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Abstract
Data from BEBC experiments are combined to provide large statistics for neutrino inter-
actions. Charged D* mesons are produced in (1.22+0.25)% of neutrino and (1.01+0.31)% of
antineutrino charged current interactions. The mean fraction of the hadronic laboratory energy
taken by the D** in these events is 0.594:0.0340.08. Less than 18% of all charged D* mesons

from (anti)neutrino interactions are found to be daughters of D**° (at the 90% confidence level).
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1. Introduction.

This paper studies inclusive production of charmed vector mesons, D**(2010), in neutrino
and antineutrino charged current interactions. The observed D** mesons are then used to
search for production of orbitally excited cu states, the D*** mesons!. The existing neutrino
data on D** are restricted to a few bubble chamber experiments with limited statistics [1]-[3],
while the D**® has not previously been investigated. However, we observed the production of
the strange counterpart of the D** states, the D?*(2536) meson, by neutrinos[4]. Strong decays

of two distinct D**° meson states

D=°(1*) — D*t(2010) =~
D=°(2*) — D**(2010) =~
— D%(1869) 7~

with respective masses near 2420 and 2460 MeV and both widths around 20 MeV have been
*e~ and photoproduction experiments (see [5] and references therein).

This study combines the data of three neutrino experiments using the bubble chamber BEBC
filled with hydrogen and with deuterium (the light fills) and with a heavy neon-hydrogen mix-
ture. The three CERN experiments WA21 [6], WA25 [7], and WA59 [8] used a very similar
wide-band horn-focussed beam, with mean neutrino- and antineutrino-induced event energies
near 53 and 40 GeV, respectively. The combined charged current sample of the three experi-
ments 1s some 52 500 neutrino and 42 700 antineutrino events with muon momentum over 5
GeV/c and neutrino energy over 10 GeV, as shown in table 1.

observed in e

As the secondary vertices from weak decays of charmed particles are not resolved in the
bubble chamber, one has to rely on the combinatorial mass selection of their decay products
usually involving strange particles. Note that while the neutral kaons are identified in the bubble
chamber by the K? — 717~ decays, the charged kaons are, on the whole, indistinguishable from
pions. The kaon hypothesis is tried combinatorially for all charged particles unless identified
otherwise.

2. Selection of D° and D** candidates.
The D**(2010) decay

D*t(2010) — D°(1864) n*

with subsequent D° meson weak decays

is selected by triggering on the near-threshold kinematics (or slow pion) of the D** — D%zt
decay.

If the candidate D° decay products are called X°, then the candidate is selected when the
measured mass difference

r=m(X%7T) — m(X°) — m(zt)

is within 2.5 standard deviations of that for D** — D%zt (5.85 MeV). Both the experimental
error on r, o,, and the phase space increase steeply toward higher r values, resulting in a

!Charge-conjugate states are implied throughout this paper for production by antineutrinos.
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Table 1 The numbers of charged current events used after the selections for the muon and
neutrino energy.

experiment target neutrinos | antineutrinos
WA21 hydrogen 17910 12414
WA25 deuterium | 25171 15467
WAS59 neon 9420 14846

high level of combinatorial background from the high-r region. To reduce the latter, for r
values in excess of 5.85 MeV, o, is computed after rescaling the slow pion 3-momentum to fit
the correct value of the mass difference. (The rescaling effectively fixes the 77 momentum in
the D° frame but not its angles there. However, we have verified that the ‘rescaled’ error on
r is virtually insensitive to these angular degrees of freedom. For definiteness, the rescaling
procedure used therefore does not change the 7% angle in the D° rest frame.) The error on r is
thereby significantly reduced, as is the combinatorial background (by a factor of some 1.4 for
the combined event sample). A posteriori, this procedure is justified by non-observation of a
significant leakage of the signal into the mass-difference sidebands (see Fig le below).

