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A B S T R A C T 
• In 1989 the DELPHI detector at LEP collected around 11,000 hadronic Z° decays. 

Based on these data I present results from studies of general properties of hadronic 
deays of the Z" boson, and on a precise measurement of the Z° resonance parameters. 



1 Introduction 
The operation of the CERN Large Electron Positron collider LEP started in August 
1989. The first period of operation up to Christmas 1989 was devoted to an energy scan 
around the Z° resonance. In this period DELPHI collected around 11,000 hadronic Z" 
decays corresponding to an integrated luminosity of about 600 nb" 1 . I report here on 
results from studies of hadronic decay properties of the Z° boson [lj and on the results 
of a precise measurement of the Z° resonance parameters [2]. 

2 The DELPHI detector 
DELPHI is a general purpose detector equipped with track detectors, electromagnetic 
and hadron calorimeters and muon detectors, see Fig. 1. A detailed description is 
presented elsewhere [3]. Here I shall summarize only features of main relevance for the 
analysis of the 1989 data 

Tracking de tec tors : The main tracking detector is the Time Projection Chamber 
(TPC). The Inner Detector (ID) and the Outer Detector (OD) give improved 
momentum resolution and participate in the fast trigger. 

E lec t romagnet ic calor imeters : The High Density Projection Chamber (HPC) mea
sures electromagnetic energy with high granularity in the barrel region. For fast 
triggering, a scintillator layer is located behind the first five radiation lengths. 
The Forward Electromagnetic Calorimeter (FEMC) consists of 2 x 4500 lead glass 
blocks resulting in a granularity of 1° x 1°. The Small Angle Tagger calorimeters 
(SAT) cover polar angles from 43 to 135 mrad. They are composed of alternating 
layers of lead sheets and scintillating fibres running parallel to the beam. Each 
endcap consists of 288 read-out blocks. 

Superconduc t ing Coil: The first third of the data were recorded with the solenoid 
operating at a reduced field of 0.7 T. The design value of 1.2 T is normally used. 

Scinti l lators: The barrel Time Of Flight (TOF) system is composed of a single layer 
of 172 counters surrounding the solenoid. It was used in the fast triggering. 

3 Study of Hadronic Decays of the Z° Boson 
In this section an analysis of the general properties of the Z° boson hadronic decays is 
presented. The analysis was restricted to the very early part of the data, which were 
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Figure 1: The DELPHI Detector. 1: Vertex Detector (Si-strips). 2: Inner Drift Cham
ber (ID), 3: Time Projection Chamber (TPC), 4. 13: Ring Imaging Cherenkov Coun
ters (RICH), 5: Outer Drift Chamber (OD), 6,12.15: Electromagnetic Calorimeters 
(High Density Projection Chamber. HPC; Luminosity Monitor, SAT; Lead Glass Coun
ters. FEMC), T: Superconducting Solenoid, 8,17: Scintillators. 9: Hadron Calorimeters, 
10.16: Muon Counters. 11,14: Forward Drift Chambers. 

recorded while the coil was being operated at 0.7 T. At this field strength the momentum 
resolution of the TPC was found to be Sp/p2 = 0.02 (GeV/c)" 1 . Only charged tracks 
were used in the analysis. Events which were well contained in the TPC and could 
be unambiguously defined as hadronic Z" decays were selected. Tracks were required 
to originate from the interaction region, to have momentum greater than 0.1 GeV/c, 
to have a reconstructed length exceeding 50 cm. and to lie in the polar angular region 
between 25 and 155 degrees. Hadronic events were then selected by requiring that the 
event contained at least 5 charged tracks, the sphericity axis was in the polar angular 
range 40° < 9 < 140°. the total charged energy in each hemisphere (cos<? > 0 or 
cos# < 0) exceeded 3 GeV. and the total charged energy was greater than 15 GeV. The 
resulting data sample comprised 2073 events. The largest background contribution was 
0.24% from Z° decays into T'T'. 

Global event shape variable distributions (quadratic variables, e.g. sphericity and 
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aplanarity; linear variables, e.g. thrust and oblateness) and single particle inclusive 
variables (e.g. rapidity and momentum fraction) were constructed and compared to the 
prediction of QCD based Monte Carlo generators. First the experimental distributions 
were corrected for detector acceptance and for the effect of radiated photons. The 
correction was done on a bin by bin basis using a Monte Carlo simulation based on the 
Lund parton shower model. The value of the correction factor lay between 0.7 and 1.3 
for all data points. 

