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Abstract

The effect of the heavy b-quark mass on the n-jet rates (n=2-5) is studied using
LEP data collected by the Delphi experiment at the Z peak in 1994 and 1995.
A preliminary measurement of R, the normalized four-jet rate of b-quarks with
respect to light-quarks (£ = uds), using the CAMBRIDGE jet clustering algorithm
is presented. Results are compared at hadron level with generators and massive
LO calculations. The validity of approximating massive NLO corrections by their
corresponding massless ones is investigated with the aim to measure the b-quark
mass in four-jet events.
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1 Introduction

Mass corrections to the Z — bb coupling are of order (m2/M2), which is too small to
measure at LEP and SLc. For some inclusive observables, like jet-rates, the effect is
enhanced as (m2/M%)/Yeus, where yq; < 1 is the jet resolution parameter [1]. The effect
of the b-quark mass in the production of three-jet event topologies at the Z peak has
already been measured at LEP and SLC [2, 3, 4, 5]. This study presents the effect of the
heavy b-quark mass on the two, four and five-jet rates'!. The measurements of three-jet
rates from [6] are also shown.

The DELPHI data collected during the years 1994 and 1995 at a center-of-mass energy
of \/s &~ My have been analyzed. The CAMBRIDGE [7] jet reconstruction algorithm has
been used as it is expected to give a smaller theoretical uncertainty [8, 9]. The observables

studied are: )
— [Fn (ycut)/rtot]Zﬁbli
[Fn (ycut) /Ftot] Zot

where [y (Yeut) /Ftot]z—% and [Ty (Yeur)/Tior)? 7% represent the normalized n-jet cross-
sections for b- and f=uds-quarks for the value of y.,; considered. In this definition, the
flavour of the event is given by the pair of quarks coupling to the Z boson.

The three-jet rates in [6] were compared with the predictions from NLO massive
matrix elements (ME) [10, 11, 12]. Massive ME calculations are performed in terms of
the pole mass M, or the running mass my(p). The mass of the b-quark can then be
extracted in both definitions from the measured rates. In this note the four-jet results are
compared to massive LO ME [13], and the consistency with the three-jet result is tested.
Improvements using massless NLO corrections to the four-jet rate [14, 15] were studied.
The experimental results are also compared to the PyTHIA 6.131 [16], HERWIG 6.1 [17],
and ARIADNE 4.08 [18] event generators.

In this study, the comparison between data and theory (ME or event generators) is
done after the hadronisation phase. Therefore data results are corrected for detector
and kinematical effects, while ME calculations, computed at parton level, are corrected
for hadronisation. The parton level is defined as the final state of the parton shower
(in PyTHIA and HERWIG) or dipole cascade (in ARIADNE) in the simulation, before
hadronisation.

R (yeur) (n=2,3,4,5) (1)

2 Experimental method

2.1 Preselection cuts
Hadronic events are selected in the same way as in [2]:

e Charged and neutral particles are reconstructed as tracks and energy depositions in
the detector. A first selection is applied to ensure a reliable determination of their
momenta and energies (see Table 1).

e The information from the accepted tracks is combined event by event and hadronic
events (Z — qq) are selected (see Table 1).

'We define R as ), RZ for n > 5. With this definition all events can be classified belonging to a
n = 2,3,4 or 5-jet topology



e The last step involves a specialised selection for each jet-rate. In order to reduce
the impact of particle losses and wrong energy-momentum assignment to jets in
the selected hadronic events, further kinematical cuts were applied. Each selected
hadronic event was reconstructed with the CAMBRIDGE algorithm and then the
corresponding cuts of Table 2 were applied.

p>0.1GeV/c

Charged | 25° <0 < 155°

Particle | L > 50cm

Selection | d < 5cm in Re¢plane

d < 10cm in z direction

Neutral | F > 0.5GeV , 40° < 0 < 140° HPC

Cluster | E' > 0.5GeV , 8°(144°) < 6 < 36°(172°) | FEMC

Selection | F > 1GeV , 10° < 0 < 170° HAC
Nch 2 )

Event E., > 15 GeV
Selection | | Y, ¢l < 6,0 =1,..., N
No charged particle with p > 40 GeV/c

Table 1: Particle and event selection; p is the momentum of particles, # the angle between
the particle and the beam-axis, L the measured track length, d the impact parameter of
the track with respect to the interaction point, ¢; the charge of the particle, E the energy
of associated cluster in the calorimeters, V., the number of charged particles and E;, the
total energy of the charged particles in the event. After applying all these cuts, a sample
of 1.15 x 10° hadronic Z decays was selected.

