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Abstract Studies in which BABAR data have shown evidence for mixing in the neutral charm meson system
are presented. A new measurement of the lifetime difference parameter ycp = (1.164+0.22+0.18)% is described.
Results are also presented from a systematic study of DK and D*K invariant mass distributions from a 470 fb~1
sample of asymmetric eTe™ interactions recorded by the BABAR. detector at the PEP-II storage rings. A

S

new charmed-strange meson has been observed with mass [3044 & 844t (tgo)syst] MeV/c? and width [239 &

3dstat (G )syst] MeV /c?.
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1 Introduction

In this paper, we describe recent results from the
BABAR collaboration relating to production and de-
cay of charm mesons. Evidence for D°DO oscillations
in four independent measurements that are described
in Sections 3 and 4. Results of a study of D, meson
resonance production in D*K systems using the full
BABAR data sample are then presented in Section 5.

A brief summary of these results, their relation to
those available from other experiments and an assess-
ment for the future prospects are made in Section 6.

We begin, in Section 2, with a short introduction
to D°DO oscillations.

2 Oscillations in the D°DP system

Particle-antiparticle oscillations can occur in any
neutral meson system. They arise from beating of
the two mass eigenstates that propagate differently in
time, and mix to produce the meson flavour states.
Oscillations depend upon normalized differences
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in the masses and decay rates, m; » and I} ,, respec-
tively, of these states and are absent if z =y = 0.
The phenomenon was first observed in the K° system,
then in those of the B® and B, mesons. Oscillations
in the D° system (the only case for mesons consisting
of up-type quarks?) were first discussed in 1975 [1],
but evidence for them has only been found in the past
two years [2-6] with values for z and y of ~1% [7] -
very much smaller than those for the other systems.

2.1 Theoretical considerations

Figure 1(a) represents the leading term in the
standard model, SM, which contributes mostly to z
through AC =2 transitions (C is the charm quantum
number).

DO Vo / DO

(a) (b)
Fig. 1.
tributing to mixing in the D°DO system. The

(a) Short range AC' = 2 mechanism con-

d,s,b quarks and W bosons can be switched.
(b) Long range contributions.
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This predicts very little mixing (z < 107°) [8, 9]
since the SM was designed to produce large cancella-
tion ~ (m2—m?)/m? of d and s contributions [10], and
also because the contribution from b quarks is heavily
suppressed by its small Cabibbo-Kobayashi-Moskawa
(CKM) coupling to the u quark.

Contributions from new physics (NP) can lead to
larger values for = or y [11-14], and can also produce
CP violation in mixing. However, it was observed
[15] that a sum over real, intermediate states, of sec-
ond order, long range terms illustrated in Figure 1(b)
could contribute significantly (mostly to y). Theoret-
ical uncertainty exists on how to estimate these sums
[16-19] and a range of values for z and y from as low
as 10™7 up to 102 have been quoted [13, 20, 21]. The
present experimental results fit well into the higher
range, but the possibility that NP may be involved
cannot be ruled out. Theoretical consensus appears
to be that

e NP is not ruled out by present measurements.

e Short range SM effects lead to z,y < 1%;

e Long range SM effects could lead to z, y~ 1%,
as observed, but |z| > |y| is not expected; and

e CP violation (CPV) in the SM is expected to
be negligible at present experimental sensitiv-
ities and would signify unambiguous evidence
for NP were it observed.

2.2 DO decays

The mass eigenstates, Dy, D, are related to the
D flavour states by

D) = p|D°>+q|F>} pl>+gl? = 1
|D,) = p|D°) —q|D°) | arg{q/p} = du.

Because of mixing, D° decay rates do not follow an

(2)

exponential form. They are governed by the time-
dependences e!(™1.2+111.2)t of the mass eigenstates D ,
and by the parameter

Ar = (qulf) / (pAs) (3)
arg{ A} = 0 = o+ b + ;. (4)

The decay amplitudes A; = (f|H|D°) and A; =
(f|H|D°) describe, respectively, the processes D® — f
and D° — f) and have relative weak and strong phases
¢¢ and J.