The experimental distributions were compared to the predictions of the following 
Monte Carlo generators: i) Jetset 6.3 parton shower with string fragmentation [4], 
ii) Herwig 3.4 parton shower with cluster fragmentation [5], iii) Jetset 6.3 with 2nd 
order matrix elements (GKS) with string fragmentation [6j, iv) Jetset 6.3 with 2nd 
order matrix elements (ERT) with 'optimized' scale tuned to describe jet multiplicities 
at lower energies [7]. The string fragmentation parameters used were those determined 
by the Mark II collaboration at a centre of mass energy of 29 GeV [8]. 

Both parton shower models describe well the shapes of all the measured distribu
tions. However, the variables sensitive to multigluon emission, are significantly better 
reproduced by the Lund parton shower model than by Herwig. An example can be seen 
in Fig. 2 b) which shows the aplanarity distribution. The generators based on QCD 
matrix elements describe less well the data, since they contain energy dependent model 
parameters tuned to PETRA/ PEP data. The softening of the fragmentation function 
due to the larger phase space for multiple gluon emission has to be put in by hand. After 
such retuning [9] the agreement with the experimental distributions becomes excellent, 
as shown for the rapidity distribution in Fig. 2 c). 

The mean multiplicity of charged particles, (nch) = 20.6 ± 1.0, was obtained by 
integrating the rapidity distribution. The corresponding Monte Carlo prediction is 21.1 
for the Lund parton shower model. 

4 Measurement of the Z° resonance parameters 
4.1 Luminosity 
The luminosity measurement relied on detection of small angle Bhabha events in the 
SAT. The cross section for this process is determined by QED with a small correction 
(<1%) from weak processes. Due to the steep angular dependence of the Bhabha cross 
section, a precise determination of the minimum scattering angle is crucial. This was 
denned by the outer radius of a precisely machined 10 radiation length thick lead ring, 
which masked off one of the calorimeters. The other borders of the acceptance were 
defined by the requirement for the energy cluster in the masked calorimeter to be more 
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Figure 2: The event shape variables (a) oblateuess O and (b) aplanarity A and single 
particle inclusive distributions (c| rapidity y* and (d) momentum fraction x p . 
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Contribution % 
Trigger efficiency 
Fiducial cuts 
Energy cut 
Interaction point position 
Background subtraction 
MC modeling 
MC statistics 
Theory 

0.6 
1.0 
1.0 
0.5 
0.5 
1.0 
0.6 
1.0 

Total 2.3 

Table 1: Contributions to the uncertainty on the luminosity measurement 

than one 13° sector away from the vertical junction between the two half barrels and 
away from the outermost ring of read-out blocks. 

The following cuts were used to select the Bhabha events: 

1. At least 3 neighbouring read-out elements contribute to a cluster 

2. 160° < Ad> < 200° 

3. -Emeus > 0.75 x i?b«im in both arms 

4. Less than 50% of the measured energy deposited in the first ring of the calorimeter 
behind the mask 

The resulting cross section was found to be 26.6 nb. A summary of the systematic 
uncertainties on the luminosity measurement is given in Table 1. 

Cut 4 was used to reject electrons which hit the inner surface of the calorimeter after 
passing below the mask. After the cut it was estimated that the contamination from this 
kind of events was 0.5%. An uncertainty of the same size as the subtraction was assigned. 
The first third of the data were taken with a mask with a slightly different geometry. 
Here the contamination was larger. Consequently the uncertainty from 'background 
subtraction' was estimated to be 1.5% instead of 0.5%. By averaging over the two data 
samples an overall uncertainty of 2.4% was obtained on the total sample. 