2.2 Overview of the correction method
To measure? R;M, we used the method explained in [6]:

—~ bl—det
R’bf . [chdip + Machdsp] — [cLd5, + NacidS )Ry
2 = b b o bl—det

§2q (ycut)
- Ho(yeu) = 22 (2)
— cpdsyp RS (Yeut)
—~ bl—det
where the measured rate Ry is corrected using purities (¢, = Nj/Ng) and detector
corrections (de) taken from the simulation. () = B, L denotes, respectively, the b and

(-tagged samples and ¢ is the true flavour of the sample. The factor Ay = ]?Qd is also
taken from the simulation: typical values are Ay; = 1.005 and A3; = 0.995. This method
has the following advantage: the same procedure to tag flavours, described in the next
section, can be used simultaneously in the n-jet sample and in the inclusive sample giving

2To simplify notation, in the following we will distinguish the observable O defined at parton level
from the same observable measured at hadron level O by means of the tilde.



2-jet kinematical selection 45° < Oiprust < 135°
3-jet kinematical selection 45° < Opprust < 135°
Nt >1j7=1,2,3
E;>1GeV,j=1,2,3
25° <0; <155°7=1,2,3
Plararity cut: 3, ¢; > 359°, 1< j,4,j=1,2,3
4,5 -jet kinematical selection 32° < Opppust < 148°
N;h >137=1,23,4(5)
E; >1GeV, j=1,2,3,4(5)
25° < §; <155°j =1,2,3,4(5)

Table 2: The kinematical selection is slightly different for each jet rate. A cut on ;s is
common in all cases. For n-jet rates with n > 2 also a minimum energy of Ej;,; = 1GeV
is required for each reconstructed jet. 6; is the angle between each jet and the beam-axis.
For the three-jet rates, an additional planarity cut is applied on the sum of all jet pair
angles.

the normalisation of the observable (see Eq.1). Systematic uncertainties from the flavour
tagging are therefore expected to be reduced as, to first order, only ratios of the flavour
efficiencies egQ and 6qQ appear in the expressions:

egQN q 3)
€O N1 + el I Nnon—g

q 39 __
cedag =

—~be —~be
The method explained above is however not as good for R, and R; because the
four and five-jet samples are topologically very different from the inclusive one used in
the normalisation. Here it is important to optimise the flavour tagging for each topology.

Py,
The following procedure was preferred, expressing the observable R, at hadron level as:

bt Tyo(Z = bb) e Nup (1 - R, — R,,) DzeNnB )

o Ptot(Z — EZ) " nL B Rb

nL

where n = 4,5, N,g and N,,;, are respectively the total number of n-jet events tagged as
b- and {=uds-quarks, R; and R, are the partial decay widths of the Z to b and c-quark
pairs and DY are detector correction factors. This method is linear in R,;, which also
has the advantage of leading to smaller statistical uncertainties.

—be
Equation 4 divides the experimental measurement of R,, in two parts:

e First, the CAMBRIDGE algorithm is applied on the DELPHI data collected in 1994
and 1995 and for each analysed ., the four and five-jet samples are constructed.
The numbers N,p and N,; (n = 4,5) are measured and corrected for detector

~ bl .
effects. For R; the flavour tagging was done forcing the event to four-jets.

e Second, the global normalisation factor %ﬁ% is calculated from the latest com-

bination performed for the R, and R, values (R, = 0.21646 4+ 0.00065, R, =

3



0.1719 £ 0.0031) [19]. Taking into account correlations between the two measure-
ments, the following value was found:

1-R.—R
(7”) = 2.826 + 0.017 (5)
Ry
With this procedure the flavour-tagging can be used optimally in the context of the four
and five-jet topologies while benefiting from the precise R, and R, determinations.

