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Abstract

A measurement of R, using five mutually exclusive hemisphere tags has been performed
by ALEPH using the full LEP1 statistics. Three tags are designed to select the decay of
the Z° to b quarks, while the remaining two select Z° decays to ¢ and light quarks, and
are used to measure the tagging efficiencies. The result, R, = 0.2159 + 0.0009(stat) +
0.0011(syst), is in agreement with the electroweak theory prediction of 0.2158 +0.0003.

(To be submitted to Physics Letters B)
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1 Introduction

The foregoing measurement [1] of Ry, the fraction of hadronic Z° decays to b quarks,
is based on hemisphere b quark selection by means of one tag which utilises lifetime
and mass information. In the present analysis, this lifetime-mass hemisphere tag is
complemented by four other mutually exclusive tags, using event shape information
as well as lifetime and leptons. Mutually exclusive here means that the tags are
constructed such that a hemisphere will be tagged at most by one tag. In this way it
has been possible to increase the statistical accuracy as well as to reduce the systematic
uncertainty.

Three of the five tags are designed to tag b events, one is designed to select ¢
events, and one designed to select the combination of the three lighter quarks, u,d
and s, together. The b tags include the lifetime-mass tag of [1], a tag that uses both
lifetime and event shape information, and a tag based on the identification of leptons
with large momenta and transverse momenta. The lifetime-mass tag has the highest
purity and the largest impact on the analysis.

The five mutually exclusive hemisphere tags result in 20 statistically independent
measurements: 5 singly tagged fractions, 5 doubly tagged with the same tag, and 10
doubly tagged with different tags. These are used in the present analysis to determine
14 quantities: R, and 13 of the 15 efficiencies of the 5 tags for b, for ¢ and for the
combination of u,d, s flavours. The two background efficiencies of the lifetime-mass
tag cannot be determined experimentally with success. There remain six constraints,
which serve as a check on the analysis.

Monte Carlo simulation is used to calculate the two lifetime-mass tag background
efficiencies and the correlations in the tagging of the two hemispheres in the same event.
These contribute the dominant systematic uncertainties of the analysis.

2 The Method

Events are divided into hemispheres by the plane perpendicular to the thrust axis.
The fraction of tagged hemispheres f! with tag I is

fI'=Ryep + Reel + (1 — Ry — R.)el

where R, and R, are the b and ¢ branching fractions of hadronic Z° decays and € are

the hemisphere tagging efficiencies for flavour a using tag I. €, is the average efficiency

for u,d and s flavours. For five tags, there are 3 x 5 = 15 efficiencies.
The fraction of doubly tagged events fé ) with tags I and J is

o= [Redel (L+py") + Reelel (14 pb7)+
(1= Ry = Re)elel (1+ pb)] (2 = 61.)

where pl-7 are the hemisphere-hemisphere efficiency correlations for flavour a and tags
I and J. The effects on the correlations due to the small differences in efficiencies
between u, d and s flavours are taken into account in the calculation of pl/. There are
3 x 15 = 45 correlations.



The 20 independent measured quantities consist of the 5 numbers of singly tagged
events, N/

N/ =N <2ff - 25: - +51,K)>
K=1

where N is the total number of events, and the 15 numbers of doubly tagged events
Ny’

Np? =Nf7

These 20 measurements are described by 62 unknown parameters: Ry, R., the 15
efficiencies of the five tags for the three flavours, and the 45 correlations of the 15 pairs
of tags for the three flavours. In the following analysis R, and 13 efficiencies are fitted
to the data. The remaining two efficiencies of the lifetime-mass tag, ¢? and €2, and
the 45 correlations are calculated using Monte Carlo simulation. The systematic error
reflects the uncertainties in these calculations. The result will be given as a function

of the difference between R, and its value of 0.172 in the electroweak theory.

3 Event selection

The data used for the analysis were obtained on and near the Z° resonance in the
ALEPH detector [2] during the period 1992 to 1995, since the introduction of a double
sided microstrip vertex detector, with strip readout in r — ¢ and z.

Events are selected as in [1] except for the following requirements:

a) | cosOrgrust| < 0.65, where Orgrysr is the angle between the beam and the
thrust axes.

b) y3 < 0.2, where ys is the value of y.,; that sets the transition from 2 to 3 jets
using the JADE algorithm [3]. This cut eliminates the 3% of events with the
largest gluon radiation, for which the correspondence between data and Monte
Carlo is poorer.

