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Abstract

We report on the feasibility of detecting the Z' vector boson in the 2-jet
decay mode. A range of masses from 1 to 5TeV is analysed. The effect of
the jet energy resolution of the calorimeter and the pile-up on the jet
mass resolution is studied for m; =2TeV and intrinsic width [;'=63GeV.
We conclude that the energy resolution of the calorimeter and the pile up
are important factors in the jet mass resolution of the signal. It is
possible to observe the boson Z’ in the di-jet decay mode at high
luminosities (L21034 cm'zs‘I) up to 3-4TeV with a good detector energy
resolution (O'/E-.SO/‘IE'GZ-.?%) in presence of pile-up despite of the high
QCD backgroundlevels. The mass resolution obtained for the signal with

the jet decay mode is not competitive with the e*e" decay mode.

1- Motivation

The existence of new neutral and charged vector bosons (Z',W%’) at the TeV
energy scale is predicted by several theoretical models that can be divided in two
groups [1):

- Minimal extensions of the standard model attempting to unify interactions,
and are characterized by elementary Higgses: E6 models, left-right models, extended

gauge models, etc.



- More drastic models involving a different mechanism for the electroweak
symmetry breaking like Bess models, models with composite W and Z bosons and
technicolor models.

These models differ by the Z'-couplings to fermions. In the extended gauge
model used in this study to generate the signal events, the Z' couples to fermions as
in the standard model and to ordinary W and Z. The total Z'-width increases linearly
with the mass of the Z' and the branching ratios into fermions are similar to those of
~ordinary Z0 into fermions. The total Z' width in the extended gauge model is about
3% of the Z' mass, see fig.la, where it is show the I'z\5,a) as a function of the Z'
mass considering different theoretical models[1]. An E6 Z' would have a production
cross section about 3 to 5 times smaller depending on the mixing angle.

For an integrated luminosity of 105pb'1 the discovery limits for the Z° of E6
model origin or isoscalar composite bosons are around 4TeV [2], i.e. in a range
adequate to be observable at LHC and SSC colliders. Before data taking will start at
LHC either mixing of the Z® with Z' at LEP1 will be observed, or a limit on a
possible mixing smaller than 1% will have been set. At LEP200 there will be a
sensitivity to masses of new vector bosons, and from precision measurements it will

be possible to exclude certain models.
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Fig. 1- (a) Fyosai(Z') and (b) 0.B as afunction of the Z' mass for different theoretical
models (from reference(l]}.



Among the possible decay modes of the Z'* :

1) Z'———>ete- (B.R.=3.21%)
2) Z—-—>ptp- (B.R.=3.36%)
3) Z'——->qq(g)--->jj (B.R.=70.9%)

4) Z’———>WHrW- (WHW->lvjj ; WHW--setvey)
5) 2’—->ZH (ZH-->ZWW ; ZH-->ZZZZ)

most of the simulation studies for the Z' boson done so far have been concentrated in
the leptonic decay mode 1) and 2), since these are the cleaner channels to detect the
signal. The background levels are negligible compared to the signal. Results from [2],
and [4] shown that the ete” mode provides the best signal mass resolution. A mass
limit for the detection of the Z' in the leptonic mode was found to be 4TeV,
considering as a limit of detection to have at least 10 events per year at
L=1034cm-2s-1 including efficiency cuts .

Incomplete simulation studies done so far on the jet decay mode of the Z' (not
including any jet algorithm or fragmentation 3] and [4]), conclude that in the future
pp colliders (LHC, SSC) the QCD background level is enormous, typically 104 times
the jet signal from the Z', which makes impossible or very difficult to observe the
signal. Nevertheless it is important to study in quite some detail this decay mode for
energies ranges where the leptonic decay mode is compromised due to the low number
of events produced (4TeVS mZ'<5TeV). On the other hand the study of the jet decay
mode in the same range of energies already covered by the leptonic decay mode is
important because one can determine coupling constants and test theoretical models.

Understanding the effect of the energy resolution of the detector and the presence
of pile-up on the jet mass resolution at the TeV energy scale are important for setting
constraints on the hadronic calorimeter performance even for other physics where jets
have to be detected at this energy scale (e.g compositeness).

This report is divided in 6 sessions. SectionAZ explains the procedure of the
analysis. A monte Carlo generator is used to simulate the signal and QCD background
events. The simulation of the detector and the jet algorithm used are described. In

section 3 are presented the selection cuts in order to increase the statistical

* In this study it was considered the same branching ratios as for the Z° boson.