2.3 Flavour tag

To identify the flavour of events, two algorithms are available in DELPHI: the lifetime-
signed impact parameter of the charged particles [20] and the combined tagging technique
[21]. The first method (IP) discriminates the flavour of the event by calculating the
probability ng of having all particles in the jet generated at the interaction point. For
the second technique (COMB), a jet estimator X, is built as an optimal combination
of Pﬁﬁf and a set of additional discriminating variables from the jet. Both methods are
designed to identify B-hadrons in the final state and are therefore very sensitive not
only to the presence of b-quarks directly coupling to the Z boson, but also to secondary
production of b and c-quarks from gluons (g — bb, c€), a process called gluon splitting.
They can also be used in an anti-tagging mode, to identify Z boson decays to light quarks.

For a given n-jet topology there are different possibilities to construct an estimator
for the flavour of the event from the corresponding variables at jet level. The simplest
method is to combine the two most b-tagged jets adding their values into a single estimator
Xew = X1+ Xo. For two and three-jet topologies this combination has proved to work
well®, but for 4 and 5-jet events it was found that this procedure leads to big systematic
uncertainties for both the b and /-tagged samples, because X, is strongly biased towards
misidentifying events with gluon splitting into heavy quarks.

A different combination was tried to identify b-events in four and five-jet events.
Firstly, the most energetic jet in each event was identified (E1) and remaining jets were
ordered by proximity to E1 (we shall label them as A1, A2 and A3). The closest jet
to E1 was discarded making the hypothesis that it was a gluon jet from E1. Finally,
a global estimator was constructed as X; = Xpg1 + max(X a2, Xa3). To further reduce
the misidentification of events containing gluon splitting to heavy quarks, the event was
classified as a light event if the most b-tagged jet was not one of the two most energetic
jets. With this new definition, the uncertainty due to ¢ — bb, ¢ events was reduced by
factors of 2 and 5, respectively.

The X,; distributions obtained in data and Monte Carlo are compared in Figure 1 for
the four-jet sample. The stability of the corrected Ny and Ny, was tested as a function of
the purity of the tagging. This is shown in Figure 2 (a) and (c) for the X,; variable. The
stability of the X, variable applied to the four-jets is also shown for comparison. The
cuts used to select b and f-quark samples (see Table 2) were chosen to minimize the total
uncertainties on the measurements.

In [6] it was shown that a more stable result is found if the b-quark sample is selected
with the combined technique and the ¢-quark one using only P]ﬁ The same prescription

~be ~ bt ~ bt
was then used for Ry . For Ry and Rs , using the method with Eq. 4 was found to give

3The data/MC agreement of X, can be seen in [6], together with related systematics
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Figure 1: Event distribution of the probability X,; for events classified as four-jets at
Yeur=0.0085. The real (points) and simulated (histogram) data are compared. The specific
contribution of each quark flavour is displayed for the simulated data. The peak at
X4; = —3.8 marks the events where the most b-tagged jet was not one of the two most
energetic jets. The cuts used to tag the b-quark and /-quark samples are also indicated.

stable and compatible results with both techniques. The combined method was chosen
because higher purities could be reached with the same efficiency.

2.4 Detector corrections

The detector corrections D% (y.,;) take into account the flavour identification procedure,
kinematic biases, the acceptance and other detector effects. They are calculated with
~ 4.3 x 10° hadronic events generated using JETSET 7.3 [22] and treated by the full
simulation of the DELPHI detector (DELSIM) and by the standard data reconstruction
chain. The simulation was reweighted in order to reproduce the measured gluon splitting
rates [23]:

gz = 0.0296 £ 0.0038 (6)

g = 0.00254 £ 0.00051

3 Comparison with theoretical calculations

3.1 Massive perturbative calculations

For a given flavour ¢, the n-jet rate is the normalised n-jet cross-section defined as R =
[T (Yeut) /Tiot]? 799, Massive ME theoretical calculations exist up to order o2 [10, 11,
12, 13] and describe the 2,3 and 4-jet rates for heavy and light quarks®*. They have the

