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Abstract

The first full angular analysis and an updated measurement of the decay-rate CP
asymmetry of the D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays are reported.
The analysis uses proton-proton collision data collected with the LHCb detector at
centre-of-mass energies of 7, 8, and 13 TeV. The dataset corresponds to an integrated
luminosity of 9 fb−1. The full set of CP -averaged angular observables and their CP
asymmetries are measured as a function of the dimuon invariant mass. The results
are consistent with expectations from the standard model and with CP symmetry.
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Rare charm decays with two oppositely charged leptons (`+`−) in the final state
may proceed via the quark flavor-changing neutral-current (FCNC) process c→ u`+`−

and, as such, be sensitive to contributions from physics beyond the standard model
(SM). They represent a unique probe to beyond-SM couplings to up-type quarks, which
is complementary to recent studies of beauty quark b → s`+`− transitions, where a
coherent pattern of deviations from the SM is emerging (e.g., see Refs. [1–3]). The
loop-induced SM processes are more suppressed in charm than in the b-quark system due
to the Glashow-Iliopoulos-Maiani mechanism [4]. The short-distance contributions to the
inclusive D → Xµ+µ− branching fraction, where D denotes a neutral or charged D meson
and X represents one or more hadrons, are predicted to be of O(10−9) [5]. Sensitivity
to FCNC processes via the measurement of branching fractions is limited due to the
dominance of tree-level amplitudes involving intermediate resonances that subsequently
decay into `+`−. These so-called long-distance contributions increase the SM branching
fractions up to O(10−6) [5–8]. Studies of angular distributions and charge-parity (CP )
asymmetries in the vicinity of intermediate resonances offer a access to observables with
negligible theoretical uncertainties. These observables are sensitive to beyond-SM physics
through the interference between long- and short-distance amplitudes. The values of these
observables are negligibly small in the SM, but can reach the percent level in scenarios
beyond the SM [7–18].

The LHCb Collaboration has previously reported the first observation of
D0 → h+h−µ+µ− decays, where h is either a pion or a kaon [19]. Charge-conjugate
decays are implied throughout, unless stated otherwise. The measured branching frac-
tions are in agreement with SM predictions [7, 8]. Selected angular and CP asymmetries
were also measured, with results in agreement with the SM and with CP symmetry [20].
However, a complete angular analysis of a rare charm decay is yet to be performed.

This Letter presents the first measurement of the full set of CP -averaged angular
observables and CP asymmetries in D0 → h+h−µ+µ− decays, together with an updated
measurement of the CP asymmetry of the total decay rate, defined as

ACP ≡
Γ(D0 → h+h−µ+µ−)− Γ(D0 → h+h−µ+µ−)

Γ(D0 → h+h−µ+µ−) + Γ(D0 → h+h−µ+µ−)
, (1)

where Γ indicates the total decay rate. The measurement uses proton-proton (pp) collision
data corresponding to an integrated luminosity of 9 fb−1, collected by the LHCb experiment
at center-of-mass energies of 7 and 8 TeV (run 1) and of 13 TeV (run 2). The analysis is
an extension of that reported in Ref. [20]. It uses approximately three times as many
signal decays and results for previously measured observables are superseded.

Semileptonic D0 → h+h−µ+µ− decays are described by five independent kinematic vari-
ables: the squared invariant masses of the dimuon and dihadron systems, q2 ≡ m2(µ+µ−)
and p2 ≡ m2(h+h−), and three decay angles θµ, θh, φ, (see Fig. S1 in the Supplemental
Material [21]). Here, θµ is the angle between the µ+ direction and the direction opposite
to that of the D0 meson in the dimuon rest frame; θh is the angle between the h+ direction
and the direction opposite to that of the D0 meson in the dihadron rest frame; and φ is the
angle between the two planes formed by the dimuon and the dihadron systems in the rest
frame of the D0 meson [8,20,21]. In contrast to Ref. [20], the same definition of the angles

is kept for D0 and D0 mesons. Following Ref. [8] and defining ~Ω ≡ (cos θµ, cos θh, φ), the
differential decay rate is expressed as the sum of nine angular coefficients I1−9 that depend
on q2, p2, and cos θh, multiplied by the terms c1 = 1, c2 = cos 2θµ, c3 = sin2 θµ cos 2φ,
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c4 = sin 2θµ cosφ, c5 = sin θµ cosφ, c6 = cos θµ, c7 = sin θµ sinφ, c8 = sin 2θµ sinφ, and
c9 = sin2 θµ sin 2φ, as

d5Γ

dq2 dp2 d~Ω
=

1

2π

9∑
i=1

ci Ii . (2)

Piecewise integration ranges in φ and cos θµ can be defined such that the coefficients I2−9
are expressed as angular asymmetries. For example, the coefficient I2 is obtained as

I2 =

∫ π

−π
dφ

[∫ −0.5
−1

d cos θµ +

∫ 1

0.5

d cos θµ −
∫ 0.5

−0.5
d cos θµ

]
d5Γ

dq2 dp2 d~Ω
. (3)

Corresponding integration ranges to obtain I3−9 are reported in Refs. [8, 21]. The coeffi-
cients I2,3,4,7 are even under CP transformations, while I5,6,8,9 are CP odd. Since the term
c1 has no dependence on the decay angles, I1 provides only a normalization factor and is
not considered in this Letter.

This analysis measures the normalized observables 〈I2−9〉 defined as

〈I2,3,6,9〉 =
1

Γ

∫ q2max

q2min

dq2
∫ p2max

p2min

dp2
∫ +1

−1
d cos θh I2,3,6,9 ,

〈I4,5,7,8〉 =
1

Γ

∫ q2max

q2min

dq2
∫ p2max

p2min

dp2
[∫ +1

0

d cos θh −
∫ 0

−1
d cos θh

]
I4,5,7,8 ,

(4)

where Γ is the decay rate in the considered region of dimuon mass. The integration
boundaries q2min, q2max, and p2max depend on the dimuon-mass region, where p2min = 4m2

h

and mh denotes the hadron mass. The integration in cos θh is defined to optimize the
sensitivity to beyond-SM effects by integrating out contributions from the dominant P-wave
resonances in the dihadron system, which further decay into h+h− [8]. Experimentally,
the observables are determined by measuring the decay-rate asymmetries of the data split
by angular tags defined according to the piecewise integration of the decay rate. As an
example, from Eqs. (3) and (4), 〈I2〉 is measured as