There remain 2,057,618 events. The Monte Carlo simulation is used to determine a
selection bias in favour of b quarks relative to the lighter quarks of 0.1£0.1%, where the
error is dominated by statistics, and a contamination from tau events of 0.30 £ 0.01%,
where the error is dominated by systematics.

4 The Five Hemisphere Tags

The tags are designed in a pragmatic attempt to isolate the desired quark flavour with
high efficiency and purity while keeping the hemisphere-hemisphere correlations small.
The latter is accomplished by deriving the tags from hemisphere quantities exclusively.
In particular, the primary (Z° decay) vertex is reconstructed independently in the two
hemispheres, as described in [1].

The five tags are constructed from the following eight derived hemisphere quantities,
of which the first two are described in greater detail in [1]:
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. Py, the confidence level that all of the hemisphere tracks originate from the
primary hemisphere vertex.

. i, the variable related to the invariant mass of the tracks inconsistent with
originating from the primary vertex. Tracks in a hemisphere are ordered inversely
to their probability Pr to originate from the primary vertex. Tracks are
combined, in this order, until the invariant mass of the combination exceeds
1.8 GeV/c?. The quantity g is the Pr of the last track added.

. N, the output of a neural network [4] trained to select b quark hemispheres.
The input quantities to the neural network are 25 event shape quantities, of
which none depend explicitly on b lifetime effects. These inputs are listed in the
Appendix.

. p, the momentum of an identified electron or muon. Lepton identification is
described in [5]: electrons are primarily identified by their characteristic shower
development in the calorimeter, and muons are primarily identified by their
penetration pattern. If more than one lepton is found in a hemisphere the highest
momentum lepton is used.

. p1, the transverse momentum of the lepton with respect to the direction of its
jet after removing the lepton from the jet.

. N¢, the output of a neural network trained to select ¢ quark hemispheres. The
neural net inputs are one lifetime and 19 event shape quantities, which are given
in the Appendix.

. P, a variable used together with P_, to select ¢ quark hemispheres. Hemisphere
tracks are divided into two groups on the basis of rapidity with respect to their
associated jet axes greater or less than 5.1, chosen so that b hemispheres find
equal numbers of tracks in the two groups. P, is the confidence level that the
tracks in the higher rapidity group originate from the primary vertex.

. P_, the confidence level that the tracks in the lower rapidity group originate from
the primary vertex.

Distributions of these eight variables are shown in Figures 1 and 2, where the Monte
Carlo distributions are given for b, ¢ and z, together with a comparison of the flavour-
combined Monte Carlo distributions with the data. Disagreements exist between the
data and the Monte Carlo simulation, particularly for M. The analysis is insensitive
to such disagreements as they affect the efficiencies. The inadequacies of the Monte
Carlo simulation as concerns the correlations are discussed in Section 6.3.

The definitions of the five tags in terms of the eight variables are given below.

In order to satisfy the exclusive tag requirement each tag is given a priority, and if
a hemisphere satisfies more than one tag, it is assigned to the tag with the highest
priority. The lifetime-mass tag variable is given by

B = —(0.7 logyo st + 0.3 logy Prr)

3
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Figure 1: Comparison of data (points) and Monte Carlo simulation (histogram) for
tagging variables Py, ug, p, and p,. The vertical axis is the number of hemispheres
in the data per bin. The p, and p, spectra are not reweighted using the latest
measurements of the semileptonic branching ratios. Quark flavour contributions in
the simulation are indicated by the shaded regions.
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Figure 2: Comparison of data (points) and Monte Carlo simulation (histogram) for
tagging variables Nz, N¢, Py, and P_. The vertical axis is the number of hemispheres
in the data per bin. Quark flavour contributions in the simulation are indicated by the
shaded regions.



and the five tags are:

Q tag: By > 2.2 Priority 1
S tag: 0.85 < By, < 2.2 and N > (1.05 — 0.2 By,,,) Priority 2
L tag: p>3GeV/cand p; > 1.4 GeV/c Priority 5
C tag: P_ > 0.07 and 0.0003 < P, < 0.3

and By, < 1.5 and Ng > 0.68 Priority 3
X tag: log,y Py > —0.25 and N <0 Priority 4

The Monte Carlo expectations for the 15 efficiencies are given in Table 1. These
are a measure of the performance of the tags. In the R, determination only the charm
and light quark efficiencies of the Q tag are taken from Monte Carlo simulation. The
tighter cut on the Q tag with respect to the foregoing paper [1] results in a reduction
in the background charm and u, d, s efficiencies of nearly a factor of two.

tag €uds €c €
Q 0.00043 0.00216 0.1957
S 0.00204 0.01402 0.1759
L 0.00158 0.00694 0.0425
C 0.07927 0.16193 0.0260
X 0.11686 0.03962 0.0022

Table 1: Monte Carlo results for the tagging efficiencies.

