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1. Introduction

The neutraD meson system differs from the other neutral meson syst&mBy, Bs) since
it is the only one made of up-type quark®. D° = ctandD® =t u. Charm mixing is expected
to occur at the percent level or less, although this estinsageibject to large theoretical uncer-
tainties [1, 2]. In the Standard Model (SM) the short-disiatransitionAC = 2 occurs via a box
diagram with down-type quarks in the loops: thandscomponents are GIM-suppressed, and the
b component is suppressed by the small CKM mixing factors. Skelong range contributions
to charm mixing are expected to be orders of magnitude athev&M short range ones. The for-
mer can be represented as a coherent sum over on-shell éutiewe states accessible to baih
andD?, and thus are inherently non-perturbative and cannot loelleééd from first principles. In
addition, CP violation (CPV) in charm mixing or inD® decay is expected to be below the per mil
level [3]. Experimental evidence @PV in D° mixing or in D° decays with the present statistics
would represent a sign of new physics.

Relevant measurements of mixing parameters and search€8Mowill be presented in the
following along with a statistical combination of the retsul

2. Charm mixing and CP violation notation

The two neutraD meson mass.€. propagation) eigenstat&®; andD,, of massesn andmy
and widthd™; andrl,, are linear combinations of production eigenstates witindd flavor content
D% andD®,

ID12) = p|D°% £q|D%), (2.1)
with |p|? + |g]? = 1. If CPis conserved, theq = p = 1/4/2 and the physical states 2P eigen-
states. The mixing parametetandy are defined as

m — M M-rp
X= S y= or
wherel = (I'1+2)/2. The decay amplitudes f@° andD° to decay into a final staté are
defined as; = (f|.#|D°) andAs = (f|.2#'|D°) respectively, where# is the Hamiltonian of the
decay. In order to parameterize the effect€B¥ we introduce the following quantities, adopting
the same notation as in [4],

2.2)

A
At
whereg; is theCP violating weak phase amt; is theCP conserving strong phase. A valueRy #
1 would indicateCPV in mixing. A non-zero value ofp; would indicateCPV in the interference
between mixing and decay. Dire€PV would be indicated byA¢| # \A_\d By assumingCP
conservation in the decay them = @, and is independent of the specific final sthte

(@) Rn=|J|, (2.3)

3. Sdection of the events

Flavor tagged signal events are selected via the cascadyg bet — DO 1, and the flavor
of the D meson is identified at production by the charge of the soft gi@). The difference

Lconsideration of charge conjugation is implied througtthist paper, unless otherwise stated.
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between the reconstruct&®i™ andD® masses/qm), which has an experimental resolution of about
350 keV/c?, is used to remove background events by requiring typithly it be within 1 Meyc?

of the nominal value [5]. In addition, flavor untagged sigeatnts can be used @P-conserving
mixing analyses, thus exploiting about four times larggnal yield/ fo-* despite a worse purity.

In order to reject background events with correctly reaaresedD® candidates fronB meson
decays, th@d® momentum, evaluated in tre e~ center-of-mass (CM) frame, is required to be
greater than 2—2.5 GeV/cfor most of the analyses. TR proper time-of-flightt, is determined
from a combined fit to th®° production and decay vertices. In this vertex-constratitetie D°
candidate and the track, when available, are constrained to originate froeethe™ luminous
region. The average error on the proper timg,is about (2 ps,i.e. approximately half of thé°
lifetime [5]. Particle identification algorithms are usedlidentify charged tracks fror®° decay
with typical efficiency of about 85% for kaons, with a corresding pion misidentification rate as
kaon of about 2%.

4. Charm mixing results

Here we briefly describe the most relevant and recent armlysed by thé8aBar and Belle
experiments for the measurement of the mixing parameters.

4.1 Wrong-sign decays D® — K+~

The final wrong-sign (WS) state can be produced either viadtbly Cabibbo-suppressed
(DCS) decayp® — K+~ or via mixing followed by the Cabibbo-favored (CF) ded@y— D° —
K+ . The time dependence of the WS decay of a meson produce®&staimet = 0, in the
limit of small mixing (x|, |y| < 1) andCP conservation, can be approximated as

X/2 + y/2
4

Tws(t)
e It

O Rkr+ VRery Tt+ (Ft)2, (4.1)
where Rg; is the ratio of DCS to CF decay rates,= xcosd + YSindkr, Y = —Xsindcn +
ycosdk, anddk; = —As is the strong phase between the DCS and CF amplitudes.

The BABAR experiment found evidence of mixing at théd& level [6] using a data sample
corresponding to an integrated luminosity of 384%and a signal yield of 4036 88 events. Al-
most identical results were obtained by the CDF experimeitlh, a mixing significance of 3o,
from an integrated luminosity of about 1.5thand a signal yield 0f12.7+0.3) x 10° events [7].
The Belle experiment, using 400th of data with a signal yield of 4024 88 events, was able
to exclude the no-mixing hypothesis at only thé@ level [8]. The results from the different ex-
periments for th&CP-conserving mixing analyses are reported in Table 1. Forsoreanents aB
factories the statistical error dominates the overall tiaggty. No evidence fo€P violation was
found.