〈I2〉 =
1

Γ

[
Γ(| cos θµ| > 0.5)− Γ(| cos θµ| < 0.5)

]
. (5)

The observables 〈Ii〉, measured separately for D0 and D0 mesons, are labeled as 〈Ii〉
and 〈Ii〉, respectively. Their CP average 〈Si〉 and asymmetry 〈Ai〉 are defined as
〈Si〉 = 1

2

[
〈Ii〉+ (−)〈Ii〉

]
and 〈Ai〉 = 1

2

[
〈Ii〉 − (+)〈Ii〉

]
for the CP -even (CP -odd) coeffi-

cients 〈I2,3,4,7〉 (〈I5,6,8,9〉). The previously measured forward-backward asymmetry AFB

and triple-product asymmetry A2φ [20] are related to 〈S6〉 and 〈A9〉, respectively. If only
SM amplitudes contribute to the decay processes, the observables 〈S5,6,7〉 are predicted to
vanish and constitute SM null tests together with the CP asymmetries 〈A2−9〉, which are
expected to be below the current experimental sensitivity [8]. No predictions are available
for the observables 〈S2,3,4,8,9〉.

The analysis is performed using D0 mesons that originate from decays of D∗+ mesons
directly produced in the primary pp collision. The charge of the pion in the decay chain
D∗+ → D0π+ is used to infer the flavor of the D0 meson at its production. All observables
are measured integrated in the full m(µ+µ−) range and in m(µ+µ−) regions defined
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according to the presence of the known intermediate resonances [20]. For D0 → π+π−µ+µ−

decays the regions are (low-mass) below 525 MeV/c2, (η) 525–565 MeV/c2, (ρ0/ω low)
565–780 MeV/c2, (ρ0/ω high) 780–950 MeV/c2, (φ low) 950–1020 MeV/c2, (φ high) 1020–
1100 MeV/c2, and (high mass) above 1100 MeV/c2. For D0 → K+K−µ+µ− decays, three
regions are considered: (low mass) below 525 MeV/c2, (η) 525–565 MeV/c2, and only one
region that combines the low and high ρ0/ω region due to limited signal yields. The
asymmetries are determined only in m(µ+µ−) regions where a significant signal yield was
previously observed [19]. No measurement is performed in the η region of both channels
and in the high-mass region of D0 → π+π−µ+µ−. The integrated measurement includes
candidates from all m(µ+µ−) intervals. For each m(µ+µ−) region, the kinematically
allowed m(h+h−) range up to a maximum of 1200 MeV/c2, is considered. To avoid
potential experimenter bias on the measured quantities, the observables were shifted by
an unknown value during the development of the analysis and examined only after the
analysis procedure was finalized.

The LHCb detector is a single-arm forward spectrometer described in detail in Ref. [22].
It provides high-precision tracking and good particle identification over a large range in
momentum [23]. Simulation [24–31] is used to optimize the selection and to estimate
variations of the reconstruction and selection efficiency across the decay phase space.
Corrections to account for mismodeling of the charged-particle multiplicity of the events
and of the particle-identification performance are applied using control channels in the
data [32,33].

Events are selected online by a trigger that consists of a hardware stage, based on
information from the muon systems, followed by a software stage, based on charged tracks
that are displaced from any primary pp-interaction vertex (PV). A subsequent software
trigger exploits a full event reconstruction [34] to select D0 → h+h−µ+µ− candidates.
Online selection requirements that have changed over data-taking periods are equalized in
the off-line selection, which follows closely that of Ref. [20].

Candidate D0 mesons are constructed off-line by combining four charged tracks, each
having momentum larger than 3000 MeV/c and the momentum component transverse
to the beam direction pT > 300 MeV/c, that form a good-quality secondary vertex (SV)
significantly displaced from any PV in the event. Two oppositely charged particles are
required to be identified as muons and two as either pions or kaons. The D0 candidates
are required to have invariant mass in the range 1820 < m(h+h−µ+µ−) < 1940 MeV/c2

and to be consistent with originating from the associated PV, defined as the PV with
respect to which the D0 candidate has the lowest impact-parameter significance. The D0

momentum is required to be aligned with the vector connecting the PV and the SV. The
mass of the dihadron system is required to be less than 1200 MeV/c2. The D0 candidates
are combined with low-momentum charged pions having pT > 120 MeV/c, denoted as
soft pions in the following, to form D∗+ candidates. The D∗+ decay vertex is required
to coincide with the position of the associated PV. The difference between the masses
of the D∗+ and D0 candidates, ∆m, must be within |∆m− 145.4 MeV/c2| < 0.6 MeV/c2,
corresponding to approximately ±2 standard deviations in ∆m resolution around the
known value [35].

To suppress the combinatorial background formed with randomly associated tracks that
accidentally fulfil the selection requirements, a boosted decision tree (BDT) algorithm [36,
37] with gradient boosting [38] is employed. Simulated decays and data candidates from
the sideband region m(h+h−µ+µ−) > 1890 MeV/c2 are used as signal and background
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Figure 1: Mass distribution of (top) D0 → π+π−µ+µ− and (bottom) D0 → K+K−µ+µ− candi-
dates with fit projections overlaid.

proxies, respectively. To have an unbiased estimate of the BDT performance, a cross
validation is performed. The training samples are randomly split into two halves and
the BDT classifier is applied to the subsample that has not been used in the training.
Separate classifiers are trained for D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays and
for run 1 and run 2 data samples to account for differences in decay kinematics and
data-taking conditions, respectively. The variables used in the training are momentum
and pT of the soft pion, the largest distance of closest approach of the D0 decay-product
trajectories, the angle between the D0 momentum and the vector connecting the PV and
the SV, the fit quality of the SV and its spatial separation from the PV. Purely hadronic
decays of the form D0 → h+h−π+π− with two pions wrongly identified as muons are
further reduced by requirements on muon identification [39, 40]. The optimal working
points of the BDT output selection and muon-identification thresholds are determined
simultaneously by maximizing the quantity S/

√
S + B, where S and B are the signal and

background yields, respectively, determined from the data in the signal region defined
as 1840 < m(h+h−µ+µ−) < 1890 MeV/c2. In the approximately 0.5% of events where
multiple D0 → π+π−µ+µ− candidates are reconstructed after the full selection, only one
is kept at random. No multiple-candidate events are found for D0 → K+K−µ+µ− decays.

