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Abstract. The standard method used for tagging b-hadrons in the DELPHI experiment at the CERN LEP
Collider is discussed in detail. The main ingredient of b-tagging is the impact parameters of tracks, which
relies mostly on the vertex detector. Additional information, such as the mass of particles associated to a
secondary vertex, significantly improves the selection efficiency and the background suppression. The paper
describes various discriminating variables used for the tagging and the procedure of their combination. In
addition, applications of b-tagging to some physics analyses, which depend crucially on the performance

and reliability of b-tagging, are described briefly.

1 Introduction

The study of heavy b- and ¢- quarks is one of the most
interesting subjects in experimental High Energy Physics,
directly related to the verification of the Standard Model
(SM) and the search for its possible violations. Where these
may occur is very model-dependent, but it may well be that
the third generation particles will provide some important
clues to new effects. This is a large part of the motivation for
studying b-quarks at LEP, where top-quark pair production
is kinematically inaccessible. It is thus important to have
algorithms for selecting events with b-quarks while keeping
backgrounds small. Efficiency and purity or background
rejection are important parameters of these techniques.
Because searches for such deviations from the SM often
involve precision measurements, it is crucial to have a very
well understood and monitored b-tagging algorithm.

A further reason for selecting b-quarks is the search for
the Higgs boson. For the SM Higgs with mass of relevance
for LEP and the Tevatron, the predominant decay mode is
to bb pairs. Thus tagging b-jets provides a valuable means
of selecting candidates while reducing backgrounds to low
levels, thereby enabling searches to achieve high sensitivity.

In this paper the b-tagging technique developed for the
DELPHI experiment at the LEP electron-positron collider
is described. LEP ran at centre-of-mass energies around the
7 (91 GeV) over the period 1989 to 1995, and then at higher
energies up to 208 GeV, before being turned off in 2000.
Much of the technique used here would be applicable, with
suitable modifications, in other experimental situations.

The lifetimes of b-hadrons are around 1.6 ps. This means
that flight distances are of order 3 mm for a 35GeV b-
hadron, this being a typical energy in a 2-jet event at the
Z, or in a 4-jet event at LEP2 energies. Correspondingly
the decay tracks from a b-hadron have non-zero impact
parameters!, i.e. when extrapolated backward in space they
do not pass exactly through the beam interaction point.
The scale of these impact parameters is ¢ =~ 400 um. This is
to be compared with the DELPHI experimental resolution
o of about

o =27 ® 63/(p sin®? ) um (1)

1 See Sect. 3.1 for more detailed definitions and discussion
of impact parameters.

where p and 6 are the momentum (in GeV/c) and the polar
angle of the track. The symbol & denotes the quadratic
sum of terms. Equation (1) is for the impact parameter
(IP) in the plane perpendicular to the beam; along the
beam direction, the resolution is slightly worse. Because the
micro-vertex detector is crucial for achieving this accuracy
in IP measurements, it is described in Sect. 2.

The impact parameters provide the main variable for
b-tagging. For all the tracks in a jet, the observed impact
parameters and resolutions are combined into a single vari-
able, the lifetime probability, which measures the consis-
tency with the hypothesis that all tracks come directly from
the primary vertex. For events without long-lived particles,
this variable should be uniformly distributed between zero
and unity. In contrast, for b-jets it has predominantly small
values. Details of how this variable is constructed are elab-
orated in Sect. 3.

Other features of the event are also sensitive to b-quarks,
and some of them are also used together with the IP in-
formation to construct a ‘combined tag’. For example, b-
hadrons have a 10% probability of decaying to electrons
or muons, and these often have a transverse momentum
with respect to the b-jet axis of around 1 GeV/c or larger.
On its own, the high-pr lepton tag would have too low
an efficiency for many b-quark studies, but the presence of
such a lepton is useful information to combine with the IP
measurements. The combined tag also makes use of other
variables which have significantly different distributions
for b-quark and for other events, e.g. the charged particle
rapidities with respect to the jet axis. Further details on
these variables and the way in which they are combined
are given in Sect. 4. The combined tag including the life-
time probability and secondary vertex mass, rapidities and
fractional energy (described in Sect. 4.3) was used for the
measurements at the Z (see Sects. 6.1 — 6.4). For most
LEP2 b-tagging analyses, the transverse momentum miss-
ing at the secondary vertex and the transverse momentum
with respect to the jet axis of any electron or muon were
also used in the combination.

The combination method used is optimal for uncorre-
lated variables. The extent to which it is possible to improve
on the ‘combined tag’, for example by using extra infor-
mation such as the jet energy, is investigated in Sect. 4.6.
The resulting ‘equalised tag’ was used in the Higgs search
at LEP2 (see Sect. 6.5).
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Fig. 1a,b. Schematic cross sections of the Double Sided Vertex Detector in a the transverse (R¢) view and b a three-dimensional

view. Dimensions are in cm

Section 5 contains some technical aspects of the b-
tagging. In particular it describes some modifications that
were required to the physics generators of the Monte
Carlo simulation.

Finally, some physics studies for which b-tagging plays
a crucial role are outlined in Sect. 6. First there is the
measurement of the fraction of hadronic Z decays which
contain b-quarks (see Sect. 6.1). A precise measurement of
this quantity requires high efficiency tagging, while keep-
ing down the backgrounds from other quarks in order to
reduce the systematic errors. This is followed by applica-
tions of b-tagging to the measurement of the production
rate of events with 4 b-jets, and of the b-hadron charged
decay multiplicity. Section 6.4 describes a measurement
of the b-fraction in 3-jet events, which is sensitive to the
mass of the b-quark. This uses anti b-tagging to select light
quark events. Finally the crucial reliance on b-tagging of
the search for the Higgs is described in Sect. 6.5.

2 The DELPHI vertex detector
2.1 Overview

The silicon vertex detectors of the DELPHI experiment
have undergone various upgrades throughout the lifetime
of the experiment. For the statistics collected in 1991-1993
it provided measurements in the transverse (R¢) plane?
only [1].

The DELPHI Double Sided Vertex Detector (DSVD) [2]
was installed in the experiment in early 1994 and by the
end of the Z running at LEP had contributed to the recon-
struction and analysis of approximately 2 million Z decays.

2 DELPHI uses a cylindrical polar co-ordinate system, with
the z axis along the beam direction (and the magnetic field
axis). R and ¢ are the radial and azimuthal co-ordinates in
the transverse plane, 6 is the polar angle with respect to the
beam axis. The Cartesian co-ordinates x and y are horizontal
and vertical, respectively.

Two of its three layers were equipped with double-sided or-
thogonal readouts, thereby upgrading the IP and vertexing
capabilities by adding information from the longitudinal
(Rz) plane. The extra coordinate helps to associate tracks
to vertices where the single R¢ view alone might have am-
biguities. This upgrade led to about a 30% improvement
in the b-tagging efficiency at fixed purity. The geometrical
layout of the DSVD is shown in Fig. 1. The three layers,
termed Closer, Inner, and Outer, were at average radii
of 6.3, 9.0 and 10.9 cm respectively, with the Outer and
Closer layers instrumented with the double-sided orthog-
onal readout. The three-layer polar angular coverage was
between 44° and 136°, with the Closer Layer providing
additional coverage in anticipation of the subsequent SiT
upgrade described below. The transverse view displays the
large degree of overlap (up to 20% of the sensitive region
in the Inner Layer), which was an important ingredient
for the alignment. The average thickness of each silicon
module was 0.5% of a radiation length. The z readout was
routed via an integrated double metal layer, thus adding
negligible extra material in the barrel region, and helping
to keep multiple scattering to a minimum.

The DELPHI Silicon Tracker (SiT) [3] was a further
upgrade for the physics requirements at LEP2, and the
barrel part relevant for b-tagging was fully installed in
1996. Physics objectives of LEP2, such as the measure-
ment of four-fermion processes and the searches for the
Higgs boson or for super-symmetric particles, required a
larger polar angle coverage than at LEP1. The design goal
was to achieve an equivalent b-tagging performance to the
DELPHI DSVD, and in addition to extend this to around
25° in 6, after which the b-tagging capabilities were lim-
ited by multiple scattering in the beam-pipe. The SiT also
incorporated end-caps of mini-strip and pixel detectors for
tracking in the forward region [3,4]. The geometrical lay-
out of the SiT is shown in Fig. 2. The radii of the layers
were similar to the DSVD, but the Outer and Inner layers
were doubled in length to provide the extra angular cover-
age. The Closer Layer was double-sided, the Inner Layer
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Silicon Tracker and the Double Sided Vertex Detector. (Xev
is defined in Sect. 4.1.) The extra coverage provided by the
Silicon Tracker in the forward direction is clearly visible

was double-sided for 21° < 6 < 44° (and the correspond-
ing backward region) and single-sided in the centre, and
the Outer Layer provided R¢ and Rz measurements from
its crossed detector arrangement [3]. The impact of this
detector on b-tagging is shown in Fig. 3.

2.2 Alignment and performance

b-tagging quality relies on excellent alignment of the ver-
tex detector. The starting point of the alignment was the
information from an optical and mechanical survey before
installation. This was refined with the information from
tracks from Z decays, using a stand-alone procedure where
the momentum of the track was the only information taken
from the rest of the DELPHI detector. The precision of
the vertex detector hits has allowed a number of impor-
tant effects to be identified, including some common to all
LEP vertex detectors and certain previously unmeasured
properties of silicon detectors. They include:

— coherent deformations, such as a torsion or shear of the
entire structure;
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Fig. 2. Schematic view of the Silicon Tracker

— bowing of the silicon modules due to the different re-
sponse of the silicon and the module support to changes
in temperature and humidity;

— barycentric shift effects, whereby the centres of gravity
of the charge clouds of electrons and holes in the silicon
do not correspond to the mid-plane of the detector, nor
to each other;

— acollinearity of the LEP electron and positron beams
leading to lepton pairs from Z decays which cannot be
assumed to be back-to-back in the alignment procedure.

More details can be found in [5]. The precise vertex detector
alignment has also led to better understanding of other
detectors, such as the TPC, the track distortions of which
were corrected.