The Monte Carlo simulation is used to determine the hemisphere-hemisphere
correlations for all tags. The impact on R, of a particular correlation is given by

ARy

RyApy”

that is, the relative uncertainty in R, is the impact times the uncertainty in the
correlation. The impacts vary a great deal, so that only about 10 of the 45 correlations
are significant to the analysis. The Monte Carlo expectations for the dominant
correlations and their impacts are given in Table 2. For comparison, in the single
tag analysis [1] the impact of the single correlation considered is unity and the impacts
of the other two correlations are negligible.

5 Results

The basic experimental result consists of 20 measurements: the numbers of singly and
doubly tagged events. These are given in Table 3. The fit of R, and 13 of the 15
efficiencies to these 20 data points gives the result

Ry = 0.21585 £+ 0.00087



correlation value impact
P 0.0274 4 0.0033  0.450
ps —0.0022 +0.0025  0.420
pt —0.0176 £ 0.0050  0.084
P 0.0246 & 0.0072  —0.084
pXC 0.0964 + 0.0049  —0.070
py ¢ 0.0226 + 0.0076  0.064
p&C 0.0718 £ 0.0085 —0.045
p&C 0.0872 £ 0.0075 —0.041
pp° —0.0060 + 0.0036  0.026
p3c —0.0085 £ 0.0179  0.021
poX 0.1335 + 0.0056  —0.016
pXC 0.0984 £+ 0.0120 —0.012
¢ 0.0076 + 0.0168  0.010

Table 2: Monte Carlo results for the dominant correlations with statistical errors and

their impacts on Ry,.

with a x? of 8.1 for the 6 degrees of freedom. The error is the statistical error. This
result has been corrected for the event selection bias and tau contamination discussed

in section 3.
contribution of the photon propagator.

In addition, a correction of +0.0003 has been applied to remove the

Ng = 96504
Ns = 100266
Ny = 33973
Ny = 243002
Ne = 265994

Ngs = 30138
Nox = 504
Ng, = 7534
Nsc = 5838
Npc = 2570

Nog = 16715
Ngg = 13980
NLL == 1097

NXX - 18947
Neoe = 20123
NQL - 8098
Ngc = 4331
Ngx = 1480
NLX == 1079
Nx¢c = 32293

Table 3: Measured numbers of singly and doubly tagged events.

The fitted efficiencies can be compared with the Monte Carlo simulation predictions

and are given together in Table 4.

6 Systematic errors

The systematic errors arise only through the quantities calculated using Monte Carlo
simulation: the uncertainty due to event selection, AR, = 0.00017, the correlations



efficiency simulation fit result
prediction

0.1957 0.1922 + 0.0008
0.1759 0.1769 =+ 0.0006
0.0140 0.0128 £ 0.0012
0.0020 0.0028 £ 0.0002
0.0425 0.0486 £ 0.0003
0.0069 0.0083 £ 0.0007
0.0016 0.0031 £ 0.0002
0.0260 0.0233 £ 0.0004
0.1619 0.1592 £ 0.0020
0.0793 0.0866 =+ 0.0005
0.0022 0.0021 £ 0.0001
0.0396 0.0418 £ 0.0005
0.1169 0.1129 + 0.0006

L)

AN N N ™
8500 LTt 00 T 0 A e e S S

A M

Table 4: Tagging efficiencies as predicted by Monte Carlo simulation and the fitted
efficiencies with statistical errors. For a complete comparison of the fit results with the
simulation predictions an estimate of the systematic error must be included.

and the two Q tag background efficiencies. The impacts on R, of the correlations are
listed in Table 2, and the impacts of the two Q tag background efficiencies are given
by
AR() 6(? . 1 5 AR() 61? .
Ry A€ 77 Ry, Ae¥
This section describes uncertainties entering via these Monte Carlo quantities. The
total uncertainty due to the limited Monte Carlo statistics is AR, = 0.00047.
The task of estimating the systematic errors is essentially the same as described in
[1], with the following observations:

—5.4.

1. The two Q tag background efficiencies enter with the same impacts in the
two analyses. However, because of the harder cut (B, > 2.2 compared with
By, > 1.9) the background efficiencies relative to the b efficiency are reduced by
almost a factor of two, with a reduction in systematic error.

