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Abstract. Inclusive 7t, KT and (p, p) production is investigated using data recorded by the ALEPH detector
between 1992 and 1994. The momentum spectra and multiplicities are measured separately in Z — bb,
Z — cc and Z — uii,dd, ss decays. The number of protons found in b-hadron decays is used to estimate
the fraction of b-baryons in b events to be (10.2 + 0.7 +2.7)% assuming BR(b-baryon— pX) = (58 & 6)%.
From an additional study of proton-lepton correlations in b events, the branching ratio BR(b-baryon —
plvX) = (4.63+£0.724+0.98)% is obtained. The ratio BR(b-baryon — plvX)/BR(b-baryon — pX) is found
to be 0.080 £ 0.012 + 0.014.
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1 Introduction

The long-standing discrepancy between theoretical pre-
dictions and measurements of the semileptonic branching
ratio of heavy hadrons [1] has been solved by calculations
including higher-order corrections [2]. However, the puz-
zle of the different lifetimes of b-mesons and b-baryons
remains. The ratio of lifetimes 7y, paryon/7Bo is predicted
to be no smaller than 0.9 [3] while present measurements
yield a value of 0.73 £0.08 [4]. Under the assumption that
the semileptonic widths of all b-hadrons are the same, this
ratio can be probed independently by a measurement of
the semileptonic branching ratio of b-baryons and mesons.
Given the experimental measurements of lifetimes, a sig-
nificantly smaller semileptonic branching ratio is expected
for b-baryons than for b-mesons. This expectation is sup-
ported by an OPAL measurement, yielding (7.0+1.2+0.7)%
for the ratio BR(b-baryon — Al X)/BR(b-baryon — AX)
[5].

The measurement of the absolute branching ratio
BR(b-baryon — plX) is presented here!. Its evaluation
requires the knowledge of the overall number of b-baryons
and hence an estimate is made of the b-baryon fraction
fa,, derived from proton production in b-hadron decays.
The ratio R, = BR(b-baryon — pl#X)/BR(b-baryon —
pX) is expected to be a good estimator for BR(b-baryon—
[X). The ratio Ry is compared with the overall semilep-
tonic branching ratio BR(b — X)) which is known more
precisely than the corresponding branching ratio of any
specific b-hadron state.

For the evaluation of f,, b events are selected with
the help of a b-tag algorithm, and protons are statisti-
cally identified by their specific energy loss in the detec-
tor. The main difficulty is to distinguish protons produced
in b-hadron decay from those from fragmentation. The
method used here is based on the impact parameter of
the tracks and their angle with respect to the thrust axis.
The two variables are independent and display good sep-
aration power between leading and non-leading particles.

! Charge conjugated modes are always included if not stated
otherwise
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In parallel to the search for protons from b decays,
charged particle production is studied in 7 — bb, Z —
cc and Z — ui, dd,sS events separately. The momentum
spectra are measured for pions, kaons and protons and the
corresponding mean multiplicities are calculated. These
measurements are important to shed more light on the
fragmentation of quarks and gluons into hadrons. At the
same time, the measurement of the rates and momentum
spectra of particles produced in b-hadron decays helps to
assure a correct description of the weak decay of b-hadrons
in the Monte Carlo simulation.

The following sections describe the detector and its
performance, event and track selection, particle identi-
fication with dE/dz, the selection of b decay particles,
proton-lepton correlations and the systematic uncertain-
ties of the analysis. Conclusions summarizing the results
are given at the end of the paper.

2 The detector

The ALEPH detector is described in detail elsewhere [6,7]
and only a brief overview of the most relevant parts for
this analysis is given here.

The momentum of charged particles is measured in
three concentric tracking chambers. The innermost is the
vertex detector consisting of two layers of double sided
silicon microstrips with radii of 6.5 cm and 11.3 cm, re-
spectively. The spatial resolution for the r¢ and z projec-
tions is 12 ym at normal incidence. The vertex detector is
surrounded by the inner drift chamber (ITC) with eight
coaxial wire layers. Outside the ITC, the time projection
chamber (TPC) provides up to 21 three-dimensional space
points per track. The TPC has inner and outer radii of 30
and 180 cm and is 2.2 m long. The three tracking detectors
are placed within a superconducting solenoid providing a
magnetic field of 1.5 T, and together give a transverse mo-
mentum resolution of o(1/pr) = 6 x 107%(GeV/c)~! for
high momentum tracks (pr in GeV/c). The TPC also pro-
vides up to 338 measurements of the ionization loss of a
track and is essential for the identification of charged par-
ticles. The specific energy loss dE/dzx is estimated from
the truncated mean of the usable samples associated with
a track, discarding the lower 8% and upper 40% of the
samples. For an electron with the full complement of mea-
surements at a polar angle of ©® = 45°, a resolution of
4.5% is achieved. About 88% of all tracks have at least 50
dFE/dz samples. A more detailed description of the ALEPH
dE/dz measurement can be found in [7] and [8].

The TPC is surrounded by a lead/proportional-cha-
mber electromagnetic calorimeter segmented into 0.9° x
0.9° projective towers and read out in three sections in
depth with an energy resolution of o(E)/E = 0.18/VE +
0.009 (E in GeV). In the electromagnetic calorimeter elec-
trons and photons can be identified by their characteris-
tic longitudinal and transverse shower developments. The
iron return yoke of the magnet is instrumented with
streamer tubes to form a hadron calorimeter and is sur-
rounded by two additional double layers of streamer tubes
to aid in muon identification.

The ALEPH Collaboration: Semileptonic branching ratio BR(b-baryon — plvX) in Z decays

5

dE/dx
»~
T
o

10 p [GeVIc]

Fig. 1. The mean dE/dz of a sample of 20 000 tracks as a func-
tion of their momentum. The energy loss of minimal ionizing
particles is normalized to one

The interaction point is reconstructed on an event-by-
event basis using the constraint of the average beam spot
position [7] resulting in an average resolution of 85 pm for
Z — bb events, projected along the sphericity axis of the
event.

3 Event and track selection

The data used in this analysis were recorded by the ALEPH
detector during the years 1992-1994. The selection of
hadronic events is based on charged tracks and is de-
scribed elsewhere [9]. Only events with a thrust axis fulfill-
ing | cos Oiprust| < 0.85 are taken into account leading to
about 2.3 million selected hadronic Z decays with a resid-
ual contamination from Z — 77 determined from Monte
Carlo to be 0.3%. Further cuts are applied on the qual-
ity of the tracks in these events. Each track must have at
least four measured points in the TPC and at least 125
single dF/dz measurements. The tracks must originate
from within a cylinder of radius 2cm and length 20 cm
centred on the nominal interaction point. The polar angle
of the tracks must satisfy | cos0yqcr| < 0.85 and a mini-
mum momentum of 300 MeV/c is required. To avoid pro-
tons arising from interactions with the detector material,
only negatively charged tracks are selected for momenta
lower than 3 GeV/c.

4 Particle identification

Charged particles are identified by their specific energy
loss in the TPC. Fig. 1 shows the truncated mean dE/dx
as a function of the momentum for selected tracks from
hadronic events. The number of pions, kaons and pro-
tons are obtained from the tracks’ dE/dz distribution
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by means of an extended maximum likelihood fit. The
probability density, G/(dFE/dz), for a given particle with
a measured energy loss dF/dx under the particle hypothe-
sis j = m, K, p, e, 4 has been parametrized in a similar way
to [8] but for this analysis a ‘bifurcated” Gaussian has been
used to allow a better description of the asymmetric tails
of the dE/dz distribution:

2
V2r(oy + o)
(dE/dz — (dE/dx)] )
X exXp <_ > ’ (1)

GY(dE/dx) =

2
2O-i

with o4 = o_ for dE/dx < (dE/dx)!

ixp and oy = o for
dE/dz > (dE/dz)l,, while (dE/dz){,, stands for the
expected energy loss under the particle hypothesis j. The

o4+ and o_ are parametrized as

04+ /{(dE/dx)exp = Ao_/{dE/dx)exp
= Aogn, P72 (<dE/dx>eXp)p3 ) (2)

Fig. 2. Specific energy loss of selected par-
ticles together with the likelihood fit result in
different momentum bins. The full dots repre-
sent the data, the hatched regions indicate the
different particle fractions and the line is the
overall fit function

with A being a free parameter in the likelihood fit (which
in general is found to be close to one). Here, ng is the
number of single dE/dz measurements, and [ is the nor-
malized mean sample length per measurement. The expo-
nents p are expected to be close to 0.5 [10]. Together with
oo they were determined to be p; = —0.5, po = p3 = —0.4
and o¢p = 0.82 from identified, low momentum particles
[7]. The expected energy loss per unit length (dE/dz)l,
is given by the Bethe-Bloch formula [11], a parametriza-
tion of which was fit to the ALEPH data from all particles
in the low (3 region and from pions at higher momenta.
Muons are not distinguished in the fit as their fraction
is small with respect to the pions and hence it is fixed to
the Monte Carlo prediction. The introduced uncertainties,
mainly on the pion rates, are minor.

For the complete likelihood, the probability density is
first summed over all possible particle types weighted with
the corresponding particle fractions f; (which are — to-
gether with A — the free parameters in the likelihood fit).