The ultimate performance of the vertex detector with
respect to b-tagging can be measured by the IP resolution,
which in the R¢ plane can be parametrised by:

63
Opp = 27® ———um (2)
p sinz6
with p in GeV/c. The IP resolution in the Rz plane for two
typical 6 regions can be parametrised by:

1
ohe = 390 %um (for 80° < 6 < 90°) (3)

oRr. =96 @ % pum (for 45° < 6 < 55°). (4)
These equations are the quadratic sums of a constant and
a momentum dependent term, corresponding to the intrin-
sic resolution and to the multiple scattering contributions
respectively. For tracks coming from b-decays, these con-
tributions are of similar magnitude. Typical distributions
of the IP resolutions as functions of momenta are shown
in Fig. 4.

3 Lifetime tagging

b-hadrons in many aspects are significantly different from
all other particles. They have a long lifetime, large mass,



190

_ DELPHI

125 [ o)
100 |-

o (um)

O (um)

P sin®?8

O (um)

0 L

1 10

p
Fig. 4. The R¢ IP uncertainty as a function of p sin?6 (upper
plot), the Rz IP uncertainty as a function of p sin’ (middle
plot) and the Rz IP uncertainty as a function of p for tracks
with 6 = [80° : 100°], i.e. perpendicular to the beam direction
(lower plot). The data are from the Double Sided Vertex De-
tector at the Z. The curves are parameterisations of a constant
intrinsic resolution term and a momentum-dependent multiple
scattering contribution. Momenta are in Gev/c

high decay multiplicity, substantial leptonic branching rate,
etc. The most important property for the selection of b-
hadrons is their lifetime. Among the main features of life-
time tagging are a simple and transparent definition and
ease of control, since it relies on a single measured quantity,
the track IP.

In this section the definition of the main elements en-
tering in the lifetime tagging together with the principles
of its construction are given. This tagging itself provides ef-
ficient separation of the b-quark from other flavours, which
is further enhanced by including additional variables (see
Sect. 4). The method of lifetime tagging used by DELPHI
was originally proposed by the ALEPH collaboration [6].

3.1 Impact parameter

The general 3-dimensional IP is the minimal distance be-
tween the estimated primary interaction point and the
track trajectory. The decay of a long-lived particle pro-
duces tracks with large impact parameters, which is not
the case for particles from the primary interaction. Lifetime
tagging is based on this difference.

For b-tagging in DELPHI, a slightly different approach
is adopted, with a separation of the 3-dimensional infor-
mation into R¢ and Rz components. The IP component in
the R¢ plane is defined as the minimal distance between
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Fig. 5. Definition of R¢ and Rz IP components. ¥ is a unit
vector along the R — ¢ projection of the track direction, and
¢ is another unit vector in the R¢ plane, perpendicular to
. 7 is a vector from the origin O to the primary vertex
PV. Py and Pc are the points of closest approach in the R¢
plane of the track trajectory to O and to PV respectively. The
diagrams show the projections onto the R¢ and Rz planes.
The IP components are drg and dgr., while egy and egr. are
the corresponding components from Py to the origin

the primary vertex (PV) and the track trajectory projected
onto the plane perpendicular to the beam direction. The
point of the closest approach (P¢) of the track trajectory
to the primary vertex in the R¢ plane is also used to define
the Rz component of the IP. This is the difference between
the z-coordinates of the primary vertex and of the point
Pc (see Fig. 5).

According to these definitions, there are two ingredi-
ents in the IP computation: the parameters of the track
trajectory, provided by the track fit, and the position of the
primary interaction. The parameters of the track trajectory
are the track direction given by its polar and azimuthal
angles (0, ¢) at the point Py of the closest approach to the
origin O; and (¢grg, €rz), the equivalent of the IP com-
ponents but defined with respect to the origin O, rather
than with respect to the primary vertex. The reconstruc-
tion of the primary vertex is explained in the next section.
In the approximation that the tracks can be regarded as
straight lines between Fy and Pc, the IP components drg

and dg, with respect to the primary vertex position 7 are
calculated as:

drs = ery — (€ - V) (5)
€Rs + cot 9(7 . 7) -V,
—ep— (1 -V). (6)

dRz

Here @ is the unit vector along the track direction in
the R¢ plane: W = {cos $,sin$,0}; € is the unit vector
perpendicular to the tgack direction in R¢ plane: @ =
{sin @, —cos ¢,0}; and I = {—cotfcos®, — cot @ sin¢,1}.
Figure 5 illustrates these definitions of the IP components.
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The main reason for the separation of the 3-dimensional
IP into R¢ and Rz components is that the measurement
of the particle trajectory in DELPHI is performed inde-
pendently in these two planes with somewhat different
precision (see (2)—(4)). Also the beam-spot is smaller in
the transverse directions. In addition, there are 3 sensitive
layers of vertex detector in the R¢ plane and only 2 lay-
ers in the Rz plane; the fraction of tracks with wrong hit
association in the Rz plane is thus higher. The separate
treatment of the IP components provides the freedom to
reject bad measurements in the Rz plane, while keeping
useful R¢ information. Finally, the data before 1994 were
taken with the 2-dimensional vertex detector providing
track measurements in the R¢ plane only. The separate
use of the R¢ and Rz information is one of the crucial
points of our tagging algorithm, significantly influencing
its structure.

3.2 Primary vertex

The primary vertex is reconstructed for each event using
a set of selected tracks and the beam-spot position. The
beam-spot is the zone of intersection of the two colliding
beams of LEP. It has a small size in the R¢ plane (o, =~
150 pm, oy, less than 10 um), while it is several millimetres
long along the beam direction. It is relatively stable within
a fill; and so can be used as a constraint for the primary
vertex fit.

The beam-spot is measured using events which have a
vertex formed by at least 3 tracks with hits in the silicon
strip detectors. These vertices are used to fit the position
in 3 dimensions and also the x and z size of the interaction
region in time periods of around 20 minutes. The size of the
interaction region in y is not fitted, because it is smaller
than the corresponding position error, and the value o, =
10 um is used.

The PV position is obtained by minimising the y? func-
tion:

sp 2
T = X sty + X VS
a «,f=1,2 i

(7)
Here {d{,d3} = {d%,,d%,} is the 2-dimensional vector
of IP components for each track a entering in the PV fit
and S, is the covariance matrix of the measured quantities
{5‘}%05, €%, }; since measurements in the R¢ and Rz planes
are made independently, the matrix S, is almost diagonal.
VP and o;" are the beam-spot position and size for the
x and y coordinates. The first summation in (7) runs over
all tracks selected for the PV fit. Because of our definitions

5-6) of the IP components, the dependence of x2 on the
(5-6) P ; P X

vertex position V' is quadratic and hence the minimisation
of (7) can be performed analytically.

An important part of the PV reconstruction is the se-
lection of tracks and the rejection of bad measurements.
Tracks with wrong hit associations in the vertex detector,
as well as those coming from decays of long-lived particles
or from interactions in the detector material, bias the fitted
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PV position and a special rejection procedure attempts to
reduce this bias.

For the PV computation, tracks with at least two R¢
measurements and at least one Rz measurement are se-
lected. First the fit using all these tracks (Ny.) is per-
formed and x?(Ny,) is computed. After that each track i is
consecutively removed and the corresponding xZ(Ngy — 1)
is obtained. The track ¢ giving the maximal difference
X2 (Ner) — X3 (N — 1) is excluded from the fit if this dif-
ference exceeds a threshold value A, which was set to 6.
This procedure is repeated while there are tracks with a
x? difference exceeding A. Since the beam-spot position
constraint is used for the PV computation, all tracks may
be rejected for some events. In this case the PV coincides
with the beam-spot and its covariance matrix corresponds
to the beam-spot size. The fraction of such events is about
1% for Z hadronic events.

This fitting procedure gives an average precision of
the PV position for ¢§ (where ¢ = uds), cc, bb simu-
lated Z hadronic decays of o, = 36,44,60 um and o,
43, 50, 70 um respectively, although the actual precision de-
pends strongly on the number of tracks. The somewhat de-
graded precision for bb events is explained by the smaller
multiplicity of primary tracks and by tracks from b-hadron
decay occasionally included in the primary vertex.

3.3 Error and sign of impact parameter

Since the PV position is used in the definition of an IP, the
impact parameters of all tracks included in the PV fit are
correlated with each other; their correlation coefficient is
about 0.2. From (5)—(7) and the standard error propagation
formalism, the error on the R¢ IP is given by:

(ot)2 — ( if the track is included
Tre) T \0 in the PV fit

(05)* + (0y)*  otherwise

2
Ro)

(8)

with similar equations for 0% _. Here Ug(ﬁ (o8,) is the error
on €rg (€r») coming from the track fit and oP" is the error
from the PV fit, and includes implicitly the influence of all
other impact parameters. More explicitly:

§ 14
6iSij €j
2%

(0%\;)2 = Z llSz‘;lj
4,J

(0hs)” (9)

(10)

where SY. is the covariance matrix of the primary vertex fit,

¢ and [ are defined in Sect. 3.1. The simplicity of the final
equations is a consequence of our choice of IP components.

Using (5), (6), and (8) the track significances Sry and
Sr. are defined simply as:

(11)
(12)

Skre = dr¢/0Re

SRZ - dRz/URz .
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Fig. 6. Distributions of the difference between reconstructed
and generated directions of b-hadrons for events with a re-
constructed secondary vertex, for simulated Z events. The B
direction is defined as the direction from the primary to the
secondary vertex (solid line) or as the jet direction (dashed
line). Especially in ¢, the definition using the secondary vertex
gives a better description of the B direction

The track significance thus compares the measured value
of the TP with its expected precision. This quantity is used
as an input variable for the lifetime tagging. Tracks from
decays of long-lived particles (7’s, b-, ¢- and s-hadrons)
often have large IPs, significantly exceeding ocrg and og..

Equations (5)—(6) define the magnitude of IP compo-
nents and their geometrical sign, while in the b-tagging
method and throughout this paper the lifetime sign for
IP is used. It requires knowledge of the flight path of the
long-lived particle. In the simplest case the flight path is
approximated by the direction of the jet® to which the
given particle belongs. Often the decay point of the long-
lived particle can be reconstructed (see Sect. 4.2); in this
case the flight direction is defined as the direction from
the primary to the secondary vertex. As can be seen in
Fig. 6, this improves the measurement of the flight direc-
tion. The azimuthal angle precision becomes slightly better
than that for the polar angle because the vertex detector is
more precise in the R¢ plane. To obtain the lifetime sign of
the R¢ and Rz IPs, the point of closest approach in space
of the track to the estimated B-flight path is computed
and the sign is set negative (positive) if this point is up-
stream (downstream) of the PV position. The significance
is assigned the same sign as the IP.

