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Abstract

A study of the production of L=1 charmed mesons (D** states) has been
performed using four million of Z decays collected by the ALEPH detector at
LEP. D, (JP = 1%) state is observed in the decay channel D*r , and the Dj
(JP = 2%) state in both channels D*x, D7. Since D** states could originate
from b hadron decays in Z — bb or from charm fragmentation in Z — ¢¢ events,
rates are measured separately for b — D;,Dj; and ¢ — D;,D3. No significant
D} production is observed in b hadron decays, while D} production dominates
in charm hadronization.
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1 Introduction

The fragmentation of the charmed quark has been extensively studied through the
D** spectrum at LEP [1, 2, 3]. The spin aspect of hadronization, however, is still a
poorly known subject, experimentally as well as theoretically. The relative probabilities
for producing various spin states in charm hadronization have to be measured. In
the hadronization of charm quarks into charmed mesons, mainly L = 0 states were
supposed to be produced. The first indication for a substantial production of L = 1
states in Z decays came from the discrepancy between measured rates of vector and
pseudoscalar charm mesons [1, 2, 3] and the expected value from simple spin counting.
This question is addressed here where a search for L=1 mesons is presented. This
could be studied at LEP in Z decays where D** are produced either directly in the
fragmentation of a charm quark in the decays Z — cc, or in b hadron decays from
7 — bb process.

Four L = 1 states of the cq system (q = u, d) are predicted, one of total spin 0 (*P,
in spectroscopic notation) called D}, two spin 1 mass eigenstates (' P, and *P;) called
D,, and one spin 2 called D} (*P,). Theses states, commonly called D**, are expected
to decay via strong interaction into D’s and D*'s by emitting a pion. Due to spin-parity
conservation in strong decays, the D; can decay into D*r only, in a combination of D
wave and S wave, whereas the D} can decay into both D7 and D*7 through a D wave
only.

In the limit m¢g — oo, Heavy Quark Effective Theory [4] (HQET) predicts new spin-
flavor symmetries for mesons with a heavy quark Q. In the framework of HQET, L=1
charmed mesons are classified in multiplets, according to their light angular momentum
j. Two states, one of the D, state and the D7, decaying only via a D wave and supposed
to be narrow, are grouped in the doublet j=3/2, while the doublet 7=1/2 consits of two
broad states decaying in S wave, the other D; and the D [5]. In addition, corrections
in 1/mg of HQET allow some mixing between the two D; states.

All the narrow states Dy, D; have been observed. Their masses and widths are

given in Table 1 [6].

Jr Mass Width | Decay modes
(MeV/c?) | (MeV/c?)

DY [ 1+ [2422.2+1.8 | 18973 D*7
D;° | 27 | 2458.9 £2.0 | 23.£5. D7, D*r
DY [ 1T | 2427.4+5. | 28.+8. D*m
D;T | 2T | 2459. + 4. 25.75 D7, D*7

Table 1: Masses and widths of the known L = 1 non-strange charmed mesons.

A direct search for Z — D**X decays has already been performed at LEP by
ALEPH [7], DELPHI [8] and OPAL [9]. The following study uses the statistics collected
by ALEPH between 1991 and 1995, searching for both D*7 and D7 decay mode for
the D** states. The DY, D;° and D3' are fully reconstructed in D*m and D7 decay



modes ':

DY — D*ftx-
D — Dtz ,D*fzx~
D;t — D%t

An attempt to separate the origin of the D**’s (charm hadronization or b hadron
decay) has been made. The higher average momentum of D mesons in Z — cc than
in bb and the distance from the primary vertex of the D** vertex are used to select
separately D** samples from these two processes.

The purity of bb and cc samples reaches 95 %, allowing the measurement of the
production rates ¢ — D;,D; and b — D4, Dj.

2 The D Meson Reconstruction

A sample of 4.1 million hadronic Z decays, collected by the ALEPH detector [10] at
LEP, has been selected as described in [7]. Tracks in each event are grouped in two
hemispheres according to the event thrust axis. D mesons candidates are searched
for in each hemisphere from track combinations with relevant mass hypotheses. The
D° and DY are fully reconstructed in the modes D° — K~ 7%, D° — K ntr =T,
D° - K 7*x% and D™ — K n*x*. Once a D" candidate is found, a pairing with
an additional low momentum track (referred to as w}) is made to reconstruct a D**
through its decay mode D7 ™.