3



significance keeping a reasonable number of signal events. In section 4 are studied the
various factors that are affecting the mass resolution of the signal for a Z° boson
decaying in the jet decay mode, namely the effect of the jet algorithm, the presence of
pile up, the effect of the fragmentation (on the mass resolution and on the low mass
tail present on the reconstructed invariant mass distribution). The effect of the jet
energy resolution of the hadronic calorimeter on the mass resolution is also studied.
The results presented on sessions 4 concern to the Z' boson of 2TeV with a natural
width Tz’ equal to 63GeV. In section 5 is studied the feasibility of detecting the Z’
vector boson in the jet decay mode for my'= 1, 1.5, 2, 3, 4 and 5TeV for integrated

luminosities from 104pb‘1 to 2.105pb'1. Conclusions are given in section 6.

2- Procedure

Generation of the signal and QCD background

The signal of the vector boson Z’'-->qq(g)-->jj and QCD background were
generated using the Pythia 5.4 Monte Carlo generator [5] assuming a minimal SM
extension model for the signal. The extended gauge model used in this study to
simulate the Z' signal gives the second highest values for the signal cross sections
expected. This can be shown in fig. 1b where are plotted the values of 6.B as a
function of the Z' mass for the leptonic decay mode Z'-->e*e” considering different
theoretical models [1).

Events where generated to study my'=1, 1.5, 2, 3, 4 and 5TeV. In table la and
fig. 2 are presented the cross sections of the generated signal events and on table 1b
the generated QCD background events. A kinematic cut was applied in the mgq

generated for the signal and background to reject events with mgg<<mz'. This

eliminates a big fraction of non interesting qq final state events of the type:
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with a final reconstructed jet mass far from the interesting my’ region. Two additional

cuts on the generation of the background events were applied:

- PqT>PTcut. The value of Pyt applied in the generation of the background

for the various Z' masses is indicated in table 1 (column 5). This cut is justified

because the Z’ is produced centrally, and the jets will be produced back to back with a

high transverse momenta.

- It was imposed the condition

Inql€mcut=2.1 for the same reason as above.

This condition enables to reject already at the generation a considerable fraction of

QCD background events that are produced at large rapidities.

a) Signal events generated
mz' rz c.B # events Conditions applied in the
(TeV) (GeV) (pb) generated generation
1 31 13.9 1573 m>500GeV
1.5 47 3.6 1546 m>500GeV
2 63 0.71 5000 m>1000GeV
3 95 0.073 1194 m>2000GeV
4 127 1.0x10-2 1139 m>3000GeV
5 159 1.6x10-3 1861 m>4000GeV
b) QCD background events generated
for mz' of c.B # events Conditions applied in the
(TeV) {(pb) generated generation
1 1.1x105 4500 n<2.1; P12150GeV ; m>500GeV
1.5 and 2 5300 30000 n<2.1 ; Pt2300GeV ; m>1000GeV
3 200 1856 n<2.1 ; P12500GeV ; m>2000GeV
4 24 1877 ns2.1; Pr2600GeV ; m>3000GeV
5 3.3 1861 n<2.1 ; PT2800GeV ; m>4000GeV

Table 1- Values for the cross sections of the generated (a) signal and (b) and QCD
background events. Events where generated to study mz'=1, 1.5, 2, 3, 4, 5TeV.
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Fig. 2- Cross section time branching ratio of the dijet decay mode from the extended gauge
model as a function of the Z’' mass. The conditions applied at the generation level are
given in table la.

The precision of this study will be limited by the big statistical errors on the
background. For the most favourable case (2TeV) only ~0.06% of the expected number
of background events expected in a real experiment at the LHC, for an integrated
luminosity of 104pb-1 have been generated. The number of generated signal events is
approximately the same as the number expected for the same integrated luminosity.

From the values of the cross sections given for the signal and QCD background
given in table 1, without making any additional cut optimization we conclude that the
signal to background ratio is of the order of 10-4 level, which makes very difficult a

priori to observe the signal in these conditions.

Detector simulation

This study has been done at the particle level without any Geant simulation for

the shower development. The calorimeter covering | n 1<3 and O<¢<2xn was divided in
" cells of ApxAn=0.06 x 0.126. Particles entering a cell deposited their total energy in
this cell. After applying a jet algorith, an overall jet energy resolution has been

applied 6/E=a/VE®b (see section 4.4).
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Jet Algorithm

To reconstruct the jets it was used a standard jet algorithm collecting energies
in cells around a local maximum within a cone of half-angle ARcone=VA¢2+An2 has
been used. The effect of the cone size on the reconstructed jet mass resolution will be

studied in section 4. Values of AR¢ope from 0.4 to 1.8 have been tried as discussed in

section 4.

