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Abstract

Charm meson oscillations are observed in a time-dependent analysis of the ratio
of D - Ktr~nt7n™ to D° = K~ ntn~ 7t decay rates, using data corresponding
to an integrated luminosity of 3.0fb~! recorded by the LHCb experiment. The
measurements presented are sensitive to the phase-space averaged ratio of doubly
Cabibbo-suppressed to Cabibbo-favoured amplitudes 7‘[53“ and the product of the co-
herence factor Rgsw and a charm mixing parameter y5_. The constraints measured
are 183" = (5.6740.12) x 1072, which is the most precise determination to date, and
Rg‘g” “Yrear = (0.3 £1.8) x 103, which provides useful input for determinations of
the CP-violating phase v in B* - DK* D — KTr*n¥n% decays. The analysis also
gives the most precise measurement of the D° — K+7~ 77~ branching fraction,
and the first observation of DDV oscillations in this decay mode, with a significance
of 8.2 standard deviations.
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Neutral mesons can oscillate between their particle and anti-particle states. This phe-
nomenon, also referred to as mixing, is of considerable interest for a variety of reasons,
including its unique sensitivity to effects beyond the Standard Model (SM) of particle
physics. Mixing has been observed in strange, beauty, and, most recently, charm mesons.
Its observation in the charm (D°— D°) system is particularly challenging, with an oscillation
period that is more than 1000 times longer than the meson’s lifetime. It took until 2008 for
charm mixing to be established, by combining results from BaBar, BELLE and CDF [1-4],
and until 2013 for the first 50 observation in an individual measurement [5]. Until now,
all 5o observations of charm mixing in individual measurements have been made in the
decay mode D° — K*7~ [5H7)[[] This Letter reports the first observation of charm mixing
in a different decay channel, D° — K*7~7"7~. Previous studies of this decay mode have
been consistent with the no-mixing hypothesis [8,|9]. Charm mixing is also sensitive to the
phase difference between charm and anti-charm decay amplitudes to the same final state.
This phase information plays an important role in the measurement of the charge-parity
(CP) violating phase «y (or ¢3), which is accessible in decays with b — u quark transitions.
The precision measurement of the relative magnitudes and phases of quark transitions
provides a stringent test of the SM, and the parameter v plays a central role in this effort.
Currently, v has a relatively large experimental uncertainty, and can be measured, with
negligible uncertainty from theory input, in the decay Bt — DK™ (and others) where
D represents a superposition of D° and D states [10-14]. In order to constrain v using
these decay modes, external input is required to describe both the interference and relative
magnitude of D’ — f and D°— f amplitudes, where f represents the final state of the
D decay. Previously, it was thought that the relevant phase information could only be
measured at ete™ colliders operating at the charm threshold, where correlated DD pairs
provide well-defined superpositions of D and D° states. Recent studies [15,]16] have
shown that this input can also be obtained from a time-dependent measurement of D% D°
oscillations. This is the approach followed here.

In this work the observation of D%D° oscillations is made by measuring the time-
dependent ratio of D® — K*r 7nt7~ to D° — K ntn 7" decay rates. The flavour
of the D meson at production is determined using the decays D*(2010)* — D7} and
D*(2010)~ — D°r;, where the charge of the soft (low-momentum) pion, m,, tags the
flavour of the meson. The wrong-sign (WS) decay D°— K7~ 77~ has two dominant
contributions: a doubly Cabibbo-suppressed (DCS) amplitude, and a DD oscillation
followed by a Cabibbo-favoured (CF) amplitude. The right-sign (RS) decay D" —
K nrn~ 7" is dominated by the CF amplitude, and has negligible contributions of
O(10™) from D°-D° oscillations. Ignoring CP violation, to second order in t/7, the
time-dependence of the phase-space integrated decay rate ratio R(t) is approximated by
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where T" denotes the decay rate, t is the proper decay-time of the D° meson (measured

with respect to production), 7 is the D° lifetime, and r53™ gives the phase space averaged

R(t) =

'Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.



ratio of DCS to CF amplitudes [15,[16]. The dimensionless parameters x and y describe
mixing in the DY meson system, with x proportional to the mass difference of the two
mass eigenstates, and y proportional to the width difference [4]. Here, ¢}, is defined
bY Yres, = ycos 083 — xsin 6537 where 057 is the average strong phase difference; this
and the coherence factor, RE3™, are defined by RE37e~"5"" = (cos 6) + i(sin ), where
(cosd) and (sind) are the cosine and sine of the phase of the ratio of the DCS to the
CF amplitude, averaged over phase spacef’] For the range of D° decay-times used in this
analysis, [0.5,12.0] x 7, Eq. [1]is correct to within O(107%). All three parameters, 53",
RE3™ and §53™ are required to determine v in BT — DK*, D— K- 77~ 7" decays.