4.2 Hadronic Event Selection 

The selection of hadronic events relied on criteria similar to those used for the QCD 
studies presented above. Hadronic Z° decays were selected by requiring at least 3 
tracks in one hemisphere and the sum of p\ of all tracks relative to beam axis greater 
than 9 (GeV/c) 2 . The only significant background after these cuts was a 1.3% con
tamination from T*T~ events. In the barrel region the selection efficiency was shown 
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Figure 3: Comparison of data and Monte Carlo for a) JJ^PT, b) cos 0 of sphericity axis 

to be larger than 99.9%. The trigger efficiency was deduced from a study of redun
dant triggers, whereas the reconstruction efficiency was determined from Monte Carlo 
studies. The efficiency in the endcaps was lower mainly due to the lack of efficient 
triggering. The overall efficiency was obtained by extrapolating the theoretical shape 
/'(cos 9) -x. (1 J-(l - <3/3a, ; ';r)cos 20) [10] from the barrel region to the endcaps and 
comparing the number of observed events to the expected one. Due to the loss of tracks 
in the forward region, the measured value of |cos#| was systematically underestimated, 
see Fig. 3. After correction for this effect the overall selection efficiency was found to 
be 93.5 - 1.0%. 

4.3 Results 

The integrated luminosities and the calculated cross sections for each collision energy are 
summarized in Table 2. The quoted errors are statistical only. There is an additional 
energy independent normalization uncertainty of 2.6%, of which 2.4% is due to the 
uncertainty on the luminosity measurement and 1.0% is due to the uncertainty on the 
selection efficiency for hadronic events. 

The experimental line-shape was fitted with the analytic formula by Borelli et al. 11 
in order to test the validity of the Standard Mode! and to determine the parameters 
of the Z° resonance. A simultaneous fit to the Z° mass and total width, XIz and Tz-
and the product of the electronic and hadronic partial widths, r c T^, gives the following 
results 

XIz = 91.171 = 0.030(stat. I =0.0301 beam) GeV. Vz = 2.511 ±0.065 GeV, 
I\r, , = 0.148 ±0.006(stat.) = 0.004 (syst.) GeV 2, \ 2/d.o.f. = 4.0/6. 



Collision energy Integ. L Cross section 
[GeV] [nb-1] [nb] 
88.284 54.4 4.74 ±0.32 
89.284 49.8 9.42 ± 0.50 
90.283 61.8 19.51 ± 0.73 
91.036 73.3 29.15 ± 0.89 
91.283 81.9 31.02 ±0.89 
91.536 106.3 29.97 ± 0.76 
92.286 39.8 20.92 ±0.96 
93.284 54.2 11.57 ±0.55 
94.284 35.0 8.54 ± 0.57 
95.042 16.3 6.19 ±0.69 

Table 2: DELPHI Z° scan with hadrons 

Here the second error on Mz is the uncertainty from the energy cal ibrat ion of the 

L E P machine. From these values we find the hadronic cross section at the pole before 

radiat ive corrections 

(T0 = 41.6 - 0 . 7 ( s t a t . ) ± 1.1 (syst.) nb, 

where u 0 = \2itT,Yhl(A/|r|). T h e systematic errors on r , r \ and <x0 follow from the 

2.6% normalizat ion uncertainty. 

A two pa ramete r fit assuming S tandard Model values for the part ia l widths gives 

Mz = 91.170 ± 0 . 0 3 0 ( s t a t . ) ± 0 .030(beam) GeV. 

Vz =" 2.494 ± 0 . 0 2 0 (s ta t . ) ± 0.039 (syst.) GeV. \ 2 / d .o . f . = 4 .0 /7 . 

Wi th in the S tanda rd Model the Z" total width can be wri t ten as Tz = Fh + 3T, 4- r , n v , 

where Tj and r , n v are the leptonic and invisible widths, respectively. The invisible width 

is propor t iona l to the number of light neut r ino species: r , n v = .V„r„. Sub t rac t ing the 

S t a n d a r d Model part ial widths from the measured total width , results in an invisible 

width of r , n v = 495 ± 20 (s tat . ) = 39 (syst.) MeV, and a corresponding number of light 

neut r ino species of 

.V„ = 2 . 9 7 ± 0 . 1 2 ( s t a t . ) = 0 .23(sys t . | , 

where we have used the S tandard Model value for the partial width for Z° — i>i>. Å2<—''i 

the systemat ic uncertainty comes predominant ly from the normalizat ion uncertainty. 

Finally a fit where only the Z° mass and an overall normalization factor. A", were 

left as free paramete rs gives the following result 

Mz = 91.171 = 0.030(stat . ) - 0.030 I beam! GeV. 