The combinatorial background increases with the number of tracks issued from
the D meson decay, and lies mainly at low D meson momentum. Selection criteria
reduce a large fraction of this background. The main characteristics of the D, D™ and
D** selections (see [11] for details) are summarized hereafter. The invariant mass of a
system combining 2 tracks (D° — K™« 1), 3 tracks (D* —» K nt#x% DT — K~nTn") or
4 tracks (D° — K- 7tn~n") with relevant mass assignment is required to be within two
standard deviations of the D° (D*) mass. A low momentum pion (P < 4.2 GeV/c)
is added to the DY system of 2, 3 or 4 tracks and a D*" candidate is kept if the mass
difference AM = M(w}D°) — M(D°) lies between 143.5 MeV/c? and 147.5 MeV/c%.

Then, the combinatorial background is reduced by exploiting the scalar nature of
the D° and D", and identifying kaon particles using dE/dz measurement in the TPC.
A cut |cos8*| < 0.8 is performed where 6 is the angle between the sphericity axis
of the D%+ system and the D% direction in the D%* rest frame. The kaon track
candidate, which must have a momentum greater than 2.5 GeV/c, is required to have
a dE/dz measurement closer to the expectation for a kaon than for a pion. When
necessary, to further reduce the background contribution, D° and Dt candidates are
selected if associated tracks form a common vertex and if this vertex is not consistent
with the main vertex.

!The charge conjugate states are implicitely considered.



3 The b/c Separation

The ¢ — D and b — D contributions ? are separated, thanks to their differences in D
energy spectrum, and exploiting the separation existing between the main vertex and
the b hadron decay vertex due to b lifetime. The average fraction of the beam energy
carried by a D meson in a Z — cc event is < X2 >.~ 0.5 while in a Z — bb event,
this value is reduced to < Xg >~ 0.3, the W taking a part of b hadron energy in the
decay B — WD.

If the D originates from the Z — cc process, the tracks which belong to the D
hemisphere should come from the primary vertex, except the tracks from the D° or
D* decay. On the other hand, in a decay b — DX, some tracks are issued from the
b hadron decay vertex, and the measurement of their impact parameter [12] should
reflect the large b hadron lifetime. The probability p; that a track was coming from
the primary vertex is calculated for all these tracks except for the tracks assigned to
the D° or Dt particle. A D*t meson candidate will be classified ¢ — D** if the D**
meson fractional energy is greater than 0.5 and if each track in the D** hemisphere,
except D° decay products, are consistent with originating from the primary vertex with
a probability greater than 5%. For the ¢ — D° and ¢ — D™ samples, only a fractional
energy greater than 0.55 is required because this cut has the same effect than the track
probability cut for reducing b contribution, and removes in addition a part of the large
remaining background.

The b — D sample is formed with candidates for which a least one track, except
D decay products, is not consistent with originating from the primary vertex. A slight
cut on the D) meson fractional energy (X2 V greater than 0.25) is performed, in order
to reduce the huge combinatorial background lying at low Xp. To further enhance the
purity in b — D process, cuts on the decay length significance are performed on D°
and D* candidates.

4 The D Meson Samples

4.1 The ¢ — D* Sample

The invariant mass distributions in the charm enriched sample for D** — Dz} channels
are shown in figure 1(a). The D** signals are extracted from these distributions. The
shape of the combinatorial background contributions are taken from the Monte Carlo
simulation, and their size under the peak are evaluated by fitting the spectra outside the
signal region. For D’ — K~nT7 7% and D’ — K~ 7° channel, the signal extraction
is more complicated due to the presence of a tail induced by partially reconstruced
D mesons. For theses channels the total signal shape is taken from the Monte Carlo
simulation and its size under the mass window is extracted by a fit to the data using
both contribution, background and signal. The final sample consist of 10199 + 121
D**t.