When X°is a K~n" or K~ ntn~n" combination, then those combinations with the K~
emitted in very forward or backward directions in the X° rest frame with respect to its boost
direction from the laboratory system, |cosf| above 0.9, are dropped. The D°® being spinless,
the acceptance of this cut is 0.9. When X° is K?7Tn~, the mass of the K%~ is required
to be within £60 MeV of the K*~ central mass value. When X° is K~ ntr 7%, the higher-
*7r~ pair is required to be in the p mass region of 0.70-0.85 MeV (corresponding to the
width of the p resonance). From ref. [9], we estimate that the acceptance of this selection

mass

1s near 0.47. Even with this tight selection based on the observed resonant structure of the
D° — K—ntr 7t decay, the very high combinatorial background in this channel necessitates
a strong cut on the D* fractional hadronic energy (see below).

On the other hand, the precision on m(X?°) for the K~ntr 7" channel (about +£19 MeV
on average) is better than in the two others (about +29 MeV). For the light-fill data only
the corresponding precisions are +16 and +24 MeV, respectively. The mean uncertainty on
the mass difference r is about +1.1 MeV for all the data and +0.8 MeV for the lLight-fill
data only. To improve these mass resolutions, only final state charged particles (or K?) with
fractional momentum error below 0.1 have been used for the precisions quoted and throughout
the analyses below: a small correction for this loss is made when appropriate.

3. D** production.

The mass distributions of the selected X° = K~n" and K277~ combinations tagged by a
slow pion (i.e. passing the mass-difference selection with an additional 7*) are plotted in Fig
1. An enhancement is indeed observed near the D°(1864) mass.

The ‘detachment’ is the mass difference divided by the computed uncertainty on m(X?),
[m(X°®) —m(D°)]/om, plotted in Fig 2a which verifies that the width of the peak is compatible
with the experimental resolution. No enhancements are observed in the m(X?) distributions
with either a wrong-sign slow pion (Fig 1d), or with a right-sign pion in the mass difference r
sidebands between 2.5 and 5 standard deviations (Fig le). As expected, the width of the D°
peak is reduced as soon as only light-fill data are considered, the shaded entries in the figure.

To gain an insight into the dynamics of D** production, we then correct the visible
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Figure 1: Mass distributions of K~ and K%7" 7~ combinations tagged by a slow pion (shaded
plots are the light-fill contribution) for (a) neutrinos; (b) antineutrinos; (¢) v and 7 combined;
(d) the same but with a wrong-sign slow pion; (e) the same but with the mass difference r in

the sidebands.

(anti)neutrino energy of the peak events for the undetected neutrals using
! !
E,=P,+R-P,

Here Pll‘ is the longitudinal momentum of the muon and P} of the measured hadrons. R
is the ratio between the mean value (for the selected events) of the transverse momentum
(with respect to the neutrino direction) of the muon, P;, and the mean value for the detected

hadrons PZ’in (in the neutrino-muon plane, with gammas and reinteractions of neutral particles
excluded). For the peak events (within 2.5 deviations of the D° mass in Fig 2a) we obtain the
value R = 1.22 £+ 0.16 leading to a significantly smaller energy correction than that previously
found for the inclusive charged current sample, see ref. [10]. This is compatible with the D**
meson carrying the bulk of the event hadronic energy, so that only the remaining bit has to be
corrected.

For the mean fractional hadronic energy of the D** meson in the laboratory system , we
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Figure 2: The ‘detachment’, [m(X°) —m(D°)]/om, (shaded plots are the light-fill contribution)
for: (a) the two channels X°® = K~ 7t and K?7rtr~ (as in Fig 1c); (b) for these two channels
with z* above 0.5; (¢) including K~ #nt#x~ 7", with z* above 0.5.

find:
< 2" >=10.59 £ 0.03(stat) £ 0.08(syst).

The systematic error is estimated by increasing and decreasing the R value by one standard
deviation. The < z* > value may be compared with < z >= 0.61 & 0.04 for the pseudoscalar
D mesons as measured in an emulsion experiment[l11], and with < z* > near 0.5 for the
fragmentation of a 45 GeV charmed quark into a D** meson[12],[13].