The m(h+h−µ+µ−) distributions for selected candidates are shown in Fig. 1. Un-
binned maximum-likelihood fits to these distributions yield 3579± 71 D0 → π+π−µ+µ−

and 318± 19 D0 → K+K−µ+µ− signal decays. The signal probability density func-
tion (PDF) is described by a Hypatia distribution [41] with parameters fixed from
simulation, apart from two factors scaling the width and mean of the distribution to
account for data-simulation differences. Misidentified hadronic decays are described
by a Johnson SU distribution [42] with parameters fixed from a fit to high-yield data
samples of D0 → h+h−π+π− decays with muon-mass hypothesis assigned to two pi-
ons and muon-identification criteria applied only to one of them. The combinato-
rial background is described by an exponential function with shape fixed from a fit
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to the candidates satisfying |∆m− 145.4 MeV/c2| > 2 MeV/c2, ∆m < 170 MeV/c2, and
1880 < m(h+h−µ+µ−) < 1945 MeV/c2.

The LHCb detector geometry, signal reconstruction, and selection requirements result
in nonuniform efficiency across the five-dimensional phase space of the decays defined by
p2, q2, θµ, θh, and φ. The efficiency variations are corrected using a method developed in
Refs. [20,43]. A BDT classifier with gradient boosting [36–38] is used to identify differences
in the decay kinematics before and after reconstruction and selection. The BDT classifier
is trained on simulation using the five-dimensional phase-space variables as input. From
the classifier output, per-event candidate weights are derived that correspond to the
inverse efficiency. To account for the different detector conditions, separate classifiers are
trained for run 1 and run 2 data samples. As a consequence of the weighting, the effective
statistical power of the D0 → π+π−µ+µ− (D0 → K+K−µ+µ−) data sample is reduced by
approximately 10% (6%).

To determine the CP asymmetry ACP , the raw asymmetry in D0- and D0-signal yields,
Araw
CP , is corrected for O(1%) nuisance asymmetries: differences in the production cross

section of D∗+ and D∗− mesons, AP , and in the detection efficiencies of positively and
negatively charged soft pions, AD. The raw asymmetry for decays to the final state
f is approximated as Araw

CP (f) ≈ ACP (f) + AP + AD. A high-yield control sample of
D∗+ → D0(→ K+K−)π+ decays is used to determine the combined nuisance asymmetry
as AP + AD ≈ Araw

CP (K+K−)− ACP (K+K−), using ACP (K+K−) = (−0.06± 0.18)% from
the independent measurement of Ref. [44]. In this procedure, the two-dimensional
distribution of momentum and pseudorapidity of D∗+ candidates in the control samples is
equalized to that of the signal decays to account for differences in decay kinematics. Since
the angular observables are measured independently for D0 and D0 mesons, no correction
for nuisance asymmetries is needed.

Each angular observable (or Araw
CP ) is determined, independently in each dimuon-mass

region, through simultaneous unbinned maximum-likelihood fits to the efficiency-corrected
m(h+h−µ+µ−) distributions of candidates split according to the angular tag (or D0-meson
flavor). The fits use the same model as described earlier, but with PDFs determined
independently in each dimuon-mass region. The same PDFs are assumed when fitting
the subsamples split by the tags, except for the measurement of 〈I2〉, where the mass
shape of misidentified hadronic decays depends on the angular tag. The yield and angular
observable (or Araw

CP ) of the three fit components (signal, misidentified, and combinatorial
background) are the only floating parameters. The results for 〈Si〉, 〈Ai〉, and ACP ,
including both statistical and systematic uncertainties added in quadrature, are reported
in Fig. 2. In general, the null-test observables show agreement with the SM predictions. A
tabulated version is given in the Supplemental Material [21] together with the correlations
between the observables, estimated using a bootstrapping technique [45].

Systematic uncertainties are typically between 10% and 50% of the statistical un-
certainty, depending on the observable and the dimuon-mass region. These arise from
the following sources: the model used in the mass fits; neglected background from par-
tially reconstructed D+

s mesons, from D∗+ candidates made of D0 mesons combined
with unrelated soft pions, and from D∗+ candidates originating from decays of b-flavored
hadrons; uncertainties in the estimation of the efficiency correction; the accuracy of the
correction for nuisance charge asymmetries; the finite resolution of the angular variables.
The leading systematic uncertainties are those related to the efficiency correction. These
include residual biases on the observables due to efficiency variations that are not fully
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Figure 2: Measured observables for (left) D0 → π+π−µ+µ− and (right) D0 → K+K−µ+µ−

decays in m(µ+µ−) regions. No measurement is performed in the regions indicated by the
vertical gray bands. The horizontal bands correspond to the measurements integrated in
the dimuon mass, including candidates from all m(µ+µ−) ranges. The high-mass region of
D0 → π+π−µ+µ− extends to 1590.5 MeV/c2 and has been truncated on the plots for a clearer
visualization of the other regions.

accounted for by the correction, the uncertainty coming from the limited size of the
simulation sample, and effects due to potential residual differences between the data and
simulation. The systematic uncertainties due to the efficiency correction are evaluated
by repeating the analysis on either fully simulated decays or on simplified simulations
that mimic the presence of data-simulation differences. The generation of the simplified
simulations reproduces the m(µ+µ−) and m(h+h−) distributions observed in the data and
is performed exploiting multithreaded architectures using the Hydra library [46,47].

The analysis procedure is validated using the more abundant D0 → K−π+µ+µ− decay
in the dimuon-mass range 675 < m(µ+µ−) < 875 MeV/c2, where the contribution from
the ρ0/ω → µ+µ− decay is dominant. The decay is not sensitive to FCNC processes
and is dominated by the SM tree-level amplitude. The analysis measures the angular
observables serving as SM null test (〈A2−9〉 and 〈S5−7〉) to be consistent with zero within
approximately 1%. As a further cross-check, the analysis is repeated on disjoint subsamples
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of the data selected according to criteria such as the magnetic-field orientation, which is
reversed periodically during data taking; the number of PVs in the event; the transverse
momentum of the D∗+ and soft-pion candidates; and the minimum distance of the D0

meson to the PV. The resulting variations of the measured observables are as expected
according to statistical variations.

