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Abstract. Technicolor represents a viable alternative to the Higgs mechanism for generating gauge boson
masses. Searches for technicolor particles pr and 7mr have been performed in the data collected by the
DELPHI experiment at LEP at centre-of-mass energies between 192 and 208 GeV corresponding to an
integrated luminosity of 452 pb~!. Good agreement is observed with the SM expectation in all channels
studied. This is translated into an excluded region in the (M., M,,.) plane. The pr production is excluded
for all 90 < M,, < 206.7 GeV/c?. Assuming a point-like interaction of the mp with gauge bosons, an
absolute lower limit on the charged 7r mass at 95% CL is set at 79.8 GeV/c?, independently of other

parameters of the technicolor model.

1 Introduction

In spite of outstanding theoretical and experimental
achievements, particle physicists have not been able to de-
cide which mechanism creates mass. It is a common belief
that such a mechanism will be characterised by the ob-
servation of at least a scalar particle. Whether this object
is elementary (as in the SM or MSSM scenario), compos-
ite (as in the technicolor scenario), or too heavy to be
observed as a particle remains uncertain.

This paper presents a systematic search for the parti-
cles predicted by the technicolor model. Section 3 briefly
recalls the framework of the technicolor (TC) model and
reviews the possible signals which can be observed at
LEP2. Section 4 describes the direct search for technip-
ions performed with the DELPHI detector using the data
collected in 1999 and 2000. Section 5 presents complemen-
tary searches for technirho (pr) production for M,, < /s
in the region of higher technipion masses. Section 6 sum-
marises the combined results.

2 Data sample

The detailed description of the DELPHI detector can be
found elsewhere [1]. For the search for 7 production, the
statistics of DELPHI taken in 1999 for /s between 192
and 202 GeV and in 2000 for /s between 202 and 208 GeV
are used. The integrated luminosity is about 228 pb~!
for data taken in 1999 and 224 pb~! for data taken in
2000. In addition, the available DELPHI eTe™ — WTW ™
[2] and eTe™ — qq(v) [3] cross-section measurements are
used to estimate a possible contribution from technicolor
production.

Simulated events are produced with the DELPHI sim-
ulation program DELSIM and are passed through the
same reconstruction chain as the data. To simulate the
Standard Model (SM) backgrounds, the generator EX-
CALIBUR [4] is used for 4-fermion final states, PYTHIA
[5] for the process ete™ — qgq(+nvy), and TWOGAM [6]
for two-photon interactions. The technicolor production
signal is simulated using a special generator [7] included
in the PYTHIA package.

3 The Technicolor scheme at LEP
The technicolor model provides an elegant scheme to gen-

erate W/Z masses. These bosons are seen as condensates
of a new family of quarks (the techniquarks) which obey

a QCD-like interaction with an effective scale Ayrc much
larger than Agcp. It also predicts heavy (> 1 TeV) vector
mesons which cannot be observed at LEP2.

It is well known, however, that this scheme encoun-
ters several problems. It cannot correctly generate fermion
masses and, in its simplest version, it contradicts the LEP1
precision measurements since it gives positive contribu-
tions to the S parameter. In technicolor models with QCD-
like dynamics, S ~ 0.45 is expected for an isodoublet
of technifermions, while the precise measurements give:
S =-0.07+0.11 [8].

Extensions [9] have been worked out which solve these
problems at the price of losing predictive power. These
schemes depart from the straightforward analogy with
QCD, with the usual asymptotic freedom behaviour. It
turns out that perturbative calculations do not work
(“walking technicolor”), and therefore the theory cannot
be fully tested by precision measurements.

These extensions call for a large number Np of tech-
nidoublets [10], and therefore for additional scalar (mr,
mh) and vector (pp, wr) mesons. These can be light
enough to be observed at LEP2 or the Tevatron. Our
searches for technicolor production assume the theoreti-
cal model given in [11].

The main pr decay modes are pr — wrmr, Wrnr,
WirWy, fifi and w%% where W, is the longitudinal com-
ponent of the W boson. For M,, > 2M;, the decay
pr — mrpmr is dominant, while for M,, < 2M,, the
decay rates depend on many model parameters. In all
cases the total pr width for M,, < 200 GeV/c? is pre-
dicted to be of the order of 10 GeV if any of the channels
pr — mrmp, 7pWy, W Wy, is open, and below 1 GeV
if all of them are closed. For wr the main decay modes
are wr — wpnpny, ©rrrWr, ete. If these decay modes
are forbidden kinematically, then its dominant decay is
wr — 737. By analogy with QCD it is supposed that
M, ~ M,, and MTFOT ~ Mﬂ%.

Following [11], technipions are assumed to decay as
7t — ¢b, ¢ and 7Fv,; and % — bb, c¢ and 7F7~. The
width I'(m7 — f'f) is proportional to (m+mg)2, there-
fore the b-quark is produced in ~ 90% of w1 decays. The
total w7 width is less than 1 GeV. These properties are
extensively used in the following.