A' = 1.005 - 0.013. \ : d.o.f. = 4.0 7. 

Figure 4 shows the measured cross sections together with the result of the fit. 
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Figure 4: Cross section for e*e" — hadrons together with the fit. Also shown is the 
prediction of the Standard Model assuming two (dotted line) and four (dashed line) 
massless neutrino species. 

The general conclusion from the results and the quality of our fits is that the data is 
in good agreement with the prediction of the Standard Model. With the current statis
tics the sensitivity to the still largely unknown Standard Model parameters, the Higgs 
mass and the top quark mass, is marginal. For theoretical predictions relying on these 
parameters we have assumed the following values m H = 100 GeV and m, = 130 Ge\ . 

In order to measure the number of light neutrinos with a minimum of theoreti
cal input we used our measurement of the ratio between the leptonic and hadronic 
branching ratio r „ r* = 0.0489 x 0.0023 ;12!. Combining this with the results of the 
three-parameter fit described above we find the leptonic and hadronic partial widths 
T, = 85.1 i 2.9 MeV , I \ = 1741 x 61 MeV. This results in an invisible width of 
r,„„ = 515 ± 54 MeV. Using the ratio IV T, predicted by the Standard Model we derive 
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the number of light neutrino species to be 

Nv = 3.05 ± 0.28. 

In this determination of Nv, the theoretical uncertainty, which originates mainly trom 
the uncertainty in the top quark mass, is negligible. 

5 Summary 

In 1989 DELPHI collected around 11,000 hadronic Z° decays, corresponding to an 
integrated luminosity of about 600 n b - 1 . Based on these data I have presented a study 
of QCD properties and a precise measurement of th"? Z° resonance parameters. The 
main results are: 

• Good agreement is obie-ved between measurements and the prediction of QCD 
based fragmentation models. The best ove: all agreement is obtained with the 
Lund parton shower model with string fragmentation. 

• The Z° mass has been measured to be 91.171 ±0.031 ±0.030 GeV and the number 
of light neutrino species Nu = 2.97 ± 0.26. This rules out a fourth generation of 
massless neutrinos at the 99.9% confidence level. In general a very good agree
ment with the Standard Model is observed. 

10 



References 
[1] DELPHI Collaboration, P. Aarnio et al., Phys. Lett. B240 (1990) 2T1. 

[2] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B241 (1990) 435. 

[3] DELPHI Collaboration, Technical Pioposal, DELPHI 83-66/1 
DELPHI Collaboration, Description of the DELPHI detector, To be submitted to 
NIM. 

[4] T. Sjostrand, Comp. Phys. Comm. 27 (1982) 243, ibid. 28 (1983) 229. 
T. Sjostrand and M. Bengtsson. Comp. Phys. Comm. 43 (1987) 367. 

[5] G. Marchesini and B. R. Webber, Nucl. Phys. B238 (1984) 1. 

[6] F. Gutbrod, G. Kramer, and G. Schieerholz, Z. Phys. C21 (1984) 235. 

[7] R. K. Ellis, D. A. Ross, and E. A. Terrano, Nucl. Phys. B178 (1981) 421. 

[8] Mark II Collaboration, A. Petersen et al., Phys. Rev. Lett. D37 (1988) 1. 

[9] W. de Boer, H. Fiirstenau, and J. Kohne, to be published. 

[10] J. H. Kiihn et al., Heavy flavours at LEP, MPI-PAE/PTh 49/89. 

[11] A. Borelli et al., CERN preprint TH 5441/89. 

[12] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B241 (1990) 425. 

11 



FYSISK INSTITUTT 
FORSKNINGS-
GRUPPER 
Biofysikk 
Elektronikk 
Elementærpartikkelfysikk 

Faste staffers fysikk 
Kjernefysikk 
Plasma-, molekylar- og 
kosmisk fysikk 

Strukturfysikk 
Teoretisk fysikk 

DEPARTMENT OF 
PHYSICS 
RESEARCH SECTIONS 
Biophysics 
Electronics 
Experimental Elementary 
Particle physics 
Condensed Matter physics 

Nuclear physics 
Plasma-, Molecular and 
Cosmic physics 
Structural physics 
Theoretical physics 

ISSN-0332-5571 