In summary, a measurement of the full set of CP -averaged angular observables and their
CP asymmetries in D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays is reported, together
with an updated measurement of ACP . The analysis uses pp collision data collected
with the LHCb detector at center-of-mass energies of 7, 8, and 13 TeV, corresponding
to an integrated luminosity of 9 fb−1. This is the first full angular analysis of a rare
charm decay ever performed. The measured null-test observables ACP , 〈S5−7〉 and 〈A2−9〉
are in agreement with the SM null hypothesis with overall p values of 79% (0.8%)
for D0 → π+π−µ+µ− (D0 → K+K−µ+µ−) decays, corresponding to 0.3 (2.7) Gaussian
standard deviations. These measurements will help constraining the parameters space of
physics models extending the SM.
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[7] L. Cappiello, O. Catà, and G. D’Ambrosio, Standard model prediction and new
physics tests for D0 → h+1 h

−
2 `

+`− (h = π,K; ` = e, µ), JHEP 04 (2013) 135,
arXiv:1209.4235.

[8] S. De Boer and G. Hiller, Null tests from angular distributions in D → P1P2l
+l−,

l = e, µ decays on and off peak, Phys. Rev. D98 (2018) 035041, arXiv:1805.08516.
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Supplemental material for the Letter “Angular analy-

sis of D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays and

search for CP violation”

A summary of the formalism used to describe the angular distribution of the
D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays, with the definition of all measured
angular observables is reported below, followed by the full set of results in tabular form.

The angular distribution of D0 → h+h−µ+µ− (h = π,K) decays can be written as [8]

d5Γ

dq2 dp2 d~Ω
=

1

2π

[
9∑
i=1

ci(θµ, φ)Ii(q
2, p2, cos θh)

]
, (S1)

with the angular basis, ci, defined as

c1 = 1 , c2 = cos 2θµ , c3 = sin2 θµ cos 2φ , c4 = sin 2θµ cosφ , c5 = sin θµ cosφ ,

c6 = cos θµ , c7 = sin θµ sinφ , c8 = sin 2θµ sinφ , c9 = sin2 θµ sin 2φ . (S2)

The variable cos θµ (cos θh) is the cosine of the angle between the momentum of the
positive muon (hadron) in the rest frame of the dimuon (dihadron) system with respect
to the dimuon (dihadron) flight direction as seen from the rest frame of the D0 candidate
(see Fig. S1):

cos θµ = ~eµµ · ~eµ+ ,
cos θh = ~ehh · ~eh+ .

(S3)

Here, ~ekk (k = µ, h) is the unit vector along the momentum of the dimuon (dihadron)
system in the rest frame of the D0 meson and ~ek+ is the unit vector along the momentum
of the positively charged muon (hadron) in the dimuon (dihadron) rest frame. The angle
φ is the angle between the two decay planes of the dimuon and dihadron systems, defined
by:

cosφ = ~nµµ · ~nhh,
sinφ = [~nµµ × ~nhh] · ~ehh,

(S4)

where ~nkk = ~ek+ × ~ek− is defined as the unit vector perpendicular to the decay plane
spanned by the two muons (or the two hadrons). The angles are defined in −1 ≤ cos θh ≤ 1,
−1 ≤ cos θµ ≤ 1 and −π ≤ φ ≤ π. In contrast to Ref. [20], the same definition of the
angles is kept for D0 and D0 mesons and the CP -oddity of angular coefficients is considered
in the definition of the CP averages and CP asymmetries of the observables.

The eight coefficients I2−9 can be obtained from Eq. (S1) by defining piece-wise

1



μ+

μ−
h+

h−

θμ
θh

ϕ

⃗e μμ

⃗e hh
⃗e μ+

⃗e h+
⃗n μμ ⃗n hh

D0

Figure S1: Decay topology of D0 → h+h−µ+µ− decays illustrating the definition of the decay
angles θµ, θh and φ.

angular-integration ranges in φ and cos θµ as follows:

I2 =

∫ π

−π
dφ

[∫ −0.5
−1

d cos θµ +

∫ 1

0.5

d cos θµ −
∫ 0.5

−0.5
d cos θµ

]
d5Γ

dq2 dp2 d~Ω
,

I3 =
3π

8

[∫ − 3π
4

−π
dφ+

∫ π
4

−π
4

dφ+

∫ π

3π
4

dφ−
∫ −π

4

− 3π
4

dφ−
∫ 3π

4

π
4

dφ

]∫ 1

−1
d cos θµ

d5Γ

dq2 dp2 d~Ω
,

I4 =
3π

8

[∫ π
2

−π
2

dφ−
∫ −π

2

−π
dφ−

∫ π

π
2

dφ

][∫ 1

0

d cos θµ −
∫ 0

−1
d cos θµ

]
d5Γ

dq2 dp2 d~Ω
,

I5 =

[∫ π
2

−π
2

dφ−
∫ −π

2

−π
dφ−

∫ π

π
2

dφ

] ∫ 1

−1
d cos θµ

d5Γ

dq2 dp2 d~Ω
,

I6 =

∫ π

−π
dφ

[∫ 1

0

d cos θµ −
∫ 0

−1
d cos θµ

]
d5Γ

dq2 dp2 d~Ω
,

I7 =

[∫ π

0

dφ−
∫ 0

−π
dφ

] ∫ 1

−1
d cos θµ

d5Γ

dq2 dp2 d~Ω
,

I8 =
3π

8

[∫ π

0

dφ−
∫ 0

−π
dφ

] [∫ 1

0

d cos θµ −
∫ 0

−1
d cos θµ

]
d5Γ

dq2 dp2 d~Ω
,

I9 =
3π

8

[∫ −π
2

−π
dφ+

∫ π
2

0

dφ−
∫ 0

−π
2

dφ−
∫ π

π
2

dφ

] ∫ 1

−1
d cos θµ

d5Γ

dq2 dp2 d~Ω
.

(S5)
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The normalised and integrated observables 〈Ii〉 are defined as

〈I2,3,6,9〉 =
1

Γ

∫ q2max

q2min

dq2
∫ p2max

p2min

dp2
∫ +1

−1
d cos θh I2,3,6,9 ,

〈I4,5,7,8〉 =
1

Γ

∫ q2max

q2min

dq2
∫ p2max

p2min

dp2
[∫ +1

0

d cos θh −
∫ 0

−1
d cos θh

]
I4,5,7,8 .