2. The impact of p,?’Q is reduced by more than a factor of two, but other correlations
also contribute substantially to the error in Ry.

6.1 Detector simulation uncertainty

Monte Carlo predictions for €¢ and €2 depend on the assumed impact parameter
resolution and efficiency for vertex detector hits to be associated to tracks. As described
in [1], the Monte Carlo simulation is corrected to achieve better agreement with data
in these tracking quantities, and a systematic uncertainty is assigned to the correction.
The resulting uncertainties in €¢ and €9 are given in Table 5.
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Ae? Ae? AR,
0 dependence of S resolution 0.00002 | < 0.00001 | 0.00003
p dependence of S resolution 0.00002 0.00001 0.00009
f dependence of tracking efficiency 0.00001 | < 0.00001 | 0.00002
p dependence of tracking efficiency < 0.00001 | < 0.00001 | < 0.00001
Remaining inaccuracy of S resolution | 0.00003 | < 0.00001 | 0.00005
Track correlation in S resolution 0.00008 0.00005 0.00045
Total uncertainty 0.00009 0.00005 0.00046

Table 5: Uncertainties in QQ tag efficiencies and in R}, due to uncertainties in detector
simulation from the resolution on the impact parameter significance, S[1], and tracking
efficiency.

6.2 Systematics from b and ¢ physics uncertainties

Uncertainties in physical parameters that enter into the simulation result in
uncertainties in €%, €2 and the correlations.

These are calculated by varying the physics inputs to the Monte Carlo simulation
within their allowed experimental ranges [6]. The procedure is described in reference
[1].

Table 6 reports the errors in R, due to these physical parameter variations. The
overall error resulting from these uncertainties is AR, = 0.00084.

6.3 Correlation errors

Correlation errors are assigned following the same basic procedure as in [1]. Since
the correlation now concerns events in which the two hemispheres may be tagged by
different tags, I and J, the contribution to the correlation pfc"] is

-1

iy — J 1) [ ()77 () 4 €7 ()7 ()] v
Pr\v) = 2(en){el)

where f¢(v) is the fractional event distribution in variable v for flavour f, efc’same(v) is
the corresponding efficiency for the tag I for the hemisphere in which v is measured,
and el{")ppo(v) is the efficiency for the tag J on the side opposite to the one in which v
is measured.

The errors are assigned as the differences between data and Monte Carlo multiplied
by the relevant impacts on R;,, summed linearly for all correlations for a given variable,
and in quadrature for the four chosen variables: jet momentum, ys, cos @ ryrusr and
orurusT- 1f, instead, the sum were made quadratically for each variable, taking
the larger of the difference between data and Monte Carlo or its error, the resulting
systematic error would be slightly smaller.

Comparison of data and Monte Carlo simulation for a particular flavour requires
the isolation of this flavour in the data. For the flavour isolation the same procedure



Source AR,

Both b in the same hemisphere : 2.2 + 0.7% | F0.00011
g — cC : (2.38 £0.48)% per event F0.00043
Ratio g — bb/g — c¢ : 0.13 4 0.04 F0.00054
(xg(g)) = 0.76 £ 0.03 F0.00010
B fragmentation : 0.702 £ 0.008 F0.00010
B, fraction : 0.112 £+ 0.019 F0.00004
Ay fraction : 0.132 + 0.041 F0.00007
BT lifetime : 1.62 +0.06 ps F0.00005
B lifetime : 1.56 4= 0.06 ps F0.00005
By lifetime : 1.61 £ 0.10 ps F0.00003
Ay lifetime : 1.14 £ 0.08 ps F0.00003
B charged multiplicity : 5.73 +0.35 F0.00017
Charm fragmentation : 0.484 4 0.008 +0.00011
D7 lifetime : 1.057 4+ 0.015 ps F0.00001
D lifetime : 0.415 4 0.004 ps F0.00001
D, lifetime : 0.467 £ 0.017 ps F0.00004
A, lifetime : 0.206 + 0.012 ps F0.00001
B(D* — Kg) : 0.295 4 0.035 +0.00009
B(D° — Kg) : 0.210 £ 0.025 +0.00009
B(Ds — Kg) : 0.195 £ 0.140 +0.00012
DT fraction : 0.233 + 0.028 F0.00012
A, fraction : 0.065 + 0.029 +0.00007
Dy fraction : 0.102 £ 0.037 F0.00003
Charm charged multiplicity F0.00025
Charm neutral multiplicity F0.00016
VO rate (£10%) and eff. (+£20%) F0.00004
Total | 0.00084

Table 6: Systematic errors in R, due to uncertainties in charm and bottom physics.

is used as in [1], resulting in two values for the data for the two different subtraction
schemes (method 1 and method 2) which could be compared and whose average is used
in the error assignment.