If CP is conserved in mixing, p = ¢ = 1/v/2 and
¢n =0. If it is conserved in decay, then ¢; =0. If f is
a CP-eigenstate, then ¢; = 6; =0 and \; = dei®™,

In decays of D° to final states f accessible to ei-
ther D° or DY (e.g. K*K~, K~7t, etc), mixing and
direct decay interfere, as illustrated in Fig. 2.

Mixing
D> Do

po f

Ay (DI>1)

-Zf (5"%0

Fig. 2. Decay to final state f accessible to D° and DO.

The dependence upon decay time ¢ of the number of
D% N is given, to second order in z and y (< 1), by
N(@)=N(0)e " x [1+|\¢|(ycos b —zsinb)(I't)+

x2+y2
4
The first term corresponds to direct decay and the

el (T)?]. ()

term, quadratic in ¢, to mixing. The middle term,
linear in ¢, is due to the interference between these.
In most BABAR analyses, CPV is ignored and then
9f = 6f.

3 Evidence for mixing in “wrong sign”
decays

The BABAR collaboration reported the first ev-
idence for D° oscillations [2] in a large sample of
“wrong sign” (WS) decays D° — K*n~". More re-
cently, they also reported evidence in decays to K™
o’ [22]. WS decays are either doubly Cabbibo-
suppressed (DCS) or, as in Fig. 2 must proceed
through mixing followed by Cabibbo-favoured (CF)
decay.

Careful comparison of the decay time distribu-
tions in Eq. (5) for WS and “right-sign” (RS) decays
was used to extract values for the mixing parame-
ters. In RS decays, A¢ (ratio of DCS to CF decay
amplitudes) was small, ~ 6 x 1072, so these decays
were almost purely exponential. In WS decays, A¢
was large so deviations from exponential decay were
large enough to be observable in the BABAR samples
used.

Identification of RS and WS decays required ef-
ficient tagging of the D flavours (D° or D°) at pro-
duction. Each candidate was required to come from
a D** — Dt decay, where 7, was a low momentum
pion. D*’s were identified by the value of AM, the
difference between the invariant mass M of the D°

1)Unless explicitly stated otherwise, charge conjugate states are implied.
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daughters and that of the Dt system. The D°/D°
flavour was determined by the sign of the slow pion
7, charge.

In these, as in all BABAR mixing analyses, se-
lection of center of mass momentum of the D° above
2.7 GeV/c was effective in excluding D°’s from B de-
cays that would distort the observed decay time dis-
tribution.

3.1 WS Ktn~ Decays

Samples of approximately 4,000 WS and 1.1 M RS
K7t decays were selected. The RS events were used
to determine the decay time resolution parameters
which were common to RS and WS samples. Reso-
lution was comparable to the D° lifetime, so a good
model for it was essential.

A simultaneous fit was made to the form in Eq. (5)
for the WS sample and an exponential form for the
RS events, each convoluted with the time resolution.
Backgrounds under the WS sample were carefully
studied and were also modelled in the fit. A signifi-
cant difference between WS and RS distributions due
to mixing was observed.

The effect of mixing was most easily seen in
Fig. 3(a), where the ratio of WS/RS events as a func-
tion of decay time t was plotted. With no mixing, the
distribution would be flat, as indicated by the hori-
zontal line in the figure at the level, ~ 3.5 x 1073, of
the DCS/CF rate. Significant deviations from this
line were evident, however with the anticipated lin-
ear variation expected from the interference term in
Eq. (5)V. This constituted strong evidence for mix-
ing.

The strong phase 6; = d; in Eq. (5) was unknown,
so the fit determined only rotated mixing parameters
x’* and y’ where:

(6)

x' = xcosd;+ysinde
y' = ycosdy —xsin b ’
and not z or y.

