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PROCEEDINGS

CP violation and D°-D° mixing in charm
photoproduction at Fermilab
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ABsTRACT: FOCUS is a high statistics photoproduction experiment at Fermilab. Among
the many results that are being obtained in the context of the CP violation issue, we mea-
sured the values of the D° D lifetime mixing parameter y.,(= AT'/2T') and compared the
double Cabibbo suppressed amplitude Ry s to the measurement of CLEO-II. We com-
pared also particle antiparticle asymmetries in decay channels such as D* — K~ K+xt,

D° - K—K*, D% - =7t to other experiments.

1. Introduction

FOCUS is a high statistics photoproduction experiment at Fermilab. It collected over 7
billion triggers and fully reconstructed about 1.5 million charm decays; therefore it offers a
very high sensitivity to investigate rare charm phenomena or eventually probe New Physics.
For D°-D° mixing and CP violation in charm decays, the Standard Model predicts rates
orders of magnitude below the sensitivities of current experiments[l]. Mixing occurs when
the weak eigenstates (D§ and D$) have different masses and/or differnt total widths. Direct
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CP violation is investigated by looking at particle antiparticle asymmetries in several decay
channels such as Dt — K-K*nt, D - K~-K*, D° — n—xt. In single Cabibbo
suppressed D decays, the penguin diagrams may provide the different phases of the two
weak amplitudes and the direct CP violating asymmetries for these processes are expected
to be at most 1073[2].

The analysis presented here is mostly based on full data samples collected by the
experiment during the Fermilab 1996-1997 fixed-target run with photons of E,, ~ 180
GeV in a segmented BeO target, using an upgraded version of the E687 spectrometer[@ﬂ.
The vertex detector [16 layers of silicon microstrips: four (x,y) interleaved with the tar-
get segments and 12 (x,y,u) downstream| provides excellent time resolutions o, ~ 30 fs.
Charged particle momenta are measured from their deflections by two analysis magnets of
opposite polarity and the hits left into five stations of multiwire proportional chambers.
Three multicell threshold Cerenkov counters, two electromagnetic calorimeters, one hadron
calorimeter and two arrays of muon counters provide particle identification.

2. Mixing parameters
The CP conserving mixing amplitude (squared) -i.e. for an initial D°- is written as:

| < DO|D(t) > |2 ~ e T [1 4 ATt - 25 cos(AM?)] (2.1)

being: I' = (I'y + I'y)/2 the total decay width; I'; » the widths of the C'P = %1 states and
ADM their mass difference .

Defining = 2 and y = 55, in the case of |z|,|y| small, one can write the mixing
amplitude as:
4
Apin = L2 Pr e (2.2)

Integrating | Aiz|? over time, the rate for the mixing process is described by:

Fmiav _ :UQ + y2

Rpiz = (2.3)

Upper limits on Ry, (e.g.: 95% confidence level) draw circles in the x,y plane. Mea-
surements of R, from AM require accuracies in AM out of reach (less than 100 peV or
s0); measurements of R,;, from AT, require very good lifetime measurements. Measure-
ments of R,,;, are often performed by using semileptonic decays and looking at the wrong
sign (hereafter WS) leptons. The particle-antiparticle ambiguity is solved by selecting the
decays D** — D°z%| able to discriminate what D is produced. Contrary to neutral
kaons, hadronic charm decays are complicated by doubly Cabibbo suppressed (hereafter
DCS) channels which add a term to the box diagram, as well as a new strong phase ¢
(relative to the Cabibbo favoured decay). The decay amplitude Ry g is then written as:
$/2 + y/2 E]el“t

2 2

where 2’ = xcosd + ysind and y' = ycosd — xsind. When the mixing effects are very small,

Rws(t) = [Rpcs +y'Tty/ Rpes + (2.4)

the branching ratio Ry g is close to Rpcg of the DCS decay.
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3. Lifetime mixing

The y parameter can be evaluated by measuring the lifetimes of pure CP states. Assuming
CP conservation, ¥.,, depends upon the width asymmetry AI' between the CP = +1
states. The discovery of two CP eigenstates, say D{ and D$ similar to the K7 and Kg
states, is important ”per se”, independent of CP violation.

FOCUS measured y., using the decay D° — K~ K+ as CP = +1 state and the CP
mixed state D° — K~ n". Assuming K~ 7t as an equal mixture of CP = %1 states, yep
can be written in terms of the two lifetimes:

Fcp—even - I‘cpfodd - T(DO — K7T)
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Figure 1: Mass and time distributions: a)- mass for 119738 D° — K~ 7T events; b)- mass for
10331 D° — K~ K events. Vertical lines show the selected signal and sideband regions for lifetime
and y., fit; c)- reduced proper time ¢ distributions for D° — K~ K™ (upper) and D° — K+
events. The distributions are background subtracted and include small Monte Carlo corrections.