4.2 Decaysto CP eigenstates

Mixing parameters can also be measured by studying the pdgmay time distribution for
DO decays tcCP eigenstates. Due to the small valuexaidy, each decay time distribution can



Charm mixing and CP violation from B Factories Nicola Neri

Table 1: Wrong-signD® — K* 7~ mixing results for theCP-conserving hypothesis. The uncertainties
include statistical and systematic components. The migiggificance is given in terms of the equivalent
number of Gaussian standard deviations.

Experiment Rp(1073%) y (103  x?(10°%)  Mix. Significance

BABAR 3.03+0.19 9.7+54 -0.22+0.37 3.9
CDF 3.04+ 055 85+7.6 -0.12+0.35 3.8
Belle 3.64+0.17 0.6759 0.187231 2.1

be treated to a good approximation as a pure exponentiaagdpllows,
TH() De et for DO — fep Tot)Oe'et  forD°— fe  (4.2)

with effective lifetimest* = 1/TZ, wherel'l, =T [1+ nfp\q/p](ycosw—xsincp)] andlg, =

r1+nf p/q\(yCOS(erxsin(p)} are the decay constants, angf = +1 is theCP eigenvalue for

the final statefs.. By measuring the ratio of the effective lifetimes (1~) in D° (D°) — f. to the
DO lifetime, Tk, iND° — Kt decay, we extract the mixing a@PV parameterge andAY,

e | TKm K
Yer = N [(Tcp> 1} , AY = <TCP>AT , (4.3)
where(te) = (17 +17)/2andA; = (t* —17)/(T" 4+ 17). Bothy, andAY are zero if there is no
mixing, whiley. =y andAY is zero ifCP is conservetl

Both BABAR and Belle collaborations found evidence for mixing in thalgsis of the ratio of
the lifetime forD® — K*K—, r* it to that forD® — K~ mrt flavor-tagged decays; neither found
evidence forCPV [10, 11]. TheBABAR results are based on 384fhof data with signal yields
of about 70x 103, 30x 10°, 730x 10 events, and signal purities of 99.6%, 98.0%, 99.9%, for
KK—, tm, K-t respectively. The Belle results are based on 546 ftf data with signal
yields of about 11 10°, 50x 10%, 1.2 x 1P events, and signal purities of 98%, 92%, 99%, for
K*K~, mtmm, K- " respectively. Mixing andCPV results are reported in Table 2. TBaBAR
collaboration, performed a similar analysis usigK~ and K~ " flavor-untagged events [12],
which is statistically independent of the flavor-tagged semThe signal yields based on 384 th
of data are about 26010%, 2.7 x 10° events with signal purities of 80.9% and 90.4% Kotk ~,
K~ mt respectively. The mixing results are shown in Table 2 aloith the combined tagged plus
untagged results [12]. NGPV results are provided for analyses using the untagged sampéze
only CP-conserving fits are possible.

Using 673 fb! of data, the Belle collaboration performed a lifetime-eliéince analysis using
the K§K+K— final state, by measuring the effective lifetime of @eeven andCP-odd components
of the K§K+K* Dalitz plot. The lifetime asymmetry in these regions is tetbtoy, as follows

TorF —Ton _ yep fon — forr
Torr + ToN 1+ycp(1— fon— forr)

2Belle collaboration quoteBPV results in terms ofr = —A;.

(4.4)
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Table 2: Fit results forycp and for theCPV observable used\y for BABAR andAr = —A; for Belle). The
first error is statistical, the second systematic. The ngigignificance is given in terms of the equivalent
number of Gaussian standard deviations.

Sample Ver (%0) CPV (%) Mix. Significance
Belle tagged 1.314+0.324+0.25 +0.01+0.30+0.15 32
BaBar tagged 1.24+0.39+0.13 —-0.26+0.36+0.08 30
BaBar untagged 1.124+0.264+0.22 - 33
BaBar tag.+untag. 1.16+0.22+0.18 - 41

The value ofy, is extracted by measuring the effective lifetimsy in the (ng region (mainlyCP-
odd) and the mean lifetimeygg in the sidebands (maini@P-even), along with the corresponding
fractionsfon and forr of CP-even events in these regions. With this technique, Bebenteasured
yep = [0.11+ 0.61(stat) 4+ 0.52(syst)|% [13].

