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Abstract

Measurements of the normalized three-jet rate of b quarks with respect to light
(¢ = u,d, s) quarks, RS, defined using the DURHAM and CAMBRIDGE jet algorithms,
are described, using data collected by the DELPHI experiment at LEP on the Z peak
from 1994 to 2000. They are used to extract values for the b quark mass at the M
energy scale defined in the MS scheme, my(Mz), by comparing with next-to-leading
order massive calculations and assuming « universality. The best determination:

my(Mz) = 2.9670-1% (stat) +0.19 (had) + 0.14 (exp) £ 0.12 (theo) GeV/c?,

obtained with CAMBRIDGE, has a total uncertainty of about +0.3 GeV/c?. Tt is
compatible with other direct determinations of the b quark mass at the My en-
ergy scale and confirms the running predicted in QCD when compared with low
energy determinations. The results presented update and supersede those already
published using data collected from 1992 to 1994. The improved precision achieved
results from the higher statistics used as well as from a better understanding of the
hadronization process, flavour tagging and gluon splitting rates into heavy quarks.
A new source of systematic uncertainty, related to the b mass parameter defined in
the generator used to compute hadronization corrections, is found to be dominant,
contributing about £0.15 GeV/c? to the final error. The results presented in this
note are preliminary.
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1 Introduction

The b quark mass is a fundamental parameter in the Standard Model Lagrangian and
therefore needs to be determined experimentally with the highest possible precision. How-
ever, confinement of quarks inside the observed hadrons introduces an additional compli-
cation with respect to lepton mass determinations. Quark masses need then to be defined
within a theoretical convention and they can only be determined indirectly through their
influence on hadron properties.

Among the different quark mass definitions, the most commonly used are the pole mass
M, and the running mass my(Q). The former is defined as the pole of the renormalized
quark propagator and it is gauge and scheme independent. The latter corresponds to the
renormalized mass in the MS scheme and therefore it is an energy scale and scheme de-
pendent quantity. Both mass definitions are related to each other [1] and Next-to-leading
order (NLO) calculations are needed in order to distinguish among the two. Physics should
be independent on the mass definition used but at a fixed order in perturbation theory
there is a dependence on the mass definition as well as on the arbitrary renormalization
scale p.

Determinations of the b quark mass have been performed at the production threshold
and at the M scale independently. At low energy, the b quark mass is inferred from
the measured spectra of hadronic bound states or the moments of the B decay prod-
ucts spectra making use of nonperturbative techniques as Heavy Quark Effective Theory
(HQET), Non-Relativistic QCD (NRQCD), lattice or QCD sum rules. An average of
these determinations led to my(my) = 4.24 + 0.11 GeV/c? [2].

At the My, energy scale, the b quark mass was extracted from data collected at the
79 peak at LEP and SLC. At this high energy, b mass effects are negligible for inclusive
observables since they are suppressed by m?/M2 < 0.3%. However, for more exclusive
observables, like jet cross sections, they can be enhanced considerably for small enough
values of the jet resolution parameter, y,, as they go like mZ/M2/y. [3]. NLO calculations
taking mass effects into account were performed for several event shape type observables
and jet rates [4, 5, 6, 7], allowing determinations of the b quark mass at the Mz energy
scale [8, 9, 10, 11]. The results obtained for m, (M) verify the scale evolution predicted
by QCD when compared with the low energy determinations. However, the precision
reached (which is ~ 0.4 — 0.5 GeV/c?> at LEP) is lower than the one obtained at the
production threshold (~ 0.1 GeV/c?).

The first measurement of my(Mz) was performed by the DELPHI experiment with
data collected from 1992 to 1994 at /s ~ M. The observable used in this analysis was:

ng (yc)/rb
T4 (ye) /T

being ng(yc) and T'9, respectively, the three-jet and total decay widths of the Z° into
qq, where ¢ = (b or £ = uds quarks). The flavour ¢ of the hadronic event was defined
as that of the quarks coupled to the Z° and the DURHAM algorithm was used for jet
clustering. The measured observable was compared with the theoretical computations of
[4] and m,(Mz) was found to be [8]:

R = (1)

my(Mz) = 2.67 £0.25 (stat) £ 0.34 (had) & 0.27 (theo) GeV/c? (2)

which is dominated by hadronization uncertainties.
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The motivation of the present analysis was to get a more precise determination of
my(Mz) in order to test with high precision the predicted QCD energy scale evolution.
Since most part of the running of my occurs up to Mz, my(My) is a basic input parameter
to constrain theories beyond the Standard Model as those predicting m;, — m, unification
at the GUT scale. The running b quark mass has also important implications on Higgs
searches since the partial decay width of the Higgs boson into b quarks is proportional to
m?2(my) in the Standard Model [12, 13, 14].

