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1. Introduction on D° — D° mixing and notation

In the Standard Model (SMP° — DP oscillations are expected to proceed very slowly with
respect to th@? lifetime. Calculations for the mixing parametersindy, normalised mass and
width differences of the mass eigenstates, allow for values as largg( %), although these
estimates are subject to large theoretical uncertainties [1, 2]. The nButnakon system differs
from the other neutral meson systeris By, Bs) since it is the only one made of up-type quarks,
i.e. D =cuoandDP® =t u Hence, the study of charm mixing provides unique information for
the understanding of the contribution of new particles in the mixing loop diagrémaddition,
CP violation (CPV) in charm mixing is expected to be much smaller than?1[3]. Experimental
evidence ofCPV in D® mixing with the present statistics would represent a sign of new physics.

The two neutraD meson mass eigenstates andD,, of massesm; andnp, and widthsl™;
andrl ,, are linear combinations of production eigenstates with defined flavorreddtendDP,

ID12) = p|D°) +q|D°), (1.1)

with |p|? +|g|? = 1. If CPis conserved, theq = p = 1/+/2 and the physical states &P eigen-
states. The mixing parameterandy are defined as

m — M-r
X_1mz _r1—l2

=—1 y o (1.2)

wherel = (I +T»)/2. The decay amplitudes f@° andD° to decay into a final staté are
defined asA; = (f|.#’|D°) andA; = (f|.#’|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 [3],

_aAr_ ‘Af , (1.3)

pA; A¢

d(@+0), Ry — ‘q

where ¢ is the CP violating weak phase and; is the CP conserving strong phase. A value
of Ry # 1 would indicateCPV in mixing. A non-zero value ofpgs would indicateCPV in the
interference between mixing and decay. Di@BY would be indicated byA¢| # |Af|. Assuming
CP conservation in the decay amplitude impligs= ¢, independent of the specific final stdte

2. Event selection

Flavor tagged signal events are selected via the cascade Betay DO 1, and the flavor
of the D meson is identified at production by the charge of the soft pmh (The difference
between the reconstructd* and D° masses/&m), which has an experimental resolution of
about 350 keyc?, is used to discriminate against background events by requiring typicatlit tha
be within 1 MeV/¢? of the nominal value [4]. In addition, flavor untagged signal events earskd
in CP-conserving mixing analyses, thus exploiting about four times larger sjigidl fo~* despite
a worse purity.

1Consideration of charge conjugation is implied throughout this paperssintaerwise stated.
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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(107%) y(107%)  x2(10°3)  Mix. Significance

BABAR 3.03£0.19 9754 -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 0.187932 2.1

In order to reject background events with correctly reconstrubfecandidates fron meson
decays, théd® momentum, evaluated in tre e~ center-of-mass (CM) frame, is required to be
greater than 2 — 2.5 GeV/c for most of the analyses. THg? proper timef, is determined from a
combined fit to thd? production and decay vertices. In this vertex-constrained fibtheandidate
and therg track, when available, are constrained to originate fromettes luminous region. The
average error on the proper tim®, is about 02 ps,i.e. approximately half of th@®° lifetime [4].
Particle identification algorithms are used to identify charged tracks B8rdecay with typical
efficiency of about 85% for kaons, with a corresponding pion misideatifio rate as kaon of
about 2%.

3. Measurement of D° — D% mixing in D° — K+~ wrong-sign decays

The final wrong-sign (WS) state can be produced either via the doublipBalsuppressed
(DCS) decayp® — K* 1~ or via mixing followed by the Cabibbo-favored (CF) ded@¥— 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

Tws(t)
e—rt

12 2
ORkn+vVRcny e+ Zy (rt)?, (3.1)

where Ry is the ratio of DCS to CF decay rates,= xcosd; + YSindk, Y = —XSindk +
ycosdk , anddx; = —A¢ is the strong phase between the DCS and CF amplitudes.

