Charm mixing and CP violation in LHCb
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The vast samples of charm hadron decays collected by the LHCDb experiment have enabled the
study of charm physics with unprecedented precision. We present the latest charm mixing and
CP violation results using 1.0 fb™! of /s = 7TeV pp collision data, as well as recent searches
for rare charm decays.

1 Introduction

The LHCb detector * is a single-arm, forward spectrometer designed to exploit the copious
production of bb quark pairs at the LHC. Many characteristics of b—hadrons are also shared
by charmed particles, making the LHCb detector ideally suited for charm physics. The charm
cross-section has been measured as 1419+ 134 ub in the forward region“, ~ 20 times larger than
the b production cross-section”. This has allowed for the accumulation of vast samples of charm
hadron decays. All results presented here use 1.0fb~! of pp collision data collected in 2011 with
a centre-of-mass energy of 7 TeV.

2 Observation of DY'—DC oscillations

Mixing occurs because the mass eigenstates of a neutral meson system differ from the flavour
eigenstates. It is parameterised by the dimensionless quantities x = Am/I', and y = AT'/2T,
where Am and Al are the mass and width differences of the two mass eigenstates, and I is the
average of their widths.

Here, neutral D meson oscillations are studied by measuring the time dependent ratio of
D% - K*7~ to D — K~7" decay rates. The former, Wrong Sign (WS), rate is highly sup-
pressed with respect to the latter, Right Sign (RS) rate. The RS decay is completely dominated
the the Cabibbo Favoured (CF) amplitude, while the WS decay may proceed either directly via
the DCS amplitude or via an oscillation followed by the CF decay. To determine the initial state
flavour of the D mesons, they are reconstructed from the strong decay D** — D%}, where the
charge of the slow pion (7F) determines the flavour of the D.

Assuming negligible CP violation, and |z|, |y| < 1, the time dependent ratio of WS/RS
decay rates can be approximated as

t 113/2 + 12 t 2

R(t)~ Rp+/Rpy'—+ — 24 (1)
T 4 T

where Rp is the ratio of DCS to CF decay rates, t is the measured D decay time, 7 is the average

D lifetime, and z’ and 3 are the mixing parameters rotated by the strong phase difference

between CF and DCS decays, 4.
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Figure 1: Fit to the D*1 invariant mass distribution for RS (left) and WS (right) candidates.
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Figure 2: Fit to the time dependent WS/RS ratio (left), and contours in the > — 3’ plane compared with the
no-mixing point (right).

Fig. 1 shows fits to the D** invariant mass spectrum for RS and WS decays ‘. We find
3.6 x 10* WS and 8.4 x 10% RS signal candidates. The data sample is divided into thirteen decay
time bins, each with a similar number of candidates. The ratio of WS/RS decays is measured in
each bin, and the mixing parameters are determined using a binned x? fit to the time dependence
of the ratio (see Fig. 2). The fit results are Rp = (3.52+£0.15) x 1073, ¢/ = (7.2 £2.4) x 1073,
and 22 = (—0.09 £ 0.13) x 1073.

In addition, the time dependent ratio is fit with a zeroth order polynomial to test the
significance of the mixing result. The no-mixing hypothesis is excluded at 9.1 standard deviations
(illustrated in Fig. 2). Although D—mixing is well established °, this is the first single > 50
observation of neutral charm meson mixing.

3 Model independent search for CP violation in multibody D decays

Singly Cabibbo Suppressed (SCS) decays can occur via tree and penguin processes, and are
sensitive to CP violating phases. However, CP violation in charm decays is expected to be small
(lower than O(1073)), but could be significantly enhanced by physics beyond the Standard
Model °. We present results using the SCS decay D° — 7~ ntn~ 7T to search for local CP
asymmetries across the phase space ', which is a five-dimensional generalisation of a Dalitz plot.
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Figure 3: Toy Monte Carlo simulation of the S& p variable for no CP violation (left) and a phase difference of 10°
between D° and D° decays via the p°p° intermediate resonant state. A Gaussian of mean 0 and width 1 (shown
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Figure 4: Projections of the two-dimensional fit to the mpo vs. dm plane. The signal component of the fit is
shown as a red dashed line. Windows around the mpo and dm peaks are shown as vertical dashed lines.

The CP asymmetry variable is defined © as
N (DY) — N (DY)

o N (DY)
CcCP — - ——
\/Nz (DO)—i—OPNz (DO)

- Y Ni (DY)

(2)

where N* (DO) and N°* (50) are the number of DY and D events in bin i, and « is a normalisation
factor that removes sensitivity to any global asymmetry. The flavour of the D is tagged using
the charge of the slow pion from D** — D%z} decays. In the absence of any CP violation, Sé, P
is Gaussian distributed with a mean of 0 and a width of 1. The 5D Dalitz space is divided using
an adaptive approach which aims to uniformly populate the bins (all bins contain a number
of events within a defined minimum and maximum). This results in fine binning in highly
populated ares of phase space, and coarse binning in more sparsely populated regions. A y? is
defined as

X2/Ndof = Z (Sé’P)Q/(Nbins - 1)

from which a probability value is calculated to quantify the degree of asymmetry.