With this definition, tracks from decays of long-lived
particles have predominantly positive signs while tracks
coming directly from the PV are equally likely to be positive

3 The default jet clustering algorithm is JADE, with yeu set
at 0.01. However, the user of the b-tagging package has the
option of using any jet algorithm.
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Fig. 7. Distributions of positive and negative R¢ significances
and data for Z hadronic decays. The excess of tracks with large
positive significance is due to long-lived particles
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Fig. 8. Simulated distributions at the Z of the R¢ track IP
probabilities for different quark flavours, for tracks with positive
lifetime-sign IPs
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or negative. For b-tagging, tracks with positive IP are used,
thus reducing by half the number of background tracks.

The distributions of positive and negative R¢ signifi-
cance are shown in Fig. 7. The excess of positively signed
tracks with large significance is clearly seen.

3.4 Track probability

The distribution of the negative track significance is de-
termined mainly by tracks coming from the PV, including
scatters in the detector material, tracks with wrong hit as-
sociation etc, while the contribution of tracks coming from
decays of long-lived particles is about 1%. This distribution
can thus be used to define the probability P(S°) for a track
from the PV to have the measured value of the modulus
of its significance exceeding the value S°. This function is
obtained by integration of the probability density function
of the negative significance f(S) from S° to infinity and
assuming that P(S°) is the same for primary tracks with
either positive or negative significance:

P(S°) = [ f(S)ds

S0
By definition, tracks from the PV should have a flat
distribution of P(SY) between 0 and 1, while tracks from
decays of long-lived particles and with large positive val-
ues of SV have small values of P(S?), reflecting the small

(13)
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probability for tracks from the primary vertex to have such
large values of the IP and hence of S°. As an example, Fig. 8
shows the distribution of P(S%¢) for tracks with positive

IP. The peak at small values of P(S%,) is produced mainly
by the long-lived particles. The transtormation from signif-
icance to track probability is referred to as the calibration
of the detector resolution.

For LEP1 analyses, the above calibration was performed
using tracks from Z decays. At LEP2, there was the pos-
sibility of again using Z data for calibration; each year,
short runs at the Z were taken before the start of and also
interspersed with the high energy running. Alternatively,
the calibration could be carried out using the same type
of data as used to perform the relevant physics analysis.
Thus for the Higgs search of Sect. 6.5, 4-jet events were
also used for calibration in the channel where the H and
Z both decay to 2 jets, while in the corresponding chan-
nel where the Z decays to two neutrinos, calibration was
performed using ‘2-jets 4+ missing energy’ events. The use
of calibration samples closely related to the data sample
in principle allows for the following possible effects:

— because of possible movements of the relative positions
of the different parts of the vertex detector with respect
to the rest of DELPHI, the calibration could be time-
dependent;

— track confusion and lifetime-signing (and hence cali-
bration) could depend on the event topology;

— the IP resolution changes with polar angle 6. The jet
distribution in 6 depends on the particular physical
process considered;

— the IP resolution is also energy dependent. The jet and
track energy spectra depend on the physical process.

The calibration was performed separately for categories
of tracks with different lifetime sensitivities. The categories
were determined by the number of associated VD hits. A
small number of VD hits associated with a track is often
caused by incorrect reconstruction, and the significance
distribution of such tracks has a larger non-Gaussian tail.
By using a different track probability for them, this differ-
ence was taken into account. This approach was also used
for the analysis of the data collected in 2000, when one out
of the 12 sectors of the TPC was not operational during
the last part of the data taking; tracks reconstructed with-
out the TPC have worse precision, which requires using a
separate track probability for them.

Another property of the track probability is that it can
be defined directly from the data. This is very important,
in that it allows the calibration of the detector resolution
independently of the simulation. Such calibration allows
to take into account possible differences between data and
simulation. As a consequence, it also reduces the system-
atics due to detector effects in physics measurements.

For the construction of P(S?) it is important to reduce
the contribution of tracks coming from the decay of long-
lived particles. Using the negative significance distribution
partially solves this problem. Additional suppression of the
lifetime information is achieved by applying anti-b tagging
to the event sample used for calibration. This anti-b tag-
ging is based on tracks with positive IPs, and hence does
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not bias the negative significance distribution. The anti-b
tagging reduces the fraction of bb events in the selected
sample of hadronic Z events from 21.6% to less than 5%
and the contribution of tracks from decays of b-hadrons
is reduced correspondingly. Additional selection criteria
for tracks used for calibration decrease the contribution
from the decay products of light long-lived hadrons (K,
hyperons) and hence reduce the tail of the significance
distribution. They are specified in the next section.

3.5 Lifetime probability

Track probabilities are directly used to construct a lifetime
probability [6]. For any group of N tracks it is defined as:

NRr¢+Npr=—1
Py=1I- > (=logI)/j!, (14)
=0
where
Nrg Nrg.

1= [1 P(Sko) - [T P(Ske)-

Here P(Sg,), P(S.) are the track probabilities and Npg,
Npg, are the number of R¢ and Rz IPs used in the tagging.
The definition of Py thus ignores the small off-diagonal
elements of the IP error matrix and the correlation between
different IPs coming from the use of the common PV.

The variable Py has a simple and straightforward def-
inition and can be computed for any group of tracks (e.g.
a jet, hemisphere or whole event) which makes it flexible
and easily adjustable to different physics applications. No
other combination of IP measurements was found to give
a better selection of b-quarks.

An attractive feature of lifetime tagging is that it is
constructed using only the track IPs. This provides the
possibility of achieving a good description of the b-tagging
efficiency by the accurate tuning of the track resolution in
simulation, as described in Sect. 3.6. It allows a significant
decrease in the systematic uncertainties due to detector
effects in physics measurements.

The meaning of the variable Py is very similar to that
of the track probability P(S): it is the probability for N
tracks coming from the PV to have the product of their
track probabilities exceeding the observed value. It varies
between 0 and 1 and has a flat distribution for any group
of N uncorrelated tracks coming from the PV. The contri-
bution of tracks from secondary decays shifts Py to lower
values, producing a peak near 0.

The flat distribution of Py for primary tracks can be
verified by computing Py, for the sample of all tracks with
negative impact parameters in anti-b tagged events. As ex-
plained in Sect. 3.4, the contribution of tracks from decays
of long-lived particles in such a sample is small. The dis-
tribution of Py is shown as the dotted curve in Fig. 9. It
is relatively flat, although there is a small peak near zero.
This peak is produced by tracks from decays of long-lived
particles, which are occasionally assigned to have negative
IPs because of the error in their flight direction estimate.
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Fig. 9. Distributions of positive and negative lifetime probabil-
ities (P, and Py respectively) for simulated Z hadronic events

However, the value of this excess is significantly less than
the peak in the distribution of PJ'\*,', computed using pos-
itive IPs. This distribution is shown as the solid curve in
Fig. 9. The latter peak is mainly produced by the bb events,
as can be seen from Fig. 9.

The separation of tracks into two samples depending
on the sign of their IP is very important. The sample of
negative IP tracks is used for the calibration of the detector
resolution and the quality of this calibration is verified by
the Py distribution. In contrast, positive IP tracks are
used for b-tagging. Thus the samples of tracks used in the
calibration and in the analysis do not overlap. The Py
distribution also gives a good estimate of the background
level from light quarks at the corresponding value of P]'V*'.

The R¢ and Rz components enter in (14) separately. As
explained in Sect. 3.1, the fraction of wrong measurements
in Rz is higher. Therefore, tighter selection criteria are
applied to tracks for the Rz IP, and for some tracks only
the R¢ measurement is used. Thus, the separate treatment
of IP components also allows the use of information which
would otherwise be lost.

More specifically, the conditions applied to the tracks
are as follows. All tracks with positive IP and at least one
measurement in the VD are candidates for lifetime tagging.
Tracks coming from reconstructed K° or A decays* are
rejected. Both R¢ and Rz IP components are required to
be less than 0.2 cm, although this condition is removed
if the track comes from a reconstructed secondary vertex
(see Sect. 4.2).

One more parameter is used to provide additional sup-
pression of bad Rz measurements. It is the distance D of
closest approach in 3-dimensions between the track and
the expected flight path of the long-lived particle, defined
in the Sect. 3.3. All tracks, both from the primary and sec-
ondary vertices, should have a small value of D provided the
secondary vertex is close to the estimated flight direction.
Therefore a large value of D with respect to its expected
precision op is used to identify wrong IP measurements.
Rz IP measurements are rejected if D/op exceeds 2.5.
Both R¢ and Rz measurements are excluded from lifetime
tagging if D/op exceeds 10.

4 For V° reconstruction procedure see [7].
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Fig. 10. Background suppression in simulated Z hadronic
events using lifetime tagging. The efficiency is the fraction
of b-jets that are tagged as coming from b-quarks, while the
purity is the fraction of b-tags that are really from b-quarks
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Fig. 11. a,b The R¢ and Rz significance distributions for
tracks with negative IP. The points with errors are real data,
the histogram is simulation. c,d The ratios of these distributions
(data divided by simulation)

Figure 10 shows the performance of the lifetime prob-
ability applied to simulated hadronic decays of the Z. The
figure shows the efficiency of the b-quark selection ver-
sus the contamination of the selected sample by (u,d, s, c)
flavours (Nygse/(Nudse + Np)). The suppression of back-
ground flavours is shown for tagging of one jet (i.e. using
only tracks from the given jet), and for the whole event.
Event tagging is more efficient because b-quarks are pro-
duced in pairs.

b-tagging using only lifetime information is rather effi-
cient and is sufficient for the needs of many physics appli-
cations. An important feature is its simple control of the
tagging efficiency in simulation. Its performance is how-
ever substantially enhanced by including additional dis-
criminating variables, such as the mass at the secondary
vertex or the presence of energetic leptons. This method
of ‘combined b-tagging’ is described in Sect. 4.
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3.6 Tuning

Almost all precision measurements and searches for rare
processes rely on a comparison of the observed data dis-
tributions with those predicted by a detailed simulation.
For this comparison both the generation of the intrinsic
physical processes and the simulation of detector response
must be as realistic as possible. For the selection of events
containing b-hadrons, the most important variables are the
track IPs, therefore the description of the IP resolution can
significantly influence the physics result and the value of
the systematic uncertainty.