The BABAR experiment found evidence of mixing at thed8 level [5] using a data sample
corresponding to an integrated luminosity of 384%tand a signal yield of 403@ 88 events. Al-
most identical results were obtained by the CDF experiment, with a mixing sigreéoaf 380,
from an integrated luminosity of about 1.5thand a signal yield 0f12.7+0.3) x 10° events [6].
The Belle experiment, using 400fh of data with a signal yield of 4024 88 events, was able
to exclude the no-mixing hypothesis at only th&@ level [7]. The results from the different ex-
periments for th&CP-conserving mixing analyses are reported in Table 1. For measuremdts at
factories the statistical error dominates the overall uncertainty. No evedenCP violation was
found.
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Table 2: Fit results forycp and for theCPV observable used\ for BaBAR andAr = —A; for Belle). The
first error is statistical, the second systematic. The ngixdignificance is given in terms of the equivalent
number of Gaussian standard deviations.

Sample Yer (%) CPV (%) Mix. Significance
Belle tagged 1.31+0.32+0.25 +0.01£0.30+0.15 32
BaBar tagged 1.2440.39+0.13 —-0.26+£0.364+0.08 30
BaBar untagged 1.12+0.26+0.22 - 33
BaBar tag.+untag. 1.16+0.22+0.18 - 41

4. Measurement of D° — D% mixing in decaysto CP eigenstates

Mixing parameters can also be measured by studying the proper decay tiniteutden for
DP decays tcCP eigenstates. Due to the small valuegxfand|y|, each decay time distribution
can be treated to a good approximation as a pure exponential [8], as$pllow

TH@) De et for DO — fop To(t)Oe e forD®— fo  (4.1)

with effective lifetimest* = 1/T'Z, wherel'l, =T [1+ n$°la/pl(ycosp —xsing)| and g, =

M1+ n$|p/ql(ycosp+ xsin(p)] are the decay constants, anff = +1 is theCP eigenvalue for

the final statef. By measuring the ratio of the effective lifetimes (17) in D° (D°) — fe to the
DO lifetime, Tk, iN D° — K~ 1t decay, we extract the mixing a@PV parameterge andAY,

e | Tkm Km
Yer = N§ [(Tcp> 1] , AY = T A, 4.2)
where(te) = (T7+17)/2andA; = (t* —17)/(T" 4+ 17). Bothye andAY are zero if there is no
mixing, whiley = y andAY is zero ifCPis conservetl

Both BaBAr and Belle collaborations found evidence for mixing in the analysis of the ratio o
the lifetime forD® — K*K~, r* i to that forD® — K~ flavor-tagged decays; neither found
evidence forCPV [9, 10]. The BABAR results are based on 384thof 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—, mtm, K-t respectively. The Belle results are based on 546 ff data with signal
yields of about 11 10°, 50x 10%, 1.2 x 10° events, and signal purities of 98%, 92%, 99%, for
K*K~, m"m, K- " respectively. Mixing andCPV results are reported in Table 2. TBaBAR
collaboration, performed a similar analysis uskgK ~ andK~ " flavor-untagged events [11],
which is statistically independent of the flavor-tagged sample. The sigrdsyiased on 384 fit
of data are about 260 10%, 2.7 x 10° events with signal purities of 80.9% and 90.4% Kot —,
K~ respectively. The mixing results are shown in Table 2 along with the combiggedaplus
untagged results [11]. NGPV results are provided for analyses using the untagged sample, where
only CP-conserving fits are possible.

2Belle collaboration quoteBPV results in terms oA = —Ay.
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Using 673 fb ! of data, the Belle collaboration performed a lifetime-difference analysigusin
the KQK*K* final state, by measuring the effective lifetime of @Reven andCP-odd components
of theKZK*+K~ Dalitz plot. The lifetime asymmetry in these regions is relategit@s follows

Torr — TON fon — forr

Torr + ToN yCPl-i-YCP(l— fon— forF)
The value ofy is extracted by measuring the effective lifetimsy in the K2 region (mainlyCP-
odd) and the mean lifetimeygr in the sidebands (maini@P-even), along with the corresponding
fractionsfon and forr of CP-even events in these regions. With this technique, Belle has measured
ycp = [0.11+ 0.61(stat) + 0.52(syst)|% [12].