210

Then the probabilities of all tracks are multiplied:

e“bqb

- H Z 1,6 (4B /dx' (dB /dx)ii, 050

(3)
The Poisson factor in front represents the probability of
obtaining a sample of size N from a distribution of mean
¢, where ¢ is an additional free parameter in the fit. The
sum of the particle fractions is constrained to one.
Some examples of the likelihood fit results are shown
in Fig. 2 to illustrate the quality.

5 , K and proton production
5.1 Decomposition of the track samples

All selected events are divided into two hemispheres, de-
fined by the plane perpendicular to the thrust axis. On
each hemisphere a b-tag is applied, based on the three-
dimensional impact parameters of the tracks and giving
the probability P,qs for this hemisphere to contain only
tracks from the primary vertex. The performance of the
b-tag is described in detail in [12]. Five intervals of the
b-tag variable P, 45 are defined and all tracks are assigned
to one of these intervals according to the b-tag result of
the opposite hemisphere in the same event. (The opposite
hemisphere is used to minimize a possible bias introduced
by the b-tag.) Using the tracks in each subsample, the like-
lihood fit gives the number of pions, kaons and protons for
50 different momentum bins. For each momentum bin, the
composition of the particles regarding their primary quark
flavour can be described for each of the five b-tag bins
by:

N! = e, NP + €L NS + €l N3
j=mKp;i=1...5 (4)

where NP, N¥ and N are the (unknown) numbers of
plOHS kaons or protons in b, ¢, and uds hemispheres, and
€}, €. and eudq are the fractlons of b, ¢ and uds hemispheres
Wthh fall in the b-tag interval 7. Almost all the fractions
€' can be derived from data following closely the method
described in [12]. To do this, the number of hemispheres

NH' within a specific b-tag interval 7, can be written as

NT' = (6 Ry + €L Re + €hq Rua) N, (5)
with N, being the total number of hemispheres, Ry, the
ratio of partial widths I, 15/ Z—hadrons and with R
and Ryuqs being defined analogously to Ry,. The number

of events N®' with both hemispheres in the same inter-
val 7 is then given in terms of the total number of events
selected, NE,, by

NEZ ( Rb + 6 R + 6uds‘Z%llClS')]\ft%‘t? (6)
with P’ = Xie?? taking into account the correlation be-
tween the two hemispheres (of the order of 10%) by means
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of the factors A\. The \* values are taken from simulations.
With the partial decay widths of the Z fixed to their Stan-
dard Model predictions (as given in [4]) and the constraint
> €hay = 1 almost all fractions can be calculated from
data. Only the three least significant fractions (out of fif-
teen) are fixed to their Monte Carlo predictions.

The number of pions, kaons and protons in Z — bb,
Z — cc and Z — uf,dd,ss (N]'?, N¥, N;ds) is calcu-
lated from (4) for each momentum bin. The resulting mo-
mentum spectra are given in Fig. 7 to 9. They have been
corrected for the effects of geometrical acceptance, track
reconstruction efficiency and interactions in the material
of the detector, using an event generator based on the
DYMU [13] and JETSET 7.3 [14] programs, in which the de-
cay properties of heavy flavour hadrons were significantly
extended. The spectra are normalized to the number of
hadronic Z decays and are the weighted mean of the three
years of data taking. Background contamination of the
hadronic event sample and efficiency of the selection cuts
were determined by Monte Carlo simulation. The back-
ground from Z — 77 decays was subtracted, the back-
ground from ~vy — hadrons is negligible. Gluon splittings
into quark-/antiquark pairs are part of a hadronic events
and therefore not suppressed by the selection of hadronic
Z decays. The expectations of the Monte Carlo, which
was tuned to reproduce global event shape and charged
particle inclusive distributions [15], are indicated by the
overlaid curves. The ‘holes’ in the spectra correspond to
those momentum regions where the dE/dz distributions
of different particle types overlap so heavily that the fit
is no longer sensitive to those particle fractions. These
regions were excluded from the analysis. In the appendix
the spectra are given in tabular form, a computer readable
form can be found at [16].

To measure the number of particles coming directly
from b-hadron decays, the track samples are further clas-
sified. Within each of the five b-tag intervals the tracks
are divided into four classes: tracks with positive impact
parameter, tracks with negative impact parameter, tracks
with |cosa| > 0.975, where « is the angle between track
and thrust axis, and tracks with |cosa| < 0.975. This
leads to 20 different samples and hence, to 20 equations
per particle type, describing the particle composition. In
the following, the index j is omitted for simplicity:

class

i,class __ i class
N® € ( accomp

— %b 6bdecay]\]-bdecay +e
+6i classNC

cla,bs uds
+€uds uds N )

N2 comp)

accomp

(7)

where N®¢25s is the overall number of particles in the
b-tag interval ¢ fulfilling requirement ‘class’ (positive/ne-
gative impact parameter,|cosa| < 0.975/ > 0.975) and
NPiecays Nbvcomps N¢ and N are the number of par-
ticles from b decays, accompanying the b-hadron in b
events, and the number in ¢ events and uds events. The
fraction of particles from b decays satisfying the criteria
‘class’ is indicated by eflass  while egljgfmp, eclass and eclass
are defined analogously. Alflthese fractions are taken from

Monte Carlo simulations. Then Nb and NP can

decay accomp
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1 10 1 10 decays. b the same for the fraction of pro-
Momentum  [GeV/c] Momentum  [GeV/c]  tons with |cosa| > 0.975
be calculated from (4) and (7) if the difference between Table 1. Pion multiplicities in Z and b-hadron decays
eglj‘jiay and eglgzsgmp is sizeable. The separation power of — <
the two variables is shown in Fig. 3, where in (a) the frac- oriem T
tions of tracks with positive impact parameter are given Z—>qq 17.04 4 0.005 =+ 0.31sys
for protons coming from b-hadron decays and for protons Z—uds 16.86 =+ 0.02ar £ 0.52s
accompanying the b-hadron. It can be seen that particles Z —cC 1593 £+  0.07stas = 1.31gys
from b-decays are more likely to have a positive impact Z—bb 1844 £+ 0.03¢at £ 0.63gys
parameter than accompanying particles due to the lifetime bdecay 397 & 002um £ 021,

and the boost of the primary b-hadron. The discrimina-

tion on the basis of |cosa| > 0.975 is shown in Fig.3
and takes advantage of the fact that decay products from
b-hadron decays tend to be more collimated around the
thrust axis (which is close to the flight direction of the

Table 2. Kaon multiplicities in Z and b-hadron decays

b-hadron) than particles from the fragmentation. origin K*
After performing the likelihood fit for each sample, the -

numbers of pions, kaons and protons from b-hadron decays Z—qq 226 £ 00024a £ 0.12,

: Z—uds 214 £+ 0.008stat £  0.13gys
and accompanying the b-hadrons are calculated from (7) 7 _ Y

. . — cc 244 £+ 0.03stat +  0.23sys

for all momentum bins. The resulting spectra are shown 7 5 bb 263 4  0.008 T oo Y
in Fig.10 and 11. Below 1 GeV/¢, the small number of i st e
protons from b decays is not accessible because of the bdecay 0.72 =+ 0.020stas =+  0.06sys
high background from fragmentation protons.
5.2 Multiplicities Table 3. Proton multiplicities in Z and b-hadron decays
The momentum spectra of pions, kaons and protons in origm P b
7 — bb, Z — c¢, Z — uu, dd, sS events, in b-hadron decays Z—qq 1.00 +  0.002stat +  0.07gys
and accompanying the b-hadron in b events are shown in Z—uds 1.04 £+ 0.006stas =+ 0.07sys
Figs. 7 to 11. After extrapolating the spectra over the full Z—cc 087 £ 002 E  0.10s
kinematic range with help of the simulated shapes, the Z—bb 100 =+ 0.007stat =+ 0.08sys
corresponding mean multiplicities can be calculated. The bdecay 0131 + 0.00dwm; + 0.011eye

overall normalization of the Monte Carlo was not used.

The results are given in Tables 1 to 3.
A comparison with results from other ete™ experi-
ments can be found in Tables 4, 5 and 6. In all cases,

the agreement is very good. The proton production in b- tiplicity in b decays from Br(b — IX), Br(b — ¢ — IX)
hadron decays as measured at LEP is found to differ sig- [20] and Br(b — cgs — 1X) [21] to the multiplicities of pi-
nificantly from the 7°(4S) value. Adding the lepton mul- ons, kaons and protons in Table 6, the mean multiplicity
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Table 4. Mean multiplicity of different particles in Z — ¢q
in comparison with DELPHI [17] and OPAL [18]

Mean multiplicities in Z — qq

this analysis DELPHI OPAL
nt 17.04 £0.31 — 17.05 + 0.43
K* 2.26+0.12 2.264+0.18 2.42+0.13
p,p 1.00£0.07r 1.07£0.14 0.92+0.11

Table 5. Mean multiplicities of different particles in Z — bb
in comparison with DELPHI results [19]

Mean multiplicities in Z — bb

this analysis DELPHI
7t 18444 0.63 —
K* 2634+0.14 2744050
p,p 1.00+0.08 1.1340.27

Table 6. Mean multiplicities of pions, kaons and protons in
b-hadron decays in comparison to DELPHI measurements [19]
and to measurements by ARGUS and CLEO in 7'(4S) decays [4].
In contrast to Z decays only BT and B° are produced there,
leading to a significant lower proton production from b decays

Mean multiplicities in b-hadron decays

this analysis DELPHI ARGUS/CLEO
nt 3.97 £0.21 — 4.11 £0.08
K*  0.72+0.06 0.88 +0.19 0.78 +0.03
p,p 0.13140.011 0.141 £0.059 0.08 £ 0.004

18 20
[GeVic]

b decays: data and Monte Carlo prediction.
The Monte Carlo is normalized to the data

of charged particles in b decays is found to be

(np) = 5.24 £ 0.25 . (8)
The result is dominated by systematics and can be com-
pared with measurements of DELPHI [19] and OPAL [22]
which gave (ny,) = 5.84 + 0.38 and 5.51 £ 0.51, respec-
tively.