The pr coupling to the photon and Z° is proportional
to Qu — @p, where Qu and QQp are the charges of U
and D techniquarks. The value Qy — @p has to be one
to avoid triangle anomalies. Therefore, for M,, < /s,
it can be produced on mass shell in eTe™ interactions
through the radiative return process and its production
cross-section is independent of the values chosen for Qg
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and @ p. It can then be observed as a narrow resonance in
the corresponding mass distribution. The radiative return
production rate normalised to the point-like cross-section
is given approximately by:

Ly /My 1

R + .- - ~ ] 2
(eTe pr(y)) ~ In(s/mg) rete /My 1— M2, /s
1

In addition, wy can also couple to ete™ provided Qi +
@p is non-zero. The following always supposes that the
final state 3y can be produced through both pr and wr.

Technipions can also be produced at LEP through vir-
tual pr exchange. The analyses presented below use the
off-shell processes ete™ — pi — (775, AW, ) and
ete™ — (ph,wh) — Ty to search for virtual pr pro-
duction if M,, > y/s. The cross-sections of these pro-
cesses normalised to the point-like cross-section, derived
for ete™ interactions from equations given in [11], are:

R(ete™ = phr —a™b7)
[|AeL(s)|2 + |AeR(S)|2] )\(Mau Mb)3/2 CVab. (2)
8(1— s/M/fT)2 ’
R(eTe™ = (p7,wp) = T17)
(1Cer(8)2 + |Cer(8)[2] A( My, 0)%/2 cos? x
16(1 — s/MgT)2
& (Qu +Qp)*-s

2
oy, - M

3)

In these equations a,b = 7, Wr; Cap = cos* x for 77,

2 cos? y sin? x for w; W, , and sin y for WL+ W, ; and the
angle x reflects the mixing between 7 and Wy, with

sin? y = 1/Np (4)

The values Acr g and Ce g in (2) and (3) are given by:

2 cos 20y
Ae =We+ —S7—
Lrls) = Qe+ oy
X (Tser,r — Qe sin’® Oy ) BWz, (5)
2
Cer,r(s5) =2Q. — m
X (Tser, g — Qe sin’ Oy ) BWz, (6)

S
BWjy = :
2T S MZ+iv/sly

(7)

where Q. = —1, T3, = —1/2, T3.g = 0. The phase space
suppression factor A(M,, My) is:

MMy, My) = (1 — M?/s — M?/s)> —4M2MZ/s*.  (8)

Note that for a highly virtual py contribution, even for
M7 — oo, the value of R(ete™ — pp — a¥b™) remains
finite. If the Z contributions are ignored, expressions (2-8)
lead to R(eTe™ — pr — aTh™) ~ AN(M,, My)3/2Cyp /4, as
expected for a point-like coupling of a photon to W}' T
This correct behaviour results from our choice of the prp

5 10 7
= Vs =200 GeV
c it
= S
I3 i
O s
n P
* HE
3 P
5 E
N
N %/\
10 | iF
_.": *Q/:
:. 7‘
.:: +QJ .,'..'
fo T
-2|
10 I I P I P I
150 200 250 300

M(p,) [GeV/c?]

Fig. 1. Technicolor production cross-sections at LEP for some
typical parameter values: M,,. = 90 GeV/c*, My = 200
GeV/c?, Np =9, (Qu + Qp) = 4/3, and a,, = 2.91(3/Nrc)
with Npo =4

propagator. This feature is important, as it allows LEP to
be sensitive to a light mp even if the pr is very heavy.

The processes eTe™ — pi — (7f7y, 7 W, ) depend
on 3 quantities, namely My, M,,. and Np. Three addi-
tional parameters, namely the technicolor coupling con-
stant ., the sum of charges of the technicolor dou-
blet Qu + @p, and the mass scale My are introduced
to describe ete™ — (p4,wh) — . Figure 1 shows the
cross-sections of processes (1-3) for some typical parame-
ter values proposed in [11]: M, = 90 GeV /c?, My = 200
GeV/c?, Np =9, (Qu+Qp) = 4/3. It is assumed that the
symmetry group, under which the technifermions trans-
form as fundamental, is SU(Nt¢) with Npe = 4 and
that Qpp = 291(3/]\7'1"0)

It can be seen that the production cross-section of tech-
nicolor objects is expected to be reasonably high for a wide
range of M, values, making the search at LEP possible,
but that the process (3), giving the 7% final state, de-
pends strongly on the three additional parameters, and
can even become zero for (Qu + Qp) = 0.