The charm purity in this sample, f.,is measured on data by applying a lifetime-mass
tag [12] on the hemisphere opposite to the D** meson. This tag selects b hemispheres
with a 99% purity, and the fraction, fi tag, of D** mesons that survive the b-tag cut

€pb — fb—tag

e Er where €.; and € are the b-tag
CcC

is used to extract the charm fraction f. =

Zhereafter D stands for D°, Dt or D*t



efficiency respectively for b events measured from an unbiased Z — bb data sample,
and charm events taken from Monte Carlo simulation [11] [12].

4.2 The b — D* Sample

The b sample has a higher background contribution from low momentum fake D*’s.
A common vertex is required for the tracks associated to the decays D° — K—n*
and D° - K~ 7t7t7x~ with a projected decay length greater than unity (D° —» K n*
case) or greater than three (D° —» K- nTnt7~ case). For the D° — K~ n"n" channel,
no vertexing cuts are required due to the presence of a neutral track in the decay
products. Instead, the background is reduced by taking into account underlying
resonances ( mainly D° — K~ p*) contributing to this decay channel. D® — K 7*x°
candidates are selected if the (K~ 7*) and (K~ #") invariant masses are in the windows
0.65GeV/c* < M(K 7)) < 1.1GeV/c? and 1.5GeV/c* < M(K™7°%) < 1.675GeV/c? ;
or 1.5GeV/c* < M(K~7%) < 1.675GeV/c* and 0.6GeV/c* < M(K™n°) < 1.2GeV/c*.
The invariant mass distributions in the b enriched sample for D** — D% channels
are shown in figure 2(a). The D** signals and b purity are extracted from these
distributions following the same procedure as for the charm sample. The final sample
consists of 8982 & 112 D** enriched in D** originating from a b hadron decay .

4.3 The ¢ — D Sample

The ¢ — D° D* sample suffers from an important combinatorial background, since in
the D* samples, the reduction of the combinatorial background was mainly obtained
thanks to the small Q value existing in the D** — D%z} decay. For this reason,
the channel D° — K~ 7° is not used in this selection. In addition to a vertexing
requirement, the cut on the D fractionnal energy is raised to X2 > .55. The resulting
invariant mass distributions are shown in figure 1(b)(c). The fractions of combinatorial
background events are estimated from the mass distributions. The samples contain
15206 4 357 D° and 6040 4= 157 DT enriched in charmed mesons originating from the

hadronization of a charm quark.

4.4 The b — D Sample

Only the gold-plated decay channel D® — K~ 7% is considered here. To fight the huge
background and to further enrich in b events, the cut on the projected decay significance
is raised to three standard deviations. After background subtraction, 8603 & 133 D°
are found in the selection window of the mass distribution(figure 2(b)).

5 Search for D — D*n

A search is performed for decays of the DY and D3° into D**mx~. D** candidates
selected as described above are paired with another charged track assumed to be a

pion (referred to as ..). Then a search is performed for a common vertex for the D,
the soft # and the =, tracks.



5.1 c— D**

The charm sample is selected by requiring a D** vertex consistent with coming from the
main vertex within three standard deviations of the decay length resolution. The main
combinatorial background arises from fragmentation tracks associated to a D** meson.
The cosine of the angle 6., between the .. and the D** flight direction in the D** rest
frame peaks at —1 for this contribution which is reduced by requiring cos .. > —0.9.
The final mass difference distribution AM** = M(D**x~) — M(D**) for (D**n")
combinations is shown in figure 3(a) in which the fraction of mesons originating from
the hadronization of a charm quark is 94%.

5.2 b — D**

The b sample is selected by requiring a D** vertex displaced from the primary vertex
by at least two standard deviations of the decay length resolution. No cut is performed
on the cos @, distribution since the contribution from fragmentation track is here less
important due to the fact that the .. track must come from a secondary vertex. The
final AM** distribution in the b sample is shown in figure 6(a) in which the fraction
of mesons originating from b decays is 92%.