5.3 The b-baryon fraction f,,

The overall number of protons from b-hadron decay is used
to estimate f,,, the fraction of b-baryons found in b events
near the Z resonance. Assuming that BR(b-baryon — pX)
is considerably larger than BR(b-meson — pX), even a
small fraction of b-baryons will lead to a sizeable increase
of protons in b-hadron decays with respect to the pure
meson sample, as in 1°(4S) decays.

The number of protons from b-hadron decays NN, is
related to the b-baryon fraction as follows

N, = (fa,BR(b-baryon — pX)

+(1 = fa,)BR(b-meson — pX)) Ny, (9)
with the number of b-hadron decays N}, being calculated
from the overall number of events multiplied by 2R}, (using
the Standard Model value for Ry). The equation can be
solved for fj,:

B N, /Ny, — BR(b-meson — pX)
~ BR(b-baryon — pX) — BR(b-meson — pX)
(10)
To extract N,, the measured momentum spectra of b
decay protons is extrapolated from 3.75 GeV/c to zero
using the Monte Carlo prediction as indicated in Fig. 4.
The ratio N,/Ny, is the mean proton multiplicity in b-
hadron decays as given in Table 6. The branching ratio

fa,
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BR(B*,B" — pX) has been measured at the 1'(4S) by
ARGUS and CLEO to be (8.0£0.4)% [4] but BR(Bs — pX)
is unknown. As a conservative estimate BR(Bs — pX) =
(8.0 £4.0)% has been assumed. For the calculation of the
error, a By fraction in b events of (11.2 4+ 1.9)% was taken
from [4].

Since no measurement exists for BR(b-baryon — pX),
it has to be estimated. Naively BR(b-baryon — pX) is
close to BR(b-baryon — nX) and hence about 50%. But
this assumption does not fully hold true, taking e.g. isospin
arguments and the decay via A or X particles into account,
which lead to different branching ratios into protons and
neutrons. As an upper limit one can assume that all b-
baryon decays produce a A and therefore BR(b-baryon —
pX) = 64%. For a lower estimate BR(b-baryon — AX) =
BR(b-baryon — X*X) = BR(b-baryon — X°X) =
BR(b-baryon — X~ X) = 25% has been assumed. This
results in BR(b-baryon — pX) = 45%. The mean value is
(54.5 £ 5.5)%. The error is taken from the standard de-
viation of a uniform probability distribution. The range
is large enough to accommodate contributions from di-
rect b-baryon and c-baryon decays to protons. However,
according to the Monte Carlo, 3% of all b-baryon decays
involve decays into three baryons in the final state. This
contributes an additional (3.3 &+ 1.6)% to the above esti-
mate. Hence BR(b-baryon — pX) = (58 + 6)% has been
used for the calculation of the b-baryon fraction. The re-
sult is

fa, = (10.2 £ 0.7gpar £ 2.26p61 + 1.64y52) %. (11)

Here the first systematic error includes uncertainties re-

lated to the analysis and the second includes the uncer-

tainties related to the branching ratios. The systematic

uncertainties of the measurement are discussed in Sect. 7.

The resulting baryon fraction can be compared to the

value (13.24+4.1)% calculated from BR(b-baryon — A.lvX)
and the b-baryon lifetime [4] and is found to be in good

agreement.

6 Proton-lepton correlation

For the search for proton-lepton? pairs from b-baryon de-
cays, the analysis is restricted to events containing a high
momentum lepton candidate. The selection of leptons
within ALEPH is discussed in [20] and [23]. Electrons and
muons are required to have momenta greater then 2 GeV/c
and 3 GeV/¢, respectively. For this analysis, only tracks
with opposite charge with respect to the lepton candidate
are selected. The angle between the track and the thrust
axis is not used because of possible correlations with the
transverse momentum of the lepton. The selection cuts for
the tracks, as described in Sect. 3, are slightly released to
gain efficiency but a minimum momentum of 4 GeV/c is
required. No b-tag is performed. The presence of a high
momentum lepton candidate enriches the event sample
with b events by almost a factor of three relative to the
nominal b content corresponding to Rp.

2 ‘epton’ stands for electron or muon
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Table 7. Composition of the proton-lepton sample with pro-
tons coming from b-hadron decays. The Monte Carlo predic-
tions for b-baryon — plv X and b — 7opX, T — [Dv have been
reweighted to reflect the lifetime difference between b-baryons
and b-mesons. As indicated, two contributions are fixed within
the fit. No meaningful distinction between the different back-
ground sources could be achieved. Therefore only the overall
number is given here

Composition of the proton-lepton pair sample

Source MC prediction  fit result
b-baryon decays 3071 2987 + 418
b — ccts,c = DX 667 (fixed)

b — 1opX, T — lbv 133 (fixed)

b-meson — ApX, A; = v X 2247

b-meson — plvX 222

b — pX+ fake lepton 1407

Total background 4676 4686 + 643
Sum ey 7673 £ 613

The number of proton-lepton pairs are evaluated from
the dF/dx distribution of the tracks. The impact parame-
ter of the protons are again used to measure their number
in b decays while the pr of the lepton with respect to the
jet axis (calculated without the lepton) is used to identify
the proton-lepton pairs from b-baryons and separate them
from background processes. Possible background sources
for proton-lepton pairs are listed below:

1. Decay of the b quark into c¢s with subsequent semilep-
tonic ¢ quark decay in [~ X. An example is the decay
Ay, — DgpX, Dy — [~ X. Using BR(b — ccs, ¢ —
IX) = (1.3 £0.5)% [21] and BR(b-baryon — pX) =
(58 +6)% about 0.8% of all b-baryons are expected to
contribute to this background. A similar assumption
can be made for mesons. With BR(b-meson — pX) =
8% [4], approximately 0.04% of all b-mesons and there-
fore 0.12% of all b-hadrons are expected to contribute
to this background.

2. b-baryon — p7X with subsequent leptonic decay of
the 7 lepton. From the known branching ratio of b —
7X one can conclude that about 0.02% of all b-hadrons
contribute to this background source.

3. b-meson — A.pX followed by a semileptonic decay of

the A..

b-meson — plX.

5. The lepton is produced in pion or kaon decays, in pho-
ton conversion or is a misidentified hadron. In the fol-
lowing these will be called ‘fake leptons’.

e~

All background processes (summarized in Table 7) have
considerably softer lepton p spectra than the signal pro-
cess.

In total 14 385 proton-lepton pairs are identified. They
are divided in eight different sets. Four intervals, based on
the pr of the lepton candidate, 0.0 and 0.5 GeV /¢, 0.5 and
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Fig. 5. The momentum spectrum of protons
from semileptonic b-baryon decay (electrons
) . . . . . . . . =S and muons). The dots represent the data, the
0 2 4 6 8 10 12 14 16 18 20 line the Monte Carlo prediction, normalized to
Momentum [GeVic] the data

0.8GeV/c, 0.8 and 1.2 GeV/c and greater than 1.2 GeV/c
are chosen and then each set is divided further into one
sample containing tracks with positive impact parameters
and one containing tracks with negative impact parame-
ters. The number of protons in each sample can be written
as:

pl _ .+ x T + non-b
Np”T,Jr p (E :ep‘T pl) + 6non—szfT
x
pl - - x x + — Nnon-b (12)
pr.— b EprrHVpl €non-bVpr
T

with NIE’;’  being the measured number of proton-lepton
pairs with a transverse momentum of the lepton candidate
in the pr interval pr and a proton with positive impact
parameter, N ;;7_ is defined analogously but contains pro-
tons with negative impact parameters. The numbers of
proton-lepton pairs from the different sources = (b-baryon
decay or one of the background processes described above)
are denoted Ny and are calculated together with the num-

bers of proton-lepton pairs N, ‘1;)“"3 where the proton does
not come from any b decay but the lepton candidate has a
pr in the interval p7. The fraction of leptons from source
x having a transverse momentum in the pp interval pp
is written as €, . The fraction of protons from b-hadron
decays having a positive impact parameter is denoted eg
with e:fon_b, €, and ejon_b defined analogously. All frac-
tions are taken from the simulation. To solve the equa-
tions, two background contributions are fixed to the ex-
pected values as given in Table 7. The number of pro-
tons from b-baryon decays can then be calculated from
the number of proton-lepton pairs in the four pr intervals
for each of the 22 momentum bins in Fig. 5. Overall 7673
proton-lepton pairs are found to contain a proton from b-
hadron decay and 2987 are assigned to b-baryon decays.
The sum of proton-lepton pairs from the background pro-
cesses discussed above are in good agreement with the