(4.3)

5. Measurement of D°-D° mixing in the D° — K+ rr~ m° decay

Similarly to the case of the WB® — K* 71~ decays, the study of the time dependence of the
WS D? — K+ decays is sensitive 10° — D° oscillations. In this case, since we have a three-
body decay, a time-dependent Dalitz plot analysis is required to distingdd@i$ contribution
from the CF contribution originating from mixing. Assumi@f conservation and for small values
of x| and|y|, the time-dependent WS decay rate as a function of the Dalitz varisblesm?.
ands;3 = mﬁmo and decay time is given by:

M f(S12,913,) = € "'{|Af(S12,%13) > + [Af{(S12,13) || Af(S12, 513)| (5.1)
_ X//2_|_y/2 B

[y’ cosdi(s12,13) — X' SiNd(S12,S13)] (Tt) + — |A7(s12,513)[2(Tt)?}
wheref = K+ 10, Ar = (f|.2|D% andA; = (f|#’|DP) are the decay amplitudes for the DCS
and CF transitions, respectively, ad¢l(s;o, 313):arg[A’;~(512, Sl3)A_{(Slz, s13)]. The first term in
Eq. 5.1 represents the DCS contribution to the observed rate, the third ter@Ftlcontribution
arising from mixing, while the second is generated by the interference bptilie two amplitudes.
The decay distribution is sensitiveyo =y cosd ;0 — XSiNd 0 andX” = Xc0oSd ;0 + Y SINS o
where 0 is the strong-phase difference between the CF and the DCS decay angphiudie
cannot be determined in the analysis of these decays alone. The CF ama_lﬁtiﬂjdetermined
up to an overall phase and arbitrary amplitude in a time-independent Dallisesnaf RS decays.
The DCS amplitudé\; together with the parametex$ andy” are determined in a time-dependent
Dalitz analysis of WS decays. In the Dalitz analysis, the CF and DCS amplituelpai@meterized
using an isobar model [13].

BaBar performed this analysis using 658,986 RS and 3,009 WS signal events wittity p
of about 99% and 50%, respectively [14]. The mixing parameters detednfiom the WS fit are
reported in Table 3. The no-mixing hypothesis is excluded with a significah8e o. No evi-
dence ofCPV was found when fitting separately f&° andDP events. The time-integrated mixing
rate was determined to b&mix = (X'2 +y'?)/2 = (¢ +y?)/2 = (294 1.6) x 104, where the
error includes both statistical and systematic uncertainties. The major smirsgstematic error
on the mixing parameters include uncertainties in modeling the backgroungtifaealistribution
in the signal region, uncertainties in the mass and width of each resonathecalitz model, the
values chosen for the decay time and decay time error selection criter@tainties in modeling
the decay time signal resolution function.
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Table 3: Mixing parameters from time-dependent V8 — K+~ m° Dalitz plot analysis. The first error
is statistical, the second systematic. The mixing signifteais given in terms of the equivalent number of
Gaussian standard deviations.

Quantity Value (%) Significance
X! 2.39+0.61+0.32 3.20
y’ —0.14+0.60+0.40

6. Measurement of D%-D° mixingin D® — K2 " m~ and D° — KQ K* K~ decays

In three-body decays where the final stafeand f belong to the samB® Dalitz plot (e.g.

DO — KO, D? — KOK*+K ™), the event distribution as a function of the Dalitz plot position
and proper time is sensitive @° — D° oscillations in a unique way. In fact, by assumiag
conservation in the decay and a phenomenological parameterization fof ttiecay amplitude
(Dalitz model), we can extract the mixing parameteandy directly, without strong phase uncer-
tainties. The sensitivity ta andy arises mostly from regions in the Dalitz plot where CF and DCS
amplitudes interfere and from regions populatedCB\eigenstates.