In this paper a new analysis to measure m,(My) performed with data collected by
DEeLPHI from 1994 to 2000 is presented. The same observable used in the previous DELPHI
measurement, R, has been used with two jet clustering algorithms, DURHAM and CAM-
BRIDGE. The CAMBRIDGE algorithm has the advantage of having a smaller theoretical
uncertainty [7]. A detailed study of how mass effects and the hadronization process are
implemented in the generators has led to a better control of the hadronization correction.
The effect of the g splitting rates, ¢ — bb and g — ¢, on the flavour tagging has also
been taken into account.

2 The DELPHI detector

A brief description of the most relevant components of the DELPHI detector for this
analysis is done here. A detailed description of its design and performance can be found
in [15, 16].

DELPHI is an hermetic detector with a superconductive solenoid providing a uniform
magnetic field of 1.23 T parallel to the beam axis throughout the central tracking de-
vice volume, allowing the determination of charged particles momentum with an average
resolution of o(p)/p = 3.6% for muons of 45 GeV/c.

The tracking system consists on a silicon Vertex Detector (VD), a jet chamber Inner
Detector (ID), a Time Projection Chamber (TPC) which constitutes the main tracking
device in DELPHI and a drift chamber Outer Detector (OD) covering the barrel region
(40° < 0 < 140°) and two sets of drift chambers, FCA and FCB, located in the endcaps.

The VD, which is made of three coaxial cylindrical layers of silicon strip detectors,
was upgraded in 1994 by instrumenting the outer and closer layers with doubled-sided
orthogonal strips, allowing the measurement of both R¢ and z coordinates. During 1991-
1993 the VD provided measurements in the transverse plane only and that is why this set
of data has been excluded in this analysis.

Electron and photon identification is provided mainly by the electromagnetic calorime-
ter which is composed by a High Density Projection Chamber (HPC) installed inside the
coil in the barrel region and a lead-glass calorimeter (FEMC) in the forward region.

In order to measure the charged and neutral hadrons energy, DELPHI contains the
hadron calorimetry (HCAL), an iron-glass sampling detector incorporated in the magnet
yoke.

3 Experimental determination of Rgé
RY can be measured at reconstruction level by applying the jet clustering algorithm

(either DURHAM or CAMBRIDGE) to the samples of b and ¢ tagged events collected by
DeLPHI. However, the dependence of RgZ with the b quark mass was calculated at NLO



with quarks and gluons instead of hadrons [4, 7]. Therefore, in order to compare the
experimental result with the theoretical prediction the measured observable needs to be
corrected for both detector (including acceptance and flavour tagging) and hadronization
effects.

In the previous DELPHI measurement [8] it was shown that detector corrections are well
determined while hadronization corrections are very sensitive to the different hadroniza-
tion models used (the string model of PYTHIA or the HERWIG cluster model). We have
shown that if a cut on b quark jet energy is done (2% (jet) = Ejy—jet/ Ebeam > 0.55) the two
hadronization models lead to a similar hadronization correction and hence we restrict our
measurement to this region of the phase space.

In this section the whole analysis procedure will be described, starting from the raw
data and leading at the end to the R4 observable at hadron and parton level.

The first step was to select the sample of Z° hadronic decays, i.e. Z° — ¢q events.
From those events, the b and ¢ quark initiated events were separated using the DELPHI
flavour tagging methods. In order to perform the cut on the b quark jet energies, a method
to distinguish the b quark jets from the gluon jet was used based on the tagging of the
quark flavour.