Likelihood contours for the fit are shown in the
2%, y' plane in Fig. 3(b). Errors have been expanded
to accomodate systematic uncertainties. These arose
primarily from parametrization of the time resolu-
tion and of the distribution of background events in
the WS system. The central values for z'? and 3’
are almost 4 contours (3.9 o) from the values (0,0)
expected for no mixing.

As a check on the assumption of CP conservation,
fits were also made to D° and D° samples separately.
They agreed well within uncertainties, showing no ev-

idence for CPV.
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Fig. 3. (a) Ratio of D° = K*n~ and D° = K~
T event yields as a function of decay time

t. (b) Likelihood contours in the 22, 3’ plane
from the fit to the WS decay time distribu-
tion described in the text. The contours have
been stretched to account for the systematic
uncertainties. The best fit parameters are in-
dicated by a solid dot. The “no mixing” point
is indicated by a diagonal cross.

3.2 Mixing in D° — K+t~ 7t® Decays

The BABAR collaboration [22] has also reported
evidence for mixing from a time-dependent Dalitz
plot analysis of WS decays to the three-body system
having an additional 7° meson. This system is similar
to the two-body one, except that the final state f is
now any point in the K*7t~7t° phase space, specified
by its Dalitz plot coordinates sy and s, the squares
of invariant masses of K*7t— and K+7t® systems, re-
spectively.

For these WS decays, the expected time-depend-
ence is also given by Eq. (5). However, the parame-

1) The quatratic term was strongly suppressed by the factor x2 +y?2.
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ter A\; now depends on the coordinates (sq, s, ) of f.
With CP conservation, it is the ratio of decay ampli-
tudes A(sq, s;) for CF decay (D° — K*n—7°) and
A(sg, sy) for direct DCS decay at that point.

In the BABAR analysis, CP was assumed to be
conserved and separate models were defined for CF
and DCS amplitudes, in each case a linear combi-
nation of Breit-Wigner (BW) amplitudes describing
their different K7t and 77w resonance structures. Two
independent sets of parameters were introduced to
define these models.

The strong phase J; in this decay mode could be
written as

A(so, 54)

5(3°’3*):5K““+“g{«4<50 s+>} del
) model,

(a)

660 K Events
99% pure

W I B ,.AJ

05 1 15 2 25
m-__[GeV/c]
Kn~

where dx.. Was a constant, strong phase difference
between D® and DO decays that arose from the strong
effects in the decay, and the second term came from
the two models. k. was unknown, so that fitting
the WS Dalitz plot to the distribution in Eq. (5) could
only determine rotated mixing parameters

(8)

11
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= 4 C€0SOKnn — TSN Ok -

Approximately 660,000 RS (K~=7t™n°) and 3,000
WS (Ktn~n®) flavoured-tagged decays were ex-
tracted, from a 384 fb~! sample of e*e~ interactions.
Dalitz plots for these events are shown in Figs. 4(a)
and (b), respectively.

3 K Events
50% pure

0.5

Lo b a b
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K'n

Fig. 4. Dalitz plots (squared invariant masses so = miJrﬁ, vS. Sy = m?{+n0) for (a) RS decays to DO —

KTn~n°® and (b) WS decays to D° — KTn~n°.

As in the K*7t~ analysis, the RS events provided
crucial parameters for the time resolution. They
also provided parameters for the CF decay amplitude
model. A fit to the time-integrated RS Dalitz plot
was made for this purpose. Strictly, CF decays domi-
nated the RS plot and a very small contribution from
events that mixed and then experienced DCS decay
were neglected and A(so, s;) was taken to be inde-
pendent of ¢.

This amplitude was then used in Eq. (5), together
with a similar Breit-Wigner model, with different pa-
rameters, for the DCS amplitude A(sy, s;) to de-
scribe the time-dependent WS Dalitz plot. A fit to
this model was made to the combined sample of D°
and DO decays to determine both the DCS BW model
parameters and values for #” and y” given in Table 1.

A confidence level test, similar to that used in the

‘ WS K*7t~ case was made. These results were found

to indicate evidence for mixing at the 3.1 o level. The
major systematic uncertainties were associated with
the assumptions in the BW model and in the descrip-
tion of the large background under the WS events.
Estimates of these were included in the computation
of the confidence level.