This analysis is based on data samples collected in 2011 and 2012 with the LHCb
detector at centre-of-mass collision energies of /s = 7TeV and 8 TeV corresponding to
integrated luminosities of 1.0 fb~" and 2.0fb™!, respectively. The LHCb detector [17,18] is a
single-arm forward spectrometer covering the pseudorapidity range 2 < n < 5, designed for
the study of particles containing b or ¢ quarks. The detector elements that are particularly
relevant to this analysis are: a silicon-strip vertex detector surrounding the pp interaction
region that allows ¢- and b-hadrons to be identified from their characteristically long flight
distance; a tracking system that provides a measurement of momentum, p, of charged
particles; and two ring-imaging Cherenkov detectors that are able to discriminate between
different species of charged hadrons. Simulated events are produced using the software
described in Refs. [19-22]. Differences between data and simulation are corrected using
data-driven techniques described in [23}24].

Events are first selected by the LHCb trigger [25], and then by additional offline
requirements. Four tracks in the event must be consistent with the decay D° — K+tn~ntn—,
each with momentum p > 3 GeV/c and transverse momentum pr > 350 MeV/c. The D°
daughters are required to be inconsistent with originating from a primary pp interaction
vertex (PV) and are combined to form a D° candidate, which must have a good vertex
quality and pr > 4.7 GeV/c. The soft pion, which is combined with the D° candidate to
form a D** candidate, is required to satisfy p > 3 GeV/c and pr > 360 MeV/c. The D**
candidate must have a good vertex quality, and is reconstructed under the constraint that
it originates from its associated PV. In order to suppress backgrounds where tracks are
misidentified or mis-reconstructed, information from the particle identification and tracking
systems is used. Secondary decays, i.e. D** mesons from the decay of a b-hadron, are
rejected by requiring that the D° meson candidate is consistent with originating from a PV.
Only D° candidates that are reconstructed within 24 MeV/c? of the D° meson mass [26]
are used in the analysis, reducing the amount of partially reconstructed and misidentified
background. To reduce combinatorial background from randomly associated soft pions
there is also a requirement that the invariant mass difference Am = m(K n~rTn 7t) —
m(KTrn~nt 1) is less than 155 MeV/c?. Approximately 4% of events that pass the selection
requirements contain multiple signal candidates. In such cases one candidate is picked at
random and the rest are discarded.

Figure [If shows the Am distribution of WS and RS signal candidates with the results

2The convention CP|D®) = +|D") is followed, which determines the sign of the linear term in Eq.
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Figure 1: Decay-time integrated Am distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function and three Gaussian functions. The background component is
estimated by randomly associating D° candidates with soft pions from different events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D and D° mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D** flavour. The RS (WS) yield estimated from the fit corresponds to 11.4 x 105 (42,500)
events.

To study the time dependence of the WS/RS ratio, the Am fitting procedure is repeated
in ten independent D° decay-time bins. Parameters are allowed to differ between bins.
The WS/RS ratio in each bin is calculated from /(NwspoNyspo)/(NrspoNgrgpo), where
N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D**/D*~ production asymmetries or differences
in 7,7 /my~ detection efficiency largely cancel.

Several sources of systematic effects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K 7~ 7nt77), but a signal-like shape in
Am. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, Nip;, is estimated from WS candidates that are reconstructed
further than 40 MeV/c? from the D mass [26]. The additive correction to the WS/RS
ratio is calculated as Aip; = Nip;/Nrs,i, where Ngg; is the number of RS decays in the
same decay-time bin. In the entire WS sample it is estimated that 2334 4+ 65 misidentified
decays are present, constituting ~ 5.5% of the measured WS signal yield.

The decay D° — KTn~K?, K? — 77~ has the same final state as signal decays,




but a small selection efficiency due to the long flight distance of the K?. Unlike signal
decays, the RS and WS categories of this decay have comparable branching fractions [26].
Assuming that the fraction of D — K—7+K? decays in the RS sample is negligible, the
additive correction to the WS/RS ratio is calculated as, A K9 = Ni /Nrs, where N K9 18
the number of D — K7~ K decays in the WS sample. From a fit to both combinations
of m(m*m~), an estimate of Nxo = 590 £ 100 is obtained, constituting ~ 1.4% of the
measured WS signal yield. This background is observed to have the same decay-time
dependence as RS candidates; therefore the same correction of Ao = (6.141.0) x 107°
is applied to the WS/RS ratio in each decay-time bin.