In the following, q(m) will stand both for heavy (g(m) = b(m)) and light quarks (q(m) = £(0))
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flavour-tagging methods X4; and X,,. The upper part of each plot shows the four-jet

rates measured with the 1994 (black squares) and 1995 (empty circles) data. The lower
parts show the breakdown of the uncertainties relative to the measured rates. The arrows
show the purities resulting from the cuts indicated in Figure 1 for b and ¢-quark tagging,
respectively. The gluon splitting uncertainties from g¢,; and g. are reduced by a factor 2

and 5 respectively if X,; is used.



Method Type QQ | #n-jet events cut Purity | Efficiency
Combined 2B 7926 Xew > 0.78 96% 69%
Impact parameter 2L 109759 log P > —2.10 | 81% 97%
Combined 4B 5195 X4j > —0.43 87% 48%
Combined 4L, 37775 X,; > —1.00 70% 97%
Combined 5L 2932 X4 > —1.00 68% 96%

Table 3: Flavour composition of the 1994 sample (y.,.= 0.0085) tagged as n-jet b-quark
(nB) and f-quark events (nL) for the different jet topologies (n = 2,4 and 5-jets) analysed.
The total number of events found in the data samples after cuts was 121302 (2 jets), 44805
(4 jets) and 3304 (5 jets).

structure:

RE™ = 1 —(ay/m)AT™ —(a,/m)A(BY™) + 01 +0(al)

R{™ = H(ay/mAT™ +(a,/m)*BIm +0(a2) (7)

R{™ = +(as/m)>C2m +0(a?)
To simplify the notation, the dependence on ¥.,; has been omitted in the above expresion.
The closure relation R§ 4+ R + R} = 1 is satisfied up to order 2. The factors A™) B(™
and C™ are computed for massive and light quarks. The calculations are done in the

on-shell scheme in terms of the pole mass, M,, and can be rewritten in terms of the
running mass, m,, defined in the M .S scheme, using the following order «; relation:

as(p) (8 mig (1)
Aﬁznﬂ@h+ . %—amg22)+omﬂ (8)
It is convenient theoretically to build the double ratios R = R%™ /R’ as this definition
cancels most EW corrections, the first order dependence on o and partially, the neglected
higher order terms. The result is shown in Figure 3 in the case of the R% for both mass
definitions, at LO and using an approximate NLO prediction (see section 3.2).

3.2 Massless NLO corrections to the four-jet rate

To be able to use Eq. 8 to extract the b-quark mass from the four-jet rate, one would
need the NLO correction to R{ in (7):

RI™ = (a,/m)?C%™ 1 (a/m)? D™ (9)

which is available only for massless quarks [14, 15]. However, if most of the mass correction
to the observable is already at LO, one may expect to improve the description of the four-
jet observable by approximating D™ ~ D’ and therefore correcting both the massive
and massless four-jet rates with the massless correction D* [24]. This procedure has been
successfully tested for RS, for which the genuine massive NLO corrections exist. The
resulting prediction is shown in Figure 3 [25]. As for the case of RS [9], it was found that:

7



” 1.00
r 2

5 L —LOm,(M,)=291GeV/c

5 - -NLOm,(M,)

%095~ - NLOM,

= C — LOM,=498GeV/c?
0.90[—
0.85—
0.80
o7slii LA 01 L L L 1

' 0.002 0.004 0.006 0.008 0.010 0.012

yCLII

Figure 3: Massive LO ME calculations for R5(continuous) are shown for both the pole
b-mass, M,, and the running b-mass, my(Mz). Massless NLO corrections are also shown
(dashed) as explained in section 3.2 (see equation 9). As for the case of RY, NLO correc-
tions are smaller for the running mass.

e The NLO corrections using the pole and running mass definitions were both within
the uncertainty band defined by the two LO curves.

e The running mass definition gave a smaller correction at NLO than the pole mass.
Such a correction method can be considered plausible for R%, although one cannot esti-

mate the size of the theoretical uncertainty in a precise way.