The isolation of the b flavour uses the requirement B;,,, > 0.3 for both hemispheres,
with the resulting efficiencies 0.64, 0.18 and 0.03 for b, ¢ and u, d, s flavours respectively.

For the isolation of the u,d,s flavours the requirements —log,, Py < 0.6 and
Py > 0.13 are imposed on both hemispheres, with efficiencies 0.024, 0.22 and 0.54
for b, c and u, d, s flavours respectively.

No initial event selection requirement proved useful for purifying ¢ flavour. As a
consequence, the flavour isolation algorithm in which the unwanted flavours in the
data are subtracted on the basis of the Monte Carlo (method 1) suffers from very large
statistical errors and cannot be used. The errors for ¢ flavour correlations are therefore
assigned on the basis of the difference between the other method (method 2) and Monte
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Carlo.

Table 7 presents the results for the thirteen correlations with impact greater than
0.01. For each correlation, the overall value and impact are listed together with
the contributions from the four variables studied. For each variable, the difference
in background subtraction AD and the differences between data and Monte Carlo
simulation are shown. The resultant uncertainty is AR, = 0.00027. The error in
Ry, due to the uncertainties in the remaining 32 correlations of very small impact is
assigned by assuming +20% uncertainties in each of these. The resultant error in R of
£0.00005, combined with the errors due to the 13 larger impact correlations is finally
ARy = 0.00027.

6.4 Systematic Error Summary

The systematic errors are summarised below:

AR, = =£0.00047 Monte Carlo statistics
+0.00017 Event selection
1+0.00084 Physics uncertainty
1+0.00046 Tracking uncertainty
1+0.00027 Hemisphere correlations uncertainty

7 Discussion of the Result

The systematic uncertainties evaluated in the previous section, added in quadrature,
give a total systematic error of 0.00110 in R,. The result presented in Section 5
becomes:

R, = 0.2159 + 0.0009(stat) + 0.0011(syst) — 0.019 x (R, — 0.172)

where the explicit dependence on R, is given.

Figure 3 shows the stability of the result as a function of the cut on N¢ of the C
tag as well as a function of the N cut of the S tag. Figure 4 shows the stability of the
result with respect to the Q tag cut, together with the contributions to the error.

The present analysis relies heavily on the lifetime-mass tag which is the basis of the
preceding paper [1]. The result of this single tag analysis is

R, = 0.2167 = 0.0011(stat) = 0.0013(syst) — 0.037 x (R, — 0.172).

That result is highly correlated to the present one, both in the data used and in the
systematic errors, so the two cannot be used independently. They are statistically
consistent. The result presented here has the smaller error, and is therefore taken as
the final result.

The result is in good agreement with the current expectation of Electroweak theory
7] as predicted for a top mass of 175 + 6 GeV/c? [8]

Ry, = 0.2158 £ 0.0003 (Electroweak expectation).
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Figure 3: Ry results as a function of the Mg cut of the S Tag (upper plot) and as a
function of the N¢ cut of the C Tag (lower plot).
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Figure 4: Ry results as a function of the By, cut (upper plot) plotted against the right
ordinate; the error bar is the total one. On the left ordinate the different sources of
errors are plotted together with the total error as a function of the By, cut.
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If the radiative corrections, which are dominated by top quark effects, were left out of
the electroweak calculation, the expected result would be:

R, =0.2183 £0.0001 (Electroweak expectation without rad. corr.).

This measurement is an indication of the top quark dominated radiative vertex
correction.

Other measurements of Ry, have been reported recently by SLD [9], DELPHI [10] and
OPAL [11]. The more precise result, the one of OPAL, is R, = 0.2175 4 0.0014(stat) £
0.0017(syst) — 0.106 x (R, — 0.172).
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Appendix

1. Neural network input variables for Az

e B(1) : Longitudinal momentum pj of the leading track of the most energetic jet
Jmaz Of the hemisphere.

e B(2) : Fox-Wolfram moment of order 5 normalized to the 0* moment [12].
e B(3) : Transverse mass with respect to the plane of the event