Another background is due to a small fraction of soft pions that are reconstructed with
the wrong charge assignment. Such candidates are vetoed by strict requirements on the
track quality. Possible residual background of this type is accounted for by assigning a
systematic uncertainty of 2.7 x 107 to the measured WS/RS ratio in each decay-time bin.

The systematic uncertainties assigned for D° — K7~ K? decays and mis-reconstructed
soft pions are both expected to be highly correlated between decay-time bins. Therefore
a correlation coefficient of 1.0 is used between every pair of decay-time bins, which is
confirmed as the most conservative approach.

Additional systematic uncertainties are also included for partially reconstructed decays,
which are estimated to make up ~ 0.25% of the measured WS yield, and the choice of
signal and background parameterisations used to determine the signal yields. The effect
of bin migration due to decay-time resolution has been shown to be negligible [5,28].

Contributions from secondary decays can bias the measured WS/RS ratio because the
DO decay time is measured with respect to the PV, which for secondary decays does not
coincide with the D° production vertex; this causes the D° decay time to be overestimated.
The expected WS/RS ratio in bin i can be written as R; [1 — Agec,i], where R, is the
expected ratio from prompt D mesons (those produced at the PV), and Ay, is the
correction due to secondary decays. By measuring the fraction of secondary decays in RS
candidates, feec, one can bound Ag; on both sides,

] _ Rmax(£i) ‘ ' B Rmm(t;)
fsec,z |:1 R(t;) :| S Asec,z S fsec,z |:1 —R(t;) :| . (2)

The function R(t) is defined in Eq. , and {; is the average decay-time in decay-time bin
i. The expressions Ruyin(t;) and Ry (f;) give the minimum and maximum of Eq. |1]in
the decay-time range [0,#;]. To determine the secondary fractions, fsec,i» a discriminating
variable based on the DY impact parameter relative to the PV is fitted with both a prompt
and secondary component: the PDF describing the former is determined from signal
candidates with decay-times smaller than 0.87, and the PDF describing the latter is found
from a subsample of candidates that are compatible with the decay chain B — D** ;X .
From these fits the secondary fraction is seen to increase monotonically with decay-time
from (1.6 £ 1.1)% to (6.9 £+ 0.6)%.

The efficiency to trigger, reconstruct, and select a DY — K7~ "7~ candidate depends
on its location in the 5-dimensional phase space of the decay. Since there are differences



in the amplitude structure between WS and RS decays, the measured WS/RS ratio can
be biased. The efficiency is therefore determined in 5-dimensional phase space bins using
simulated data. In each decay-time bin this is used to correct the WS/RS yields taking
into account the observed 5-dimensional event distribution. The resulting multiplicative
correction factors to the WS/RS ratio, ¢;, differ from unity by less than a few percent,
and increase (decrease) the ratio at low (high) decay times.

The background-subtracted and efficiency corrected WS/RS ratio measured in the !
decay-time bin is given by 7; = r;e; — Aip; — A K9, where r; is the WS/RS ratio estimated
from the Am fit. The parameters of interest are determined by minimising the x? function,

CECIO) =37 [ RiO) L Aued]| [0, |5 - B O) 1= Aue]| ()

+ Xoe () [+, (0)]

where C' is the full covariance matrix of the measurements, including statistical and
systematic uncertainties. Here R; (0) gives the theoretical ratio of WS to RS decay rates
(Eq. , integrated over the i'" decay-time bin, which depends on the fit parameter vector
0 = {ri°™ R - s 1 (2% + y?)}. Also included in the determination of R; (6) is the
decay-time acceptance, which is found from the RS candidates assuming that their decay-
time dependence is exponential. The parameters A, are free to float in the fit with a
Gaussian constraint x2,.. The mean and width of the Gaussian constraints are defined to
be the mid-point and half the difference between the limits in Eq. [2| respectively, which are
dynamically updated during the fit. The parameters fi.; (which are required to calculate
these limits) are also Gaussian-constrained to their measured values. An alternate fit is
also performed where the mixing parameters x and y are constrained to world average
values [4], x = (0.371 + 0.158) x 1072 and y = (0.656 + 0.080) x 10~2 with a correlation
coefficient of —0.361. In this case an additional term, Xi,y, is included in the fit and
0 = {ri3™ RE3™ . yha  x,y}. The two fit configurations are referred to as ‘unconstrained’
and ‘mixing-constrained’.