5.3 Fitting Procedure and Results

The experimental resolution on AM** is estimated to be 4 MeV/c* from a Monte
Carlo simulation whereas the natural widths of the resonances have been measured to
be about 20 to 25 MeV/c? (see table 1). Enhancements in the mass distributions 3(a)
and 6(a) are observed at expected D; and D; masses. There is no visible contribution
from broad states. Thus, an unbinned maximum likelihood fit to these distributions
is performed using the sum of two Breit Wigner functions (corresponding to D3° and
DY) for the signal and the following three parameters function to parameterise the
background.

dN

Tan ~ AM” —mo) eep(—e(AM —my))

The background shape is given by the form of the distribution of the wrong sign
combination (D**7") obtained from the data in b and ¢ samples (Figures 3 and 6
(b)). The masses and widths are fixed to the measurements given in table 1, the
widths being increased by 2 MeV/c? to account for the experimental resolution.

The fitted numbers of events in the peaks are given in table 2 for the charm sample
and in table 4 for the b sample. The ratio of the two Breit Wigner contributions for
D**° produced in charm hadronization is

ND;O
m = (53 + 7stat + 63yst)%’
while a lower limit of
2 < 20% at 95%CL

ND;O —|— ND(I)

is found for D*** produced in b decays.



The efficiency, €., to reconstruct a D*** once a D*T is selected is obtained from
Monte-Carlo simulation. Nevertheless, in case of partial alignment of the D** with
respect with the boost axis, the efficiency of the cos 8., cut is not well determined in
the Monte Carlo, the simulation containing an isotropic decay of the D**. This D**
angular distribution, of the form 1 + acos®#d,., was extracted from the data in the
charm sample. The total efficiencies are reported in table 3 for the charm selection and
in table 5 for the b selection.

6 Search for D** — D«

As the D is more frequently produced than the D* in DJ decays, it is appropriate to look
for D** decays in Dmw. The selection follows the same procedure as for the D** — D*x
selection, adding a charged track assumed to be pion to the D candidate, and looking
for a common vertex for the combination.

6.1 c — D**

In the charm sample, the D** vertex is required to come from the main vertex as
in section 5. Again, the contribution from fragmentation tracks is reduced by a
cut on the cosf.. distribution. In addition, events with (D°r*) systems compatible
with coming from a D** — D%r} decay are removed. The final mass difference
distribution AM™ = M(Dx) — M(D) for (D°") combinations is shown in figure 4(a)
and in figure 5(a) for (D*7~) combinations. In these samples, the fraction of mesons
originating from the hadronization of a charm quark is 90%.

6.2 b — D**

(D7) combinations in the b sample are also selected in the same way as in section 4
with a rejection of events where a (D7 ™) combination is found to beconsistent with a
D*t — D decay. The final mass difference distribution AM** = M(Dx)— M (D) for
(D7) combinations is shown in figure 7(a), in which the fraction of mesons originating
from a b decay is 96%.

6.3 Fitting Procedure and Results

The right-sign distributions are fitted to a background function, a Breit Wigner
representing the production of the D} and two other Breit Wigner functions taking
into account satellite peaks. In the (D°r™) samples the satellite peaks arise from
the decays D*** — D*z* , D** — D%"/y, where the n°/y is missing, and from
D — D**x~,D*t* — D*x%/y in the (D*7~) sample. The corresponding production
rates for the Dy and D} are derived from the results of section 4 and weighted by the
relative efficiency on the satellite peak over the signal peak deduced from a Monte
Carlo simulation. The fitted numbers of events in the peaks are given in table 6 for
the charm sample and in table 8 for the b sample. In the charm sample, the D**
angular distribution was extracted from data assuming the form 1 + acos?#d... The
overall efficiencies are reported in table 7 for the charm selection and in table 9 for the
b selection.