The detachment is plotted for the two channels with X° = K~7" and K?7Tn~ in Fig 2a
and for the remaining events with z* above 0.5 in Fig 2b. The bulk of the signal is seen to have
z* above 0.5. The requirement that z* be above 0.5 both selects most of the D** signal and also
strongly suppresses the background to the D° — K~ ntn~nT decays. These 4-body decays are
expected to effectively double the observed signal, but the combinatorial backgound for all z* is
too large. Therefore the data including all three available D° decay channels (K ~nt, Kon x|
and K~ ntn ") is selected with the requirement that z* be above 0.5. The corresponding
detachment distribution (Fig 2c) verifies that the resolution for the mass peak shown in Fig
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Figure 3: Mass distributions of the X°® = K7+, K%r*x~ and K~ nTn 7t combinations with
z* above 0.5 tagged by a slow pion (shaded plots are the light-fill contribution): (a) neutrinos;
(b) antineutrinos; (c¢) v and ¥ combined; (d) the same but with a wrong-sign slow pion; (e) the
same but with the mass difference r in the sidebands.

3c is satisfactory. The light-fill contribution to the peak has a smaller width (shaded parts of
Figures 2 and 3). The corresponding wrong-sign and wrong-difference backgrounds (Figures 3d
and 3e) are featureless. (A higher level of the latter background is due to a steep increase of
the phase space toward higher values of the mass difference.)

For the neutrino and antineutrino components of the peak in figure 3 (with z* above 0.5), we
obtain < zp; >=0.20£0.03 and 0.11+0.02, respectively, suggesting production from sea quarks
by antineutrinos. The mean neutrino and antineutrino energies in the peak are 70.04+8.6 and
60.64+8.2 GeV, respectively, exceeding the means for all charged current events as expected for
charmed particle production.

For the determination of the D** production cross-section, the overall z* range is split
into the events with z* below 0.5 and those with z* above 0.5. For the former, only the
D® — K~n%, K2nTn~ decays are considered. For z* above 0.5, all three D® decay modes are
used, see Fig 3. The corresponding detachment plots are fitted to a sum of a linear background
and a Gaussian with the position fixed at zero and width fixed to unity. (The latter values
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Figure 4: Distribution of the mass, m(X°rt7~)—m(X°r")+m(D*"), of the D** 7~ candidates
with z** above 0.5, (with m(X?) within 2.5 deviations of m(D®) and X°n*t passing the D**
selection): (a) no helicity angle selection (see text); (b) for the D*°(2420) with |cos8| > 0.6;
(c) for the D**°(2460) with |cosB| < 0.4. The arrows indicate the D**® masses from reference
3.

are compatible with the results of a fit treating them as free parameters). The dominant
contribution to the cross-section comes from the z* above 0.5 region. The fit to Fig 2¢ gives
45.6+7.4 events in the peak between -2.5 and 2.5 and a background of 8.44+1.1 events. A similar
fit to Fig 3c gives the mass of the D° to be 186243 MeV.

The D** production rates per charged current interaction with an isoscalar target are es-
timated as (1.2240.25)% and (1.014+0.31)% for the neutrinos and antineutrinos, respectively.
Here the measured D° and D** [14] branching fractions are used. The rates are corrected for
the non-isoscalarity of the hydrogen target whereby the neutrino and antineutrino production
rates are effectively decreased and increased, respectively, by about 9%. The signal in the neon
contribution is corrected for the loss due to the fractional momentum error cut. Our neutrino
rate agrees with the previous measurement of (0.991955)%[3] using the WA21 data included in
this analysis, but not the D® — K?r*7~ decays. The antineutrino production rate is lower
than (4.241.3)% as reported in an early measurement[2] by 2.3 standard deviations.

4. D*° production.

The search for D**® — D*tn~ decays uses D** with all three available D® decay channels.
We form the (X°n )7~ combinations scanning the remaining 7~ mesons, with the X%zt com-
bination passing the mass difference selection and m(X?°) within 2.5 standard deviations of the

D° mass. The fractional hadronic energy of the (X%z+)r~, 2**, is required to be above 0.5,
which is a similar selection to z* above 0.5 for the reference D** sample. Fig 4a shows the



‘precision’ mass,

m'(X07r+7r_) = m(X07r+7r_) — m(X07r+) + m(D*+)

This is used because the precision achieved for m’ is as good as some +7 MeV due to the
cancellation of most measurement errors, and is less than the natural widths of the D**? states.)