(S6)

Different integration ranges in q2 are defined, according to the expected presence of
intermediate hadronic resonances decaying into two muons. The integration in cos θh is
defined to optimise the sensitivity to beyond-SM effects by integrating out contributions
from the dominant P-wave resonances in the dihadron system, which further decay into
h+h−(ρ→ π+π− and φ→ K+K− for D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays,
respectively). No further attempt to separate partial waves contributing to the coefficients
〈Ii〉 is made.

Experimentally, the observables 〈Ii〉 are determined by measuring the decay-rate
asymmetries of the data split by angular tags, Ti, defined according to the piece-wise
integration of Eq. (S5) and (S6)

〈Ii〉 =
1

Γ
ai
[
Γ(Ti = true)− Γ(Ti = false)

]
, (S7)

where a2,5,6,7 = 1, a3,4,8,9 = 3π/8 and

T2 = | cos θµ| > 0.5 ,

T3 = cos 2φ > 0 ,

T4 = (sin 2θµ > 0; cosφ > 0; cos θh > 0) or (sin 2θµ > 0; cosφ < 0; cos θh < 0)

or (sin 2θµ < 0; cosφ < 0; cos θh > 0) or (sin 2θµ < 0; cosφ > 0; cos θh < 0) ,

T5 = (cosφ > 0; cos θh > 0) or (cosφ < 0; cos θh < 0) ,

T6 = cos θµ > 0 ,

T7 = (sinφ > 0; cos θh > 0) or (sinφ < 0; cos θh < 0) ,

T8 = (sin 2θµ > 0; sinφ > 0; cos θh > 0) or (sin 2θµ > 0; sinφ < 0; cos θh < 0)

or (sin 2θµ < 0; sinφ < 0; cos θh > 0) or (sin 2θµ < 0; sinφ > 0; cos θh < 0) ,

T9 = sin 2φ > 0 .

(S8)

The observables 〈Ii〉, measured separately for D0 and D0 mesons, are labelled as 〈Ii〉
and 〈Ii〉, respectively. The observables reported in the Letter are the CP averages, 〈Si〉,
and asymmetries, 〈Ai〉, defined as

〈Si〉 =
1

2

[
〈Ii〉+ (−)〈Ii〉

]
,

〈Ai〉 =
1

2

[
〈Ii〉 − (+)〈Ii〉

]
,

(S9)

for the CP -even (CP -odd) coefficients 〈I2,3,4,7〉 (〈I5,6,8,9〉).
The full set of measured CP -averaged angular observables for both decay modes is

reported in Table S2; their CP asymmetries are reported in Table S3; the CP asymmetry
in the decay rates ACP , are reported in Table S1.
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Observables measured in disjoint dimuon-mass intervals are statistically uncorrelated.
The statistical correlations between the observables for a given dimuon-mass interval
for D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays are reported in Tables S4–S9 and
S10–S12, respectively. Systematic uncertainties between the observables, in each and
across different dimuon-mass intervals, are assumed to be fully correlated.

Table S1: Observable ACP for (top) D0 → π+π−µ+µ− and (bottom) D0 → K+K−µ+µ− decays
in the dimuon-mass regions. The first uncertainty is statistical, the second systematic.

m(µ+µ−) ACP [%]
[ MeV/c2]

D0 → π+π−µ+µ−

< 525 28± 13 ± 1
525–565 −
565–780 −2.7± 4.1± 0.4
780–950 −1.9± 5.8± 0.4
950–1020 0.5± 3.7± 0.4

1020–1100 4.2± 3.4± 0.4
> 1100 −

Full range 2.9± 2.1± 0.4

D0 → K+K−µ+µ−

< 525 4± 15 ± 1
525–565 −
> 565 −2.5± 6.8± 0.6

Full range −2.3± 6.3± 0.6
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Table S4: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → π+π−µ+µ−

decays measured in the dimuon-mass-integrated interval.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 −0.04 −0.04 0.01 0.04 0.01 −0.09 −0.08 −0.03 0.05 −0.07 0.02 0.00 −0.06 0.06 0.01 −0.08
〈S2〉 1.00 0.02 −0.03 −0.06 0.08 −0.04 −0.02 0.01 −0.09 −0.03 −0.01 0.07 −0.08 −0.04 −0.11 0.02
〈S3〉 1.00 −0.04 −0.06 −0.06 −0.06 0.05 0.05 0.00 0.01 0.09 0.01 −0.01 0.01 −0.02 0.11
〈S4〉 1.00 0.02 −0.05 −0.00 0.07 0.03 −0.03 0.06 −0.02 −0.05 0.00 −0.00 −0.06 −0.09
〈S5〉 1.00 0.01 0.05 −0.05 0.07 0.02 0.04 −0.05 −0.07 0.01 −0.04 −0.01 −0.05
〈S6〉 1.00 0.04 0.03 −0.01 −0.06 −0.06 0.03 0.04 −0.03 −0.03 −0.00 −0.00
〈S7〉 1.00 −0.02 −0.08 0.01 0.05 −0.07 0.01 0.01 −0.01 −0.07 0.00
〈S8〉 1.00 0.01 0.01 −0.02 0.02 0.03 0.04 −0.05 −0.03 −0.01
〈S9〉 1.00 −0.05 0.10 0.03 −0.01 −0.03 0.00 −0.00 −0.01
〈A2〉 1.00 −0.10 0.01 −0.02 0.08 0.06 0.10 0.06
〈A3〉 1.00 0.00 0.05 −0.08 0.00 −0.01 −0.00
〈A4〉 1.00 0.03 −0.01 −0.03 0.02 0.02
〈A5〉 1.00 −0.02 0.13 −0.04 0.02
〈A6〉 1.00 0.03 0.02 −0.07
〈A7〉 1.00 0.06 −0.02
〈A8〉 1.00 −0.09
〈A9〉 1.00

