52 051 022 -0.16 -0.12 0.01
rBE 1052 1 0.41 0.1 -0.08 0.03 0.10
SEE 1 051 041 1 0.11  -0.06 -0.19 -0.01
rBPET 1022 011 011 1 -0.13  -0.02 0
S 1016 -0.08 -0.06 -0.13 1 0.01 0
rBT 1012 0.03 -0.19 -0.02 001 1 0.83
§Em 0.01 0.10 -0.01 0 0 0.83 1

Table 28. Fit parameter correlations for the Dh combination solution 2. The fit results are given

in table 4.
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