_ Xilp(i)costis| Vs

EHemi

B(3)

where the subscript 3 refers to the minor axis (axis perpendicular to the plane of the
event), 7 runs over all the energy flow tracks of the hemisphere (charged tracks, photons
and neutral hadrons) and Fp,,,; is the visible energy of the hemisphere.

e B(4) : Invariant mass of the three most energetic tracks of Jy,qz-

e B(5) : “Forward Momentum” : tracks of the most energetic jet of the hemisphere

-

are boosted along its axis J,,., assuming that the B hadrons carry on average 70%
of the beam energy, and the total momentum of the tracks produced in a forward
direction with respect to J,,; is computed.

e B(6) : Transverse momentum p, of the second leading track of Jy,4z-

e B(7) : Same as B(6) for the leading track of J,s-

e B(8) : Multiplicity of the energy flow tracks of J,,., with p > 1 GeV/c.
e B(9) : Invariant mass of the charged tracks of J,,,, with p > 1 GeV/c.

e B(10) : Invariant mass of the energy-flow tracks belonging to a cone of +40°
around the axis of J,,., (denoted Cj¢ hereafter).

e B(11) : Sum of the squared transverse momenta of the particles belonging to the

cone C{f.
40

o B(12

e B(13

e B(14) : Invariant mass of the energy-flow tracks belonging to a cone of +40°
around the leading track of the hemisphere (denoted Ce* hereafter).

e B(15) : Energy of C%* divided by Epemi-

Energy of C{¢ divided by Egemi-
Energy of the leading track of the hemisphere divided by Egem;.

)
)

e B(16) : “Directed Sphericity” [13] defined as : %, where ¢ runs over a set

of energy flow tracks of Jy,qz, pi(4) is the transverse momentum of the track i w.r.t.
its jet axis and P(i) is the momentum of i estimated in the centre of mass of the set
of considered tracks. This variable is an attempt to reflect the fact that the decay of
a B-hadron in its rest frame is more isotropic than for light hadrons. Here the set of
tracks used is the first, second and third most energetic energy flow tracks of J,,4:.

e B(17) : Same as B(16) for the first, second and fourth tracks of Jy,a.

e B(18) : Same as B(16) for the first and third tracks of J,q.-

e B(19) : Same as B(16) for the first and fourth tracks of Jy, 4.
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e B(20) : Same as B(4) for the first and third tracks of J,.-

e B(21) : Energy (in the laboratory frame) of the set of tracks used in B(16).
e B(22) : Energy of the set of tracks used in B(17).

e B(23) : Energy of the first and second most energetic tracks of Jp,qz-

e B(24) : Energy of the set of tracks used in B(19).

e B(25) : Energy of the system of tracks obtained with a nucleated jet algorithm
starting from the most energetic track of the hemisphere and stopping the nucleation
when the invariant mass exceeds 2.1 GeV /c? [14]. This variable is intended to reproduce
in an inclusive way the (Xg) of D mesons (which is different for D mesons produced
in Z — c¢ and Z — bb events).

2. Neural network input variables for N
e C(1) : This variable is defined as :
Y[ pL(d)]

PHemi

c(1) =

where 7 runs over all the jets of the hemispheres.
e C(2) : Same as B(11) for the tracks of Jp,4.-
e C(3) : This variable is defined as :

>[50 p (0)p) ()]
P2

Hems:

C(3) =

where 7 runs over all jets of the hemisphere and ¢ over all the tracks of each jet j.

e C(4) : Same as B(1).

e C(5) : Longitudinal momentum p, of the second leading track of Jy,q,-.

e C(6) : Same as B(7).

e C(7) : Same as B(3).

e C(8) : Visible energy of the hemisphere Epepm;.

e C(9) : “Directed Sphericity” calculated with the four most energetic tracks of
Tmaz-

e C(10) : Longitudinal momentum pj of the third leading track of Jy,q,.

e C(11) : Same as B(5).

e C(12) : Invariant mass of Jy,-

e C(13) : Sum of the masses of all the jets of the hemisphere.

e C(14) : Py as described in the text.

e C(15) : Multiplicity of the charged tracks of J,,4, with p > 0.25 GeV/c.

e C(16) : Multiplicity of the charged tracks of Jy,q, with p > 1.0 GeV/c.

e C(17) : Multiplicity of the energy flow tracks of Jy,4, with p > 0.25 GeV/c.

e C(18) : Same as B(8).

e C(19) : Invariant mass of the energy flow tracks of J,,4, with p > 1 GeV/c.

e C(20) : Number of identified leptons (electrons and muons) with p > 3 GeV/c in

the hemisphere.
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