Table 1. Rotated mixing parameters z’’ and 3"’
from fits to BABAR data described in the
text. The first error is statistical and the sec-
ond that attributed to systematic effects.

Sample " (%) y" (%)

DO and D° 2617037 +£0.39 —0.067525 £0.34
+0.54 +0.63

DO only 2537052 £0.39  —0.0570 83 +£0.50

DO only 3.55T0 78 +0.65 —0.547910 +0.41
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This procedure was also performed separately for
D and D° samples to obtain values for z”/ and 3" also
listed in Table 1, indicating no evidence for CPV.

4 Evidence for mixing in lifetimes for
decays to CP eigenstates

The BABAR collaboration has reported further
evidence for D° oscillations in two independent mea-
surements using D° decays to CP-even eigenstates
KTK™ and mttn [23, 24].

If CP is conserved, such decays have, effectively,
the lifetime, T of the D;)Y. The quantity

7(D° =K mth) (9)
7(D° —hth-)

where the Cabibbo-favoured decay to K-zt (with
mixed CP) is compared with that for decay to the

Yop R Y= -1,
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CP-even states h™h™ (h=K or 7), then provides an
estimate for y based on CP conservation.

An asymmetry A, = (T~ —t")/(t” +71") in life-
times t+ (for D® — h*h~) and T~ (for D° — h*h™)
would provide information on CPV parameters p, q
and their weak phase ¢y;.

AT_E(‘Q
2\|p

BABAR measured ycp and its asymmetry, AY,
related to A, by AY = (1—ycp)A.. With no mixing,
ycp = 0. With no CPV, A, =0.

Using a 384 fb~! sample of ete™ interactions,
the BABAR collaboration identified two disjoint sam-
ples. Ome sample, reported in Ref. [23], consisted
of flavour-tagged K=K+, mtnt~ and K~7t* decays.
The other sample, reported in Ref. [24], contained
untagged K™K~ and K~7t* decays.

—1) COS pp — X SIN Py (10)

x10°.
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40 - ‘ 7
200, ./ 3
O
1.8 1.865 1.93
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Invariant mass distributions for D® decay daughter pairs from a 384 fb~1 ete™ sample from the

BABAR detector. K™t combinations are in (a) and (b), K"K* in (c) and (d) and 7~ nt" in (e). The signal
regions used to extract lifetimes are delineated by solid, vertical lines. Events in the tagged sample are in
(a), (c) and (e). Lifetimes obtained for these are shown in (f). (b) and (d) are the disjoint, untagged events.

1) Our convention is that CP|D?) = +|D0).
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In each case, similar selection criteria were applied
to the K=7t* decays as to their CP-even counterparts
so that systematic uncertainties in their lifetime ra-
tios would be minimized.

Distributions of the invariant masses of the D
daughter pairs are shown in Figs. 5(a)-(e). Back-
grounds under the D signals in the tagged sample
were very small due largely to the D* requirement.
The untagged sample was considerably larger, but so
were its backgrounds.

Events in the signal region in each of the decays
were fit to exponential time distributions, convolved
with Gaussian resolution functions, to obtain life-
times for each mode. Results for the tagged sample
are in Fig. 5(f) where the difference in lifetimes for
K7 and KK modes is evident.

Lifetimes for the untagged K~ mt and K-K* sam-
ples also differ significantly

Tg-n+ = (410.3940.38) fs
Te-x+ = (405.8541.00) fs.

In deriving these results, considerable care was taken
to correctly characterize the time dependence of the
main backgrounds, and to include this in the lifetime
fits.

The values for ycp from each sample are given in
Table 2. The results come from completely indepen-
dent samples and analyses, and they agree well. Each
result shows clear evidence for mixing.

The value for ycp resulting from combining the
tagged and untagged samples is also given in Table 2.
Statistical errors were treated as usual for indepen-
dent results, but the systematic uncertainties were
taken as 100% correlated.