3.3 Hadronisation corrections

To compare the parton-level calculations in sections 3.1, 3.2 of R* with the experimental
results, they must be corrected for hadronisation effects:

R, = HYRY (10)

The factors H(yeus) = HE(Yeus)/HE (Yeur) are computed using PYTHIA 6.131, HERWIG
6.1 and ARIADNE 4.08 tuned to DELPHI data [26] (see Figure 4).

4 Results

The preliminary R;M (n = 2,3,4,5) results at hadron level obtained as a function of
Yeut Dy combining the 1994 and 1995 data samples are compared to the predictions from
PyTHIA 6.131, HERWIG 6.1 and ARIADNE 4.08 generators in Figure 5. None of the
three models describe all the measurements perfectly.
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Figure 4: Hadronisation corrections H(Yeus) = Ry (Yeur)/ R (Yeur) used to correct mas-
sive ME four-jet calculations to hadron-level. The correction is below 3% for ¥.,; > 0.006.

In the case of the four-jet rates, experimental results were compared to the massive ME
calculations at LO and using the massless NLO corrections described in Section 3.2. The

—~b —~¢
results for the four-jet rates for b and ¢-quarks R, and R, are shown in Figures 6a and
6b for the running mass definition. The massless NLO corrections improve the description

~b —~
of the data in the whole y.,; region as much for R, as for R, . The upper plot in Figure

6¢ show the comparison of EM with LO ME calculations for the two definitions of the
b-quark mass. The lower part shows the effect of the massless NLO corrections described
in Section 3.2. A slightly better agreement between data and the QCD prediction was
found, particulary for the pole mass definition.

The value of the running mass used in the calculations was taken from the world
average in [27], my(mp) = 4.24 £ 0.11 GeV/c? evolved to /s = My using the QCD
renormalisation group equations (RGE). The obtained result was: my(My;) = 2.91 +
0.10. For the calculation with the pole mass definition, the determination M, = 4.98 +
0.13 GeV/c? [28] was used.

Comparing the experimental result from E’;M with the ME calculations (LO with or
without massless NLO), one can measure both the running and pole masses of the b-
quark. The consistency with the three-jet results of [6], my(Mz) = 2.96 4+ 0.32 GeV /c?
and M, = 4.26 £0.51, is tested in Figure 7. The results are also compared with the QCD
predicted values used for the calculations in Figure 6.

5 Systematic uncertainties
Two different sources of systematic errors have been considered. Experimental uncer-

tainties arise in the process of correcting the detector-level measurement to hadron
level. Modelling uncertainties appear in the process of correcting parton-level theoretical
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my(Myz) = 2.96 + 0.32 GeV/c? and M, = 4.26 £ 0.51 GeV /c? respectively, shown as +10
band with its central value as a dashed line. Predicted values from the QCD calculations
at low energy described in the text are also shown as continuous lines. For the running
mass calculation the massless NLO correction is small resulting in very little effect. On
the contrary, for the pole mass the NLO correction is about 10% leading to sizeable effects.
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calculations to hadron level.

The following sources of experimental uncertainties have been studied:

- Flavour tagging: relative uncertainties of 2% on €5 and of 6% on €{5 and €55 were
used based on the results in [29]. These numbers are also used as uncertainties for
€1, taking into account that Ael; /el, ~ Aelg/ek; (elz/el;). These uncertainties
were propagated to the final result and the observed variation was taken as the
flavour tagging uncertainty.

- The error on the global normalisation factor (1 — R, — Ry)/R, was determined by
varying R, and R, within their statistical and systematical uncertainties. The effect
on the measured observable was taken as the normalisation uncertainty.

- Gluon splitting: the gluon splitting rates gz and g,; were varied in the range of their

——be
quoted uncertainties (6). The observed changes in R, were added in quadrature
and taken as the gluon splitting uncertainty®.