This paper reports searches for pr with M, < /s
in all decay modes in process (1), for 7}7; and 7 W,
final states in process (2), and for w7+ in process (3). It is
assumed that M,, > 90 GeV/c? and M,, > 45 GeV/c?,
supposing that the pr and 77 with smaller masses would
be detected in precise measurements at LEP1. The CDF
experiment at the Tevatron [12] has already published re-
sults of a search for these particles.

4 Search for wp
inete™ — pt — (Wymr, mrmr)

If the 77 is light enough, W, 7 or even 7). 7 final states
can be produced in process (2). These can provide striking
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Table 1. Search in the 4-jet final state: selection efficiency in
percent (including topological branching ratios) for W and
mrmr for different mr masses My, /s = 200 GeV, and NN
output variable > 0.3

channel M, (GeV/c?)

50 60 70 80 90 99 100 110
Wrnr 79 95 11.0 11.5 129 14.6 13.9
TTTT 23.7 329 339 36.0 425 49.6

signatures because technipions are expected [11] to decay
into the heaviest fermions. Charged technipions therefore
prefer final states with a b quark, which can be separated
from the W bosons by applying b-tagging.

4.1 Search in the 4-jet final state

Events originating from the signal contain mainly one or
two b-quarks and one or two c-quarks, while the back-
ground from WHW = contains very few b-quarks. This
situation is similar to that in the Higgs search in 4 jet
final states, therefore the same jet clustering algorithm
using the DURHAM method [13] and the same b-tagging
procedure [14] are applied. The analysis starts with the
four-jet preselection described in [15], which aims to elim-
inate the radiative and 7y events and to reduce the QCD
and Z%* background.

The ¢g() and 4-fermion backgrounds remaining af-
ter the preselection have to be reduced further. For this
purpose different shape and b-tagging variables have been
investigated, assuming that the analysis should be sensi-
tive and keep a reasonable efficiency for a wide range of
the 7 mass from ~ 45 GeV/c? up to the kinematical
limit.

Finally, 12 variables are selected for this analysis and
the final discriminant variable is defined as the output of
a neural network (NN). There are two b-tagging variables
intended to reduce the W W™ background: one of them
(xp) is computed as the sum of the two highest jet b-
tagging variables [16], and the other is the sum of the four
jet b-tagging variables. Seven shape variables are used to
reduce the qg(v) contamination. They are the sum of the
second and fourth Fox-Wolfram moments, the product of
the minimum jet energy and the minimum opening angle
between any two jets, the event thrust, the sum of the
four lowest angles between any pair of jets in the event, the
minimal di-jet mass, and the minimal ¥, values for which
the event is clustered into 4 jets (y34) and into 5 jets (y45).
Finally, three more variables take into account the two-
boson event topology. To define them the event is forced
into four jets, a five constraint fit requiring conservation
of energy and momentum and equal masses of opposite
jet pairs is applied to all possible jet pairings, and the
pairing giving the smallest value of the fit 2. is selected.
The variables then included in the neural network are the
smallest xZ., the production angle of the jet pair, and the
angle between the planes defined by the two jet pairs.
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Fig. 2. Search in the 4-jet final state: distributions after pres-
election of the b-tagging variable, Hs + Ha4, the product of the
minimum jet energy and the minimum opening angle between
any two jets. The plots on the left show the data (points) and
the expected SM backgrounds (histograms) for the full DEL-
PHI statistics at v/s = 192—208 GeV. Those on the right show
the technicolor signal expected in the channel ete™ — wrmr
if M., = 99 GeV/c®. The signal normalisation corresponds to
My, = 220 GeV/cQ, Np = 9 and the integrated luminosity
collected at /s=192-208 GeV

The resulting NN output provides good background
suppression and high selection efficiency over a wide range
of M. As an example, Table 1 gives the mpmr and Wiy
efficiencies for different 77 masses obtained when selecting
events with NN output > 0.3.

The distributions of some discriminating variables for
data, the SM prediction, and technipion production are
shown in Fig. 2. The mass Msc of the jet pair after the
5C fit for the pairing with the smallest X2, is used as the
7w mass estimator. Figure 3 shows its distribution for pre-
selected events, for the Standard Model (SM) background
sources, and for technipion production with M., = 99
GeV/c?. The possible contribution of w777 production
would be seen as a narrow peak. The channel Wy would
give a slightly wider peak shifted towards the mass of the
W. The form of the mass spectrum of the sum of these two
channels depends on the p; mass and the mixing angle x
(see (2)). This figure also shows the distribution of the fi-
nal discriminant variable from the neural network output.
Figure 4 shows the number of selected events as a func-
tion of the efficiency for a w7 signal, which is varied by
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Fig. 3. Search in the 4-jet final state: distributions of the
mass and final discriminant variable after preselection. The
plots on the left show the data (points) and the expected SM
backgrounds (histograms) for the full DELPHI statistics at
Vs =192 — 208 GeV. Those on the right show the technicolor
signal in ete™ = mrmr expected if M, =99 GeV/c2. The sig-
nal normalisation corresponds to M, = 220 GeV/c*, Np =9
and the integrated luminosity collected at 1/s=192-208 GeV

changing the cut on the NN output. The dependence is
shown separately for the two years of data taking used.
Figure 5 shows the M5 mass spectrum for events with
the NN output greater than 0.30 for the full statistics col-
lected at /s = 192 — 208 GeV. A reasonable agreement
between data and the SM prediction is observed in all dis-
tributions, the remaining differences are included in the
systematic errors.