Table 2.  Values for ycp obtained from BABAR
lifetime ratio measurements. The tagged re-
sult is for the combined samples of KTK~ and
Tt~ decays. The untagged result comes only
from KTK™. In each case, the first uncer-
tainty is statistical, the second is systematic.
The HFAG result is the world average all mea-

surements.
Analysis ycp Mixing
significance
Tagged [23] (1.2440.3940.13) x 10~2 31c
Untagged [24]  (1.1240.26+0.22) x 102 330
Averaged (1.1640.2240.18) x 1072 410
HFAG (1.10740.217) x 10~2 5.0 0

These results from BABAR represent evidence for
mixing at the 4.1 standard deviation level, and are in
excellent agreement with the world average from the

Heavy Flavour Averaging Group (HFAG) [7].
The value obtained for the asymmetry was

AY =(—0.2640.36 £0.08) x 102,

These results show clear evidence for mixing (ycp # 0)
at the 3.1 o, but no evidence for CPV (AY ~0).

The main sources of systematic uncertainty for
the untagged measurement were uncertainties in the
parametrization of the two backgrounds and smaller
effects arising from the alignment of the vertex de-
tector. The lifetimes were also affected by the choice
of signal window. In both analyses, major systematic
effects that could have influenced lifetime measure-
ments were largely cancelled in the evaluation of the
lifetime ratios.

5 Spectroscopy of the Dy system

The excited Dy spectrum is not yet fully under-
stood. The L =1 mesons in the cs system are thought
to be made up from hydrogen atom-like states shown
in Fig. 6. Doubts on this simple picture persist, how-
ever, since the D7 (2317) and Ds,(2460) states have
masses below DK and D*K thresholds, respectively,
in contradiction to calculations [25-28] that have been
able to correctly predict masses of other Dy and D
systems. Two further states are now believed to ex-
ist with higher masses, the D7 (2710) [29] and the
Dz,(2860) [30]. The former has been seen by the Belle
collaboration, in the DK system from B — DKK de-
cays, and a spin-parity J¥ assignment of 1~ has been
made. The spin of the D*;(2860) is unknown may be
high since it is not seen in B decay.

JP
Jg=32 2+ D,,*(2573)
_ } 1+ D,,(2460) B
- 1* D, (2536)
0+ D.*(2317) ¥

spin-orbit tensor

e ) Ds’(2112)
——— 0 D,(1969)

Fig. 6. L =1 mesons in the cs system.

New scans of the positively charged DK and D*K
systems in the full BABAR data sample from ete~
continuum production near the 7°(45) resonance have
been made [31] and results are described here.

Two DK modes D°(— K-7mt) Kt and D (—
K-ntntt) K5 were included. Five D*K channels, were
selected with D** decays to D%zt and D7 and
D% — D°7t°. Each was identified by a peak at about
0.14 GeV/c? in the distributions of AM, the differ-
ence in invariant masses of the D%t and D° systems.
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D° modes were K~ntt, K-t n® and K-ttt i, and
D* were included only in the K=mtntt mode.

Two separate (DK)* and the combined five
(D*K)* invariant mass distributions are shown, re-

xie
20 @) |
o 10 L = l ]
> [ ]
~ 40 - ! |
I
R ]
S
0 ﬁiﬂ'k;:::’;;

25 3.0
m (DK)+ GeV/c?

Fig. 7.

Events / 20 MeV/c2
NS

spectively, in Figs. 7(a), (b) and (c).

In the (DK)* plots, Figs. 7(a) and (b), events in
which the D meson could be identified as the decay
product of a D* — D7t decay were removed.

X103

w

—_

0
2.5 3.0 3.5
m (D*K)* GeV/c2

Invariant mass distributions for (a) DK™ and (b) DTK$ combinations. Shaded distributions are from

sidebands in the D° daughter invariant mass spectra. In (c) the invariant mass distribution for five charge
combinations corresponding to a positively charged D*K system is shown. D* sideband distributions have
been subtracted. The solid curve is a fit described in the text.