Table S5: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → π+π−µ+µ−

decays measured in the interval m(µ+µ−) < 525 MeV/c2.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 0.01 0.06 −0.01 −0.09 −0.09 0.12 −0.16 0.04 0.11 −0.07 −0.08 0.19 0.12 −0.07 0.16 −0.07
〈S2〉 1.00 −0.02 0.03 0.10 0.19 −0.13 0.12 0.23 −0.45 0.03 −0.05 0.11 −0.18 0.07 −0.24 −0.21
〈S3〉 1.00 −0.01 −0.07 −0.21 0.07 −0.10 −0.16 0.08 −0.37 0.15 −0.07 0.22 −0.11 0.05 0.07
〈S4〉 1.00 0.01 −0.06 0.09 0.19 −0.10 0.00 0.10 −0.40 −0.11 0.08 −0.10 −0.25 0.12
〈S5〉 1.00 0.21 0.17 0.11 0.01 0.09 −0.08 −0.10 −0.39 −0.21 −0.21 −0.13 −0.10
〈S6〉 1.00 −0.17 0.02 0.13 −0.20 0.18 0.12 −0.19 −0.43 0.04 −0.09 −0.18
〈S7〉 1.00 −0.04 −0.17 0.12 −0.09 −0.12 −0.13 0.10 −0.44 0.04 0.20
〈S8〉 1.00 0.22 −0.18 0.02 −0.20 −0.11 −0.16 −0.02 −0.39 −0.14
〈S9〉 1.00 −0.23 0.09 −0.01 −0.14 −0.15 0.15 −0.18 −0.38
〈A2〉 1.00 −0.04 −0.05 0.14 0.27 −0.12 0.13 0.27
〈A3〉 1.00 −0.04 −0.10 −0.13 0.10 −0.09 −0.09
〈A4〉 1.00 −0.05 −0.06 0.19 0.18 −0.14
〈A5〉 1.00 0.24 0.20 0.11 0.07
〈A6〉 1.00 −0.08 0.04 0.21
〈A7〉 1.00 −0.09 −0.10
〈A8〉 1.00 0.21
〈A9〉 1.00

Table S6: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → π+π−µ+µ−

decays measured in the interval 565 < m(µ+µ−) < 780 MeV/c2.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 0.02 −0.01 0.05 0.01 −0.02 −0.03 −0.04 −0.01 0.12 −0.00 0.04 0.00 −0.08 −0.01 −0.05 0.03
〈S2〉 1.00 −0.04 0.06 −0.04 −0.02 −0.04 0.01 0.12 0.01 0.01 −0.03 0.04 −0.10 −0.16 −0.01 −0.01
〈S3〉 1.00 −0.07 −0.00 −0.05 0.05 −0.07 0.03 0.05 0.05 0.06 −0.04 −0.04 −0.04 0.04 0.08
〈S4〉 1.00 −0.04 −0.05 −0.07 0.03 0.14 −0.02 0.02 0.07 −0.06 −0.02 −0.04 0.07 −0.07
〈S5〉 1.00 0.09 −0.05 −0.05 0.05 0.04 0.02 −0.05 0.03 0.08 0.05 0.03 −0.03
〈S6〉 1.00 0.06 0.02 −0.04 −0.11 −0.07 −0.04 −0.02 0.00 −0.05 −0.09 0.01
〈S7〉 1.00 −0.01 −0.05 −0.09 −0.04 −0.00 −0.04 −0.08 0.03 −0.05 −0.07
〈S8〉 1.00 0.04 −0.02 0.03 0.04 −0.03 −0.02 −0.09 0.00 −0.03
〈S9〉 1.00 −0.01 0.09 −0.06 −0.02 −0.06 −0.02 0.01 −0.02
〈A2〉 1.00 −0.04 0.04 −0.05 −0.04 0.05 0.01 0.06
〈A3〉 1.00 0.04 0.00 −0.04 0.03 0.05 0.07
〈A4〉 1.00 −0.01 −0.10 −0.03 0.11 0.11
〈A5〉 1.00 0.08 −0.02 −0.10 0.04
〈A6〉 1.00 0.14 −0.03 −0.05
〈A7〉 1.00 −0.01 −0.04
〈A8〉 1.00 0.06
〈A9〉 1.00
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Table S7: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → π+π−µ+µ−

decays measured in the interval 780 < m(µ+µ−) < 950 MeV/c2.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 −0.08 0.01 0.11 0.04 −0.03 −0.03 −0.05 −0.00 0.10 −0.03 0.02 −0.03 −0.14 −0.02 −0.07 0.09
〈S2〉 1.00 −0.10 −0.06 −0.11 −0.05 0.09 0.04 0.04 −0.01 −0.09 0.08 0.04 −0.00 −0.08 −0.03 −0.03
〈S3〉 1.00 −0.02 −0.09 0.01 0.09 0.11 0.04 −0.05 0.02 −0.06 0.03 −0.06 −0.03 0.08 −0.06
〈S4〉 1.00 0.01 0.04 −0.13 0.03 0.02 0.17 −0.02 0.02 0.01 −0.06 −0.09 −0.09 −0.02
〈S5〉 1.00 0.05 −0.06 −0.17 −0.07 0.07 0.04 −0.01 0.02 0.07 −0.11 −0.04 −0.06
〈S6〉 1.00 0.09 −0.06 −0.03 −0.03 0.02 −0.04 0.03 −0.01 0.03 −0.08 0.02
〈S7〉 1.00 −0.03 −0.01 −0.02 0.01 −0.11 −0.04 −0.01 −0.04 −0.04 −0.06
〈S8〉 1.00 0.02 0.04 0.04 −0.01 −0.06 −0.12 −0.01 0.02 0.05
〈S9〉 1.00 0.05 0.04 −0.08 −0.05 −0.04 0.05 0.11 −0.04
〈A2〉 1.00 0.02 −0.05 −0.00 −0.06 0.07 0.04 −0.02
〈A3〉 1.00 −0.14 −0.03 −0.01 0.10 0.23 −0.03
〈A4〉 1.00 0.07 0.01 −0.11 −0.02 0.03
〈A5〉 1.00 0.03 0.01 −0.08 −0.07
〈A6〉 1.00 −0.00 −0.07 −0.13
〈A7〉 1.00 −0.05 0.00
〈A8〉 1.00 −0.03
〈A9〉 1.00