The generated events in the DELPHI experiment are
processed by the detector simulation package [8] and the
same reconstruction program [9] as for the data. For the
simulation, the reconstruction program first applies some
additional smearing to the reconstruction inputs to im-
prove agreement with the particular data set being rep-
resented. For the vertex detector, this includes applying
corrections for inefficient regions, adding noise hits, and
randomly modifying the positions of the modules to simu-
late the effects of residual misalignments in the real data.

However, even after this procedure some disagreement
between data and simulation in the track resolution de-
scription remains. This difference can be clearly seen, for
example, in the distribution of the track significance (see
Fig. 11). Any disagreement in this quantity can result in
a large discrepancy in the b-tagging description.

A detailed description of the method including the cor-
rection of the detector resolution in the R¢ plane for the
initial micro-vertex detector [1] is given in [10]. The appli-
cation of this method for the tuning in the Rz plane for
the DSVD at LEP1 and the SiT at LEP2 is similar and
consists of the following steps:

— the appropriate parametrisations of the negative life-
time-signed IP (dgy and dp.,) distributions are deter-
mined;

— the numerical coefficients for these parametrisations are
extracted from the data;

— the errors of dry and dg. given by the track fit are
corrected both in data and in the simulation according
to the parametrisation obtained while the correlation
between drg and dg. is not changed;

— additional smearing of R¢ and Rz IPs in simulation
is performed in order to reproduce the observed real
data distributions.

The improvements in the significance description after
applying this method can be seen in Fig. 12. Figure 13
shows the data to simulation ratio of the selection effi-
ciency as a function of the cut on the b-tagging variables.
For the non-tuned version of b-tagging (dashed line) the
difference between data and simulation is very significant
for strong b-tagging cuts, corresponding to purer samples
of B events. The tuning results in better agreement for
both the lifetime and the combined b-tagging variables, the
latter being described in the next section. The remaining
differences between data and simulation can be explained
by the uncertainties of the modelling of B decay and to a
lesser extent its hadronic production.
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Fig. 12. a,b The R¢ and Rz significance distributions for
tracks with negative IP after the tuning procedure. The points
with errors are real data, the histogram is simulation. c,d The
ratios of these distributions (data divided by simulation). The
improvement resulting from tuning is clearly visible (cf. Fig.
11)
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Fig. 13a,b. The integrated data to simulation ratio of the
fraction of selected hemispheres as a function of the cut on
the b-tagging variable for a the lifetime tagging variable Py,
calculated using all positive lifetime IP tracks in an event (see
Sect. 3.5) and b combined tagging variable Xey(see Sect. 4),
with tuned (full line) and non-tuned (dashed line) track reso-
lution

This tuning procedure is incorporated in the b-tagging
package and is used in all DELPHI measurements involving
b-quark selection.

4 Combined tagging

Efficient utilisation of different properties of b-hadrons re-
quires the development of a technique for their combina-
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tion into a single tagging variable. The simplest solution of
applying some system of cuts on different discriminating
variables, which was tried in other collaborations [11,12], is
not optimal due to a significant overlap between the signal
and background for some of them. Instead, DELPHI uses
a likelihood ratio method of variable combination [13,14].
This approach has the important advantage of being tech-
nically very simple while at the same time providing power-
ful separation of signal and background. For independent
variables, it gives optimal tagging, i.e. the best possible
background suppression for a given signal efficiency [15].
It can easily be extended to any number of discriminating
variables, and can deal with different numbers of variables
in different events. However, its practical application re-
quires the careful selection of variables with reduced cor-
relations among them. The description of this likelihood
ratio method, the set of variables used and the performance
of the DELPHI combined b-tagging is given below.

4.1 Description of method

The combined tagging variable y in the likelihood ratio
method is defined as:

fred(xy, .. x,

y = Sl(l—) (15)
fo8(xq, ... xn)

where fP8d(zy, ..., ), f98 (21, ..., 2,) are the probability

density functions of the discriminating variables x1, ..., x,
for the background and the signal respectively. The selec-
tion of all events with y < yo gives the optimal tagging
of the signal. It should be stressed that such tagging is
absolutely the best for a given set z1,...,x, of variables.

In practical applications the determination and utilisa-
tion of multi-dimensional probability density functions is
quite difficult for n > 2. The solution consists in a special
selection of discriminating variables having reduced corre-
lations among them. In the limit of independent variables®,
expression (15) becomes:

R S F/ACOREE s 16
) Zl;ll: fflg(l’z) gyla ( )
yi = 5 (@) ) £ () (17)

where fib &d(2,), [:'8(x;) are probability density functions of
each individual variable x; for the background and signal,
and are determined from simulation.

This scheme is used in DELPHI to construct the com-
bined b-tagging. For each individual variable z; the value
y; is computed from (17); the combined tag y is defined as
the product of the y;. It is not exactly optimal any more,
because the discriminating variables are not independent,
but the variables are chosen such that the correlations be-
tween them are small enough that the resulting tagging

5 Two variables are independent if, for the signal and for each
separately treated background component (e.g. ¢ and uds), the
distribution of one is independent of any selection on the other.
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is very close to optimal. Furthermore, the efficiencies and
mis-tag rates are determined from simulation (and some-
times from the actual data), thereby taking into account
any small correlations.

In DELPHTI all discriminating variables and the b-tag-
ging itself are computed independently for each jet in an
event, where ideally all tracks coming from the fragmenta-
tion of the b-quark and from the decay of the b-hadron are
combined in one jet by a jet clustering algorithm. In this
case the background for the b quark selection can be sepa-
rated into two different parts — jets generated by c-quarks
and by light (¢ = u,d, s) quarks. These two components
are independent and have very different distributions of
discriminating variables.

To define the extra discriminating variables for the b-
tagging, tracks are selected so as to come preferentially
from b-hadron decay. For this purpose all jets in an event
are classified into 3 categories. In the first category all jets
with one or more reconstructed secondary vertices are in-
cluded. A reconstructed secondary vertex provides a clean
selection of b-hadron decay products and a large number
of discriminating variables can be defined in this case. If
the secondary vertex is not reconstructed, tracks from the
B decay are selected by requiring the track significance
probability to be less than 0.05, and the second category
includes all jets with at least 2 such offsets. This criterion
is less strong, allowing more background jets to pass the
cut. Finally, if the number of offsets is less than 2, the jet
is included in the third category and in this case only a
reduced set of inclusive discriminating variables, like the
lifetime probability (see Sect. 3.5), is used. In Z hadronic
events the fractions of jets classified into categories 1, 2, 3
are 44%, 14%, 42% respectively for b-quark, 8%, 8%, 84%
for c-quark and 0.6%, 2.8%, 96.6% for light quark jets.

The tagging variable y,, for a jet of category « is defined
as:

o =ng/ng ] [viarnd/mi[vla:  (18)
i i

y o0 = fOD ()] Lo (x:)

where f{ (), f{o(xi), f2,(2i) are the probability density
functions of x; in jet category « generated by uds, ¢ and b
quarks respectively and n?, n¢, and n?, are their normalised
rates, such that Y- n? = R,, > n& = R, and Y nb = R,
Ry, R. and R; are the normalised production rates of
different flavours and R, + R. + Ry = 1.

As can be seen from (18), the classification into different
categories effectively works as an additional discriminat-
ing variable with the discrete probabilities given by n,(lq’c’b).
For example, the b-purity of a sample of jets with recon-
structed secondary vertices is about 85%. However, the
primary purpose of this separation is to allow the use of
a larger number of discriminating variables when a sec-
ondary vertex is found. The search for the secondary B
decay vertex is thus an important ingredient of DELPHI
b-tagging.

It is often convenient to define Xjoi = —log;yya as
the jet tagging variable, and this variable is used in all
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applications described in Sect. 6. The event variable X,
is defined as the sum of the largest two Xje values for the
individual jets in the event.

4.2 Secondary vertex reconstruction

A secondary vertex (SV) is searched for in each jet of the
event. In the first stage all possible combinations of pairs
of tracks are selected as SV candidates if they have a com-
mon vertex with the 2 of the fit less than 4. After that
all tracks from the same jet are tested one by one for in-
clusion in a given SV candidate. The track producing the
smallest change A of the vertex fit x? is included in the
SV candidate if this change does not exceed the threshold
A = 5. This value and all other numerical parameters of
the algorithm were selected by optimising the efficiency of
the SV reconstruction and background suppression. This
procedure is repeated until all tracks satisfying the above
condition are included in the SV candidate. The SV can-
didate is rejected if the distance to the primary vertex
divided by its error is less than 4. Additionally, at least
two tracks in the SV candidate are required to have VD
measurements in both R¢ and Rz planes.

The decay of the b-hadron is usually followed by de-
cays of one or two D mesons, thereby producing several
secondary vertices. It thus often happens that some sec-
ondary tracks cannot be fitted to a single secondary ver-
tex. However, the spatial distance between any secondary
track and the flight trajectory of the b-hadron should be
small since the D-mesons tend to travel in the direction
of the initial b-hadron. Using this property some tracks of
far-decaying D mesons can be recuperated, which is impor-
tant for the computation of such quantities as the b-hadron
mass. The flight trajectory of the b-hadron is defined as
the vector from the primary to the secondary vertex. Any
track from the same jet having an R¢ or Rz component
track probability less than 0.03 and not included in the SV
fit is attached to the SV candidate if its distance in space
to the flight trajectory divided by its error is less than 3.
Although not included in the SV fit, such tracks are used
in the computation of all discriminating variables.

Sometimes the decay vertex of a D-meson can be re-
constructed separately from the b-hadron decay vertex,
which then results in two or more secondary vertices in
the same jet. In that case, all tracks included in these ver-
tices are combined for the computation of the b-tagging
discriminating variables.