The jet clustering algorithms DURHAM and CAMBRIDGE were applied to both tagged
samples to obtain the RS observable at detector level. Data was then corrected for
detector and tagging effects and the hadronization process to bring the observable to
parton level.

3.1 Event selection

The selection of Z° hadronic events was done in three steps (as in [8]):

1. Particle selection: Charged and neutral particles reconstructed, respectively, in the
tracking devices and in the calorimeters were selected in order to ensure a reliable
determination of their momenta and energies by applying the cuts listed in Table 1.

2. Event selection: Z° — ¢q events were selected by imposing the global event condi-
tions of Table 1.

3. Kinematic selection: In order to reduce particle losses and wrong energy-momentum
assignment to jets in the selected hadronic events, further kinematical cuts were
applied. Each event was reconstructed to three jets by the jet clustering algorithm
(DURHAM or CAMBRIDGE) using all charged and neutral selected particles, and the
cuts of Table 2 were applied to each of them.

After applying all these cuts to the raw data a sample of 1.4 x 10° (1.3 x 10°) hadronic
Z° decays was selected for the DURHAM (CAMBRIDGE) algorithm.

3.2 Flavour tagging

Once the sample of Z° hadronic decays was selected, a method to distinguish between
the b and £ = uds quark initiated events had to be used.

DEeLPHI has developed two different algorithms for b tagging based on those properties
of B hadrons that differ from those of other particles: the impact parameter [17] and the



p> 0.1 GeV/c
Charged 25° < 0 < 155°
Particle L> 50 cm
Selection d < 5 cm in R¢ plane
d < 10 cm in z direction
Neutral E > 0.5 GeV, 40° <0 < 140° HPC
Cluster E > 0.5 GeV, 8°(144°) <6 < 36°(172°) FEMC
Selection E>1GeV, 10° <0 <170° HAC
Nch Z 5
E., > 15 GeV
Event [>iqi| <6,i=1,..., N
Selection No charged particle with p > 40 GeV/c
45° < Othrust < 135°

Table 1: Particle and hadronic event selection; p is the particle momentum, 6 the particle
(and Oyppuse the thrust) polar angle with respect to the beam axis, L the measured track
length, d the closest distance to the interaction point, ¢; the particle charge, E the cluster
energy, N., the number of charged particles, and E,, the total charged particle energy in
the event.

N > 1 per jet

Kinematic E;>1GeV, j=1,2,3

Selection 25°<0; <155°, j=1,2,3

Planarity cut: >, ¢; > 359°, i<y, 4,7 =1,2,3

Table 2: Event selection based on the kinematic properties of the events when clustered
in three jets by the jet algorithm. Njc" is the jet charged multiplicity, E; the jet energy,
0, the jet polar angle and ¢;; the angular separation between the pair of jets 77.
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Figure 1: Event distribution of Pj (left) and X,jfe, (right) when DURHAM is used to
form jets. The real (points) and simulated (histogram) data are compared. The specific
contribution of each quark flavour is displayed as derived from the DELPHI simulated
data. The cuts used to tag the b and ¢ quark sample are also indicated.

combined technique [18]. The former makes use of the most important property for the
selection of B hadrons, their long lifetime, and discriminates the flavour of the event by
calculating the probability, P, of having all particles compatible with being generated
in the event interaction point. For the second technique, an optimal combination of a set
of discriminating variables defined for each reconstructed jet is performed, leading to a
single variable per event, X fe,.

Figure 1 shows the distributions of Pg and X, ffev Obtained for the selected real and
simulated sample of Z° hadronic decays. For the case of the simulated data, the contri-
bution of each quark flavour is also indicated.

Taking into account the stability of the final result (see Figure 2 left), the impact
parameter method was used for £ tagging by imposing PZ > 0.07 (P, = 82%, ¢ =
51%). For b tagging both techniques were observed to be equally stable and the combined
method was used by requiring X.fpe, > —0.15 (P, = 86%, ¢, = 47%) because higher
purities could be reached with the same efficiency.

In order to perform the cut on the b quark energies an identification of the gluon and
b quark jets is required for b tagged events. The two tagging techniques can also provide
a discriminative variable per jet and therefore both are available for jet identification.
Again, based on a stability argument (see Figure 2 right), the combined technique was
used to identify the pair of jets most likely to come from b quarks, with a jet purity of
81% and a cut efficiency of 90%.