Figure 5 also shows the expected spectrum of Wpmp
and mpmr production for M,,=99 GeV/c?, M, =220
GeV/ ¢? and Np = 9 normalised to the collected luminos-
ity. For these model parameters the signal to background
ratio for events with Msc > 96 GeV /c? is about 6.

In addition to the NN analysis, a sequential analysis
was also developed. Its performance is slightly worse, and
therefore it is used only as a cross-check. After the pres-
election stage it uses three discriminating variables. Two
of them are intended to reduce the ¢g(y) contamination.
They are y34, defined above, and the sum of the second
and fourth Fox-Wolfram moments, Hy + H4. Events are
required to have y34 > 0.003 and Hy + H4 < 0.6. The cut
on the b-tagging variable z; > 1.3 is used to suppress the
W+W = background.
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Fig. 4. Search in the 4-jet final state: numbers of data events
(points) and expected SM background events (curves) as a
function of the wrmr signal efficiency, varied by varying the
cut on the neural network variable. The different background
contributions are shown both separately and combined. The
two plots show the two different years of data taking consid-
ered

Tables 2 and 3 give the numbers of selected and ex-
pected events at different steps of the sequential analysis
together with the efficiency of the signal selection. For
comparison, the results of the NN analysis for NN output
cuts giving similar signal efficiencies are also shown. The
results of both analyses show good agreement of the data
with the SM prediction. No contribution from technicolor
production is observed.



The DELPHI Collaboration: Search for technicolor with DELPHI 23

Table 2. Search in the 4-jet final state: effect of the selection cuts in the sequential
analysis on data, simulated background and simulated signal events at /s = 192-
202 GeV. Efficiencies are given for M., = 90 GeV/c? and include the topological

branching ratios of W and nr to two jets

Selection Data Total qd(y) 4 fermion Efficiency  Efficiency
background mrrr (%)  Wimr (%)

Preselection 2455 2471.4 751.7 1719.7 93.4 62.5

y34 > 0.003 2035 2042.4 460.3 1582.1 90.0 58.6

Hy + Hys <0.6 1459 1488.1 178.2 1309.9 78.5 51.7

Ty > 1.3 48 50.0 20.8 29.2 43.9 14.3

NN> 0.3 32 37.6 124 25.2 42.5 12.9

Table 3. Search in the 4-jet final state: effect of the selection cuts in the sequential
analysis on data, simulated background and simulated signal events at /s = 204-
208 GeV. Efficiencies are given for M., = 99 GeV/c? and include the topological

branching ratios of W and 77 to two jets

Selection Data Total qd(y) 4 fermion Efficiency  Efficiency
background mrrr (%)  Wimrr (%)

Preselection 2266 2342.1 680.3 1661.8 91.1 64.9

y34 > 0.003 1929 1940.7 416.8 1523.8 89.3 60.7

Hy+Hys <06 1368 1395.6 163.0 1232.7 72.8 52.6

xp > 1.3 43 46.4 18.1 28.3 44.9 13.7

NN>0.34 29 30.2 9.3 20.9 45.0 11.0

4.2 Search in the semileptonic final state

The search for the technipion is also performed in chan-
nels containing two quarks, a lepton and a neutrino, cor-
responding to the decays W — [Trqq and 7hn; —
70qq. This final state is selected in two steps.

Since the topology searched for is very close to that
of semileptonic WHTW ™ decays, a similar selection [2] is
applied at the first step. However, variables strongly cor-
related with the boson mass are not used, making the
analysis eflicient for a wide range of 7. masses.

Firstly loose initial cuts, requiring at least 7 charged
particles, transverse energy greater than 0.25./s, less than
30 GeV in a 30° cone around the beam, and the polar angle
of the missing momentum fulfilling | cos 6,,;ss| < 0.985, are
used to remove a large fraction of the leptonic, ¢g(y) and
vy events.

Then an isolated lepton candidate has to be found. The
isolation criterion is defined in terms of the product p-0;s,,
where p is the lepton momentum and 6;,, is the isolation
angle between the lepton and the nearest charged parti-
cle with momentum greater than 1 GeV/c. Electrons and
muons are identified using the standard DELPHI tools [1]
and p - 0,5, is required to be above 250 GeV/c-degrees.
Any other isolated electron or muon with energy between
5 and 25 GeV or an isolated charged hadron or low multi-
plicity jet (less than 5 charged particles) is identified as a
7-lepton candidate. For these, since some part of the tau
energy is taken away by neutrinos, the isolation require-
ment is relaxed to p - 05, > 150 GeV /c-degrees.