Three additional criteria are used to suppress the back-
ground of light quarks in the sample of jets with secondary
vertices. The first one makes use of the momentum vector
of the b-hadron. This is defined as the sum of the momenta
of all tracks included in the SV candidate. Additionally,
the momenta of all other neutral and charged particles
with pseudo-rapidity exceeding 2 are also included; the
pseudo-rapidity is computed with respect to the flight di-
rection of the b-hadron. Then, the trajectory directed along
the B-momentum and passing through the SV position is
constructed and the impact parameter dsy of this trajec-
tory with respect to the primary vertex is computed. For
a real b-hadron the momentum direction should be close
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to the flight direction and dgy should be small compared
to its error® os,,,, while for a false secondary vertex the
flight and momentum directions are much less correlated.
Therefore SV candidates with (dsv/0ss,)? > 12 are re-
jected. For the second criterion the lifetime probability
using all tracks included in the SV candidate is computed
and the candidate is rejected if this probability exceeds
0.01. The third criterion requires the distance between the
primary and secondary vertex to be less than 2.5 cm, be-
cause the contribution of false secondary vertices and of
strange particle decays becomes rather high at large dis-
tances. Any background jet with a very distant SV would
give an extremely strong b-tagging value and this cut ef-
fectively rejects such cases.

Candidates remaining after these selections are consid-
ered as reconstructed secondary vertices. With this pro-
cedure a SV is reconstructed for about 44% of jets with
b-hadrons (50% for jets inside the VD acceptance). The
b-purity of the sample of jets with a reconstructed SV is
about 85% for hadronic decays of the Z, which should be
compared with the initial b-purity of about 22%. More than
one SV in a single jet is allowed, reflecting the possibility
of cascade (B — D) decays giving rise to distinguishable
secondary vertices. In this case the tracks from all sec-
ondary vertices are combined for the computation of the
SV discriminating variables.

4.3 Discriminating variables

In this section the discriminating variables used in b-tagging
are described. All definitions are given first for jets with
reconstructed secondary vertices. Then the modifications
for other jet categories are described. All discriminating
variables, except the transverse momentum of a lepton,
are computed using the charged particles included in the
secondary vertex.

The jet lifetime probability, Pj+, is constructed using
(14) from the positive IPs of all tracks included in the jet.

The mass of particles” combined at the secondary vertez,
My, is very sensitive to the quark flavour. The mass at the
secondary vertex in a jet generated by a c-quark is limited
by the mass of the D-meson, which is about 1.8 GeV/c?,
while the mass in a b-jet can go up to 5 GeV/c?. The limit
of 1.8 GeV /c? for the c-jets can be clearly seen in Fig. 14a.
Some c-jets do have a higher value of M due to tracks
incorrectly attached to the SV.

The fraction of the charged jet energy included in the
secondary vertex, X", reflects the differences in the frag-
mentation properties of different flavours. The fragmenta-
tion function for the c-quark is softer than for the b-quark,
as seen in the distribution of X" in Fig. 14b.

6 05sy is computed using the uncertainties in the positions of
primary and secondary vertices and the uncertainty in the B-
hadron flight direction estimate, obtained from the simulation.

" For computation of discriminating variables, such as mass
or track rapidity, elsewhere in this paper, charged particles are
given the pion mass, whereas neutrals (except for K9 and A)
are assumed to be massless.



198
01 £ r
3 a | 0120
0.08 £ 01 F
3 F o c-quark
0.06 = 0.08 -« b-quark
e 0.06 [
0.04 & C
; 0.04
0.02 £ 0.02 [
0 el Pee 0 e i1
005115 2 2.523 0 0204 06 0.8 1
M, [GeV/c“] xgch
0.06 F
- c 0.03 |
0.05 |- -
0.03 F 3
0.02 0.01 F
0.01 F =
0 L i '3’_;':» C
-15-1-050 05 1 0

log,,(P:[GeV/c])

Fig. 14a—d. Distributions of discriminating variables for b-
and ¢ quark jets for simulated Z hadronic events. a Mass of
particles in SV. b Fraction of charged jet energy included in SV.
c Transverse momentum at SV. d Rapidity for each SV track

The transverse momentum at the secondary vertex, PY,
first introduced by the SLD collaboration [12], takes into
account missing particles not included in the SV definition.
P! is defined as the resultant transverse momentum (with
respect to the b-hadron’s estimated flight direction) of all
charged particles attached to the SV. Missing particles can
be neutrinos from semileptonic decay, other neutral par-
ticles or non-reconstructed charged particles. In all cases,
due to the high mass of the b-hadron, the value of P! for
b-quark jets is higher, as can be seen from Fig. 14c.

The rapidity of each track included in the secondary ver-
tez, R, is quite a strong discriminating variable, signif-
icantly improving the b-quark selection. Although a b-
hadron on average is produced with a higher energy, the
rapidities of particles from B-decays are less than those
from D-meson decay, as can be seen from Fig. 14d. This is
mainly explained by the higher b-hadron mass. The vari-
able RY is defined for each track in the SV and the cor-
responding variable ygr for each track is used in (18) for
the computation of the b-tag. Although there is overlap
between the signal and background for an individual track
rapidity, because of the large number of secondary tracks
the inclusion of all the rapidities in the b-tag results in a
significant gain.

The transverse momentum of an identified energetic lep-
ton, pi. It is independent of the track IP and can be defined
for any category of jet containing a muon or electron. A
more detailed description of this variable and of some spe-
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Fig. 15. Background suppression in Z hadronic events using
combined b-tagging

cific features of its inclusion in the combined b-tagging
scheme are given in the next section.

All these variables are defined for the first category of
jets (with reconstructed SV). For the two other categories,
a reduced set of variables is used. For jets with at least two
offsets, the jet lifetime probability, the effective mass of all
tracks with offsets, their rapidities and any lepton trans-
verse momentum are computed. For jets with less than
two offsets the effective mass is not used, as there is no
reliable criterion for selecting the particles from B-decay;
however the track rapidities for all tracks with positive IP
are still included in the tagging. The ratios of probability
density functions are computed separately for each jet cat-
egory. The possibility of treating in the same way different
categories of events with different sets of discriminating
variables is a very important feature of the likelihood ratio
method of b-tagging.

The distributions of My, X P! and R are shown
in Fig. 14. These distributions are shown for b-quark jets
and also for c-quark jets, the latter constituting the main
background for b-tagging.

Combined b-tagging using the complete set of discrim-
inating variables performs much better than the simple
lifetime tagging. This is illustrated in Fig. 15. The perfor-
mance is tested using jets of Z hadronic decays. The figure
shows the contamination of the selected sample by other
flavours (Nudsc/(Nudse + Np)) versus the efficiency of b-
selection. Compared with the tagging using only P+ com-
bined tagging provides much better suppression of back-
ground, especially in the region of high purity. A very pure
sample with contamination below 0.5% can be obtained
for a sizable b efficiency, which opens new possibilities for
measurements with b-hadrons.

4.4 Lepton tagging

Leptons with high transverse momentum have long been
used in a variety of ways to identify the quark flavour of the
jet from which they originate. This section describes the
inclusion of this information within the standard DELPHI
b-tagging algorithm.

Knowing the probabilities P?%? of finding a lepton
in a light quark-jet, a c-jet or a b-jet respectively, and
the transverse momentum distributions f%¢°(p}) of these
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leptons, the contribution of identified leptons to the global
discriminating variable (18) is:

fleD(ph) plea)
fe(pp) PP
1—plea)
1—pb

() if a lepton is found,
ypf =

(19)

otherwise.

The quantities appearing in this expression are extracted
from a sample of simulated hadronic Z decays, where all
reconstructed particles are clustered into jets.

Reconstructed particles are identified as leptons if they
satisfy a tight electron tag (from energy loss by ionisation in
the TPC, or from associated energy deposits in the electro-
magnetic calorimeters), a tight muon tag (from the muon
chambers only), or a standard muon tag confirmed by a
minimum ionisation energy deposit in the hadron calorime-
ters. Detailed descriptions of these different categories of
tags and of their performance are given in [7]. The quanti-
ties P9 are simply defined as the fractions of jets of the
corresponding flavour inside which a lepton is identified,
and are 3%, 9.8% and 18.7% for light quarks, c-quarks and
b-quarks respectively.

The transverse momentum of the lepton is evaluated
with respect to the jet to which it belongs, when the lep-

ton momentum is subtracted from the total jet momen-
tum. The tagging contribution y(f’q) of the leptons is then
1

D
obtained from the ratio of the transverse momentum dis-

tributions f(¢9 (pt) and f°(p!).
Figure 16 shows the superimposed distributions of
transverse momenta for leptons found in b-jets, c-jets, and

of B decays are found (for example in case of fast decay,
or b-jets outside the vertex-detector acceptance).

In principle, the distribution in transverse momentum
at the secondary vertex P! depends on whether or not
there is a lepton present, because it is accompanied by an
unseen neutrino. However, because semi-leptonic decays
are multi-body, there is not a strong correlation between
the lepton and the neutrino transverse momenta, and the
difference in the P! spectra (i.e. with and without charged
leptons) is small, as can be seen from Fig. 17.

The use of the algorithm at LEP2 requires some addi-
tional care. In this case, data available for detector cali-
bration are less abundant, and some experimental aspects
are less well understood. In particular, lepton identification
or misidentification probabilities are not perfectly repro-
duced, and this leads in general to an excess of simulated
events with respect to real data, mainly in the low trans-
verse momentum region. To correct for this, rejection fac-
tors are computed for each category of identified leptons
in the simulation, and applied randomly.

Finally, it is not obvious that lepton tagging calibrated
on Z data will produce efficient discrimination in the con-
text of Higgs searches at LEP2, especially in 4-jet events.
This is because in the Higgs search events are reconstructed
by constraining the number of jets rather than fixing the
jet algorithm resolution parameter as was done for the cal-
ibration; as a result the measured transverse momentum
distributions are different. Figure 18 shows the distribu-
tions of the flavour ratios (i.e. the discriminating power)
after the applied corrections. The data at the Z and at
high energy are in fact in approximate agreement.
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Fig. 18. The upper figure shows the ratio of the numbers of
light-quark and b-quark events as a function of the lepton trans-
verse momentum (dots), as extracted from simulated hadronic
Z decays. The line is the fit to that ratio. The lower figure
shows the same ratio, extracted from a simulated Higgs signal
and WW background at LEP2. The line is the Z fit

4.5 Event b-tagging

b-hadrons are almost always produced in pairs and the pres-
ence of the second b-hadron significantly improves the b-
tagging of an event as a whole. The likelihood ratio method
provides a simple way for combining the information from
the two b-hadrons. Keeping in mind that each flavour is
produced independently from all other flavours, one can
write the equation for the event tagging variable, where
the two jets® are of categories o and 3, ab

R R
Yo = bzbnf Hym]_[ymr bzbnf HymHyzg

1
(20)
It was found, however, that a simpler way of combining
the information from two jets into a single tagging variable:

Y3 (21)

works equally well. Here y,, yg are given by (18). The
difference between these two equations is that (21) neglects
the correlated production of the same background flavours
in an event. The b-tagging variable computed from (21)
was used in the Higgs search (see Sect. 6.5).