Once the b quark jets were identified their energy was computed from the jet directions.
Figure 3 shows the x%(jet) distribution for real and simulated data. The cut 2% (jet) > 0.55
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Figure 2: (Left) R, at parton level as a function of the purity of the ¢ tagged sample,
P,, for ¢ = b, ¢, when CAMBRIDGE is used to form jets. (Right) R, as a function of the
jet identification purity at a y. = 0.015 for the DURHAM algorithm.

was then applied for both b jets. The purity and contamination factors of the b and ¢
tagged samples obtained after the cut are shown in Table 3.

Method Typeq [ £—q (%) |c—q (%) | b—q (%)
Impact Parameter 14 82 15 3
Combined b 2 7 91

Table 3: Flavour composition of the samples tagged as ¢ or b quark events.

3.3 Correction procedure

Once the b and ¢ quark hadronic events were selected from the collected data, the jet
clustering algorithm was applied to get the R3® observable at detector level, RSE-det A
correction procedure was then needed to bring the observable to parton level, Rf;f*p art.
where a comparison with the theoretical calculations can be performed. The observable
was corrected by detector, acceptance and tagging effects and the hadronization process

using the following expression (which was derived in [8]),

(5955 (ve) + 5958 (ve) | — [Pegbp (ve) + .95 (ve)| RE " (ue)
ch 98 (e) RS (ye) — Poghp (ye)

R (y,) = )
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Figure 3: z%(jet) distribution for real and DELSIM simulated data for three-jet b tagged
events at a y. = 0.015 for CAMBRIDGE.

where g5, (ye) = dio(Ye) - hai(ye), being d(y.) the detector correction factors and h(y.) the
hadronization ones,

4 o
R R )
3Q(yc) - i—had 3 — Ri—part ( )

3—MC 3—-MC

where () = B, L denotes, respectively, the b and ¢ tagged sample and ¢ = b, ¢, £ refer to the

real --quark sample. Therefore, Rézgd_e}i,fc is the Monte Carlo three-jet rate at detector level

of events that are tagged as (Q and are of flavour i, RS %%, is the three-jet rate at hadron

level of the sample of i-quark events and Rj %7, the same rate but evaluated at parton

level. The remaining factors of Eq. (3) correspond to the purities and contaminations of
the two tagged samples listed in Table 3.

The complete DELPHI simulation (DELSIM), which uses JETSET 7.3 [19] to generate
the events that go through the detector simulation, was used to compute the detector
correction factors d,(y.). A recent version of JETSET, PYTHIA 6.131 [20], tuned to
DEeLpHI data [21], was used to get the hadronization factors.

The total size of the detector and hadronization corrections for R} are shown in
Figure 4. For instance, the detector correction is of about 2% for both algorithms while
the fragmentation correction is about 5%, for DURHAM and 1% for CAMBRIDGE at a
y. = 0.02 and y. = 0.01 respectively.

Further corrections need to be applied to the R3¢ obtained by Eq. (3) in order to
account for the correct heavy quark gluon splitting rates and a more reliable hadronization
process in the simulated sample.

e Gluon splitting rate correction:

In the present analysis, the flavour of the event was defined as that of the quarks
directly coupled to the Z° boson and not from those quarks coming from secondary
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Figure 4: Detector and hadronization corrections applied to the measured R} for
DurHAM and CAMBRIDGE.

emissions due to gluon splitting processes. However, heavy quarks coming from
g — bb and g — c€ clearly affect the event tagging. Therefore, it is essential to
have the correct gluon splitting rates, g,; and g, in the simulated data used to
correct the measured observable for detector and tagging effects. A reweighting of
the DELSIM simulation was then done in order to have the measured rates [22]:

9z = 0.0296 £+ 0.0038 (5)
/%> 0.00254 £+ 0.00051

which means a reweighting factor of 1.91 for events containing g — ¢¢ processes and
of 1.64 for those with g — bb. For instance, the impact of this reweighting on the
measured observable is a reduction of 5%, at a y. = 0.02 for the case of DURHAM
and of 4%, at a y. = 0.01 for CAMBRIDGE.