Depending on the flavour of the isolated lepton can-
didate, different neural networks are then used to reduce
the background further. For a muon candidate, a neural
network with 7 input variables is used: the lepton mo-
mentum, lepton isolation, missing momentum, | cos O,,;ss|,
transverse momentum, visible energy, and \/s’/s where s’
is the reconstructed effective centre-of-mass energy [17].
One more variable, the acoplanarity angle! between the
lepton and the hadronic system, is used for an electron.
For tau candidates, the missing momentum and visible
energy are less discriminant and are replaced by four new
variables: the thrust, the angle between the lepton and
hadronic system, and the acoplanarity and acollinearity of
the hadronic jets. The neural network outputs for the dif-
ferent leptons are shown in Fig. 6. The events are accepted
if the NN value is above 0.4 for electrons and muons and
above 0.6 for taus. In this way most of the non-W*+W ™
background is rejected.

The second step exploits the specific properties of the
signal, such as the presence of b-quarks or the produc-
tion angle, to distinguish it from the W pairs. This is
done using another neural network which uses four input
variables: the b-tagging variables of the two hadronic jets,
q- €08 Oproq and | cos O,,;s5|. The charge g is defined accord-
ing to that of the lepton, and the production polar angle
Oproa is built from the hadronic jets. The distribution of

! For any two vectors the acoplanarity is defined as the angle
between their projections on the plane perpendicular to the
beam direction
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Fig. 5. Search in the 4-jet final state: Msc mass distribu-
tions for the NN analysis with the cut on NN output > 0.30.
The plot on the left shows the data (points) and the expected
SM backgrounds (histograms) for the full DELPHI statistics
at /s = 192 — 208 GeV. The one on the right shows the
technicolor signals in ete™ = mrmr and ete”™ — Winr
expected if M., = 99 GeV/c?, M,, = 220 GeV/c* and
Np = 9, normalised to the integrated luminosity collected at
Vs =192 — 208 GeV

the b-tagging variable and ¢ - cos fpoq4, together with the
NN output are shown in Fig. 7.

This analysis provides good background suppression
and a reasonable selection efficiency of the Wymr final
state. The mpmp efficiency is limited by the small 7p — 70
decay rate. Table 4 gives the mrmpr and Wiy efficiencies
for different M, masses obtained when selecting events
with NN output > 0.1.

The M, mass estimator is the same as in the hadronic
channel. The constrained fit is done with three additional
free parameters coming from undetected neutrino for elec-
tron and muon, and with four parameters for tau, since
also its energy is not known. Figure 8 shows the mp mass
spectrum for events with the NN output greater than
0.1 for the full statistics collected at /s=192-208 GeV.
This figure also shows the expected spectrum of Wpmp
and mpmp production for M,,=100 GeV/c?, M,, =220
GeV/c? and Np = 9 normalised to the collected luminos-
ity. A good agreement between data and the SM predic-
tion is observed.

Table 5 gives the number of selected and expected
events at different steps of analysis and for several cuts
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Fig. 6. Search in the semileptonic final state: neural network
outputs for the rejection of non-WW backgrounds for events
with an electron candidate (top), a muon candidate (centre),
or a tau candidate (bottom)

Table 4. Search in the semileptonic final state: Selection ef-
ficiency in percent (including topological branching ratios) for
mrWr and mrnr for different mr masses My, \/E = 200 GeV,
and NN output > 0.1

channel My (GeV/c?)

50 60 70 80 90 99 100 110 120
Wrmr 124 11.5 12,5 14.1 14.1 12.9 119 104
TTTT 20 26 27 3.0 29 22

on the NN output. No contribution from technicolor pro-
duction is observed.

4.3 Combined result of the wr search

Since good agreement between data and the Standard
Model expectation is observed, the results are used to
set limits on technicolor production, which are presented
as a 95% CL exclusion region in the (M,,, M., ) plane.
The observed and expected limits quoted are based on the
confidence level for signal, CL;, as described in [18]. The
test statistic used is a likelihood ratio, based on compar-
ing the observed and expected rates and distributions as
a function of mass and NN output. The statistical and
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Table 5. Search in the semileptonic final state: Effect of the selection cuts on data,
simulated background and simulated signal events at /s = 192-208 GeV. Efficiencies
are given for 7o Wi, — bcWp with My, = 100 GeV/c?
Selection Data Total WW — qq'lv qq() Efficiency
background Werrmr (%)
Hadronic preselection 19994 19626.1 2952.9 12446.3 96.9%
qq'lv selection 2375 2504.9 2309.1 63.1 23.5%
NN output > 0.1 81 76.9 54.9 7.4 12.9%
NN output > 0.2 32 33.2 18.8 5.3 10.4%
NN output > 0.3 17 18.9 8.2 4.1 7.4%
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Fig. 7. Search in the semileptonic final state: distributions
after the rejection of non-WW background. The plots on the
left show the data (points) and the expected SM backgrounds
(histograms) for the full DELPHI statistics at /s = 192 — 208
GeV. Those on the right show the technicolor signal in eTe™ —
Wrr expected if My, = 100 GeV. The signal normalisation
corresponds to M,,. = 220 GeV/c?, Np = 9 and the integrated
luminosity collected at 1/s=192-208 GeV