As an additional cross-check, the purities of the b- and ¢-quark tagged samples are
varied over a wide range to test the stability of the result (see Figure 8). No important
dependence with the purity is found and the chosen working points are well within the
stable region.

Three different generators, each tuned independently to the DELPHI data [26], were
used in this analysis: PYTHIA (a parton shower model, followed by string fragmentation),
HERWIG (a parton shower model, followed by cluster fragmentation) and ARIADNE (a
colour dipole cascade model, followed by the same string fragmentation as in PyYTHIA).
The mean of the three predictions was used to correct the data.

The following sources of modelling uncertainties have been studied:

- The RMS spread between the prediction of the three models was taken as the
systematic uncertainty due to the hadronisation model.

- As explained in [30], the kinematical b-quark mass used in PYTHIA 6.131 at parton
level can be identified as the pole mass within the uncertainty of the NLO theoretical
calculations used to extract my(My) from R3. The M, parameter in this generator
was then set to a recent determination of the pole mass: 4.98 + 0.13 GeV /c? [2§]
and the corresponding uncertainty, assumed to be common to the three generators,
was propagated to the final result.

The contribution of the different sources of systematic uncertainty to each measure-
ment together with the final combination are listed in Table 4. The two largest uncer-
tainties were from the b-tagging systematics and from the statistical error.

6 Summary

.. bl . . . .
Preliminary measurements of the R,,  (n = 2, 5) double jet-rate ratios, obtained using the
CAMBRIDGE jet clustering algorithm, have been presented at hadron level and compared

SEffects on the normalisation factor (1— R, — R;) /Ry were taken into account to avoid double counting.
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Figure 8: Stability and systematic breakdown of ]?QM and Ebﬁ as a function of the purity
of the B sample for the chosen working point of ¥.,=0.0085. The mass effect in the
four-observable is twice that of the two-jet observable, while the statistical uncertainty is
much higher.
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CAMBRIDGE (¥eyu;=0.0085) EM my(My) GeV/c? | M, GeV /c?
Value 0.898 3.56 4.61
Statistical (data) +0.011 +0.26 +0.32
Statistical (simulation) | £0.008 +0.20 +0.24
Tagging +0.012 +0.30 +0.38
Normalization +0.006 +0.13 +0.16
Gluon splitting:
(gez = 0.0296 £ 0.0038) | £0.004 40.10 40.12
(g, = 0.00254 £ 0.00051) | £0.001 +0.03 +0.03
Total systematics +0.014 +0.34 +0.43
Total statistical +0.014 +0.33 +0.41
| Total experimental error | £0.020 | +0.47 | +0.59 |
Hadronization - +0.20 +0.26
Mass parameter - +0.16 +0.20
‘ Total modelling error ‘ - ‘ +0.26 ‘ +0.32 ‘
| Total uncertainty | £0.020 | +0.54 | +0.67 |

— b
Table 4: Systematics breakdown for the mass (running and pole) extracted from R, at
Yeur = 0.0085. Experimental and modelling uncertainties (tuning and hadronization) are
detailed separately

to the predictions of the PYTHIA, ARIADNE and HERWIG generators (see Figure 5). It
was found that none of these generators describe all the measurements perfectly over the
full range of yeys.

In the case of the four-jet observable IA%;M a comparison with LO ME calculations,
corrected for hadronisation effects based on the mean of the corrections predicted in
PyTHIA, ARIADNE and HERWIG, was performed (see the upper plot in Figure 6¢). The
b-quark mass extracted from this comparison was found to agree well with that extracted
from the corresponding three-jet observable [6] using LO expressions (see Figure 7a).

It was also found that the massive LO four-jet rate predictions could be improved
using massless NLO corrections (see Figures 6a,b and the lower plot in Figure 6¢). The
b-quark mass extracted using such approximate NLO predictions was also compared to
the three-jet NLO results (see Figures 7b,c). A fair agreement was also found in this
last comparison, even though the NLO calculations used are not at the same level of
approximation for three and four-jet rates.
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