e Additional hadronization corrections:

The hadronization correction factors used in the expression of Eq. (3) were com-
puted with the PYTHIA generator using the same options than in the DELPHI tuning.
This means that the string model was used for the hadronization process, the Pe-
terson fragmentation function to fragment b quarks and a b mass of 5 GeV/c? was
used in the perturbative phase. Two additional correction factors have been then
applied to the RY 7" of Eq. (3) in order to correct for a more reliable hadronization
process. These are:

— Model:
Three hadronization models were considered: the cluster one implemented
in HERWIG [23], and two other models based on the string fragmentation of
PyTHIA but with different heavy quark fragmentation functions, Peterson [24]
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and Bowler [25]. Figure 5 shows the b fragmentation function of the three mod-
els. The two generators used, PYTHIA 6.131 and HERWIG 6.1, were previously
tuned to DELPHI data.

Since the three models describe the data reasonably well but the data does not
prefer any of them [26], the mean of the three fragmentation corrections was
used to correct the data.

b mass parameter in the generator:

In order to describe mass effects, the PYTHIA generator uses three sets of quark
masses, the kinematical, My, used at parton level, the constituent, Mo, used
during the hadronization process and to derive B hadrons masses for states
poorly or not measured, and the known B hadron masses. These three sets
of masses are not connected to each other. Therefore, this situation is not
appropriate to study mass effects because the changes made for parton masses
don’t propagate as they should during the hadronization process, resulting in
hadronization corrections with an artificial dependence on the b quark mass
value. If this connection is however imposed in the generator, this dependence
can be removed, as was shown in [27].

It was also shown in [27] that the kinematical b quark mass used in PYTHIA
at parton level can be identified as the pole mass within the uncertainty of
the NLO theoretical calculations used to extract my(My) from RY. We then
set the M, parameter to a recent determination of the pole mass: 4.98 &+ 0.13
GeV/c? [28].

Figure 6 shows for the two jet clustering algorithms the measured RY at detector
level and the one obtained at parton level after all the corrections were applied. The
total correction is also shown in the plots, which is about 2% for both DURHAM and
CAMBRIDGE at y, = 0.02 and y. = 0.01 respectively.
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3.4 Experimental uncertainties

Apart from the statistical uncertainties due to the limited size of the real and simulated
data, different sources of systematic uncertainties were considered. They can be divided
into two groups: those affecting the hadronization correction and the ones affecting the

detector correction.

e Hadronization:

The following contributions to the hadronization uncertainty have been taken into

account:

— Tuning: Uncertainty on the tuned parameters of PYTHIA that are relevant in
the fragmentation process. This contribution was evaluated by varying these
parameters (Aqcp, Qo, 04, €, a) within £ from their central tuned values
and taking into account that they are not completely independent [21].

— Hadronization model: It was calculated as the standard deviation of the
three hadronization corrections used. Figure 7 shows this uncertainty as a
function of y, for the present case in which a cut on z%(jet) is done compared

— b mass parameter ambiguity in the generator: The uncertainty on the b
mass parameter used in the generator, M, = 4.98 + 0.13 GeV/c?, was propa-

to the case in which no cut is made.

N

A
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= Reconstruction
* Parton
+ Total Correction

Cambridge

%WHWW%WMWW

N

Au“““‘“‘“ PYITIYVLY|
N daas |

gated to the effect on the hadronization correction.

e Detector:

The uncertainties of the detector correction, which includes detector and accep-
tance effects and the tagging procedure, are due to imperfections on physics and
detector modeling in the simulation. We have considered the following sources of

uncertainties:
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Figure 7: Hadronization model uncertainty as a function of the y. for the DURHAM (left)
and CAMBRIDGE (right).

— Gluon splitting: The gluon splitting rates of Eq. (6) were varied conserva-
tively within twice their uncertainty and the effect on the measured observable
was taken as the gluon splitting error.