systematic errors on the expected background and signal
distributions are taken into account.

In the four-jet channel the relative systematic error
was estimated at 11% in the background level and 5%
in the signal efficiency. The main contribution, evaluated
at about 10% in the background and at 4% in the signal
efficiency, comes from the b-tagging. In the semileptonic
channel the main uncertainty is related to the lepton iden-
tification efficiency. The total relative error is estimated at
10% in the background and 2% in the signal efficiency.

Fig. 8. Search in the semileptonic final state: Estimated 7r
mass distributions for NN output > 0.10. The plot on the left
shows the data (points) and the expected SM backgrounds
(histograms) for the full DELPHI statistics at /s = 192 — 208
GeV. The one on the right shows the technicolor signals in
ete™ — 7rT7rT and eTe™ — Wrrmr expected if Mr, = 100
GeV/c?, M, = 220 GeV/c? and Np = 9, normahsed to the
integrated luminosity collected at /s = 192 — 208 GeV

The mpwpr — T0qq channel was not included in the lim-
its estimate, because its selection efficiency is significantly
less than in the mpmr — qqqq channel, see Tables 1, 4.

Two cases are considered separately, Np = 2 (maximal
mixing), see Fig.9, and Np = 9 (theoretically preferred
[11]), see Fig. 10. The regions excluded by this analysis are
shown by the diagonal hatching.

In the limit of infinite pr mass and assuming a point-
like coupling of the gauge bosons to 757}, the DELPHI
data set 95% CL lower limits on the charged technipion
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Fig. 9. The region in the (M,; — Mx,) plane (filled area)
excluded at 95% CL for Np = 2 (maximal Wi - 7p mix-
ing). The dashed line shows the expected limit for the ete™ —
7TT7TT,TI’TWL search

mass of M, = 79.8 GeV/c? (81.1 GeV/c? expected) for
Np =2, and M,, = 89.1 GeV/c? (88.1 GeV/c? expected)
for Np = 9.

Although the limit on the 7 mass excludes a techni-
color interpretation of the excess of events observed by L3
[19] at 68 GeV/c? in their HTH~ analysis, it should be
noted that the DELPHI mass limit was obtained by ap-
plying b-tagging and therefore the present analysis cannot
be compared directly with the L3 result.

Relaxing the hypothesis of a dominant technipion de-
cay into b quarks, used in this analysis, will not drasti-
cally modify the obtained result for Np=9. In this case
the w7 channel, when the pr becomes very heavy, has
almost the same cross-section as the H™H~ channel of
MSSM. Therefore, the results of H™ H~ search [20], which
give a limit just below the W mass, can also be used to set
a limit on the technipion production. However, for Np=2
the drop in production cross-section is significant and a
special analysis is required.

5 Search for pr with M, < /s

A pr with mass below /s can be produced on mass
shell in the radiative return process ete™ — pr(y) with
subsequent decay into different final states. This section
presents the search for pr in all the main pr decay modes
in the M, region not covered by the results of the section
4. Tt is based on a special search for the w7y channel and
on previous DELPHI measurements [2, 3] of the WW and
qq production cross-sections.
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Fig. 10. The region in the (M,, — My, ) plane (filled area)
excluded at 95% CL for Np = 9 (theoretically preferred W, -
w7 mixing). The dashed line shows the expected limit for the
ete™ — mrmr, mr Wi search

5.1ete™ — pr(v) with pr — w9~

The decay pr — moy is more favourable kinematically
than charged 7 pair production and the dominant decay
of 7 into bb (~90%) allows a clean experimental signa-
ture. There is also an isosinglet called 770 which can decay
into gluons and fermions and is expected to have about the
same mass. To be conservative, its possible contribution
is ignored.

The hadronic events are selected by requiring at least
6 charged particles with a total energy exceeding 24% of
the centre-of-mass energy. Any photon with an energy ex-
ceeding 5 GeV is considered as a possible isolated photon
candidate. All the other particles in the event are clustered
into jets using the JADE algorithm [5], and the photon is
accepted as isolated if either its transverse momentum to
the nearest jet exceeds 10 GeV/c or the angle between
its direction and the nearest jet exceeds 45 degrees. More
than one isolated photon is allowed in an event.