7 Production Rates

The production rates are extracted from reconstruction efficiencies, branching
fractions * and the measured numbers of D; and D} in the samples. In charm
hadronization, the production rates are found to be :

I'(Z — c/c — D?/D'X)
I'tad
T(Z — c/c — D /D, X)
I'tad
I(Z — ¢/t — D°/D; X)
I'tad
I'(Z - c/c— D;"’/D;_X)

I'traq

B(DY - D"r7) = (0.37 £ 0.075,4; % 0.06,,0)%

B(D;® - D**r7) = (0.41 4 0.075,40r & 0.07,,5:)%

B(D;’ - Dfr7) = (0.64£0.15,, £ 0.11,,,)%

B(D;* - D°rt) = (0.71 £ 0.1640 + 0.13,,.)%

Assuming that the two charge states are produced at the same rate, an average of the
last two measurements leads to

I'(Z — c/c — D;/D,X)

I'traq

B(D; — Dr) = (0.68 % 0.11,40, % 0.10,,,,)%,

which used together with the second measurement gives a measurement of the ratio:

B(D; — D7r)

1.6 £ 04401 % 0.3,y
B(D; — Dr) ot vet

in agreement with the world average of 2.3 + 0.6 [6], while the prediction is about
2.5 [13].

Taking into account the isospin factor of the D** decays, and assuming that only D*7
and D7 decay modes occur, the fractions of D; and D produced in charm hadronization
is found to be :

c— D =(32+09)% c— D;=(94+1.9%

These measurements are in agreement with OPAL: ¢ —» D; = (4.2 4+ 1.5)% and
¢ — D; =(10.4 £5.0)% . They can be compared with the theoretical prediction of
¢ — Dy =3.5%, ¢ > D; =4.7% from [14] based on thermodynamical assumptions
to derive hadron abundances in ete™ collisions, or with the prediction from [15]
¢ — Dy, D} = 17.0% using a simple formulation within string fragmentation to describe
the LEP data. A simple spin counting argument leads to % = 3/5 = 0.6 which
is higher than the measured ratio of 0.34 + 0.12. D** production only has a small
influence on the ratio Py = V/V + P, measuring the relative probability to produce
a charmed vector state among all charmed vector and pseudoscalar states. Indeed,
this ratio is measured to be P;* = 0.55 £ 0.07 for D and D* originating form D**
whereas the inclusive measurement including all sources of D and D* leads to a value

Py = 0.595 + 0.045 [1], very close to Pj*.

3The used branching fractions are: B(D*t — D%}) = 0.683 + 0.014, B(D® — K—=t) =
.0383 4 0.0012, B(D® — K- ntx~x*) = 0.075 £ 0.004, B(D° — K~ x"#") = 0.139 & 0.009 and
B(D* — K-zt xT) = 0.091 & .006.



In b hadron decays, the production rates of D** are deduced to be:

I(Z — b/b — D?/D\X)

B(D? - D 17) = (0.66 + 0.16,44; & 0.12,,5,)%

I'Had

I'(Z — b/b - D;°/D;° X

(Z= /F_’ 2 /D, )B(D;0—>D*+7r—) < 0.13% (95% C.L.)
Had

I(Z - b/b - D;*/D,' X

(Z= /F_’ 2 /Ds )B(D;+—>D07r+) < 0.55% (95% C.L.)
Had

These measurements lead to:

b—D =(46+14)% b—D;<3.9% (95% C.L.)

where the two last results are summed assuming that the two channels Dr and D*x
saturate the D} decay, the statistical and systematical errors being added in quadrature
to set the upper limit. These measurements are consistent with previous investigations
of D** production in semileptonic b decays [16, 17], where the D state production
is suppressed with respect to the D; production rate. Predictions on E:Bigl’j
for semileptonic b decay into D** should be also valid for hadronic two—boéy decay
B — D**r. A recent prediction [18] E:g%;; = 1.55 + 0.15 seems to be disfavoured by
these measurements and other measurements in the semileptonic sector [16, 17]. This
could be an indication that the infinite mass limit in HQET is only approximate and

order Agcp/mep corrections have to be taken into account [19].

made

8 Conclusion

A significant production of L = 1 charmed mesons (D; and Dj states) has been
observed. In charm hadronization, both D, and D} states are produced with production
rates :

c— D =(32+09)% c— D;=(94+1.9)%,

while in b decays, only the D; state is clearly seen:
b— Dy =(4.6+14)% b—D;<39% (95% C.L.)