Figure 15 compares the performance of event tagging
and of jet tagging for Z events. As can be seen, very strong
suppression of background (down to 1072 level) can be
achieved with event tagging.

yg\,]B = Ya

8 In events with more than 2 jets, the smallest two values of
y were used.
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Fig. 19. Upper plot: Simulated distributions of the number of
tracks in a b-jet from the e™e™ — HZ process and in a light
quark jet from the ete™ — WTW ™ process. Lower plot: the
ratio R(WTW ™ /HZ) of the number of light quark jets from
the ete™ — WTW ™ process to that of b-jets from ete™ —
HZ process in the simulation (arbitrary normalisation) as a
function of — log; yjet, shown separately for jets with less than
7 or greater than 19 tracks. The lines in each case show the
exponential fit of these rates

4.6 Equalised tagging

Physics analyses at the edge of detector capabilities, like
the search for a Higgs boson, demand extremely high per-
formance of the b-tagging. The only way to achieve this
objective is to expand the set of discriminating variables.
But adding a new variable in the combining relation (16)
becomes more and more difficult with the growth of their
number due to the increasing influence of correlations
among them.

However, the combined method can be modified to
include correlated variables. The main idea of the com-
bined method, which guarantees optimal tagging for non-
correlated variables, consists of assigning the same value of
the tagging variable to different events having the same like-
lihood ratio for background to signal. As described below,
the consistent application of this principle while extending
the set of discriminating variables gives a desirable im-
provement of the tagging performance. The simplest way
to explain this approach is to consider a particular ex-
ample, obtained from simulation samples and presented
in Fig. 19.

The upper plot in Fig. 19 shows the simulated distribu-
tions of charged multiplicity N, in b-jets from the process

*e~ — HZ and in light quark jets fromete™ — WTW .
The latter process presents the main background for the SM
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Higgs search, and is suppressed mainly by the b-tagging.
The fact that these two distributions are different implies
that it is useful to include this variable in the tagging. The
lower plot in Fig. 19 shows the ratio R(W W~ /H Z) of the
number of light quark jets from the ete™ — WHW ™ pro-
cess to that of b-jets from ete™ — HZ in the simulation,
as a function of the tagging variable Xje:

Xjet = —logyg Yjet » (22)

where yjor is defined by (16)—(17). Two subsamples of
events with Ng, < 7 and N, > 19 are considered sepa-
rately. As can be clearly seen, for the same value of Xje; the
ratio R(W+TW ™ /HZ) in the two subsamples is different.
Events with the same value Xjc; are thus not equivalent;
in one subsample they will contain more background con-
tamination than in the other. To restore their equivalence,
the variable Xjc; should be modified in such a way that
all events with the same value of X/ in different subsam-

ples will have the same ratio R(W W~ /HZ). Due to the
equivalence principle formulated above, such a modifica-
tion should give better tagging. Technically, equalising of
Xjet is achieved by a linear transformation:

Xjey = A+ Xjet + B, (23)
assuming that the dependence of R(W W~ /HZ) on Xjet
in each case can be approximated by an exponential, as
shown in Fig. 19. The coefficients A and B are different
for each subsample; their calculation using the parameters
of the exponential functions is straightforward.

Including a new independent variable ey in the tag-

!

ging using (16) is equivalent to the transformation X et =

Xjet _IOglo Ynew where Ynew = fbgd (xnew)/fSig(xnew)7 Le.
it is a particular case of (23). Such a simple transformation
cannot be used for N., because of its strong correlation
with other discriminating variables, which is reflected in
the significantly different slopes of the lines in Fig. 19.
Instead, the transformation (23) works reasonably well.

A practical application of the equalising method is to
the Standard Model Higgs boson search. A set of addi-
tional discriminating variables is defined for each jet of the
event. For each new variable, jets are classified in 3 to 5
subsamples. For example, for N, these subsamples are:
Ny < 7,7 < Ny < 125 12 < Ny, < 20; Ng, > 20. For
each subsample the transformation (23) is applied inde-
pendently and the new tagging variable X!, is computed.
The parameters of the transformation are cietermined from
the condition that the dependence of R(W W~ /HZ) on
the modified Xj’et becomes the same for all subsamples.
The variables are included in the tagging sequentially. For
each new variable, the X/, obtained at the previous step
is used. As before, the global event b-tagging variable Xyt
is defined as the sum of the two highest X/, values among
all jets in the event.

The additional variables included in the b-tagging using
this equalising method reflect mainly kinematic properties
of b-quarks. They are: the polar angle of the jet direction;
the jet energy and invariant mass; the charged multiplicity
of the jet; the angle to the nearest jet direction; and the
number of particles with negative IP.
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Returning to the example of Ny, Fig. 20 shows that
equalising over this variable improves the suppression of
the efe™ — WTW~ background. As can be seen from
Fig. 19, the largest difference between subsamples with
different Ny, is observed at low Xje values, while the back-
ground suppression at high Xje is almost the same. The
main improvement from the equalising procedure can thus
be expected for the low purity / high efficiency tagging,
corresponding to low Xjc; values. Exactly such behaviour
is observed in Fig. 20: including N, gives almost no im-
provement for the region of strong background suppres-
sion. However, equalising the b-tagging for the complete set
of variables given above suppresses the eTe™ — WHTW~
background by an extra factor of more than 2 over a wide
range of ete™ — HZ efficiency. This additional suppres-
sion is important for the Higgs boson search since it results
in a sizable increase of its detection sensitivity.

The same equalisation procedure was applied for the
eTe™ — hA channel when both Higgs bosons decay into bb,
which is the dominant channel with BR larger than 90% at
LEP2 energies. A new X j}é‘t“ was constructed with the condi-

tion that all events with the same value of X j};f‘ in different

subsamples will have the same ratio R(W W~ /hA). The
X j}};;‘ variable was used in the search of the hA 4b channel
as described in Sect. 6.5.

4.7 Different ways of combining variables

As can thus be seen, for combining the separate variables
that are relevant for b-tagging, three different methods have
been used :

— The IPs of the different tracks are combined by con-
structing the lifetime probability P from the proba-
bilities for the significance values of the various tracks
(see Sect. 3.5);

— For the different variables contributing to the ‘combined
tag’, a likelihood ratio method is used, as described
in Sect. 4.1;

— For extra variables, the ‘equalisation’ method of
Sect. 4.6 is used.



202

To some extent these differences are a result of the his-
torical evolution of our b-tagging algorithms, but there is
some underlying logic to these differences. Thus the like-
lihood ratio method is guaranteed to give the optimal sig-
nal/background ratio even for correlated variables (assum-
ing of course that the simulation accurately describes the
data, including the correlations). However, the method is
much simpler when the variables are uncorrelated, and this
is how the likelihood ratio method was used in ‘combined
tagging’.

This could have been used for combining the individ-
ual IPs, since the error correlations between tracks are
small. However, it would have been necessary to produce
signal /background probability ratios separately for each
class of track (i.e. for each pattern of hits in the VD).
We preferred to use the lifetime probability, where in-
stead the tuning was performed separately for the different
track classes.

Finally, for the Higgs search, extra variables were in-
cluded to improve the b-tagging performance. Some of these
had significant correlations with those already used, so
they could not simply be added as extra variables in an
extended combined tagging approach. This led instead to
the ‘equalised tagging’.

5 Modelling and tuning
of mass-related parameters

The agreement between data and simulation is sensitive
to the modelling of the physics in the event generator, and
to the tuning of its parameters. A detailed description of
the physics model in the main generator used by DEL-
PHI at LEP can be found in [16]. The strategy adopted
for the parameter tuning and its corresponding results can
be found in [17]. In this section, two aspects of the mod-
elling are mentioned, which are specially relevant in the
context of b-tagging, and which have been investigated re-
cently [18,19]: the modelling of the rate of gluons radiated
off b-quarks relative to light quarks, and the probability
of secondary b-quark production through gluon splitting.
Both quantities affect the description of the dependence of
Ry, on the jet multiplicity (and on event shape variables),
and depend critically on the way quark mass parameters
are introduced in the treatment of the quark fragmenta-
tion and subsequent hadronization used in the generator.
They are important for several of the measurements in
Sect. 6, particularly those involving the analysis of multi-
jet b-tagged events, such as the measurement performed
at LEP1 of the running b quark mass at the My energy
scale (see Sect. 6.4), and the LEP2 Higgs boson search
(see Sect. 6.5).

5.1 Treatment of gluon radiation off b-quarks

Discrepancies between simulation and data were observed,
which could be attributed, entirely or at least partly, to
imperfect modelling of mass effects in the generator. As an
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Fig. 21. Comparison of the measurements of the R, ratio in
2 and 3 jet events at the Z, as a function of the cut in the
b-tagging variable Xje¢. The simulation used JETSET 7.4

example, the R fraction evaluated separately for two and
three jet events, using the method described in Sect. 6.1,
is illustrated in Fig. 21, where JETSET version 7.4 [16] was
used for the simulation. Similar behaviour is observed in
the comparison of two and four jet events.

Because of their higher mass, b-quarks radiate fewer
gluons than lighter flavours. This results in fewer multi-jet
events in the case of b-quarks. From kinematic arguments,
the suppression scales approximately as m? /(s - y), where
myp, s and y are the b mass, the square of the collision
energy and the jet resolution parameter, respectively [20].

It is observed explicitly in the value of qu, the double
ratio of the 3-jet rate for b and light quarks,” used in
the measurement of the running b-quark mass at the M
energy scale (see Sect. 6.4). Quantitatively the suppression
is of order 5%.