A constrained fit requiring the conservation of energy
and momentum and allowing one additional photon in the
beam pipe is then applied to all selected events. An event
is rejected if the x2? of this fit exceeds 9. The sum of
all particles excluding the isolated photons is called the
hadronic system. The momentum of the hadronic system
computed after the constrained fit is required to exceed
10 GeV/e, and the polar angle of its direction Opqq to
satisfy the condition | cos Opeq| < 0.9. The reconstructed
hadronic system is combined with the isolated photon,
which is required to have |cos©,| < 0.98 where O, is
the polar angle of its direction. The energy of the com-
bined (hadronic+photon) system is required to be less
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Fig. 11a,b. 70~ analysis: a distribution of the mass of the
hadronic system plus the isolated photon; b distribution of the
hadronic mass. The points show the data, the histogram shows
the contribution of standard sources, and the filled histogram
shows separately the contribution of all non-bby processes. The
statistics shown in a and b) corresponds to different event
selections, see the text for details

than /s —5 GeV, assuming at least one additional photon
with energy above 5 GeV. Finally, as the main 79 decay
mode should be 79 — bb, the b-tagging variable for the
event xp, defined in Sect. 4.1, is required to exceed —1. The
QCD background remaining after this cut has a b-purity
of about 77%.

With these selections 156 events are observed in the
statistics collected in 1999 and 2000 while 149.9 events
are expected from the different SM sources. Figurella
shows the (¢gvy) mass distribution of all selected events.
The production of pr should manifest itself as a peak both
in the distribution of the hadronic mass, corresponding to
the 72, and in the mass of the hadronic system plus pho-
ton, corresponding to the pr, while no contribution from
pr — T is seen in Fig. 11a. A 15% systematic error is as-
signed, which takes into account the uncertainty in the se-
lection efficiency of bby(y) events (10%) and uncertainty in
the standard model cross-section eTe™ — qgy(7v) (11%).
Within the framework of the model [11], the resulting 95%
CL upper limit on the branching ratio BR(pr — m7)
does not exceed 7% for 90 < M,, < 202 GeV /c?.

Due to this upper limit on BR(pr — 73), the other
decay modes (pr — WrWy, q@, 7rmr) must dominate.
The search for these channels is presented in the following
sections.

In addition, the 7wy system can be produced in pro-
cess (3), even if M,, > \/s. The topology of this process
is different, and therefore the condition that the energy
of the (hadronic+photon) system is at least 5 GeV below
/s is not applied. Dropping this condition, 468 events are
selected in data and 502.6 events are expected from the
standard sources. The distribution of the hadronic mass
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Fig. 12. Selection efficiency of a WW-like final state as a
function of M(WTW™)/y/s for /s = 206 GeV

for this selection is shown in Fig. 11b, where only the ex-
pected Z° peak from the radiative return process is ob-
served.

The exclusion region in the (M, , M ,) plane coming
from the search for ete™ — (p&, wi) — 73~ production
is strongly model dependent and can even completely dis-
appear for Qu + @p = 0 (see 3). In addition, for the
typical parameter values, the extension of the limit given
by other channels is rather small. Therefore, the results of
the ete™ — (ph,wi) — 7y search are not included in
the exclusion region given in Figs. 9,10.

5.2 ete™ — pr(v) with pr — W W,

This section presents the search for the pr — Wy W, de-
cay with the ppr mass above the 2Myy threshold. It sup-
poses that the M, value is not excluded by the analysis of
Sect. 4 (see Figs. 9, 10), i.e. that the channels pr — Wy,
w7 are kinematically closed.

The search for this decay uses the DELPHI measure-
ment of the WHW = cross-section at /s = 172 — 206.7
GeV [2], which applies no strong condition on the energy
of any ISR photon. Figure 12 shows the resulting stability
of the selection efficiency over wide ranges of My +yw - /+/s
for both the ¢gqq and ¢qlv final states. Therefore the decay
mode pr — W Wp would give an additional contribution
to the WHW ~ cross-section.

The measured values of the W+ W ™ cross-section are
taken from [2]. The Standard Model prediction is com-
puted using the RacoonWW generator [21], while the se-
lection efficiency is computed using EXCALIBUR [4]. An
additional 2% systematic uncertainty is assigned to take
into account a possible impact on the selection efficiency of
differences in the event topology between these two gener-
ators. This analysis conservatively supposes all systematic
errors to be fully correlated. The expected cross-section of
ete™ — pr(y) for some specific pr mass values is given
in Table 6. The precision of WTW ™ cross-section mea-
surement is significantly better, e.g. DELPHI reported
o = 15.83 £ 0.38 £ 0.20 pb at /s = 189 GeV and the
expected Standard Model value is 16.25 pb.