— Tagging: It was evaluated by varying the purities and contamination factors
of the correction formula of Eq. (3) within their uncertainty. The errors on
P, and P, were obtained from the known relative error of the b tagging and
misstagging efficiencies, Ae%/e% = 3% and Aey/ey = Aeg /e = 8% [29],
taking into account that ¢ tagging is just anti-b tagging, i.e. Ael = A€} for
q = b, c, ¢ for the same cut value.

For each variation of the purities (P, = 91.2 + 1.0% and P, = 82.3 + 1.6%)
the contamination factors were varied accordingly using the closure relation
Yy=beeCh = 1 (where ¢fy = P,) and keeping the factors cj/cf and ¢} /c§
constant.

— Jet identification: It was evaluated by varying the cut applied to distinguish
the b quark jets from the gluon jet in a b tagged event within cut efficiencies
of 80% to 100%. Half of the difference observed in the measured RY at parton
level is taken as the uncertainty due to the jet identification.

3.5 Results for Rge at parton and hadron level

The R% obtained at parton level is shown in Figure 8 as a function of y. together with
its statistical and total uncertainties. The LO and NLO theoretical curves in terms of
the pole and the running mass are also shown in the plot, for M = 5 GeV/c* and
my(Mz) = 3 GeV/c?. The RY values correspond to the average of the results obtained
for each separate year since, as Figure 9 shows for a given y,, all of them give compatible
results. The measured RS and its different experimental uncertainties are shown in Table
4.

RY was also measured at hadron level by following the same correction procedure
described in Section 3.3 but without correcting for the hadronization process. The purpose

11
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Figure 8: R% as a function of y. obtained at parton level compared with the LO and NLO
theoretical predictions calculated in terms of a pole mass of M, = 4.98 GeV/c? and in
terms of a running mass of my(Mz) = 3 GeV/c?.
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(left) and CAMBRIDGE (right). The error bars represent the statistical error. The vertical
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Figure 10: RS at hadron level as a function of y, compared with the PYTHIA 6.131 (with
Peterson and Bowler fragmentation b functions) and HERWIG 6.1 predictions.

of this measurement was twofold: First, to compare with the prediction given by the
PyTHIA and HERWIG generators and to study how well b mass effects are modeled.
Second, a value at hadron level is useful in order to correct for other fragmentation
models.

Figure 10 shows, as a function of the y,, the measured RY at hadron level together
with the curves predicted by the two generators. For the case of PYTHIA, the curves
are shown for the Peterson and Bowler b fragmentation functions. For large values of
Y, both generators describe well the data while, for small values, HERWIG gives a better
prediction than PYTHIA, which tends to overestimate the mass effect.

4 Comparison with NLO massive calculations

The measurement of the R3 observable at parton level obtained in previous section, when
compared with the NLO massive calculations of [4, 7], can be used to either extract the
b quark mass assuming o universality or take as an input the b quark mass measured at
threshold and extract the ratio of « for b and ¢ quark events.

In this section the results obtained with the two alternatives will be shown, although
more emphasis will be put on the measurement of the b quark mass. For this case, both
quark mass definitions, the running mass at the My scale and the pole mass, will be
derived from the measured observable.

4.1 Determination of the b quark mass

The theoretical predictions for R?f [4, 7] are written either in terms of the b quark pole
or running mass which implies two different ways to get my(Mz) from the measured
observable:
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also displayed, where the error is just the theoretical one.

e Method 1: Use the parameterization in terms of the pole mass to extract a value for
M,, for an arbitrary value of p. Then use the O(c) relationship between My-my, (1)
at u = M, to obtain my(M,) and the renormalization group equations (RGE) to go

from p = My to p = Mz to get my(Mz).

e Method 2: Use the expression in terms of the running mass to obtain, for an arbi-
trary scale p, my(p). Then use the RGE to evolve from that scale to M to finally

get my(My).

Figure 11 shows, for the measured value of R} at a given y,, the extracted m,(Myz)
for different values of pu. We have adopted the convention of giving the final result for
my(My) as the mean of the results obtained by the two methods at u = M (as done in

[8]). The theoretical uncertainty was estimated by considering the following sources:

e 1 dependence: The p scale was varied in the second method from Mz/2 to 2M,
and half of the difference of the result obtained on m, (M) was taken as the p scale

error.

e Mass ambiguity: Half of the difference between the my(Myz) obtained for each

method at p = Mz was taken as the error due to the mass ambiguity.

e o, uncertainty: az(Mz) = 0.1183 + 0.0027 [30] was varied within its uncertainty
and the effect on my(Mz) was taken as the error due to the uncertainty on a.

