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NEUTRAL CURRENT FOUR-FERMION PRODUCTIONIN THE DELPHI EXPERIMENT� ��Mariusz WitekH. Niewodni
za«ski Institute of Nu
lear Physi
sKawiory 26a, 30-055 Kraków, Poland(Re
eived April 2, 1999)The results for the produ
tion of the four-fermions via neutral ele
-troweak 
urrents are presented. The experimental data 
oming from theDELPHI experiment at the LEP2 at CMS energy from 130 GeV to 189 GeVare 
ompared to the Monte Carlo predi
tions.PACS numbers: 13.10.+q, 13.38.Dg, 14.70.Hp1. Introdu
tionThe four-fermion produ
tion via neutral 
urrents is an example of thehigher order pro
esses in the Standard Model (SM). A good knowledge ofsu
h pro
esses is 
ru
ial for several reasons. First it enables the subtle testof the SM and observation of possible departures from its predi
tions. Inparti
ular the limit for the anomalous triple gauge boson 
oupling ZZZ hasnot yet been set. Se
ondly they signi�
antly 
ontribute to the ba
kgroundin the sear
hes for new parti
les at LEP2. The event signatures are oftensimilar to those of SUSY parti
les produ
tion. Four main 
lasses of dia-grams involving neutral gauge bosons ex
hange are shown in Fig. 1. Thea
tual 
ontributions from the di�erent 
lasses depend strongly on the 
olli-sion energy and the �nal state produ
ed. In parti
ular bremsstrahlung andmultiperipheral diagrams lead to at least one e+e� pair in the �nal statewith ele
trons predominantly going 
lose to the beam dire
tion. Moreoverthe overall 
ross-se
tion for e+e�f �f at any LEP2 energy is large as 
om-pared to the 
onversion and the annihilation pro
esses. In order to balan
ethe 
ontributions from the di�erent 
lasses a 
ut on the dire
tion of the out-going e+(e�) with respe
t to the e+(e�) beam was imposed. The minimumangle of 20Æ has been 
hosen to study the overall four-fermion produ
tion.� Presented at the Cra
ow Epiphany Conferen
e on Ele
tron�Positron Colliders,Cra
ow, Poland, January 5�10, 1999.�� Partially supported by the KBN grant 2 P03B 111 16.(1751)
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Z* or γ*Fig. 1. The four groups of diagrams for the four-fermion neutral 
urrent produ
tion.In the 
ase of ZZ on-shell produ
tion the �nal states are distributeda

ording to the well known bran
hing fra
tions of the Z boson [1℄. Fore+e�f �f 
hannels the problem of ele
trons going 
lose to the beam dire
tionis not present. Only two diagrams are allowed by the SM at the tree level(Fig. 2). The triple gauge boson verti
es ZZZ or 
ZZ are forbidden. Theirexisten
e would modify the value of the total 
ross-se
tion and the angulardistributions of the �nal produ
ts. Any deviation would suggest the presen
eof the phenomena beyond SM.In 1997 LEP2 rea
hed the threshold for the ZZ bosons produ
tion. Thisenabled to study these pro
esses for the �rst time in the experiment. Theenergy was further in
reased to about 189 GeV in 1998 and the large sampleswere re
orded by the LEP experiments.2. The Standard Model predi
tion for the 
ross-se
tionThe 
ross-se
tions were 
al
ulated using two programs KORALW [2℄and EXCALIBUR [3℄. Both generators gave 
onsistent results within thestatisti
al error. Table I 
ontains the values of the 
ross-se
tion for theoverall and ZZ on-shell produ
tion at the di�erent CMS energies. These
ond 
olumn gives the integrated luminosity 
olle
ted by the DELPHIexperiment.
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-Fig. 2. Two lowest order diagrams leading to ZZ on-shell produ
tion.TABLE IThe 
ross-se
tions at di�erent LEP2 energies 
al
ulated using the KORALW andEXCALIBUR programs. For the overall �(f1 �f1f2 �f2) the angle between the dire
-tions of the outgoing e+(e�) and the e+(e�) beam had to be greater than 20Æ.ps Int. Lumi. �(f1 �f1f2 �f2) �(ZZ)(GeV) (pb�1) [pb℄ [pb℄130-136 11.8 2.41 -161.0 9.9 1.60 -172.0 10.0 1.41 0.04182.7 54.0 1.40 0.25188.7 158.0 1.48 0.64On the basis of integrated luminosities and values of 
ross-se
tion we ex-pe
t that about 350 events were produ
ed in total and 100 of them were ZZevents (without taking into a

ount the dete
tor a

eptan
e and the sele
tione�
ien
y). The main ba
kground 
omes from the two-fermion produ
tionand from the four-fermion produ
tion mediated by the 
harged 
urrents.The ratios of the 
ross-se
tions �ZZ : �W+W� : �f �f follows 1 : 25 : 215 atthe energy of 189 GeV. Therefore for some spe
i�
 
hannels the ba
kgroundis quite high.