No additional statistically significant contribution to
the WTW ™= cross-section is observed for any centre-of-
mass energy. Instead, the available measurements of the
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Table 6. Expected ete™ — pr(7) cross-section (in pb) at
different centre-of-mass energies for some pr mass values

My, Vs(GeV)

(GeV/c?) 183 189 192 196 200 202 205 207
175 7.00 439 3.69 3.03 257 238 215 2.01
185 - 10.68 7.25 5.06 3.87 3.45 297 2.71
195 - - - 18.82 8.69 6.83 5.15 4.42

WFW = cross-section put a 95% CL upper limit on the
branching ratio BR(pr — W*W ™). It depends on the pr
mass but in all cases is below 30%. Since BR(pr — 7%7)
is limited to 7% at 95% CL (see Sect.5.1), the decay
pr — WrWr must be dominant in the (M., M, )
mass region considered. Therefore, the result obtained ex-
cludes pr production for all M,,. between 2My, and 206.7
GeV/c? and for all M, not excluded by the analysis of
Sect. 4. The region in the (M, , M, ) plane excluded by
this analysis is shown by the vertical hatching in Figs. 9,10.

5.3 ete~ — pr(y) with pr — hadrons (q@, mrnT)

For M,, < /s, technicolor production by process (1)
would give a significant contribution to the cross-section
for ¢q(vy) production because the main pr decay chan-
nels all include hadronic final states. Due to the relatively
small pr decay width, this contribution would be observed
as a peak in the hadronic mass distribution. The search
for this decay channel uses all published DELPHI ¢q(v)
cross-section measurements, which are currently available
for /s = 183 and 189 GeV [3], and is limited to pr mass
values below 165 GeV/c2. Above 165 GeV/c? either the
decay pr — WrWp, considered in Sect. 5.2, or the de-
cays pr — (mpmp, Wrnr), considered in Sect. 4, become
dominant.

The topology of pr — ¢g events is almost the same as
that of standard eTe™ — qq(y) processes, while the de-
cay pr — wpmr produces many-jet events. However, the
qq(~y) selection criteria [3] are quite loose, allowing effec-
tive selection of both pr decay modes. This was verified
by passing simulated ete™ — pr(vy) — wrmr(y) events
through the complete ¢g(y) analysis chain. The selection
efficiency was found to be the same as for standard ¢g(v)
events.

Figure 13a shows the observed mass distribution of
the hadronic system together with the expected contribu-
tion from Standard Model processes. The hadronic mass
reconstruction is described in [3]. Figure 13b shows the
difference between the observed and expected numbers of
events and the contribution of a pr — wr7r signal with
M,, =150 GeV/c? and M, = 70 GeV/c?. Good sensi-
tivity to technicolor production can be seen.

Using the observed and expected numbers of events
gives the 95% CL upper limit on the decay branching ratio
BR(pr —hadrons) shown in Fig. 13c. The small mismatch
between data and simulation for the width of the radiative
return to the Z° in Fig. 13a is due to imprecise modeling of
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Fig. 13. a Mass distribution of the hadronic system in the
ete™ — qq(y) analysis for the data collected at /s = 183 and
189 GeV. Crosses show the data and the histogram shows the
SM contribution. b Difference between the observed numbers
of events and those expected in the SM. The expected contri-
bution of pr — w7 with M, = 150 GeV/C2 and M,, =70
GeV/c? is shown as the histogram. ¢ The 95% CL upper limit
on the branching ratio BR(pr —hadrons)

such details as jet angles and momenta. It explains some
increase of the BR(pr —hadrons) limit around 100 GeV,
which, however, remains below 55%. Taking into account
that BR(pr — m2y) is limited by 7% at 95% CL (see sec.
5.1), this result excludes pr production for all py masses
between 90 and 165 GeV/c?. The horizontal hatching in
Figs. 9, 10 show the contribution of this channel in the
combined excluded region in the (M,,, M) plane.

6 Summary

This paper presented the search for wrnr and Wrmr pro-
duction in process (2) and for pr production in the radia-
tive return process (1) followed by the decays pr — T2,
pr — WTW™ or pr —hadrons. A good agreement be-
tween data and the Standard Model expectation is ob-
served in all channels studied. The combined region in
the (M., My, ) plane excluded by this analysis at a 95%
CL is shown in Figs. 9,10. A 95% CL lower mass limit
of 79.8 GeV/c? is set independently of other parameters
of the technicolor model, supposing its point-like coupling
with gauge bosons (see Sect.4.3). The pr production is
excluded at 95% CL for 90 < M,,. < 206.7 GeV/c? inde-
pendently of the mr mass and all other model parameters.

These results significantly improve on the exclusion
limits on technicolor production obtained by the CDF ex-
periment [12].
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