The decay D° — 7~ nTn~ 7T can proceed via different intermediate resonances, most promi-
nently D° — p%p° and D° — a; (1260)Jr 7. Toy Monte Carlo studies show that, for example,
the method is sensitive to a 10° phase difference between D° and D° decaying via the p°p°
resonances (illustrated in Fig. 3).

A two-dimensional fit to the m (D°) vs. dm = m (D*T) — m (D) plane is performed to
estimate the signal yield and purity in the data sample (projection of the fit are shown in Fig. 4).
After the m (DO) and dm mass window requirements, we are left with ~ 180k signal candidates
with a purity of 95.8%.

Probability values for the no-CP violation hypothesis are calculated for three different bin-
ning schemes: 15, 29, and 66 phase space bins. They are found to be 97.1%, 95.6%, and 99.8%
respectively; all consistent with no CP violation.

3)
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Figure 5: Invariant D<S> spectra for (a) low-¢q

4 Search for rare D decays and lepton number violation

4.1 Search for non-resonant D(J;) — mtptu” decays

Flavour-Changing Neutral Current (FCNC) decays can only occur at the loop level, and are
highly suppressed by the GIM mechanism. Although they are well established in BT — KT putpu~
and KT — 77"~ decays”>'", branching fractions for ¢ — upu™ ™ transitions are predicted to
be much smaller in the Standard Model '»'*'? (~ 1 x 107%). We present a search '* for the rare
decays DE’;) — w7t~ . The best previous branching fraction upper limits (at 90% confidence)
are B(DT — 7= ptut) < 3.9 x 107% and B (D} — 7~ putpt) < 2.6 x 1075, published by the
D0 and FOCUS ** Collaborations respectively.

For the analysis presented here, the data are split into five bins of ¢> = m (uT ™) in order
to separate the decays that proceed via pu*p~ resonances (7, w, p, ¢) from the non-resonant
high-¢? (1250 — 2000 MeV /c?) and low-¢? (250 — 525 MeV /c?) regions. The resonant decays

DEZ) — ¢ with ¢ — p+pu~ are used as normalisation modes. Fits to the D?;) invariant mass
spectra in the five ¢ bins are shown in Fig. 5, where the main peaking background is identified
as D(t) — 771~ decays where two oppositely charged pions are misidentified as muons. No
significant signals are found in the low- and high-¢? regions. When extrapolating to the full

phase space for the non-resonant decays, we obtain 90 (95)% confidence limits on the branching
fractions of

B(Dt = atptp™) < 7.3(8.3) x 1075,
B(Df — atutu™) <4.1(4.8) x 1077,

4.2 Search for the lepton number violating decay Dz;) — o ptut

Lepton Number Violation (LNV) is forbidden in the Standard Model, and may only proceed
via lepton mixing (mediated by a Majorana neutrino ', for example). We present a search
for the LNV violating decays DE’;) — 7t pt. The previous best 90% confidence limits are
B(DY — n putut) <2x107% and B(DF — 7~ utut) < 1.4 x 1072, which were published by
the BaBar Collaboration

Here, the search is performed " by fitting the invariant mass of 7~ " u™ combinations. The
data are divided into four regions of m (7~ u™*) in order to increase the statistical significance
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Figure 6: Invariant mass distributions for 7~ " combinations in regions (a) 250 < m (TF_/L+) < 1140 MeV/c?,

(b) 1140 < m (7 p¥) < 1340MeV/c?, (c) 1340 < m (7~ put) < 1540MeV/c?, (a) 1540 < m (v pt) <

2000 MeV/c?. The peaking background is shown as solid grey, the non-peaking background as a dashed black
line, and the signal as a green line.

of any observed signal peak, because we expect the Majorana neutrino to appear in only one
region. The region boundaries are defined as 250, 1140, 1340, 1540, and 2000 MeV /c?. Invariant
mass fits are shown in Fig. 6, where the main peaking backgrounds are misidentified D?;) —
ntr ™ decays. No significant signal is observed in any of the m (7~ u™*) bins, which allows the
determination of 90 (95)% confidence limits on the branching fractions of

B(D" = n ptut) <2.2(2.5) x 1078,
B(Df —a ptut) <1.2(1.4) x 1077,

5 Conclusions

The LHCD experiment has recorded some of the world’s largest samples of charm hadron decays,
allowing the study of charm physics with unprecedented precision. Here we have presented the
latest charm results using 1.0 fb~! of data collected in 2011 at /s = 7 TeV.

By fitting the time dependent ratio of WS/RS D — K decays, neutral D meson oscillations
are observed for the first time in a single measurement with a significance of 9.1 standard
deviations. Comparing the five-dimensional Dalitz space of D and D decays to n-ntn 7t
reveals no evidence of local CP asymmetries. We find no evidence of the rare decays DEZ) —

7Tt p~ and significantly improve the upper limits of their branching fractions. In addition, a

search for the LNV processes D(t) — m~pt T is performed. The data are found to be consistent
with the background-only hypothesis which leads to an improvement on the upper limits of the
branching fractions by a factor of ~ 100.
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