Monte Carlo expectation. However, the pr distributions
for the various background sources are so similar that it
is not possible within this analysis to measure the indi-
vidual fractions. The efficiency corrected proton spectrum
for semileptonic b-baryon decays is given in Fig.5. Ex-
trapolating the spectrum to zero using Monte Carlo leads
to

fa, BR(b-baryon — plvX)

= (4.72 £ 0.665¢a¢ & 0.444,5)1072 . (13)
This number is the average of | = electron and | = muon
and can be compared with a measurement of DELPHI [24]:
fa,BR(b-baryon — puX) = (4.9 + 1.1 £ 1.3)1073. An
absolute branching ratio can be calculated using f4, from
(11):

BR(b-baryon — plvX)

= (4.63 £ 0.72g4a¢ £ 0.684ys1 £ 0.715y52)% . (14)
The systematic error has been split in two parts. While
the first covers the systematic uncertainties related to the
analysis, the second takes account of the uncertainties of
branching ratio entering the calculation of f4,. One of
the major uncertainties is the estimate of BR(b-baryon —
pX). However, the ratio R, = BR(b-baryon — plvX)/
BR(b-baryon — pX) is only slightly dependent on this
quantity as indicated in Fig. 6. Ry is found to be

(4.72 = 0.66410; & 0.44,)1073

Ry = 15
ol fa, BR(b-baryon — pX) (15)
Inserting (10) leads to:
_ BR(b-meson—pX)
R 4.72-107° (1 - BR(b—baryon—f;)X))
b Ny /Ny, — BR(b-meson — pX)
= 0.080 = 0.01 244 = 0.0145y - (16)
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Assuming that

BR(b-baryon — plvX)
BR(b-baryon — 1.X)

~ BR(b-baryon — pX) (17)

the ratio Ry is close to BR(b-baryon — [X) and can
be compared with the recent OPAL measurement [5] of
Ry =0.070 £ 0.012 £ 0.007, with R,; = BR(b-baryon —
AlpX)/BR(b-baryon — AX), which is in very good agree-
ment.
If
Th-baryon _ BR(b-baryon — [.X)

™  BR(b—IX)
and Rp; =~ BR(b-baryon — [X') one can compare the ratio

of the semileptonic branching ratios of b-baryons and all
b-hadrons

(18)

Ry
BR(b — IX)

with the corresponding ratio of lifetimes, calculated from
[4]:

= 0.7240.17 (19)

Tb-baryon
Tb

= 0.74 £ 0.05 . (20)
The agreement is again very good. The branching ratio
BR(b — IX) in Z decays has been taken from [4].

7 Systematics

Several sources of systematic uncertainties affect the ac-
curacies of the measurements. They are listed for f,, and
BR(b-baryon — plzX) in Table 8 and 9 together with the
uncertainties due to the limited knowledge of the branch-
ing ratios BR(b-baryon — pX) and BR(b-meson — pX).

The fitted particle rates depend crucially on the ex-
pected dE/dx values and resolutions entering the likeli-
hood function. Therefore the expected dE/dz are shifted
within the uncertainties of the parametrization of the
Bethe-Bloch formula (Sect.4). The resolution is rescaled
and a Gaussian is used instead of a ‘bifurcated’ Gaus-
sian. In the overlap region, the added uncertainties are
0.9%, 4% and 6.5% for pions, kaons and protons, respec-
tively. The deviations of subsequent bins are correlated
and conservatively all momentum bins within the overlap
region are taken to be 100 % correlated while the rates of
different particles are highly anti-correlated. No noticable
bias due to the fit procedure was found.

The sign of a track’s impact parameter and its angle
with the thrust axis are used to distinguish particles from
b-hadron decay from accompanying particles. Hence the
result relies on the correct simulation of these two quan-
tities. Two checks are performed: First no distinction is
made between decay and fragmentation particles. Equa-
tion system (7) then reduces to:

N® = el Ny, 4+ €. Ne + € 4 Nuas

i,class __ _class ¢ class i class i
N =& 6b‘]\fb + €c 6CJVC + €uds C€uds

Nugs - (21)

Again i indicates the five b-tag bins, N* stands for the
total number of particles (pions, kaons or protons) found
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Table 8. The different contributions to the two systematic
errors on fa,. The quoted errors are absolute

Composition of the systematic errors on fa,

1. Systematic uncertainties from the analysis

dE/dz 1.7%
b-tag 0.8%
Imp. par. and cosa 0.8%
Extrapolation 0.6%
Reconstr. efficiency 0.5%
Total 2.2%

2. Systematic uncertainties from branching ratios

BR(b-meson — pX) 1.0%
BR(b-baryon — pX) 1.2%
Total 1.6%

in the bin ¢ and N*°2ss ig the total number of particles in
bin 4 fulfilling requirement ‘class’. From the ten equations
per ‘class’, the fractions €% for particles in uds, ¢ and b
events can be derived directly from the data, and then be
compared with the Monte Carlo predictions. At very low
(high) momentum, 5 is very close to e5ds,, (€hdss, ).

For the second check, the number of particles from
b-hadron decays is calculated from the positive impact
parameter alone and the result is used to calculate the
fraction fulfilling | cos a| < 0.975. In both cases the agree-
ment between data and simulation is good and the max-
imal deviation is taken as the systematic uncertainty. All
momentum bins are taken to be 100% correlated.

Attention is given to the numbers of protons coming
from long-lived hyperons such as A or Y. The fraction
of protons coming from A decays in b decays has been
changed by about 30% in the Monte Carlo to be in agree-
ment with measurements of DELPHI [17] and OPAL [5]. The
resulting change in the number of particles from b decays
is found to be well covered by the systematic uncertainty
of 3.5% derived from the two checks described above.

The fraction of tracks from b decays having a positive
impact parameter depends on the lifetime of the parent b-
hadron. Since one of the motivations of this measurement
was to test the difference in lifetimes between b-baryons
and b-mesons, the differences found in the impact param-
eter distribution between Monte Carlo samples with dif-
ferent b lifetimes are taken into account in the systematic
uncertainties but are found to be negligible.

Several other sources of systematic uncertainties are
investigated. The b-tag efficiencies lead to errors of 2.5%,
8%, 3% on the particle rates from uds-, c- and b-events,
respectively, with a strong anti-correlation especially be-
tween uds and c events and between b and ¢ events. The
bias induced by the b-tag itself was found to be negligible.
The mean uncertainty on the reconstruction efficiencies
amounts to 1.5% and is common to all particle rates. The
muon fraction in the likelihood fit and the efficiency cor-
rection for particles from nuclear interactions were varied
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Fig. 7. Momentum spectra from pions, kaons and protons in uds events together with the Monte
Carlo predictions. The errors shown are the quadratic sum of statistical and systematic errors

by 10% with respect to the Monte Carlo prediction. The
effects are of no importance for protons from b-hadron de-
cays but were included into the error calculation for the
other multiplicities in Sect.5.2.

The extrapolation of the measured momentum spec-
tra over the whole momentum range has been checked by
using HERWIG 5.6, JETSET 7.3 and JETSET 7.4 for the ex-
trapolation and the JETSET prediction has been compared
to the momentum spectra of protons from B*, BY decays

as measured by ARGUS [25] and CLEO [26] and found to
be in good agreement.

Most of the uncertainties discussed above are also
present in the proton-lepton analysis and partly cancel
in the ratio f4,BR(b-baryon — ploX)/fa,. Additional
uncertainties are due to lepton identification and the sim-
ulation of the lepton pr spectra [20,23]. The impact of the
fixed branching ratios (b — c¢€s with semileptonic ¢ decay
and b-baryon — 70pX) is small and variations of 50%
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Fig. 8. Momentum spectra from pions, kaons and protons in ¢ events together with the Monte
Carlo predictions. The errors shown are the quadratic sum of statistical and systematic errors
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Fig. 9. Momentum spectra from pions, kaons and protons in b events together with the Monte
Carlo predictions. The errors shown are the quadratic sum of statistical and systematic errors
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Particles from b hadron decays
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Fig. 10. Momentum spectra from pions, kaons and protons from b-hadron decays together
with the Monte Carlo predictions. The errors shown are the quadratic sum of statistical and
systematic errors

Accompanying particles in b events

10 g
S ® L ALEPH . 1 (data)
! o K* (data)
1 = p,p (data)
‘0 — Monte Carlo
102
10'5;
10 ;—
10_5 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 2 4 6 8 10 12 14 16 18 20
Momentum [GeVIc]

Fig. 11. Momentum spectra of pions, kaons and protons accompanying b-hadrons in b events
together with the Monte Carlo predictions. The errors shown are the quadratic sum of statistical
and systematic errors
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Table 9. The different contributions to the two systematic
uncertainties on BR(b-baryon — ploX). The errors are abso-
lute

Overview of the systematic uncertainties
on BR(b-baryon — plvX)

1. Systematic uncertainties from the analysis

dE/da 0.46%
b-tag 0.34%
Impact parameter 0.23%
pr spectra 0.19%
lepton selection 0.10%
Extrapolation 0.15%
Reconstr. efficiency 0.11%
Total 0.68%

2. Systematic uncertainties from branching ratios

BR(b-meson — pX) 0.45%
BR/(b-baryon — pX) 0.55%
Total 0.71%

lead to negligible effects. The modelling of the pr lepton
spectra of the background processes is found to be of mi-
nor importance compared to that of the spectrum of the
signal leptons. The uncertainty was estimated from the
divergence between different theoretical predictions for b-
meson decay as described in [27]. In addition the rate of
four-body semileptonic b-baryon decays has been varied
from 0% to 40% and the Ay, polarization, as measured by
ALEPH in [28], was considered. The systematic uncertain-
ties on BR(b-baryon — plvX) are listed in Table 9.