1754 M. Witek3. Sele
tion strategy and resultsOut of the six possible topologies shown in Fig. 3, the undete
table four-neutrino 
hannel was not 
onsidered in this analysis. For the remaining
hannels the analysis is going on. Here the preliminary results for the se-le
ted �nal states are presented: (i) the overall produ
tion of l+l�l+l� andl+l�q�q and (ii) the ZZ on-shell produ
tion for l+l�l+l�, l+l�q�q, q�q��� andq�qq�q at the highest energy of 189 GeV.

jet lepton neutrinoFig. 3. Six possible topologies of the ZZ �nal states.3.1. Overall four-fermion produ
tion for l+l�l+l� and l+l�q�qThe four 
harged lepton �nal states were sear
hed for among the low mul-tipli
ity events. The tra
ks were required to pass through the barrel part ofthe DELPHI dete
tor [4℄ (polar angle between 20Æ and 160Æ) to redu
e the
ontribution from the bremsstrahlung and multiperipheral pro
esses and toensure good quality of the tra
k re
onstru
tion. Sin
e the e+e��+�� and�+���+�� events often 
ontain two hadrons from the � de
ay, only twotra
ks were demanded to be identi�ed as leptons (loose 
riteria). The 
utson the global event parameters like total 
harged energy or visible invari-ant mass have been applied based on the Monte Carlo study. The eventswith two 
lose tra
ks 
ompatible with 
oming from the 
 