Some candidates in fig 4a are observed near both the 11(2420) and 2%(2460) masses. To
reduce the background, we use the ‘helicity angle’, 3, between the D** daughter 7~ and the
D* daughter 7, as measured in the D* rest frame. With both 17 and 2% decaying into D*w
in the d-wave, the distribution in cos8 behaves like (1 + 3cos?) for the 17(2420) decays,
and sin®B for the 21(2460) decays[5]. The selection |cosB| > 0.6 used in Fig 4b emphasizes
the 17(2420) production (acceptance 0.59), while the selection [cosB| < 0.4 used in Fig 4c is
aimed at 2%(2460) production (acceptance 0.57). Under these selections, we are left with no
17(2420) candidate and a single 2%(2460) candidate. (The latter is an antineutrino event in
deuterium with the possible decay chain D**°* — D*~nt, D*~ — D%t~ and D° — K7t with
m(X°) = 1875 + 20 MeV, mass difference r = 6.9 + 0.8 MeV, and precision mass m’' =2466+7
MeV.)

The fit to fig 2¢ yielded a signal of 45.6+7.4 observed D** decays in the reference sample,
from which we obtain the two following 90% confidence level upper limits. The number of
D**%(2420) with z** above 0.5 is less than 10% of the number of D** with 2* above 0.5. With
the same z selections, the number of D**°(2460) is less than 18% of the number of D**. For
the likely assumption that the z distribution of the D** is not softer than that of directly
produced D*, these upper limits apply to the fractions of all produced D** mesons which could
be daughters of D**°(2420) and D**°(2460), respectively.

Further assuming that the ratios of D**° to D*T production are equal for neutrinos and
antineutrinos and using their respective charged D* production cross-sections as estimated
above, the 90% confidence level upper limits for the D**%(2420) production rate per charged
current interaction times the D**°(2420) — D*Tx~ branching fraction are 0.15% for neutrinos
and 0.13% for antineutrinos. The corresponding upper limits for D**°(2460) are 0.27% and
0.24%, respectively.

Alternative D**%(2420) decay channels include D*°z° and, possibly, various Drw and D*rw
final states (note that the 17 — D, Dy decays are forbidden by parity). If Drm and D*nw de-
cays can be neglected, the above upper limits translate into those of less than 0.23% (neutrinos)
and 0.20% (antineutrinos) for the D**°(2420) production rate per charged current interaction.

Surprisingly, our study[4] based on the same experimental data indicates that the strange
counterpart of D**°(2420), the heavier D:**(2536) meson, is produced more abundantly by
neutrinos than are the D***: with a lower neutrino energy cut of 10 GeV for comparison with
the present analysis instead of 20 GeV as in reference [4], as well as updated D° branching
fractions[14], the D:*(2536) rate per charged current interaction is estimated as (0.854+0.38)%
for neutrinos (with 8 events seen), and less than 0.40% (at 90% confidence level) for antineu-
trinos where only one event was found.

5. Conclusions.

From the combination of data from three high-statistics neutrino experiments using BEBC
and the CERN wide band neutrino beam we conclude:
— The rates of charged D* meson production per charged current neutrino and antineutrino
interaction on an isoscalar target are (1.22+0.25)% and (1.01+0.31)%, respectively.
— The mean fractional hadronic laboratory energy of the charged D* is 0.5940.034+0.08.
— No candidate is found for D**°(2420) and only one possible candidate for D**°(2460). Upper



limits of 10% and 18% (at the 90% confidence level) are found for the fractions of all produced
charged D* mesons which come from D*r decays of the D**°(2420) and D**°(2460) mesons,
respectively. We conclude that no more than 18% of all D** mesons produced in (anti)neutrino
interactions come from the D**® decays at these neutrino energies, while at LEP this fraction

was measured as (184+54+2)%[12].
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