This method was pioneered by CLEO collaboration [15] using a data sam@feofand later
extended to a significantly larger data sample by Belle [16], using 54 dbdata. BABAR has
recently presented a combined result forf¥e— K2t m andD® — KIK*+K~ decay modes [17],
using 468.5 fb! of data.

TheD? decay amplitudes are described by a coherent sum of quasi-two-byilijuales [18].
The dynamical properties of the P- and D-wave amplitudes are paramdtérnizeigh interme-
diate resonances with mass dependent relativistic Breit-Wigner (BW) on&is- Sakurai (GS)
propagators, Blatt-Weisskopf centrifugal barrier factors, and Zanegsors for the angular dis-
tribution [18]. The main differences between the BaBar and Belle Dalitz nfode¢he KOt
decay mode are in the paramaterization offiier andK 1 S-wave dynamics. The Belle analysis
uses a similar parameterization as for as the P- and D-waves amplitudesphd®¢/ functions. In
the BaBar analysis the" m~ S-wave dynamics is described through a K-matrix formalism with the
P-vector approximation [19] and thérr S-wave is described with a BW for thg}(1430* with
a coherent non-resonant contribution parametrized by a scatterirtt) kemg) effective range [20].
BABAR has selected about 540,800 (79,96~ (KIKTK™) signal events with a purity of
about 98.5% (99.2%), while Belle has selected about 534410 1~ signal events with a purity
of about 95%. The results for tt@&P-conserving fits are reported in Table 4. The Belle analysis
also performed a fit allowing faZP violation that has measured/ p| = 0.86+ 039 795+ 0.08
andg = (—14"15 3 *2)°. The reported errors are statistical, experimental systematic, and decay-
model systematic, respectively.

The dominant sources of experimental systematic uncertainty are due to the lataitistics
of full detector simulations (used to study potential biases due to the evedtice, invariant mass
resolution, residual correlations between the fit variables, and fittingedroe), variation of the
selection criteria and instrumental effects arising from the small misalignméimé afetector. The
systematic error due to Dalitz model is small compared with the statistical erras a@odchinated
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Table 4: Mixing results for the three-bod®® — KOh*h~ decays It = K, 1) for theCP-conserving hypothe-
sis. The first error is statistical, the second is systenaatitthe third is due to the Dalitz model uncertainty.
The mixing significance is given in terms of the equivalentnber of Gaussian standard deviations.

Experiment Decay X(%) y (%) Significance
CLEO KOt 1.97324+04+04 ~14+24+0.8+04 -

Belle KOt 0.80+0.29+5:39 910 0.33+0.24"598 +0.08 220
BABAR KT (16402340124008 057402040134 007 1.90

KKK~
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Figure 1. Contour plots for mixing parametessandy (left) and forCP violation parametergq/p| and
arg(q/p) (right). The plots represent the world-average resultsfioe HFAG.

by the uncertainties on DCS and on the defi@iRedecay amplitudes.

7. Summary

We have reported recent resultsDh— D° mixing from theB factories. TheB factories have
produced the most precise measurements so far, and should improver¢leeign by exploiting
the entire data samples and performing additional analyses. By combining a#lédvant mea-
surements, the HFAG group has determined world-average values afidecae intervals for the
mixing andCPV parameters [21]. The no-mixing hypothesis is excluded at th2ol@vel, and
there is no evidence f@PV. The results are summarized in the contour plots shown in Fig. 1.

Mixing andCPV violation results are in agreement with SM predictions, within the large theo-
retical uncertainties, providing useful constraints upon new physic®lsioth most of the mixing
andCPV measurements the statistical error is dominant, and the systematic error cgpt bader
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control using high-statistics control samples of data. Future high-statisfiesiments, such as
LHCb, Bellell and SuperB [22], should significantly improve the precisibthese measurements,
and hence provide stringent tests of the SM.
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