The b quark mass was extracted from the measured RS at y. = 0.02 and y. = 0.0085
for DURHAM and CAMBRIDGE respectively. These jet resolution parameters were chosen
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Figure 12: Total, statistical, systematic and theoretical uncertainty of my(Mz) as a func-
tion of y. obtained from the measured values of RS for DURHAM (left) and CAMBRIDGE
(right). The vertical line represents the y. value chosen to give the final m,(My).

so to keep the hadronization correction, the total uncertainty and the four-jet rate small.
As shown in Figure 4, the hadronization correction is constant for large values of y. and
it starts to decrease (increase) at y. = 0.015 (y. = 0.005) for DURHAM (CAMBRIDGE). In
order not to be close to that region and to have the smallest uncertainty on the extracted
my(Mz) (see Figure 12) these y, values were selected.

The results obtained for m,(Myz) are,

my(Mz) = 3.2370-28 (stat)T335 (had)*3%2 (exp) & 0.24 (theo) GeV/c? (6)
when DURHAM is used to reconstruct jets and,
my(Mz) = 2.96731T (stat) +0.19 (had) £ 0.14 (exp) & 0.12 (theo) GeV/c?>  (7)

when CAMBRIDGE is the algorithm used. The systematic uncertainties have been divided
into the ones due to hadronization (had) and those due to the detector and physics
modeling (exp). The contribution of each individual source of uncertainty is shown in
Table 4.

The difference between the two results is smaller than the statistical error. The result
obtained with CAMBRIDGE is more precise than the one obtained with DURHAM, mainly
due to the reduction of the theoretical uncertainty, reaching a total error of 133 GeV/c?
instead of 142 GeV/c2.

Apart from the running mass, the b quark pole mass, M,, can also be extracted from
the measured RS using the NLO expression of RS in terms of the b pole mass. The
theoretical uncertainty in this case was considered as the contribution of just the u scale
dependence and the a; uncertainty, but no error was given due to the mass ambiguity.

The p scale was varied from Mz/10 to 2M .
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The measured b quark pole mass at © = My was found to be,
My = 4.487339 (stat) + 0.24 (had)™027 (exp) & 0.13 (theo) GeV/c? (8)
when DURHAM is used to reconstruct jets at y. = 0.02 and,
My = 4.267022 (stat) 32 (had) ™15 (exp) £ 0.44 (theo) GeV/c? (9)

when CAMBRIDGE is used instead at y. = 0.0085. These values are low compared with the
results obtained when the b pole mass is measured at low energy, as for example the one
of [28] (4.98 + 0.13 GeV/c?), although they are compatible within errors. The theoretical
uncertainty might be underestimated since no mass ambiguity has been considered.

4.2 Test of o, flavour independence

The measurement of RY can alternatively be used to test o, flavour independence by
using the relation introduced in [8]. Neglecting the O(c;) terms and taking as an input
the average b quark mass from low energy measurements, my(m;) = 4.24 + 0.11 GeV/c?
2], the ratio o/ is found to be,

ab/al = 0.98975-9% (stat) +0.007 (syst) + 0.005 (theo) (10)
for DURHAM and
ab/al = 0.996 + 0.004 (stat) £ 0.006 (syst) = 0.003 (theo) (11)

for CAMBRIDGE. These results verify o, universality at a precision level of around 1%.

5 Conclusions

A new determination of the b quark mass at the M scale has been performed with the
DELPHI detector at LEP. The same observable as in the previous measurement [8] has
been used but with jets reconstructed with two jet clustering algorithms, the already
studied DURHAM and additionally CAMBRIDGE. The results obtained with CAMBRIDGE
for my(Mz) were found to be more precise, mainly due to its better theoretical behaviour,
reaching a total uncertainty of 7535 GeV/c2. This constitutes a substantial improvement
with respect to the previous DELPHI measurement in which m; (M) was determined with
an uncertainty of £0.50 GeV/c?.