In the original JETSET prescription, used up to version
7.3, mass effects were ignored altogether, both in the par-
ton shower evolution describing the fragmentation of the
quarks, and in the 3-parton matrix element used to cor-
rect the first emissions of quarks and anti-quarks in the
shower. The phase space treatment did include masses,
however, and induced a large suppression of radiation from
the b quark. In version 7.4, and later in PYTHIA versions
up to 6.130, an intermediate “improvement” was intro-
duced, in that matrix element expressions incorporating
quark masses were now used in the matching procedure.
The suppression of the radiation resulting from this in-

o qu is defined as the ratio of the b-quark and light quark
rates in 3-jet events, divided by the corresponding flavour ratio
for events with any number of jets.
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termediate treatment, which was in place during much of
the LEP period, was however exaggerated by as much as a
factor of 2, and resulted in the largest discrepancy with the
data [18,19]. Starting with PYTHIA version 6.130, and up
to version 6.152, mass effects were also introduced in the
shower evolution through a correction to the expressions
of the probabilities of the first branchings of each quark.
From PYTHIA version 6.153, a fully consistent treatment is
available, including a massive treatment of all branchings
in the shower, now taking into account in the specification
of the matrix element the nature of the couplings of the
source (vector, axial,...) decaying into quarks, as well as
the possibility of unequal quark masses (as in the case of
W — ¢5). Considerable overall improvement was achieved
in the description of both b-tagged 3— and 4—jet rates,
thanks to these developments [18,19].

5.2 Treatment of gluon splitting to b-quark pairs

Secondary b-quark pair production from gluon splitting
can also result in b-tagged multi-jet events. The corre-
sponding rate is small but is poorly known both theoret-
ically and experimentally. This implies an uncertainty in
the predictions, particularly of the b-tagged 4-jet rate at
LEP2 energies.

Measurements by LEP and SLD collaborations at /s =
My give g5 = (0.254+0.051)% [21], where g, is defined as
the fraction of hadronic events containing a gluon splitting
to a bb pair. This is consistent with the best theoretical esti-
mates, which are around 0.2% [18], with relative uncertain-
ties due to unknown sub-leading logarithmic corrections,
which may be as large as 30%.

The rate predicted by Monte Carlo generators based on
parton shower methods is also sensitive to the treatment
of sub-leading and kinematic effects in the shower evolu-
tion. While the original JETSET and PYTHIA prescription
resulted in only 0.15%, since version 6.131 a set of new
options has been introduced which bring this rate closer
to the measured values [18]. Two of these options, which
almost exactly double the original rate, have been recom-
mended [18] and are used in the latest simulations at LEP2
energies'?. The first of these options (MSTJ(44)=3) uses
the mass of the virtual gluon involved in a splitting to define
the scale mf] /4 relevant for g, the strong coupling con-

stant, rather than the default p2. prescription used for other
types of branchings in the shower evolution. The second
option (MSTJ(42)=3) reduces the conditions on coherence
in the emissions, in the case of gluon splittings into heavy
quark pairs, by introducing a mass correction into the an-
gular criterion used to restrict the successive branchings
in the shower.

The impact on the b-tagged 4-jet rate at LEP2 is best
illustrated in the context of the Higgs search or of the
measurement of Z boson pair production. At LEP2 energies
the rate of gluons which can split into b quark pairs is less

10 For simulations performed with versions of PYTHIA prior
to 6.131, a re-weighting procedure was used to increase the
g — bb rate by a factor of about 2.
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suppressed by kinematics than at LEP1. For instance at
189 GeV it is as large as 0.4% using the original JETSET
and PYTHIA prescription. In a subsample of events enriched
with 4-jet events, it can reach levels near 1% depending on
the criterion used on the jet resolution parameter. With
the new options described above, these values are roughly
doubled. The effect of this doubling on the Higgs search
was studied by comparing the numbers of events predicted
to be selected, when assuming the default value for the rate
of gluon splittings into b quark pairs or the doubled one.
The relative difference between these two numbers is about
2.5%; it varies slightly with the b-tagging cut but does not
exceed 5%. It was taken into account in the final evaluation
in this channel (see Sect. 6.5 and references therein).

6 Physics applications

In this section, some analyses involving b-tagging are de-
scribed. The aim is not to present the physics results, which
have already been published, but rather to illustrate how
b-tagging works in practice. The extent to which uncertain-
ties in tagging influence the final results is also mentioned.
Much more detail, including the estimation of systematics,
can be found in the published papers.

6.1 Measurement of R; at the Z

One of the most challenging measurements at LEP1 is the
determination of Ry, the branching ratio for Z hadronic
decays into b-quarks. All accurate measurements of Ry
use the so-called double tag method. This compares the
fractions of events in which there is a b-tag in a single hemi-
sphere with those in which both hemispheres are tagged.
It allows the extraction from the data of both R;, and the
efficiency ¢, for tagging a hemisphere as coming from a
b-quark. We thus do not have to rely on the simulation
for the calculation of this important quantity. The small
background mis-tag rates, €. and €,45, and the correlation
between hemispheres, pp, are taken from the simulation.
The tracks are separated into two hemispheres by the plane
perpendicular to the thrust axis. The highest b-tagging
value Xjeq = —logig Yjer (see (18)) of any jet in the given
hemisphere is taken as the hemisphere tag.

The correlation p, allows for the fact that there are
small differences between the overall hemisphere b-tagging
efficiency, and the efficiency for tagging a hemisphere if
the other one has already been tagged. These correlations
arise, for example, from the fact that at the Z, hadronic
events tend to consist of back-to-back jets; if one jet is at
large positive cosf where the tagging efficiency is lower (see
Fig. 3), then the other jet is likely to be at large negative
cosf), again with lower efficiency; thus the efficiencies are
correlated. The systematic uncertainty on p;, was estimated
by comparing data and simulation for various kinematic
variables that were sensitive to the separate contributions
to pp.

In particular, it was found that a large correlation arose
from the use of a common PV for the whole event; if the
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PV was badly measured as being closer to the SV in one
hemisphere, then the IP values in that hemisphere would
all be systematically reduced in magnitude, while those in
the opposite hemisphere would be increased. This was over-
come by determining a separate PV for each hemisphere
of the event. This modification slightly reduced the flavour
discrimination power of the algorithm, and hence increased
the statistical error, in exchange for a large decrease in the
correlation and a smaller systematic error.

Achieving high accuracy for R} requires the following;:

— the b-tag must reach very high efficiency to reduce the
statistical error: Ry, ~ 1/ep;

at the same time the b-tag must have high purity to re-
duce the systematic errors coming from our knowledge
of the background: dR, ~ €, R, /€y, where x = q or ¢;
there must be excellent agreement between data and
simulation to reduce the systematic errors due to the
modelling of the detector resolution, and because there
are quantities taken from the simulation and not mea-
sured directly in the data.

In the DELPHI R, measurement, both the crucial high-
purity b-tag in the “multivariate” analysis [14], which fi-
nally gave the best precision, and the “combined b-tag”
analysis used the combined hemisphere tag described ear-
lier (see Sect. 4). This required the presence of a SV and
included the hemisphere lifetime probability P;, the SV
mass M, the charged energy fraction X" and the ra-
pidities of the tracks at the SV. The missing transverse
momentum P! and the lepton transverse momentum P}
were not used.

The sources of the systematic error are our knowledge of
b-hadron, charm- and light-quark physics (such as lifetimes,
decay modes and multiplicities) and our understanding of
the detector resolution. The first contribution is minimised
by measuring the b-efficiency from the data itself and by
reducing the charm- and light-quark mis-tag rates to the
minimum possible so as to give a very pure b-tag. The sec-
ond contribution is minimised by having good agreement
between data and simulation for the detector resolution.

The high statistical precision of the result is mainly due
to the high performance of the DELPHI b-tag: at 98.5%
hemisphere b-purity, the hemisphere b-efficiency is 29.6%,
while the mis-tag efficiencies €. = 0.4% and €,4s = 0.05%.

The smallness of the systematic error comes specifi-
cally from the fact that the contribution from the detector
resolution understanding is very small. First, the DELPHI
vertex detector has three layers of silicon detectors allow-
ing better pattern recognition than for a detector with only
two layers. The design of the detector is such that the in-
trinsic IP resolutions in both the R¢ and Rz components
are good — 27 and 39 um respectively — and consequently
also the precision of the primary and secondary vertex
positions (see Sects. 3.2 and 4.2). Secondly, the detector
IP resolution is tuned with high accuracy, as described
in Sect. 3.6, resulting in a good agreement between data
and simulation (see Fig. 13b). As a consequence the error
coming from our understanding of the detector resolution
amounts to only 20% of the total error.
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efficiency, for data collected in 1994-5. The arrow shows the
b-efficiency chosen for the final result

In summary the performance of the b-tag and the un-
derstanding of the detector resolution result in very good
stability of the R, measurement as a function of the b-
efficiency as shown in Fig. 22; the highest and lowest effi-
ciencies shown of 44.0% and 21.0% correspond to b-purities
of 91.6% and 99.4% respectively. Thus, a stable Ry result
was obtained while the background contribution varied
by more than a factor of 10. The total relative error was
only 0.4%.

6.2 Ryp, the rate of events with 4 b-quarks at the Z

Four b jets are produced predominantly when, in an event
with a b pair, a gluon is radiated from one of the quarks
and itself produces another b pair. This analysis thus gives
information on the gbb coupling.

The high purity and efficiency of the tagging method,
together with the good agreement between data and sim-
ulation, allowed DELPHI to measure for the first time the
rate of Z events with 4 b-quarks in the final state [22]. Ry
has been measured to be (6.0 £+ 1.9 (stat) + 1.4 (syst)) x
10~* at a signal efficiency e4,=(3.164 0.11)%. The anal-
ysis required 3 jets identified as coming from b-quarks.
This means that the b-efficiency enters to the third power,
demanding a very high efficiency of a tight b-tag. The
high purity of the tag is required in order to suppress
the background from gluon splitting into c-quarks, that
is a factor of 10 higher than the splitting into b-quarks.
Thus, the measurement relies on the b-tagging performance
and data/MC agreement in the b-tagging of the third jet,
sorted by decreasing b-tag value, see Fig. 23. The uncer-
tainty coming from the b-tag amounts to only 6% of the
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total systematic error and is determined mainly by the IP
resolution description.

This analysis used the b-tag algorithm of Sect. 6.1,
except that if no SV was found, the jet lifetime probability
P; was used by itself.