Table S8: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → π+π−µ+µ−

decays measured in the interval 950 < m(µ+µ−) < 1020 MeV/c2.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 −0.03 0.03 −0.07 0.01 −0.03 −0.04 −0.03 −0.03 0.01 −0.08 −0.00 −0.07 0.01 0.00 −0.04 −0.06
〈S2〉 1.00 −0.03 −0.05 −0.03 0.08 0.02 0.05 −0.08 0.01 −0.04 −0.06 0.15 0.03 0.06 −0.01 −0.01
〈S3〉 1.00 −0.12 −0.00 −0.01 −0.01 −0.04 0.14 −0.07 −0.05 0.03 −0.00 −0.03 −0.01 0.08 −0.04
〈S4〉 1.00 0.02 −0.01 0.00 0.06 0.07 −0.10 −0.01 −0.05 0.06 −0.05 −0.01 −0.05 −0.04
〈S5〉 1.00 −0.03 0.15 0.03 −0.04 0.08 −0.08 −0.02 0.03 0.06 −0.06 −0.06 0.02
〈S6〉 1.00 −0.01 −0.01 0.02 0.01 −0.07 −0.01 0.06 0.02 0.02 −0.04 −0.09
〈S7〉 1.00 0.11 0.00 0.03 −0.01 0.02 −0.02 −0.04 0.00 −0.04 −0.09
〈S8〉 1.00 −0.07 0.04 0.00 −0.02 −0.03 0.04 −0.03 −0.07 0.09
〈S9〉 1.00 −0.04 −0.02 −0.07 −0.03 −0.05 −0.01 0.04 −0.01
〈A2〉 1.00 −0.04 −0.03 −0.01 0.09 0.03 0.06 0.00
〈A3〉 1.00 −0.08 −0.08 −0.02 −0.07 −0.08 0.14
〈A4〉 1.00 0.00 −0.03 −0.05 0.10 0.01
〈A5〉 1.00 −0.06 0.13 0.05 −0.01
〈A6〉 1.00 0.03 −0.03 0.11
〈A7〉 1.00 0.06 −0.03
〈A8〉 1.00 −0.01
〈A9〉 1.00

Table S9: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → π+π−µ+µ−

decays measured in the interval 1020 MeV/c2 < m(µ+µ−) < 1100 MeV/c2.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 0.01 0.02 −0.01 0.01 0.03 −0.00 0.04 0.04 −0.03 −0.04 0.00 −0.01 −0.07 0.02 −0.09 −0.01
〈S2〉 1.00 −0.10 −0.05 0.02 0.01 0.11 0.03 −0.03 −0.09 0.01 0.04 −0.05 −0.04 0.01 0.07 −0.09
〈S3〉 1.00 0.03 0.00 −0.01 −0.01 0.03 −0.04 −0.07 −0.07 0.01 0.03 0.05 0.09 0.03 0.05
〈S4〉 1.00 −0.02 −0.07 −0.01 0.14 0.01 −0.03 0.03 −0.09 0.03 −0.04 0.03 −0.03 0.11
〈S5〉 1.00 −0.19 0.11 0.01 0.03 −0.01 −0.02 0.02 −0.05 −0.06 −0.04 −0.03 −0.05
〈S6〉 1.00 −0.05 −0.01 −0.04 0.01 −0.08 −0.03 −0.10 −0.05 −0.04 −0.01 0.03
〈S7〉 1.00 −0.01 −0.07 −0.04 0.06 0.07 −0.04 0.02 0.03 0.10 −0.04
〈S8〉 1.00 −0.08 −0.01 0.06 0.01 0.02 0.04 0.03 −0.06 0.02
〈S9〉 1.00 −0.06 0.07 0.09 0.02 0.06 −0.04 −0.03 −0.08
〈A2〉 1.00 −0.03 −0.05 0.07 0.01 0.08 0.05 −0.02
〈A3〉 1.00 0.02 0.04 −0.03 −0.04 0.02 0.09
〈A4〉 1.00 0.01 0.00 0.01 −0.01 −0.05
〈A5〉 1.00 −0.10 0.10 −0.01 −0.03
〈A6〉 1.00 −0.01 0.04 0.04
〈A7〉 1.00 0.01 −0.04
〈A8〉 1.00 −0.12
〈A9〉 1.00
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Table S10: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → K+K−µ+µ−

decays measured in the dimuon-mass-integrated interval.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 −0.01 −0.03 0.03 0.00 −0.02 −0.03 0.02 −0.02 0.08 0.03 0.00 0.01 0.02 −0.00 0.03 −0.06
〈S2〉 1.00 0.08 −0.09 −0.12 0.08 0.13 0.03 −0.03 0.07 −0.01 −0.06 −0.09 −0.01 −0.08 −0.08 −0.03
〈S3〉 1.00 −0.08 0.05 0.05 −0.05 −0.01 0.05 −0.02 0.05 −0.03 −0.00 −0.08 −0.10 −0.02 0.09
〈S4〉 1.00 0.07 −0.13 −0.03 0.05 0.09 −0.07 0.00 0.01 −0.01 0.03 0.04 0.06 −0.06
〈S5〉 1.00 −0.09 0.08 −0.04 −0.01 −0.11 −0.01 −0.00 0.01 −0.11 0.11 0.04 0.03
〈S6〉 1.00 0.05 −0.00 −0.03 −0.01 −0.07 0.04 −0.07 0.03 −0.05 0.01 0.01
〈S7〉 1.00 0.08 −0.18 −0.08 −0.09 0.03 0.06 −0.06 0.04 −0.01 0.03
〈S8〉 1.00 −0.13 −0.07 −0.02 0.05 0.01 −0.00 −0.01 0.03 −0.09
〈S9〉 1.00 −0.03 0.08 −0.05 0.05 0.03 0.02 −0.07 0.01
〈A2〉 1.00 0.05 −0.08 −0.11 0.08 0.13 0.06 −0.04
〈A3〉 1.00 −0.09 0.06 0.06 −0.09 −0.02 0.05
〈A4〉 1.00 0.06 −0.14 −0.04 0.05 0.08
〈A5〉 1.00 −0.11 0.05 −0.01 0.01
〈A6〉 1.00 0.03 −0.01 −0.03
〈A7〉 1.00 0.08 −0.18
〈A8〉 1.00 −0.13
〈A9〉 1.00