The present measurement has been performed in a restricted region of the phase
space to have a better control of the fragmentation process. The statistics was increased
by analysing data collected at the Z° peak from 1994 until 2000. New versions of the gen-
erators, PYTHIA 6.131 and HERWIG 6.1, where mass effects are much better reproduced,
have been used to correct the data.

The study performed in [27] of the way mass effects are implemented in the generators
have led to a more reliable hadronization correction. The dependence of the hadronization
correction on the b mass parameter set in the PYTHIA Monte Carlo was understood and
quantified. It was shown that this effective mass parameter can be identified with the
pole mass for the case of determining mj (M) from RY. The uncertainty associated with
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this parameter becomes the dominant source of error in the present result of my(My). It
was also pointed out in [27] that this parameter could be constrained by fitting to the
measured DELPHI data. However, the observable used for this fit was correlated with RY,
and the corresponding determination was hence not used here. Further studies are being
performed in order to find a more appropriate observable.

The effect of the bb and ce gluon splitting rates of the Monte Carlo on the detector
correction has been taken into account. For the DURHAM algorithm, the correction and
the error induced on the measurement by this effect are sizeable.

Figure 13 shows the result obtained by this analysis with CAMBRIDGE for m,(Mjz),
together with the other LEP and SLC determinations. All these measurements are per-
formed at the My energy scale but for displaying reasons they are plotted at different
scales. The data collected by DELPHI has also been used to determine the b quark mass
at a lower energy scale from semileptonic B decays [31]. The value obtained using an
unconstrained fit is also represented in this plot. In addition, the average of the results
obtained when the b quark mass is measured at threshold [2], M~y /2, is shown as well as
the 3-loop running predicted by the RGE from this scale up to M.

The result obtained in this analysis is compatible with the other measurements per-
formed at the My energy scale and it has the highest precision. It is also compatible
with the low energy measurements (the average computed in [2] and the value obtained
from DELPHI data [31]) taking into account the QCD energy evolution. A net change
in the value of the running b quark mass between p; = My /2 and ps = My is observed
with about 3.5 standard deviations, my(My/2) — my(Mz) = 1.201335 GeV/c?, verifying
the running of the b quark mass with the energy scale predicted by QCD. The b pole
mass has also been extracted from the measured RY and, although the value obtained is
compatible with other determinations performed at the production threshold, it tends to
be lower for both jet clustering algorithms.

Alternatively, universality of the strong coupling constant has also been verified with
a precision of 8%q,.
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DURHAM (94-2000) RY¥(y. = 0.02) my(My) GeV/c?

Value 0.9619 3.23
Statistical Data +0.0045 B
Statistical Simulation +0.0033 s
Total statistical £0.0056 5
Fragmentation Tuning £0.0015 +0.07
Fragmentation Model +0.0022 +0.10
Mass parameter +0.0034 +0.15
Total hadronization +0.0042 reH
Gluon Splitting +0.0031 +0.14
Tagging 10005 018
Jet identification +0.0018 +0.08
Total experimental 0050 B
Mass Ambiguity - +0.22
p-scale (0.5 < u/M, < 2) - +0.10
as(My) - +0.03
Total theoretical +0.24

CAMBRIDGE (94-2000) RY(y. = 0.0085) my(My) GeV/c?

Value 0.9622 2.96

Statistical Data +0.0034 s

Statistical Simulation +0.0024 +0.10
Total statistical +0.0042 s

Fragmentation Tuning £0.0010 +0.04
Fragmentation Model +0.0025 +0.11
Mass parameter +0.0036 BRY

Total hadronization +0.0045 +0.19
Gluon Splitting +0.0015 +0.06
Tagging +0.0021 +0.09
Jet identification +0.0020 +0.09
Total experimental +0.0033 +0.14
Mass Ambiguity - +0.11
p-scale (0.5 < pu/Mz < 2) - +0.04
as(Mz) - +0.01
Total theoretical +0.12

Table 4: Values of R} and my (M) obtained with DURHAM and CAMBRIDGE algorithms
and break-down of their associated errors (statistical and systematic) for y. = 0.02 and
Y. = 0.0085 respectively.
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