The most prominent feature is the narrow
D;,(2573), indicated by an arrow. The one bin peak
near 2400 MeV/c? is due to Dg;(2536) — D*K decays
in which the D* batchelor pion is missing. (With
J¥ =17, it is forbidden to decay to DK).

Arrows indicate two other peaks, absent from
the D sidebands, in each combination. These are
consistent with interpretation as the DX (2710) and
Dz,(2860), and represent further confirmation of the
former state, originally reported by BABAR in this
decay mode [30] to be at 2688 MeV/c* and seen by
Belle at 2710 MeV/c? in B decay.

In Fig. 7(c), sideband-subtracted invariant mass
distributions for the five D*K modes are com-
bined. Arrows indicate peaks for the D7 (2710) and
Dz;(2860), the first observation of these states in the
D*K system, ruling out J¥ = 0% assignments for
them. Their decays to DK, however, suggest they
, etc.) The helic-
ity angles for these states were also investigated and
confirm this assignment in each case.

A fit to the mass spectrum in Fig. 7(c) was made.
The background was parametrized with a threshold
function that provided a good description of the MC

have natural parity (17,2%, ...

| sample, generated without these resonances. This is

shown as the solid line in the plot. Masses and widths
of Dz, (2710) and D7,(2860) from this fit agree well
with those from the DK spectra.

A further, broad peak above this background is
indicated by the third arrow at a mass of about
3.04 GeV/c®. Tt has a significance of 6 o. This is
not seen in the DK spectra.

A combined fit to the DK and D*K spectra was
made with this new peak added as an S-wave BW
resonance in the D*K system. Masses and widths of
the D7, (2710) and D;(2860) were constrained to be

Table 3. Breit-Wigner mass Mo and width I'g
parameters obtained in a combined fit to
DK and D*K invariant mass distributions de-
scribed in the text. The first error is statistical
and the second is the systematic uncertainty,
estimated from the variety of parameters ob-
tained from fits to individual sub-systems and
from variations in the selection criteria.

state Mo/ (MeV/c?) To/(MeV/c?))
D, (2710) 2710427112 14947139
D7;(2860) 286242 T3 484+3+6
D45 (3040) 3044 +87130 239435175
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the same in both systems and their spins to be, re-
spectively, 1 and zero. The resulting masses and
widths are summarized in Table 3.

These data were also used to determine the

branching ratios I'(D*K)/I"(DK):

D?,(2710) : 0.9140.13g45¢ %0124y,
D2;(2860) : 1.10%0.15g¢5¢ +£0.19gy¢.

6 Summary and outlook

BABAR has reported four observations providing
significant evidence for oscillations in the D°DO sys-
tem. The HFAG has included these, with other mea-
surements of mixing observables by Belle, CDF and
earlier experiments to estimate values for the under-
lying mixing parameters [7].

z=0.98"02%, y=(0.834+0.16)%,
lg/p| =0.87701%, du=—8.5717°,
Oxn = 26.4798° Sy = 14872022,

The combined result indicates that mixing occurs
with a significance in excess of 10 0. There is, so far,
no evidence for CPV.

These results may not, per se, provide evidence
for NP, but the value for x is at the high end of SM
estimates. The existence of mixing, however, and its

more detailed study lay open the possiblity to observe
CPV and NP in the future generation of experiments.

Our understanding of D spectroscopy is im-
proved with the new results from BABAR, but signif-
icant questions remain. Why are the DZ(2317) and
D,;(2460) masses so low, if they are simply ¢§ mem-
bers of the L = 1 level, while the corresponding cu
and cd states are not. Is the D, (2710) the radial
excitation of the D*(2112)? What is the spin of the
Dz,(2860) and where does it fit in?

In both charm mixing and in spectroscopy, the
best results are yet to come from BABAR and from
Belle. The answers to many of these questions, how-
ever, may have to await the results from LHCD,
BES III, Panda and SuperB/Belle2.
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