Table S11: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → K+K−µ+µ−

decays measured in the interval m(µ+µ−) < 525 MeV/c2.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 0.07 −0.09 0.07 −0.09 −0.09 −0.09 −0.06 0.01 0.18 0.07 −0.10 −0.03 −0.03 −0.08 0.06 −0.04
〈S2〉 1.00 0.03 −0.06 −0.23 0.04 −0.17 0.16 0.00 −0.02 −0.07 0.15 −0.19 −0.20 −0.03 −0.12 0.07
〈S3〉 1.00 0.03 −0.03 0.14 0.00 0.09 −0.17 −0.06 −0.06 0.26 0.03 −0.28 −0.08 −0.04 0.12
〈S4〉 1.00 −0.04 −0.37 −0.19 0.01 0.23 0.16 0.27 −0.11 0.06 0.11 0.34 0.40 −0.21
〈S5〉 1.00 0.11 0.04 −0.13 −0.15 −0.19 0.03 0.06 −0.07 −0.15 0.36 0.30 0.06
〈S6〉 1.00 0.13 −0.09 −0.27 −0.21 −0.29 0.09 −0.13 −0.07 −0.15 −0.15 0.36
〈S7〉 1.00 −0.09 −0.35 −0.02 −0.09 0.33 0.36 −0.15 −0.13 0.15 0.19
〈S8〉 1.00 0.19 −0.12 −0.05 0.41 0.31 −0.13 0.13 −0.08 −0.24
〈S9〉 1.00 0.04 0.14 −0.22 0.07 0.40 0.21 −0.24 −0.27
〈A2〉 1.00 0.02 −0.06 −0.25 0.03 −0.16 0.18 0.00
〈A3〉 1.00 0.04 −0.03 0.14 −0.00 0.10 −0.12
〈A4〉 1.00 −0.03 −0.34 −0.20 0.04 0.21
〈A5〉 1.00 0.10 0.06 −0.14 −0.14
〈A6〉 1.00 0.14 −0.10 −0.25
〈A7〉 1.00 −0.10 −0.34
〈A8〉 1.00 0.19
〈A9〉 1.00

Table S12: Correlation matrix for the observables ACP , 〈Si〉 and 〈Ai〉 for D0 → K+K−µ+µ−

decays measured in the interval m(µ+µ−) > 565 MeV/c2.

ACP 〈S2〉 〈S3〉 〈S4〉 〈S5〉 〈S6〉 〈S7〉 〈S8〉 〈S9〉 〈A2〉 〈A3〉 〈A4〉 〈A5〉 〈A6〉 〈A7〉 〈A8〉 〈A9〉
ACP 1.00 −0.02 −0.02 −0.01 −0.01 −0.00 0.00 0.01 −0.01 0.06 0.02 0.01 −0.02 0.03 −0.01 −0.00 −0.04
〈S2〉 1.00 0.06 −0.09 −0.05 0.08 0.18 0.02 −0.05 0.04 0.04 −0.10 −0.11 0.02 −0.11 −0.06 −0.04
〈S3〉 1.00 −0.12 0.10 0.04 −0.09 −0.03 0.08 0.01 0.09 −0.13 −0.01 −0.01 −0.08 0.02 0.06
〈S4〉 1.00 0.08 −0.09 0.02 0.05 0.03 −0.11 −0.13 0.03 −0.02 0.01 −0.02 0.01 −0.05
〈S5〉 1.00 −0.16 0.05 0.00 0.03 −0.09 −0.02 −0.01 0.06 −0.08 0.00 −0.05 0.05
〈S6〉 1.00 0.03 0.03 0.01 0.03 0.02 −0.01 −0.11 0.06 −0.03 0.06 −0.05
〈S7〉 1.00 0.09 −0.11 −0.08 −0.08 −0.04 0.01 −0.05 0.05 −0.02 −0.00
〈S8〉 1.00 −0.15 −0.07 0.01 0.01 −0.04 0.06 −0.03 0.03 −0.07
〈S9〉 1.00 −0.06 0.08 −0.05 0.05 −0.07 −0.00 −0.07 0.05
〈A2〉 1.00 0.06 −0.11 −0.06 0.10 0.19 0.04 −0.03
〈A3〉 1.00 −0.12 0.10 0.01 −0.09 −0.02 0.06
〈A4〉 1.00 0.09 −0.09 0.01 0.07 0.04
〈A5〉 1.00 −0.16 0.06 −0.01 0.05
〈A6〉 1.00 0.05 0.04 −0.02
〈A7〉 1.00 0.09 −0.09
〈A8〉 1.00 −0.14
〈A9〉 1.00
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14I. Physikalisches Institut, RWTH Aachen University, Aachen, Germany
15Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany
16Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany
17Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
18School of Physics, University College Dublin, Dublin, Ireland
19INFN Sezione di Bari, Bari, Italy
20INFN Sezione di Bologna, Bologna, Italy
21INFN Sezione di Ferrara, Ferrara, Italy
22INFN Sezione di Firenze, Firenze, Italy
23INFN Laboratori Nazionali di Frascati, Frascati, Italy
24INFN Sezione di Genova, Genova, Italy
25INFN Sezione di Milano, Milano, Italy
26INFN Sezione di Milano-Bicocca, Milano, Italy
27INFN Sezione di Cagliari, Monserrato, Italy
28Universita degli Studi di Padova, Universita e INFN, Padova, Padova, Italy
29INFN Sezione di Pisa, Pisa, Italy
30INFN Sezione di Roma La Sapienza, Roma, Italy

13



31INFN Sezione di Roma Tor Vergata, Roma, Italy
32Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
33Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam,
Netherlands
34AGH - University of Science and Technology, Faculty of Physics and Applied Computer Science,
Kraków, Poland
35Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
36National Center for Nuclear Research (NCBJ), Warsaw, Poland
37Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania
38Petersburg Nuclear Physics Institute NRC Kurchatov Institute (PNPI NRC KI), Gatchina, Russia
39Institute for Nuclear Research of the Russian Academy of Sciences (INR RAS), Moscow, Russia
40Institute of Nuclear Physics, Moscow State University (SINP MSU), Moscow, Russia
41Institute of Theoretical and Experimental Physics NRC Kurchatov Institute (ITEP NRC KI), Moscow,
Russia
42Yandex School of Data Analysis, Moscow, Russia
43Budker Institute of Nuclear Physics (SB RAS), Novosibirsk, Russia
44Institute for High Energy Physics NRC Kurchatov Institute (IHEP NRC KI), Protvino, Russia,
Protvino, Russia
45ICCUB, Universitat de Barcelona, Barcelona, Spain
46Instituto Galego de F́ısica de Altas Enerx́ıas (IGFAE), Universidade de Santiago de Compostela,
Santiago de Compostela, Spain
47Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
48European Organization for Nuclear Research (CERN), Geneva, Switzerland
49Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
50Physik-Institut, Universität Zürich, Zürich, Switzerland
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