6.3 Measurement of the b-hadron charged multiplicity

The good agreement between data and simulation achieved
by the tuning of the track resolution allowed DELPHI to
measure with very high precision the charged multiplic-
ity np of weakly decaying b-hadrons [23]. The basis for
the measurement is the determination of the number of
tracks in a b-jet which come from the SV rather than from
the PV. In the hemisphere opposite to the b-tagged one,
the difference

Ny =nt—n" (24)
is computed, in which n* and n~ are the numbers of tracks
with positive and with negative IP respectively. The quan-
tity N,_ is obtained as a function of the b-tagging pu-
rity and the value of np is extracted by comparing Ny _
from data and simulation, extrapolated to the limit of
100% b-purity.

The result was ng = 4.97 + 0.03 £+ 0.06. The mea-
surement reaches 1.3% precision, due to the good under-
standing of the IP resolution, to the efficient method for
determining the sign of the IP (see Sect. 3.3) and to the
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precision of the VD alignment (see Sect. 2.2). The track-
ing efficiency is 99+1%(syst), its uncertainty dominates
the systematic error on np.

This analysis used the same b-tag algorithm as the
previous analysis.

6.4 Measurement of the running b-quark mass at M

The b quark mass determination at the Mz scale has been
performed by DELPHI by measuring the qu observable,
as defined in Sect. 5.1. Two different jet-finding algorithms,
DuUrHAM [24] and CAMBRIDGE [25], were used to recon-
struct the jets. Special features of this analysis in connec-
tion with the flavour tagging performance of DELPHI are:

e b and g initiated events are selected using the same tech-
nique,

e the efficiency versus purity working points are chosen
S0 as to minimise the total error on the result (including
effects from corrections and biases).

The directly measured observable, qu'meas, had to be
corrected for detector acceptance effects, for kinematic
biases introduced by the tagging procedure and for the
hadronization process in order to get the observable at the
parton level, qu'par [26]. This quantity was then compared
with theoretical predictions based on ‘Next to Leading Or-
der’ analytic calculations [20] to evaluate the b-quark mass
at the Mz energy scale.

In the original analysis [26], ¢- and b-quark initiated
events were selected by the lifetime-signed IPs of charged
particles in the event (see Sect. 3.5). In more recent versions
of the analysis, the combined tagging technique of Sect. 4
has also been used. The flavour composition of the samples
tagged as g-quark and as b-quark by the two methods are
shown in Table 1.

The magnitude of the corrections applied in each of the
two b-tagging techniques is illustrated in Fig. 24, where the

. bg-meas . .
corresponding R observables are shown, using sim-
ulated DELPHI data and the DURHAM jet finding algo-
rithm, together with the parton-level one, qu'par7 obtained
with PYTHIA 6.131. For the jet resolution cut y. = 0.02,
the corrections are 10% for both techniques, although in
opposite directions.

For the simulation the same corrected result is (ob-
viously) obtained, but for real data this is not the case.
This difference between the two techniques arises mainly
from the imperfect modelling of the physics processes af-
fecting the fragmentation and decay of heavy and light
quarks. Half of this difference is taken as the systematic
uncertainty associated with this measurement. The error
induced by the tagging uncertainties is in the range 0.3%
to 0.4%, compared with the total error of order 1% on the
flavour independence of the strong coupling constant. In
terms of the running b-quark mass, these errors correspond
to 150 and 500 MeV, respectively.
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Table 1. Flavour compositions of the samples tagged as g-quark and b-quark

events for each tagging method

Method  Tagged Sample

Actually g (%)

Actually ¢ (%)  Actually b (%)

P
1P
Comb
Comb

SR SR

85.8
5.0
82.0
4.3

12.6 1.7
15.3 79.7
15.5 2.5
10.4 85.4
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Fig. 24. The R}7™* observable from simulated DELPHI data
for the two tagging techniques and the parton level R3ZP*"
obtained with PYTHIA 6.131. The DURHAM jet finding algorithm
is used with a cut on the jet resolution parameter at y.
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6.5 Higgs searches in 4-jet topology

One of the main topics at LEP2 energies has been the search
for the SM Higgs boson, both in the Standard Model (SM)
and in the Minimal Super-Symmetric Model (MSSM). Here
the approach used in the dominant 4-jet channel is outlined.

Radiative production from a virtual Z, ete™ — Z* —
HZ, is (in principle!) the main Higgs process at LEP2 and
is referred to as Higgsstrahlung. The mass of the Higgs
boson is at present unknown, but for a given mass its other
properties are determined from the SM. The Higgs boson
couples to massive fermions and to the W= and Z bosons.

The predominant decay mode for the SM Higgs in the
mass range of interest for LEP2 searches is expected to be
to pairs of b quarks with a branching ratio ranging from
87% to 80% with increasing Higgs mass. The same decay
modes are dominant for A and A for many choices of values
of the parameters in the MSSM, in particular for tan 5 > 1.
The identification of b jets and rejection of non-b jets is

the most important ingredient in the majority of analyses
designed to search for the neutral Higgs boson.

The four-jet final state includes the Higgs boson decay-
ing to bb, and also in principle to qg or gg. It is characterised
by a large amount of visible energy. As the Higgs boson
decays mainly to b quarks, when the Z also decays to bb
the event will contain 4 b jets. If instead the Z decays to
other quark pairs, the topology will again be 4 jets, but
with only two of them due to b’s.

The main backgrounds are two-fermion processes e™e™
— qq(7), and four fermion processes involving W W~ and
ZZ. Pair production of W* can result in ¢ jets, but only
very rarely in b jets. The ZZ is an irreducible background
if the masses of the Higgs boson and of the Z are close, and
the Z decays to bb. The cross-sections of the background
processes are much higher than that for the Higgs produc-
tion. At the highest LEP2 energies (around 208 GeV) and
for my = 114 GeV/c?, 044 = 0.072 pb while o4y = 19pb
and ogy = 78 pb.

In searches for the Higgs bosons at LEP2 in DELPHI,
the various differences between b jets and light quark jets
were accumulated in a single variable Xjc; defined for each
jet, as described in Sect. 4. Extra variables which help dis-
criminate between the signal and background were included
in the construction of the equalised tag (see Sect. 4.6).
Including these extra variables in the tagging algorithm
significantly improves the rejection of the light quark back-
ground.

The b-tagging value X, of the event in the search for
the SM Higgs boson is defined as the maximum b-tagging
value for any di-jet in the event, computed as the sum
of the corresponding jet b-tagging values. In Fig. 25 the
distribution of this equalised b-tagging variable is shown
after the common four jet preselection [27] where good
agreement between data and background simulation can
be observed.

In the top part of Fig. 26 the performance of com-
bined and equalised methods are compared for a SM Higgs
boson mass of 114 GeV/c?. As an example using only
the b-tagging variable, for a signal efficiency of 40% the
qq(7) contribution is reduced to 5.6% using combined b-
tagging, wheras it is even more strongly suppressed to
4.3% using equalised b-tagging. The WW component is
reduced twice as much using equalised as compared with
combined b-tagging.

In the bottom part of Fig. 26, the performance of the
hA equalised b-tagging is shown in the hA — 4b channel
and compared with the performance of combined b-tagging.
The presence of four b-jets in the signal makes the anal-
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Fig. 25. Top: distribution of the equalised b-tagging variable for
4-jet events at /s = 192-210 GeV, data (dots) and simulation
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ysis of the hA — 4b channel different from the HZ case,
where in most of the cases only two b-jets are present.
The event b-tagging value XA for the Higgs boson search
in the hA — 4b channel is defined as the minimum b-
tagging value for any di-jet in the event and is computed
as the sum of the corresponding jet b-tagging values. As
can be seen, the application of the hA equalised b-tagging
improves significantly the performance of the hA — 4b
channel selection.

As an example using only the X4 b-tagging vari-
able, for a signal efficiency of 50% the ¢g(vy) mistag rate
is 0.8% using combined b-tagging, while it is reduced to
0.5% using equalised b-tagging. The WW efficiency is re-
duced from 0.1% to 0.06% when changing from combined
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Fig. 26. Expected SM background mis-tag rates at /s =
206.7 GeV, as functions of the signal efficiency for a Standard
Model Higgs boson of mass 114 GeV/c? (top) and MSSM Higgs
boson of mass 90 GeV/c? and tan 8 = 20 (bottom) when vary-
ing the cut on the equalised b-tagging variable (solid lines) and
combined b-tagging variable (dotted lines)

to equalised tagging. The ZZ efficiency is also reduced
from 3.7% to 3.3%.

In the search for the SM Higgs boson in the four jet
channel, the b-tagging variable was combined with another
set of discriminant variables [27] using an artificial neural
network. The final confidence level estimation is calculated
using two-dimensional information, where one dimension
is the neural network output and the other is the recon-
structed Higgs boson mass.

b-tagging is also used in the selection of the Higgs di-
jet [27] from among the 6 possible Higgs di-jet candidates
in a 4-jet event. The proportion of correct matchings for
the Higgs di-jet, estimated in simulated signal events with
114 GeV/c? mass, is around 53% at pre-selection level,
increasing to above 70% after the tight selection cut (see
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Table 1 of [27]), while keeping a low rate of wrong pairings
for ZZ background events.

7 Conclusion

The standard approach used by DELPHI for tagging b-
hadrons has been described. By using not only the track im-
pact parameters, which are sensitive to the longer lifetimes
of hadrons containing b-quarks, but also other kinematic
information related to secondary vertices, track rapidities
and any leptons, the efficiency/purity has been improved.
For Z events, a purity of 98.5% for b-jets was achieved for
an efficiency of 30%. Such high purity was required for the
accurate measurement of Ry at the Z.

The tagging algorithm can also be applied to complete
events, rather than just to single hemispheres. For the SM
Higgs search at LEP2, the sum of the two largest b-tag
variables for jets in the event was used. High efficiency
b-tagging was required in order to extract any possible
H — bb decays from the large backgrounds. For a signal
efficiency of 60%, a rejection factor of 140 for the W~
background was achieved.

In contrast, the algorithm could be used in an anti-
tagging mode, to select jets from light-quarks. This was
used (together with conventional b-tagging), to compare
the 3-jet rates for b- and for light quarks. This is sensitive
to the b-quark mass.

For these and for other physics processes, it was crucial
to have an efficient, well understood procedure for tagging
b quarks. This resulted in systematic errors being kept to
a minimum, and enabled many significant measurements
to be performed.
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