For the D} state, the ratio of branching fraction into D7 over D* is found to be:

B2 DT) s 0 £ 0.3
B(D; — D7) . Astat T 0. 9gyst
in agreement with the world average of 2.3 + 0.6 [6].

Since the two mechanisms for producing D** are distinct in Z — c¢ and Z — bb,
the relative production rate of the spin 2 state (D) with respect to the spin 1 state
(D;) could be different. Indeed, no significant D} production is observed in b hadron

decays, while D} production dominates in charm hadronization.



0 *0
c Dy D35

| N_,.0 | 216 + 4040t + 30syst | 219 + 40540t + 37syst |

Table 2:  Charm sample, c — D*°X,D*** — D*t*r_: Fitted numbers of DY and
D;° in the AM™ distributions. Systematic uncertainties on these numbers arise
from uncertainties on the widths and masses of the D**, the combinatorial background

parameterisation and the remaining b — D** contribution.

D0 _rl [rd (K=nt)] | D0y [nd (K ntx0)] | D**0ry [nf (K—rtr—rt)]
(%) (%) (%)

EeD* 16.3+1.3 3.8+0.5 10.1 +1.2

Eb_D** 0.74+0.1 0.2+0.1 0.6 +0.1

Table 3: Charm sample, c — D**°X,D*** — D**x__: Overall efficiency of the selection
i each decay channel. €c_p+ s for D** originating from a ¢ quark, and ep_p++ for
D** produced in b decays.

b DY D3?

| N_,0 | 253 & 57stat + 4lsyst | —11 £ 345tat + 11syst |

Table 4: b sample, b — D*°X, D — D**r_,: Fitted numbers of D! and D;°
i the AM™ distributions. Systemalic uncertainties on these numbers arise from
uncertainties on the widths and masses of the D**, the combinatorial background
parameterisation and the remaining ¢ — D™ contribution.



D0 _rl [rd (K=nt)] | D0y [nd (K ntx0)] | D**0ry [nf (K—rtr—rt)]
(%) (%) (%)

EboD 130+ 1.2 22+0.2 6.3+0.7

EeD* 1.8+0.5 0.2+0.1 0.6 +0.2

Table 5: b sample, b — D*°X,D**° — D**x_: Overall efficiency of the selection in
each decay channel. ec_p+ 1s for D** originating from a c quark, and eyp_p++ for D**
produced in b decays.

c Np-
D3

D§+ 159 :l: 35Stat :l: 24syst

Table 6: Charm sample, ¢ — D"X,D** — Dm,.: Fitted numbers of D;O/—I_
i the AM™ distributions. Systemalic uncertainties on these numbers arise from
uncertainties on the widths and masses of the D**, the combinatorial background
parameterisation and the remaining b — D** contribution.

D§+—>ﬂ'j*(K_7r+) D§+—>7T;I-*(K_7T+7T_Tr+) D§0—>ﬂ'*—*(K—W+ﬂ'+)
(%) (%) (%)

EeD* 7.2+0.7 3.5+0.5 4.9+0.5

Eb_D** 0.5+0.2 0.5+0.1 0.4+0.1

Table 7: ¢ sample, ¢ — D" X,D** — Dm,.: Overall efficiency of the selection in
each decay channel. ec_p+ 1s for D** originating from a c quark, and eyp_p++ for D**
produced in b decays.

b Np;

| D3t [ 21 £ 2954at + 14gyst |

Table 8: b sample, b — D**X,D** — Dm..: Fitted number of D5* in the AM**
distribution. Systematic uncertainties on these number arise from uncertainties on the
widths and masses of the D**, the combinatorial background parameterisation and the
remaining ¢ — D** contribution.
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Dyt (K—rt)
(%)

tbop- | 8.0+08

teoD | 0.4+0.2

Table 9: b sample, b — D**X,D** — Dm,.: Overall efficiency of the selection in
each decay channel. e._p+ 1s for D** originating from a c quark, and ep_ p+ for D**

produced in b decays.
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Figure 1: Charm sample: (a) Mass difference distributions AM = M(n}D°) — M (D)
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