8 Conclusions

The momentum spectra and mean multiplicities have been
measured for pions, kaons and protons in Z — bb, Z — cc
and Z — ut, dd, ss separately. In b events, particles from
b-hadron decay were distinguished from non-leading parti-
cles. The b-baryon fraction and the absolute semileptonic
branching ratio BR(b-baryon — ploX) have been evalu-
ated from proton production and correlated proton-lepton
production in b-hadron decays. The b-baryon fraction was
estimated from the overall number of protons from b de-
cays and was found to be

fa, = (10.2 £ 0.7gpar £+ 2.76y5)% . (22)
This result was used for the measurement of the absolute
branching ratio of the decay b-baryon — plvX.

BR(b-baryon — plvX) = (4.63 & 0.72¢at = 0.984y5)% .
(23)
The ratio R, =BR(b-baryon — plvX)/BR(b-baryon —
pX) has been found to be

Rp; = 0.080 = 0.01 2440t & 0.014gy . (24)
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This relatively small number supports the small lifetime of
b-baryons with respect to b-mesons as measured at LEP.
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Appendix

Table 10. Pions from uds events normalized to the total nsum-
ber of events Ng. The systematic uncertainties of different mo-
mentum bins in the overlap region are correlated

p interval [GeV/c] NLE% Astat, Asys
0.30-0.35 6.34+ 0.04 +0.19
0.35-0.40 6.33+ 0.04 £0.19
0.40-0.45 5.95+ 0.03 +£0.18
0.45-0.50 5.68+ 0.03 £0.18
0.50-0.55 547+ 0.03 +£0.16
0.55-0.60 5.144+ 0.02 +0.15
0.60-0.65 4.89+ 0.02 £0.15
0.65-0.70 449+ 0.02 £0.14
1.50-1.75 1.984+ 0.01 4+0.06
1.75-2.00 1.61+ 0.01 £0.05
2.00-2.25 1.36 £ 0.01 £0.04
2.25-2.50 1.19+ 0.01 £0.04
2.50-2.75 1.01+ 0.01 £0.03
2.75-3.00 0.906 & 0.004 4+ 0.029
3.00-3.25 0.784 £ 0.003 £0.025
3.25-3.50 0.694 + 0.003 £ 0.022
3.50-3.75 0.621 £ 0.003 £0.020
3.75-4.00 0.562 £ 0.003 £0.018
4.00-4.50 0.487 £ 0.002 £0.016
4.50-5.00 0.397 £ 0.002 £0.013
5.00-5.50 0.334 4+ 0.002 +£0.011
5.50-6.00 0.283 £ 0.002 £0.010
6.00-6.50 0.245 £ 0.001 £ 0.008
6.50-7.00 0.214 £ 0.001 £ 0.007
7.00-7.50 0.183 £ 0.001 £ 0.006
7.50-8.00 0.156 4 0.001 4+ 0.005
8.00-8.50 0.136 £ 0.001 £ 0.004
8.50-9.00 0.122 £ 0.001 £ 0.004
9.00-9.50 0.107 £ 0.001 £ 0.003
9.50-10.00 0.0975 £0.0009+ 0.0031

10.00-11.00 0.0791 £0.0006+ 0.0025

11.00-12.00 0.0644 £0.0005+ 0.0021

12.00-13.00 0.0516 £0.0004+£ 0.0017

13.00-14.00 0.0407 £0.0004+ 0.0013

14.00-15.00 0.0343 £0.0004+ 0.0011

15.00-16.00 0.0283 £0.0003+ 0.0009

16.00-17.00 0.0223 £0.0003+ 0.0007

17.00-18.00 0.0197 £0.0003+£ 0.0006

18.00-19.00 0.0150 £0.0002=+ 0.0005

19.00-20.00 0.0123 £0.0002+ 0.0004
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Table 11. Kaons from uds events normalized to the total num- Table 12. Protons from uds events normalized to the total
ber of events Ng. The systematic uncertainties of different mo- number of events Ng. The systematic uncertainties of different

mentum bins in the overlap region are correlated momentum bins in the overlap region are correlated
p interval [GeV/c] NLE . ‘fi—g Astat Agys p interval [GeV/¢] NLE‘% Astat Agys
.30-.35 170-10M°+£.110- 1071+ 594 - 1072 0.30-0.35 0.0319 + 0.0058 +0.0010
.35—.40 214107 £.890 - 10724+ .749 - 10~ 2 0.35-0.40 0.0642 + 0.0045 £ 0.0019
.40-.45 250107 £.679 - 1072+ .874 - 1072 0.40-0.45 0.0806 =+ 0.0046 + 0.0024
.45-.50 2591070 £.738 - 10724+.905 - 1072 0.45-0.50 0.102+ 0.004 +0.003
.50-.55 249 -10M° +£.178 - 1071+ .871- 1072 0.50-0.55 0.1104 0.004 4-0.003
.60-.65 321107 +.706 - 1072+ .112- 107! 0.55-0.60 0.1314+ 0.004 +0.004
65-.70 321-10M°+.709 - 10724+ .112- 10~ 0.60-0.65 0.127 + 0.004 +£0.004
1.50-1.75 280 -107° £.461 - 10724+.168 - 107! 0.65-0.70 0.148 £ 0.004 +£0.004
1.75-2.00 256 - 1070 £.486 - 1072+ .154 - 10~ ¢ 0.80-0.90 0.149 £+ 0.003 +0.004
2.00-2.25 2251010 £.675- 10724+ .135- 1071 0.90-1.00 0.150 £ 0.006 +0.004
3.75-4.00 938 -10"Y+.270- 1072+ .563 - 102 1.00-1.10 0.159 + 0.006 +0.005
4.00-4.50 899 107" £.161 - 1072+ .540 - 102 1.10-1.20 0.158 £ 0.004 £0.005
4.50-5.00 782.10" 1 4+.147 - 1072+ 469 - 102 3.50-3.75 0.0653 £+ 0.0025 £+ 0.0052
5.00-5.50 676-1071 £.140 - 10724 .405 - 1072 3.75-4.00 0.0595 £ 0.0019 £ 0.0048
5.50-6.00 592.10"1+.126 - 1072+ .355 - 102 4.00-4.50 0.0522 + 0.0011 £0.0042
6.00-6.50 55610~ +.140 - 10-2L 334 . 10~2 4.50-5.00 0.0461 + 0.0010 =+ 0.0037
6.50-7.00 49910~ +.110 - 10~2+ 300 - 10~2 5.00-5.50 0.0401 + 0.0009 + 0.0032
7 00-7.50 443 .10~ +.104 - 10-2+ 266 - 10-2 5.50-6.00 0.0345 + 0.0008 + 0.0028
7 50-8.00 1710~ +.101 - 10-2+ 250 - 10-2 6.00-6.50 0.0333 £ 0.0008 £ 0.0027
8.00-8.50 40910~ +.957 - 10-3+ 245 . 10~2 6.50-7.00 0.0297 £ 0.0007 £ 0.0024
8.50-9.00 33610~ +.950 - 10~3+ 202 - 10~2 7.00-7.50 0.0268 £ 0.0006 =+ 0.0021
9.50-10.00 9290 - 10~ +.806 - 103+ 174 - 10-2 8.00-8.50 0.0202 £ 0.0006 =+ 0.0016
' ’ ’ 1 s, 2 8.50-9.00 0.0190 £ 0.0005 =+ 0.0015
10.00-11.00 2911071 £.546 - 107°3+.175 - 10
. _3 o 9.00-9.50 0.0162 £ 0.0005 =+ 0.0013
11.00-12.00 2281071 +£.479-10734+.137- 10
1 _3 g 9.50-10.00 0.0166 £ 0.0005 =+ 0.0013
12.00-13.00 204 -1071 £.443 - 10734+.123 - 10
1 3 s 10.00-11.00 0.0124 + 0.0003 £ 0.0010
13.00-14.00 A77-1071 £.414-1073%4+.106 - 10
1 3 3 11.00-12.00 0.0115 + 0.0003 =+ 0.0009
14.00-15.00 1511071 £.396 - 10734+.907 - 10
. 4 4 12.00-13.00 0.00933 £0.00026+ 0.00075
15.00-16.00 1301071 +£.352- 1073+ .777- 10 13.00-14.00 0.00746 £0.00026L 0.00060
-1 -3 -3 JU— L4, . . .
16.00-17.00 112107 +.295 - 107"+ .674 - 10 14.00-15.00 0.00627 +0.00024 0.00050
17.00-18.00 946 - 1072 £.291 - 1073+ .568 - 1073 15.00-16.00 0.00561 1000021 % 0.00045
18.00-19.00 7711072 £.268 - 10734 .463 - 1073 o ' ' '
: : : e e 4 16.00-17.00 0.00454 £0.00017+ 0.00036
19.00-20.00 7041077 £.240 - 107"+ .422 - 10 17.00-18.00 0.00404 +0.00016 0.00032
18.00-19.00 0.00316 £0.00014-+ 0.00025