To get 7(D° — KK) with an error of ~ 1% one needs at least 10,000 events in
the Cabibbo suppressed channel D® — K+K~. Fig. il shows the mass distribuition for
D° — K—rt (fig. 1a) and D° — K—nt (fig. 1b). Fig. iic shows the 2 reduced proper
time distributions, with the binned-likelihood simultaneous fit using y., and 7(K~7") as
free parameters. The fit (20 bins, 200fs wide) spans over more than 67(K 7"). The
values obtained arefh]: ye, = (3.42 £1.39 £0.74) and 7(K 7") = (409.2 & 1.3) fs (the
systematic error is nor relevant here). B. Yabslev[6] presented in this Session the BELLE
value )0.5 &+ 1.0 = 1.0)%. The new average of y., is definetly compatible with zero. It is
important at this point the measurement of BaBar.

4. Wrong sign and doubly Cabibbo suppressed decay

Starting with over 200,000 D* events, FOCUS measured the WS branching ratio: D° —
K*7~ or D° — K7t relative to their right sign (RS) decays. The sign of the D* identifies
unambiguously the C state of the neutral meson but this choice reduced significantly the
statistics. The event selection depends upon the capacity of separating pions from kaons.
The relevant backgrounds are: D° — ntn—; D° — KTK~; partially reconstructed D’s
and doubly misidentified D° — K decays. When the mass of the pion and the kaon are
interchanged -leaving unchanged their charge- the final state produces a broad peak in the
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AM = M(D*)— M(D°) distribution at the charm mass. The AM vs M (K) scatter plot
was divided into 80 AM bins, each 1 MeV wide, and the K7 mass distributions (RS and
WR) were fitted in each bin the with the above backgrounds evaluated by MOntecarlo[7].
The result is shown in fig. da; from the fit we get (149 & 31) WS events compared to
(36,760 + 195) RS events. This provides a Branching Ratio:

I(D° — K*r™)

Rws = = (0.405 £ 0.085 4 0.025)%. 4.1
I'(D° — K—7) ( ) (4.1)
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Figure 2: a) The D° — K7~ mass difference distribution with the signal and background

contributions shown. b) Rpcs plotted as a function of y’. Contours are given for two values of x’
covering the 95% CL of the CLEO result.

The time evolution for the D° — K7~ decay is given by equation (2.4). If mixing is
negligible, the branching ratio Ry g provides a measurement of the DCS branching ratio,
which is expected to be of order tan*d, ~ 0.25%. If mixing is significant, Ry s depends
upon the lifetime acceptance of our analysis. To investigate this point, in a Montecarlo
sample of DY — K ~nt decays, generated with a pure exponential and nominal lifetime,
we re-weighted the accepted events by the ratio of the survival probability provided by its
lifetime given by eq. (2.4) and the probability of the pure exponential. We then obtained
Rpces as a function of 2’ and 3/, which depend on our measurement for Rys and on the
average values < t > and < t? > obtained from our Montecarlo. We determined two bands
in the Rpcs-y’ plane shown in fig. 2b. They correspond to the two values of 2’ which cover
the CLEO 95% CL of || < 0.28. For comparison, the CLEO ranges for Rpcs and y’ are
also shown. The two experiments are compatible, although FOCUS may be suggestive of
a possible y., mixing different from zero.

5. CP violation

To investigate the CP violation issue, FOCUS selected the single Cabibbo suppressed decay
modes: DT — K~ K*nt, D° - K~K*, D° — 7~ n" and their C conjugate states. The
D° flavour is tagged by the D** decays. These decays are normalized to their allowed
modes to correct for the difference in the D - D photoproduction rates.

For instance, for the single Cabibbo suppressed decay mode D° — K~ KT and the
N(D°5K~ K1)

normalizing mode D° — K~ 7% the normalization is written as: n(D) = NS
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Here, N(D° — K~ KT) is the efficiency corrected number of candidate decays. Assuming
that there is no measurable CP violation in the Cabibbo favoured decays, the use of the n
ratio has the additional benefit that most of the corrections due to efliciencies cancel out,
thus reducing the systematic uncertainties.

The CP asymmetries are then written as: A, = (D) =n(D)

n(D)+n(D)’

sl

Table 1: Measured CP asymmetries(10~2) (see Ref.[d] and ref. therein).

Experiment | D* - K- K*nt D°— K K™ D° — n—nt

E687 —-3.1+6.8 +2.4+8.4

CLEO II +8.0 £6.1

E791 —1.44+29 —1.0+£49+1.2 —4.9+7.84+3.0
CLEO HB] +0.06 £2.18+0.84 +1.95+3.22+0.84
FOCUS@] +06+1.1£05 —-01+£22415 +4.8+£3.9+25

In Table & the FOCUS results are compared to those from other experiments. All
values are still consistent with zero but provide a substantial improvement over previous
limits. No evidence of CP violation has been observed; new measurements on charm mixing
will from FOCUS and CLEO as well as B-factories experiments such as BaBar and BELLE
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