onversion in thedete
tor material were reje
ted.
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tion in the DELPHI Experiment 1755The analysis of the l+l�q�q 
overed e+e�q�q and �+��q�q �nal states. Highmultipli
ity events with at least two lepton 
andidates of the same �avour,opposite 
harge and invariant mass ex
eeding 2 GeV/
2 were sele
ted. Alltra
ks ex
luding leptons were then 
lustered into jets (JADE algorithm withymin = 0:01). After the kinemati
 4C �t two dis
riminating variables wereused to optimize the signal to ba
kground ratio: pt of the lepton with respe
tto the nearest jet and �2=NDF of the kinemati
 �t.The results for both 
hannels are 
olle
ted in Table II. In the wide CMSenergy range 65 events were sele
ted. This agrees well with the Monte Carlopredi
tion of 54.2 events (49.2 from signal and 5.0 from ba
kground).TABLE IINumber of sele
ted and predi
ted events for the overall produ
tion of l+l�l+l� andl+l�q�q 
hannels.ps 
hannel observed predi
ted ba
kground(GeV) events signal events161-189 l+l�q�q 46 33.4 4.0130-189 l+l�l+l� 19 15.8 1.0130-189 Total 65 49.2 5.03.2. ZZ on-shell produ
tionThe results for ZZ on-shell produ
tion have been obtained for the four
hannels.In the 
ase of four 
harged leptons the bran
hing fra
tion ZZ ! l+l�l+l�is around 1 % and only one event is expe
ted in the 189 GeV sample. Owingto the 
hara
teristi
 topology of the ZZ on-shell kinemati
s it was possibleto in
rease the sele
tion e�
ien
y. The main di�eren
es with respe
t to thesele
tion des
ribed in previous se
tion are the following. Only two goodquality tra
ks of opposite 
harge had to be found in the barrel. Their invari-ant mass and re
oil mass should be 
lose to the Z mass. The se
ond pairof tra
ks whi
h was supposed to 
ome from the se
ond Z was demanded tobe separated by at least 90Æ from ea
h other. No parti
le identi�
ation wasapplied. The sele
ted ZZ ! e+e��+�� event with �+�� invariant mass of92.9 GeV/
2 and the re
oil mass of 92.3 GeV/
2 is shown in Fig. 4.In the 
ase of l+l�q�q �nal state the ZZ on-shell 
andidates were sele
tedfrom the sample obtained for the overall produ
tion at 189 GeV (Se
. 3.1)requiring invariant masses of l+l� and jet-jet systems to be 
lose to the Zmass.
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Fig. 4. The ZZ ! e+e��+�� 
andidate.The sear
h in the four jet events has been restri
ted to the q�qb�b 
hannel.The b-quark jets were identi�ed using the b-tagging pro
edure based on theanalysis of the impa
t parameter of the tra
ks. This restri
tion was ne
essaryto suppress the 
ombinatorial ba
kground 
oming from more than orderof magnitude stronger sour
es like QCD q�qgg or W+W� produ
tion. Forthe presele
ted events a kinemati
 �t was performed and the sophisti
ateddis
riminant analysis was applied to obtain good signal to ba
kground ratio.The analysis is very similar to that of the Higgs sear
h (Higgs mass being
lose to the Z mass).The q�q��� 
andidates were sele
ted from the events with large missingmomentum and high multipli
ity. The signature of this de
ay mode is apair of a
oplanar jets with visible and re
oil masses 
ompatible with the Zmass. The invariant mass of the q�q system was re
onstru
ted using the visi-ble masses and then res
aled. The 
ondition for the energy and momentum
onservation was applied 
onstraining the invariant mass of the re
oil systemto the Z mass. The sele
tion was based on the nonlinear dis
riminant anal-ysis (IDA) [5℄. Several event variables were used to 
onstru
t a se
ond orderpolynomial to maximize the separation between signal and ba
kground. To
ompromise the e�
ien
y and purity a dis
rimination level was 
hosen toobtain the signal to ba
kground ratio around 3.The numbers of sele
ted and predi
ted events for 
onsidered 
hannelsare shown in Table III. The result is also illustrated in Fig. 5. The distri-
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tion in the DELPHI Experiment 1757bution shows the sum of two invariant masses for all ZZ 
andidates. Thepoints with errors represent the data while the histogram shows MC pre-di
tion (light grey for signal and bla
k for ba
kground). 23 observed eventsare 
onsistent with the 26.6 expe
ted ones (22.1 signal and 4.5 ba
kgroundevents). TABLE IIIThe numbers of sele
ted and predi
ted events for the ZZ on-shell produ
tion.
hannel observed predi
ted predi
ted e�
ien
yevents signal ba
kground %q�qb�b 6 3.7 1.1 22q�q��� 8 9.8 2.5 35l+l�q�q 8 7.6 0.8 68l+l�l+l� 1 1.03 0.06 80Total 23 22.1 4.5 -
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Fig. 5. The distribution of the sum of two Z boson masses for sele
ted 
andidates.



1758 M. Witek4. SummaryThe preliminary results for the overall four-fermion produ
tion via neu-tral 
urrents and for double resonant ZZ produ
tion have been extra
tedfrom the DELPHI data in the energy range 130 GeV�189 GeV. The numbersof sele
ted events agree well with the Standard Model predi
tion. For theoverall four-fermion produ
tion 65 events events have been sele
ted in two
hannels l+l�l+l� and l+l�q�q to be 
ompared to 54.2 events predi
ted (49.2signal and 5.0 ba
kground events). The analysis of the ZZ on-shell pro-du
tion at the energy of 189 GeV for l+l�l+l�, l+l�q�q, q�q��� and q�qq�q �nalstates showed also the 
onsisten
y with the SM predi
tion. There are 23 ZZ
andidates in the data 
ompared to the 26.6 predi
ted events (22.1 signaland 4.5 ba
kground events). No sign of the physi
s beyond the SM has beenfound. The analysis is being 
ontinued. The future aim is to determine theZZ on-shell 
ross-se
tion at the energy of 189 GeV.REFERENCES[1℄ Parti
le Data Group, Eur. Phys. C3 (1998).[2℄ S. Jada
h, W. Pªa
zek, M. Skrzypek, B.F.L. Ward, Z. Was, CERN preprintCERN-TH/98-242 (1998).[3℄ F.A. Berends, R. Pittau, R. Kleiss, Comput. Phys. Commun. 85, 437 (1995).[4℄ DELPHI Collaboration, P. Abreu et al., Nu
l. Instrum. Methods A378, 57(1996).[5℄ T.G.M. Malmgren, Comput. Phys. Commun. 106, 230 (1997); T.G.M. Malm-gren, K.E. Johansson, Nu
l. Instrum. Methods 403, 481 (1998).