19.00-20.00 0.00287 £0.00013+ 0.00023
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Table 13. Pions from c events normalized to the total number Table 14. Kaons from c events normalized to the total number
of events Ng. The systematic uncertainties of different momen- of events Ng. The systematic uncertainties of different momen-

tum bins in the overlap region are correlated tum bins in the overlap region are correlated

p interval [GeV /(] NLE% Astat Asys p interval [GeV/(] NLE‘% Agtar Asys
0.30-0.35 1.54+ 0.05 +0.120 0.30-0.35 0.0726 £ 0.0103 +0.0058
0.35-0.40 146+ 0.05 £0.12 0.35-0.40 0.0588 £ 0.0085 +0.0047
0.40-0.45 148+ 0.04 £0.12 0.40-0.45 0.0441 £ 0.0070 £ 0.0035
0.45-0.50 1.51+ 0.04 £0.12 0.45-0.50 0.0603 £ 0.0084 +0.0048
0.50-0.55 1.34+ 0.04 +0.11 0.50-0.55 0.0920 £ 0.0223 +0.0074
0.55-0.60 1.32+ 0.03 +0.11 0.60-0.65 0.0636 £+ 0.0081 + 0.0051
0.60-0.65 1.16+ 0.03 £0.09 0.65-0.70 0.0777 £ 0.0083 £ 0.0062
0.65-0.70 120+ 0.03 +£0.10 1.50-1.75 0.0790 £ 0.0057 +0.0095
1.50-1.75 0.511+ 0.021 £0.041 1.75-2.00 0.0501 £ 0.0061 +0.0065
1.75-2.00 0.431+ 0.017 £0.035 2.00-2.25 0.0674 £ 0.0085 +0.0108
2.00-2.25 0.390+ 0.010 £0.031 3.75-4.00 0.0408 £ 0.0032 + 0.0041
2.25-2.50 0.341+ 0.008 £0.027 4.00-4.50 0.0309 £ 0.0020 + 0.0031
2.50-2.75 0.304+ 0.007 £0.024 4.50-5.00 0.0310 £ 0.0018 £ 0.0031
2.75-3.00 0.259+ 0.008 +0.021 5.00-5.50 0.0309 £ 0.0016 + 0.0031
3.00-3.25 0.233+ 0.005 £0.019 5.50-6.00 0.0285 £ 0.0015 £+ 0.0029
3.25-3.50 0.209+ 0.005 £0.017 6.00-6.50 0.0212 £ 0.0015 + 0.0021
3.50-3.75 0.180+ 0.005 +0.014 6.50-7.00 0.0194 £ 0.0013 +0.0019
3.75-4.00 0.154+ 0.004 £0.012 7.00-7.50 0.0201 £ 0.0012 £ 0.0020
4.00-4.50 0.130£ 0.003 £0.010 7.50-8.00 0.0173 £ 0.0011 +0.0017
4.50-5.00 0.118+ 0.003 £0.009 8.00-8.50 0.0146 £ 0.0011 +£0.0015
5.00-5.50 0.092+ 0.002 £0.007 8.50-9.00 0.0193 £ 0.0011 +0.0019
5.50-6.00 0.0816 & 0.0021 £ 0.0065 9.00-9.50 0.0121 £ 0.0009 £+ 0.0012
6.00-6.50 0.0658 & 0.0019 £ 0.0053 9.50-10.00 0.0131 £ 0.0009 +0.0013
6.50-7.00 0.0555 4 0.0018 £ 0.0044 10.00-11.00 0.00808 +0.00057+ 0.00081
7.00-7.50 0.0455 £ 0.0016 £ 0.0036 11.00-12.00 0.00792 £0.00050=+ 0.00079
7.50-8.00 0.0430 £ 0.0015 £ 0.0034 12.00-13.00 0.00736 +0.00044+ 0.00074
8.00-8.50 0.0382 £ 0.0014 £ 0.0031 13.00-14.00 0.00532 £0.00041+ 0.00053
8.50-9.00 0.0300 £ 0.0013 £ 0.0024 14.00-15.00 0.00554 +0.00039=+ 0.00055
9.00-9.50 0.0281 £+ 0.0012 £ 0.0023 15.00-16.00 0.00381 +0.00036=+ 0.00038
9.50-10.00 0.0209 £+ 0.0011 £0.0017 16.00-17.00 0.00252 £0.00029+ 0.00025

10.00-11.00 0.0200 £ 0.0007 £ 0.0016 17.00-18.00 0.00330 +0.00028=+ 0.00033

11.00-12.00 0.0143 £ 0.0006 £ 0.0011 18.00-19.00 0.00251 £0.00027=+ 0.00025

12.00-13.00 0.0107 £ 0.0005 £ 0.0009 19.00-20.00 0.00165 +0.00023=£ 0.00017

13.00-14.00 0.00941 +0.00048+ 0.00075

14.00-15.00 0.00642 +0.00044+ 0.00051

15.00-16.00 0.00419 +0.00045+ 0.00034

16.00-17.00 0.00514 +0.00036+ 0.00041

17.00-18.00 0.00289 £+0.00034+ 0.00023

18.00-19.00 0.00336 +0.00034+£ 0.00027

19.00-20.00 0.00242 £0.00029+ 0.00019
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Table 15. Protons from ¢ events normalized to the total num- Table 16. Pions from b events normalized to the total number
ber of events Ng. The systematic uncertainties of different mo- of events Ng. The systematic uncertainties of different momen-

mentum bins in the overlap region are correlated tum bins in the overlap region are correlated
p interval [GeV/(] NLE% Agtat Agys p interval [GeV/(] NLE‘% Astat Agys
0.30-0.35 0.00073 £ 0.00530 £ 0.00062 0.30-0.35 241+ 0.02 £0.07
0.35-0.40 0.0092 £ 0.0043 £0.0007 0.35-0.40 246+ 0.02 £0.08
0.40-0.45 0.0350 £ 0.0047 £0.0028 0.40-0.45 2424+ 0.02 £0.08
0.45-0.50 0.0247 £+ 0.0044 +£0.0020 0.45-0.50 229+ 0.01 £0.07
0.50-0.55 0.0287 £+ 0.0047 £0.0023 0.50-0.55 2.224+ 0.01 £0.07
0.55-0.60 0.0308 £ 0.0047 £0.0025 0.55-0.60 2.09+ 0.01 £0.06
0.60-0.65 0.0334 £ 0.0048 £0.0027 0.60-0.65 2.03+ 0.01 £0.06
0.65-0.70 0.0321 £ 0.0052 £0.0026 0.65-0.70 1.87+ 0.01 £0.06
0.80-0.90 0.0395+ 0.0040 +0.0032 1.50-1.75 0.817+ 0.008 £0.029
0.90-1.00 0.0513 £ 0.0078 £0.0041 1.75-2.00 0.657 £ 0.007 £0.024
1.00-1.10 0.0413 £+ 0.0069 =£0.0033 2.00-2.25 0.573 £ 0.004 £0.021
1.10-1.20 0.0414 + 0.0048 £0.0033 2.25-2.50 0.492 £ 0.003 £0.018
3.50-3.75 0.0133 £ 0.0032 £0.0015 2.50-2.75 0.415+ 0.003 £0.015
3.75-4.00 0.0165 £+ 0.0023 £0.0018 2.75-3.00 0.372+£ 0.003 £0.013
4.00-4.50 0.0146 £ 0.0014 £0.0016 3.00-3.25 0.317+ 0.002 £0.011
4.50-5.00 0.0101 £+ 0.0012 £0.0011 3.25-3.50 0.277+ 0.002 £0.010
5.00-5.50 0.00850 4 0.00107 £ 0.00094 3.50-3.75 0.248 £ 0.002 40.009
5.50-6.00 0.00896 £ 0.00095 £ 0.00099 3.75-4.00 0.220£ 0.002 £0.008
6.00-6.50 0.00783 4 0.00091 £ 0.00086 4.00-4.50 0.186 £ 0.001 40.007
6.50-7.00 0.00593 £ 0.00082 £ 0.00065 4.50-5.00 0.144 £ 0.001 £0.005
7.00-7.50 0.00303 £ 0.00076 £ 0.00033 5.00-5.50 0.118 £ 0.001 40.004
7.50-8.00 0.00297 & 0.00071 £ 0.00033 5.50-6.00 0.0950 £ 0.0008 £ 0.0034
8.00-8.50 0.00530 £ 0.00066 £ 0.00058 6.00-6.50 0.0757 £ 0.0007 + 0.0027
8.50-9.00 0.00254 4 0.00065 £ 0.00028 6.50-7.00 0.0632 £ 0.0006 +0.0023
9.00-9.50 0.00287 £ 0.00058 £ 0.00032 7.00-7.50 0.0530 £ 0.0006 +0.0019
9.50-10.00 0.00134 4 0.00056 £ 0.00015 7.50-8.00 0.0421 £ 0.0005 +0.0015
10.00-11.00 0.00315 £ 0.00035 £ 0.00035 8.00-8.50 0.0349 £ 0.0005 +0.0013
11.00-12.00 0.00127 £ 0.00032 £ 0.00014 8.50-9.00 0.0296 £ 0.0004 £ 0.0011
12.00-13.00 0.00130 £ 0.00026 £ 0.00014 9.00-9.50 0.0256 £ 0.0004 £ 0.0009
13.00-14.00 0.00152 £ 0.00025 £ 0.00017 9.50-10.00 0.0225 £ 0.0004 £ 0.0008
14.00-15.00 0.000853 £0.000227=+ 0.000094 10.00-11.00 0.0164 £ 0.0002 £ 0.0006
15.00-16.00 0.000116 £0.000208= 0.000013 11.00-12.00 0.0131 £ 0.0002 £ 0.0005
16.00-17.00 0.000290 £0.000159+ 0.000032 12.00-13.00 0.0100 £ 0.0002 £ 0.0004
17.00-18.00 0.000016 £0.000148+ 0.000002 13.00-14.00 0.00691 +0.00015=+ 0.00025
18.00-19.00 0.000000 £0.000131+0.000011 14.00-15.00 0.00547 £0.00014=+ 0.00020
19.00-20.00 0.000000 £0.000170= 0.000019 15.00-16.00 0.00505 +0.00018+ 0.00018
16.00-17.00 0.00321 £0.00012=+ 0.00012
17.00-18.00 0.00255 £0.00013=+ 0.00009
18.00-19.00 0.00205 £0.00011=+£ 0.00007