Figure 2| shows the decay-time dependent fits to the WS /RS ratio for the unconstrained,
mixing-constrained, and no-mixing fit configurations; the latter has the fit parameters
RE™ - s and (22 + y?) fixed to zero. The numerical results of the unconstrained and
mixing-constrained fit configurations are presented in Table . The values of RE?™ - /.5
and 1(2? + y?) from the unconstrained fit are both compatible with zero at less than
3 standard deviations, but due to the large correlation between these parameters, the
hypothesis that both are zero can be rejected with much higher significance. Using Wilks
theorem [29] the no-mixing hypothesis is excluded at a significance level of 8.2 standard
deviations. The value of }L(xQ + y?) determined using the world average values of x and y
is compatible with the unconstrained fit result at 1.8 standard deviations. The results
of the mixing-constrained fit show that the uncertainties on the parameters r53™ and
RE3™ .4, are reduced by 41% and 61% respectively in comparison with the unconstrained
fit. Using the mixing-constrained fit, it is possible to identify a line of solutions in the
(RE3™ §53™) plane. The two-dimensional contours containing 68.3%, 95.4% and 99.7%

Y

5



x10_

61 T T T ]
55F LHCb =
0 °F E
o C vl .
D 45F [+ Data E
= s %" —— Unconstrained ]
4 --- Mixing-constrained
F ---- No-mixing ]
35k ¥ .- -
3 a2 I ! ! Ll ! ]

2 4 6 8 10 12

t/t

Figure 2: Decay-time evolution of the background-subtracted and efficiency corrected WS/RS
ratio (points) with the results of the unconstrained (solid line), mixing-constrained (dashed/dotted
line), and no-mixing (dashed line) fits superimposed. The bin centres are set to the decay-time
where R(t) is equal to the bin integrated ratio R from the unconstrained fit.

Table 1: Results of the decay-time dependent fits to the WS/RS ratio for the unconstrained and
mixing-constrained fit configurations. The results include all systematic uncertainties.

Fit Type Parameter Fit result Correlation coefficient
X°/mdf (p-value) 57" R Yk 3(27 447
Unconstrained i (5.67+0.12) x 1072 1 0.91 0.80
7.8/7 (0.35) RE3™ . ofs  (0.34+£1.8) x1073 1 0.94
1z +y?) (48+18) x107° 1
5" BB Yk Ty
Mixing-constrained rism (5.50 £0.07) x 1072 1 0.83 0.17 0.10
11.2/8 (0.19) RE3™ . yffs  (=3.0+£0.7) x 1073 1 0.34 0.20
x (414+1.7) x 1073 1 -0.40
Y (6.74+0.8) x 1073 1

confidence regions are shown in Fig. [3| The only other constraints on (RE3™ §537) are
based on CLEO-c data [30]. A combination would require a combined fit sharing the input
on x and y. A combination made ignoring this complication shows that the input from
mixing results in reductions in uncertainties on RE3™ and 653" by approximately 50%
when compared to the CLEO-c values.

To evaluate the impact of systematic uncertainties included in the result, the fits
are repeated with the systematic uncertainties on the WS/RS ratio set to zero. In the
unconstrained fit the uncertainties in 5", RE3™ - yj, and 1(2? + y?) are reduced by



JOF™ " T T
F [ 68.3%CL LHCb

o 95.4% CL
£ [ ] 99.7%CL

100F
50F

0:|||||||||||||||||||:
0 0.2 04 0.6 0.8 1
K3mr
Rp
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constrained fit.

11%, 9% and 11%, respectively. In the mixing-constrained fit the uncertainties in 737

and RE3™ - ;.. are reduced by 15% and 9%, respectively.

Using the results presented in Table [1| the decay-time integrated WS/RS ratio, RAT =
(ri3m)2 — riS3TREPT - i+ (2% 4+ y?), is calculated to be (3.29 £ 0.08) x 107* for the
unconstrained result, and (3.22 4 0.05) x 1072 for the mixing-constrained result. This is
consistent with the existing measurement from Belle [§], and has smaller uncertainties.
Using the RS branching fraction, B(D° — K~ nTn~7") = (8.0740.23) x 1072 [26], the WS
branching fraction, B(D° — KTn~xt77), is determined to be (2.66 + 0.06 £ 0.08) x 10~*
using the unconstrained result, and (2.604-0.0440.07) x 10~* using the mixing-constrained
result. Here the first uncertainty is propagated from RE3™ and includes systematic effects,
and the second is from the knowledge of B(D°— K- ntr ).

In conclusion, the decay-time dependence of the ratio of D° — K+tn~nt7~ to D’ —
K-7nta~nt decay rates is observed, and the no-mixing hypothesis is excluded at a
significance level of 8.2 standard deviations. The worlds most precise measurements of
rB3™ and RAY™ are presented, and a unique constraint on RE3™ - ¢/}, is given, which will
increase sensitivity to the CP-violating phase v in Bt — DK+, D— K77~ 7" decays.
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