5. Search for CPviolation in D° decays

The search fo€PV in neutralD meson decays provides a unigue probe for new physics. The
SM predicts very small effects, smaller th&t{10~2) [1, 3]. In addition, Cabibbo-suppressed de-
cays such aB® — KK~ (), it (n1°) are sensitive to new physics contributions from penguin
and dipole operators [4]. The observatiorCsfasymmetries at the level of the current experimental
sensitivity, #(10-2), would be a clear sign of physics beyond the SM [1, 4].

5.1 Thetwo-body decays D® — KK+ and D° — "
The BABAR and Belle collaborations performed a searchdBY in neutralD mesons [14, 15]

produced from the reactiag e~ — ct, by measuring the time-integrated asymmetries

M(D® — h*th™) - (D° — h*h™)

(D% — hth=)+(D° — hth-)’

alp - - ealeat 6
whereh = K or 7t. In this constructiore} includes the thre€P violating contributions: direct
(alim, indirect in mixing @, and indirect in the interference between decays with aitidowt
mixing (@) [4]. The precise measurement of the time-integrated asgtnynis experimentally
challenging: the forward-backward (FB) asymmetryeire~ — c¢c production coupled with the
asymmetric detector efficiency as a function of polar anggeilts in different yields fob® andD°.
The only detector asymmetry present in reconstruction efsignal modes is due to the tagging
T&, Since theCP final states are reconstructed identically Bt andD°. The BABAR collaboration
proposed a novel technique to experimentally determindirineintegrated asymmetry [14], later
followed by Belle [15]. The technique is based on the usageoti tagged and untagged high-
statisticsD® — K~ 7t control samples for measuring the relative tagging effigyefior D° andD°
directly on data, and on the measurement of the event yisldguanction of the cosine of the polar
angle of theD? in the CM frame, to deal with FB production asymmetries. B#BAR results
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Table 3: CPV asymmetries in two- and three-body decays. The first erstatsstical, the second systematic.

Exp. of (%) a5 (%) k™ (%) " (%)
BaBAR 0.00+£0.344+0.13 —-0.244+0.524+0.22 000+0.344+0.13 —-0.244+0.524+0.22
Belle —0.43+0.30+0.11 043+0.52+0.12 - 043+1.30

are based on 386 of data with signal yields of about 13010%, 60 x 10° events forK 1K,
1 respectively. The Belle results are based on 548 fif data with similar signal yields. The
measurePV asymmetries, which are consistent with zero, are listechbiiel3.

5.2 Thethree-body decays D° — " ni® and D° — KK+ m°

The three-body decayB® — m mrt ® and D° — KK+ proceed vieCP eigenstates (e.g.
p°rP , er®) and also via flavor states (e g 7, K**K¥ ), thus making it possible to prol@PV in
both types of amplitudes and in the interference betweean tihe addition, measuring interference
effects in a Dalitz plot probes asymmetries in both mageisuand phases of the amplitudes, not
simply in the overall decay rates.

The BABAR experiment searched f@PV asymmetries it i° and KK m® decays us-
ing four different methods: difference betweBf andD° Dalitz plots, difference in the Legendre
polynomial moments of thB® andD° two-body mass distributions, phase-space-integrateh-asy
metries, and difference in Dalitz plot fit results for amypdies and phases. Only the last is a
model-dependent approach. Using 385'flof data signal yields of about 8210° and 11x 10°
events and signal purities of 98% were obtained for ttier ° and K*K~1® modes respec-
tively. No evidence was found f@PV at the percent level in both decay modes using any of the
four methods [16]. The Belle experiment has measured theephpace-integrated asymmetry in
-t using 532 fb! of data, with a signal yield of about 12010° events. No evidence for
CPV was found [17]. The results for phase-space-integratethiamtries for three-body decays,
a"® (h =K, ), are reported in Table 3.

6. Summary

No single measurement exceeds &ignificance for charm mixing. By combining the above
results with other relevant measurements, the HFAG grogpdegermined world-average values
and confidence intervals for the mixing aG&8V parameters [18]. The no-mixing hypothesis is
excluded at the 1Qo level, and there is no evidence f6PV. The results are summarized in
the contour plots shown in Fig. 1. No evidence @ was found inK "K—(r°) and rr" i (1°)
decays, for which a summary of the results is reported inerabl

Mixing andCPV violation results are in agreement with SM predictions hiwithe large
theoretical uncertainties, providing useful constrauggsn new physics models. Tiefactories
have produced the most precise measurements so far, arld #hptove their precision by
exploiting the entire data samples and performing additianalyses. In most of the mixing and
CPV measurements the statistical error is dominant, and theragsic error can be kept under
control using high-statistics control samples of datauFahigh-statistics experiments, such as
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Figure 1: Contour plots for mixing parametersandy (left) and forCP violation parametergy/p| and
arg(q/p) (right). The plots represent the world-average resultsfiioe HFAG.

LHCD, Bellell and SuperB [19], should significantly improthee precision of these
measurements, and hence provide stringent tests of the SM.
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