19.00-20.00 0.00150 £0.00011=+ 0.00005
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Table 17. Kaons from b events normalized to the total number
of events Ng. The systematic uncertainties of different momen-

tum bins in the overlap region are correlated

p interval [GeV/(]

1 dN
N7E Tp Astat Asys

0.30-0.35
0.35-0.40
0.40-0.45
0.45-0.50
0.50-0.55
0.60-0.65
0.65-0.70
1.50-1.75
1.75-2.00
2.00-2.25
3.75-4.00
4.00-4.50
4.50-5.00
5.00-5.50
5.50-6.00
6.00-6.50
6.50-7.00
7.00-7.50
7.50-8.00
8.00-8.50
8.50-9.00
9.00-9.50
9.50-10.00
10.00-11.00
11.00-12.00
12.00-13.00
13.00-14.00
14.00-15.00
15.00-16.00
16.00-17.00
17.00-18.00
18.00-19.00
19.00-20.00

0.0601 £ 0.0035 +£0.0024
0.0772 £ 0.0032 £0.0031
0.0837 £ 0.0027 £0.0034
0.0855 £ 0.0032 £0.0034
0.108 £ 0.008 =0.004
0.116 £+ 0.003 =40.005
0.120+ 0.003 =£0.005
0.133£ 0.002 +0.009
0.123+ 0.002 +0.011
0.115£ 0.003 +£0.016
0.0536 £ 0.0012 +£0.0032
0.0513 £ 0.0008 +0.0031
0.0438 £ 0.0007 +£0.0026
0.0360 £ 0.0006 =+ 0.0022
0.0327 £ 0.0006 =+ 0.0020
0.0296 £ 0.0005 £0.0018
0.0250 £ 0.0005 +0.0015
0.0206 £ 0.0004 +0.0012
0.0183 £ 0.0004 +0.0011
0.0162 £ 0.0004 £0.0010
0.0134 £ 0.0004 +0.0008
0.0121 £ 0.0003 £0.0007
0.00923 £ 0.00030 £ 0.00055
0.00883 £ 0.00020 £ 0.00053
0.00581 4 0.00017 £ 0.00035
0.00440 £ 0.00014 £ 0.00026
0.00366 &= 0.00013 £ 0.00022
0.00242 £ 0.00012 £ 0.00015
0.00186 £ 0.00012 £ 0.00011
0.00153 £ 0.00009 £ 0.00009
0.00107 £ 0.00009 £ 0.00006

0.000671 £0.000074= 0.000040
0.000639 £0.000065+ 0.000038
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Table 18. Protons from b events normalized to the total num-
ber of events Ng. The systematic uncertainties of different mo-
mentum bins in the overlap region are correlated

p interval [GeV/c]

1 dN
NiE‘ Tp Astat Asys

0.30-0.35
0.35-0.40
0.40-0.45
0.45-0.50
0.50-0.55
0.55-0.60
0.60-0.65
0.65-0.70
0.80-0.90
0.90-1.00
1.00-1.10
1.10-1.20
3.50-3.75
3.75-4.00
4.00-4.50
4.50-5.00
5.00-5.50
5.50-6.00
6.00-6.50
6.50-7.00
7.00-7.50
7.50-8.00
8.00-8.50
8.50-9.00
9.00-9.50
9.50-10.00
10.00-11.00
11.00-12.00
12.00-13.00
13.00-14.00
14.00-15.00
15.00-16.00
16.00-17.00
17.00-18.00
18.00-19.00
19.00-20.00

0.0123 £ 0.0024 +0.0005
0.0241 £ 0.0017 £0.0010
0.0284 £+ 0.0016 £0.0011
0.0353 £ 0.0017 £0.0014
0.0413 £ 0.0018 £0.0017
0.0400 £ 0.0017 £0.0016
0.0438 £ 0.0018 £0.0018
0.0525 £+ 0.0020 £0.0021
0.0511 £ 0.0015 £0.0020
0.0616 = 0.0030 £0.0025
0.0565 £ 0.0029 +£0.0023
0.0631 £ 0.0018 £0.0025
0.0290 £ 0.0013 +£0.0026
0.0237 £ 0.0009 +0.0021
0.0189 £ 0.0005 £0.0017
0.0175£ 0.0005 £0.0016
0.0152 £ 0.0004 £0.0014
0.0116 = 0.0004 £0.0010
0.0102 £ 0.0003 £0.0010
0.00988 &= 0.00031 £ 0.00089
0.00903 £ 0.00029 £ 0.00081
0.00787 & 0.00027 £ 0.00071
0.00591 £ 0.00024 £ 0.00053
0.00618 £ 0.00024 £ 0.00056
0.00476 4= 0.00022 £ 0.00043
0.00469 £ 0.00021 £ 0.00042
0.00313 = 0.00013 £ 0.00028
0.00277 £+ 0.00012 £ 0.00025
0.00154 £ 0.00009 £ 0.00014
0.00113 £ 0.00007 £ 0.00010
0.00102 £ 0.00007 £ 0.00009
0.000915 £0.0000734 0.000082
0.000490 £0.000055+ 0.000044
0.000406 £0.000053+ 0.000037
0.000245 £0.0000414= 0.000022
0.000305 £0.000041+ 0.000028
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Table 19. Pions from b-hadron decays normalized to the total Table 20. Kaons from b-hadron decays normalized to the total
number of events Ng. The systematic uncertainties of different number of events Ng. The systematic uncertainties of different

momentum bins in the overlap region are correlated momentum bins in the overlap region are correlated

p interval [GeV/(] NLE% Astat Agys p interval [GeV/c] NLE‘% Astat Asys
0.30-0.35 0.330£ 0.017 +0.017 0.30-0.35 —.0174+£ 0.0092 £0.0009
0.35-0.40 0.482+ 0.014 +£0.024 0.35-0.40 —.00368 £ 0.0085 =+ 0.00065
0.40-0.45 0.548 £+ 0.013 +0.027 0.40-0.45 0.00331 £ 0.00735 £ 0.00087
0.45-0.50 0.605+ 0.013 +£0.030 0.45-0.50 0.0191 £ 0.0091 £0.001
0.50-0.55 0.580£ 0.012 +£0.029 0.50-0.55 0.00656 % 0.02480 £ 0.00033
0.55-0.60 0.601£ 0.012 +£0.030 0.60-0.65 0.0284 + 0.0078 £0.0014
0.60-0.65 0.651+ 0.012 +£0.033 0.65-0.70 0.0101 £ 0.0076 =+ 0.0005
0.65-0.70 0.604+ 0.012 +£0.030 1.50-1.75 0.0536 = 0.0044 £0.0054
1.50-1.75 0.393£ 0.009 +0.020 1.75-2.00 0.0466 = 0.0045 £0.0051
1.75-2.00 0.307£ 0.009 +0.015 2.00-2.25 0.0596 = 0.0061 =£0.0089
2.00-2.25 0.302£ 0.006 +0.015 3.75-4.00 0.0436 + 0.0023 =£0.0035
2.25-2.50 0.285+ 0.005 +£0.014 4.00-4.50 0.0387 £+ 0.0014 £0.0031
2.50-2.75 0.253 £ 0.005 +£0.013 4.50-5.00 0.0330 £ 0.0013 £0.0026
2.75-3.00 0.227+ 0.004 +0.011 5.00-5.50 0.0288 & 0.0012 £0.0023
3.00-3.25 0.202£ 0.003 +£0.010 5.50-6.00 0.0263 £ 0.0011 £0.0021
3.25-3.50 0.183£ 0.003 =+£0.009 6.00-6.50 0.0250 = 0.0010 =£0.0020
3.50-3.75 0.163+ 0.003 =+0.008 6.50-7.00 0.0196 + 0.0009 =+0.0016
3.75-4.00 0.149+ 0.003 =+0.007 7.00-7.50 0.0172+ 0.0009 £0.0014
4.00-4.50 0.129+ 0.002 =+0.006 7.50-8.00 0.0154 £+ 0.0008 £0.0012
4.50-5.00 0.101£ 0.002 =+0.005 8.00-8.50 0.0137 £+ 0.0008 £0.0011
5.00-5.50 0.0848 £ 0.0016 =+ 0.0042 8.50-9.00 0.0118 & 0.0007 =+ 0.0009
5.50-6.00 0.0722 £ 0.0015 £0.0036 9.00-9.50 0.0103 £ 0.0007 =£0.0008
6.00-6.50 0.0583 £ 0.0013 £0.0029 9.50-10.00 0.00774 £ 0.00062 £ 0.00062
6.50-7.00 0.0502 £+ 0.0012 +£0.0025 10.00-11.00 0.00773 4+ 0.00041 £ 0.00062
7.00-7.50 0.0425+ 0.0012 £0.0021 11.00-12.00 0.00457 £ 0.00036 £ 0.00037
7.50-8.00 0.0336 £ 0.0010 £0.0017 12.00-13.00 0.00326 & 0.00031 £ 0.00026
8.00-8.50 0.0281 £ 0.0010 £0.0014 13.00-14.00 0.00263 £ 0.00028 £ 0.00021
8.50-9.00 0.0245 £ 0.0009 =+ 0.0012 14.00-15.00 0.00216 % 0.00027 £ 0.00017
9.00-9.50 0.0212+ 0.0009 £0.0011 15.00-16.00 0.00157 4+ 0.00027 £+ 0.00013
9.50-10.00 0.0186 £+ 0.0008 =+ 0.0009 16.00-17.00 0.00113 £ 0.00021 £ 0.00009

10.00-11.00 0.0141 £+ 0.0005 +£0.0007 17.00-18.00 0.000801 +0.0002014 0.000064

11.00-12.00 0.0112 £ 0.0004 +0.0006 18.00-19.00 0.000584 £0.00018840.000047

12.00-13.00 0.00893 £ 0.00039 £ 0.00045 19.00-20.00 0.000601 +0.0001574 0.000048

13.00-14.00 0.00573 £ 0.00033 £ 0.00029

14.00-15.00 0.00466 £ 0.00030 £ 0.00023

15.00-16.00 0.00478 £ 0.00033 £ 0.00024

16.00-17.00 0.00286 £ 0.00024 £ 0.00014

17.00-18.00 0.00219 £ 0.00024 £ 0.00011

18.00-19.00 0.00200 £ 0.00025 £ 0.00010

19.00-20.00 0.000739 £0.000166+ 0.000037
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Table 21. Protons from b-hadron decays normalized to the Table 22. Accompanying pions in b events normalized to the
total number of events Ng. The systematic uncertainties of total number of events Ng. The systematic uncertainties of
different momentum bins in the overlap region are correlated  different momentum bins in the overlap region are correlated

p interval [GeV/(] NLE% Agtat Agys p interval [GeV/c] %E% Agtat Asys
3.75-4.00 0.00754 4 0.00212 £ 0.00060 0.30-0.35 212+ 0.03 +£0.11
4.00-4.50 0.00741 £ 0.00126 £ 0.00059 0.35-0.40 1.97+ 0.02 =+0.10
4.50-5.00 0.00874 £+ 0.00107 £ 0.00070 0.40-0.45 1.86+ 0.02 =+0.10
5.00-5.50 0.00832 £ 0.00095 £ 0.00067 0.45-0.50 1.67+ 0.02 +0.08
5.50-6.00 0.00818 £ 0.00084 £ 0.00066 0.50-0.55 1.63+ 0.02 =+0.08
6.00-6.50 0.00506 £ 0.00076 £ 0.00041 0.55-0.60 147+ 0.02 +0.07
6.50-7.00 0.00727 £ 0.00072 £ 0.00058 0.60-0.65 1.35+ 0.02 =£0.07
7.00-7.50 0.00615 £ 0.00067 £ 0.00049 0.65-0.70 1.24+ 0.02 =+0.06
7.50-8.00 0.00531 £ 0.00063 £ 0.00043 1.50-1.75 0.405+ 0.014 +0.020
8.00-8.50 0.00394 £ 0.00057 £ 0.00032 1.75-2.00 0.346 £ 0.012 +0.017
8.50-9.00 0.00384 £ 0.00058 £ 0.00031 2.00-2.25 0.263+ 0.008 +0.013
9.00-9.50 0.00285 £ 0.00052 £ 0.00023 2.25-2.50 0.201+ 0.006 =+0.010
9.50-10.00 0.00347 4= 0.00052 £ 0.00028 2.50-2.75 0.157+ 0.006 =0.008

10.00-11.00 0.00203 £ 0.00031 £ 0.00016 2.75-3.00 0.137+£ 0.005 =+0.007

11.00-12.00 0.00189 £ 0.00029 £ 0.00015 3.00-3.25 0.112£ 0.004 +£0.006
12.00-13.00 0.00137 £ 0.00023 £ 0.00011 3.25-3.50 0.0913 £ 0.0041 +£0.0046
13.00-14.00 0.000938 £ 0.00020 + 0.00008 3.50-3.75 0.0841 £ 0.0039 +0.0042
14.00-15.00 0.00106 £ 0.00020 £ 0.00009 3.75-4.00 0.0701 £ 0.0036 £0.0035
15.00-16.00 0.000868 £0.000196+ 0.000069 4.00-4.50 0.0550 £ 0.0024 +£0.0028
16.00-17.00 0.000528 £0.000145+ 0.000042 4.50-5.00 0.0420 £ 0.0022 +0.0021
17.00-18.00 0.000434 £0.000137+ 0.000035 5.00-5.50 0.0330 £ 0.0020 £0.0017
18.00-19.00 0.000068 £0.0001124= 0.000005 5.50-6.00 0.0223 £ 0.0018 £0.0011
19.00-20.00 0.000113 £0.000081+ 0.000009 6.00-6.50 0.0169 £ 0.0017 £0.0008
6.50-7.00 0.0127 £ 0.0015 +£0.0006
7.00-7.50 0.0102 £ 0.0014 =+ 0.0005
7.50-8.00 0.00796 &= 0.00128 £ 0.00040
8.00-8.50 0.00613 = 0.00117 £ 0.00031
8.50-9.00 0.00493 £ 0.00109 £ 0.00025
9.00-9.50 0.00434 £ 0.00103 £ 0.00022
9.50-10.00 0.00387 £ 0.00096 £ 0.00019
10.00-11.00 0.00222 £ 0.00059 £ 0.00011
11.00-12.00 0.00192 % 0.00053 £ 0.00010
12.00-13.00 0.00121 £ 0.00045 £ 0.00006
13.00-14.00 0.00122 £ 0.00038 £ 0.00006
14.00-15.00 0.000793 +0.0003424= 0.000040
15.00-16.00 0.000194 £0.000372+£ 0.000010
16.00-17.00 0.000349 +0.0002754=0.000017
17.00-18.00 0.000381 £0.000271+ 0.000019
18.00-19.00 0.000106 £0.0002724 0.000005

19.00-20.00 0.000636 £0.000191+ 0.000032
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Table 23. Accompanying kaons in b events normalized to the
total number of events Ng. The systematic uncertainties of
different momentum bins in the overlap region are correlated

p interval [GeV/(] NLE% Astat Asys
0.30-0.35 0.0789+ 0.0113 £0.0040
0.35-0.40 0.0823 + 0.0103 £0.0041
0.40-0.45 0.0819 £ 0.0087 +£0.0041
0.45-0.50 0.0643 £ 0.0107 £0.0032
0.50-0.55 0.101 £+ 0.029 =40.005
0.60-0.65 0.0881 £+ 0.0094 +0.0044
0.65-0.70 0.110£ 0.009 = 0.006
1.50-1.75 0.0784 £ 0.0055 +0.0086
1.75-2.00 0.0768 £ 0.0057 £0.0100
2.00-2.25 0.0555+ 0.0077 £0.0089
3.75-4.00 0.00934 4 0.00291 4+ 0.00075
4.00-4.50 0.0122+ 0.0018 £0.0010
4.50-5.00 0.0106 £ 0.0016 =+ 0.0008
5.00-5.50 0.00690 4 0.00144 4 0.00055
5.50-6.00 0.00615 £ 0.00134 £ 0.00049
6.00-6.50 0.00429 4 0.00124 4+ 0.00034
6.50-7.00 0.00563 4= 0.00114 4+ 0.00045
7.00-7.50 0.00315 4 0.00106 4+ 0.00025
7.50-8.00 0.00311 4 0.00099 4 0.00025
8.00-8.50 0.00273 £ 0.00093 £ 0.00022
8.50-9.00 0.00158 4= 0.00090 4+ 0.00013
9.00-9.50 0.00176 £ 0.00083 £ 0.00014
9.50-10.00 0.00154 4 0.00074 4+ 0.00012

10.00-11.00 0.00104 £ 0.00050 4 0.00008

11.00-12.00 0.00122 4 0.00043 £+ 0.00010

12.00-13.00 0.00119 4 0.00037 4+ 0.00010

13.00-14.00 0.00105 £ 0.00034 £ 0.00008

14.00-15.00 0.000256 £0.0003144 0.000020

15.00-16.00 0.000384 £0.0003144 0.000031

16.00-17.00 0.000438 £0.0002454 0.000035

17.00-18.00 0.000239 £0.0002394 0.000019

18.00-19.00 0.000103 £0.000218+£ 0.000008

19.00-20.00 0.000015 £0.0001874= 0.000001
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