3- Event selection conditions

To detect the signal under such enormous background levels (S/B~10-4) there are
two necessary conditions: to know precisely the background over a wide region in
mass and to have a large value of the statistical significance (S/\/E)>>l). To obtain
this we have to optimize several cuts in order to keep an acceptable signal level and a
precise knowledge of the background. Ih fig. 1a and 1b it is shown respectively the n
distribution and the minimum PT of the quarks of the generated signal (m;'=2TeV) for
an integrated luminosity of 104pb‘1 before additional cuts. For example for the Z'
boson of 2TeV mass a final low PTcy of 300GeV was chosen which will introduce a
bias on the background for masses smaller than 2x300/shinlmax. A reduction of the

background to signal ratio has been obtained by playing on the n¢yt.
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Fig. 3- Acceptance cuts shown forthe Z' signal {mz:=2TeV, '=63GeV).



Table 2 presents the results for the efficiency on detecting the signal and
background for a Z° mass of 2TeV (I';'=63GeV) as a function of the n¢y¢ when a
PjetTcut of 300GeV was applied. Only events within ~+2I" of the Z' invariant mass
peak are taken into account to calculate the acceptance levels and the statistical
significance. The fourth column of table 3 gives the values of the mass window for

each Z’ mass.

signal | backg 3 5
Tcut year year signal back. B \]—E
(x103) (%) (%) (x10-3)

Negt=2.0 2262 13 100 100 1.8 2.0
Neye=1.8 2062 9 91 69 2.3 2.2
Neat=1.5 1771 5 78 38 3.3 2.4
Neyi=1.3 1401 3.3 62 25 4.3 2.5
Ncyt=1.0 1003 1.8 44 14 5.7 2.4
neyt=0.8 648 0.8 29 6 9 2.4
Neur=0.5 294 0.1 13 0.8 30 2.9

Table 2- Efficiency values for the signal and background produced for an integrated
luminosity of 104pb'1 as a function of Neyt, keeping PToyy=300GeV. The data presented

in this table considered only the events within amass window of +120GeV (~+ 2T') around
the Z' invariant mass peak.

The cut on IMjetmax! affects more the background than the signal. The final cuts
applied for Z° bosons of 1, 1.5, 2, 3, 4, and 5TeV mass, as well as the mass
acceptance imposed by the cuts applied are given in Table 3. A value of ncy¢ smaller
than 1 was not studied due to the severe statistical limitation on the number of
generated background events. Nevertheless a value of ncyt=0.5 would increase the
signal to background ratio by a factor of ~10 with respect to n¢yt=1.0. To confirm
that the acceptance values given in table 2 for the background for small values of Nyt
(Mcut €1.0) are not being affected by the poor statistics inside the mass window
choosed to compare the reduction of the background level as a function of ngcye (table
2) with the reduction of the cross section of the background generated with a cut on n
equal to 2.1, 1.0 and 0.5, keeping always the same PTcyt=300GeV. The values

obtained with the Phythia generator using the extended gauge model are presented in



table 4. The reduction of the cross section observed in table 4 as a function of the

cut on m applied at the generation level is compatible with the reduction of the

number of background events within the window mass of +120GeV when the same cut

on 7 is applied at the jet algorithm level (table 2, column 5).

mz' Ncut PTcut applied to | mass window unbiased jet jet
(TeV) the background (GeV) range
(GeV) (GeV)
1 1.0 150" +62 m>462
1.5 1.0 300 +94 m=>926
2 1.0 300 + 120 m2926
3 1.0 500 + 190 m21543
4 1.0 600 + 254 m21852
5 1.0 800 + 320 m>2469

Table 3- Final conditions applied to the generated events for the signal and background
formz'=1,1.5,2, 3, 4 and 5TeV. The unbiased mass region is given by m2 2P, ., /senb
where Neyr=1 corresponds to 0., =40. 49,

cut

.

Ncut o.B (pb)
2.1 5300
1.0 1098
0.5 160

Table 4- Values of the cross section times the branching ratio obtained with the Pythia
monte Carlo generator for the QCD background generated for theZ' boson of 2TeV mass in

the jet decay mode with different values of ncys applied at the generation level, keeping
constant @ Pr.,, ,=300GeV.

4- Jet mass resolution studies

The di-jet mass resolution oy/m depends on several factors namely on the jet

algorithm, on additional energy fluctuation due to pileup and on the calorimeter

performance. All these parameters are studied in this section.

* The trigger rate at level 1 can be too high for this cut. It has to be investigated.
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4.1- Effect of the jet algorithm
Cone size optimization

The cone size AR¢gpe= Aq>2+An2 used to reconstruct jets (see section 2) affects the
reconstructed mass resolution in two opposite ways:

1) If very narrow cones are applied particles from the fragmentation process
emitted at large aperture angles with respect to the parent parton direction will not be
detected, yielding namely a low mass tail in the invariant jet mass distribution, and a
degradation of the mass resolution.

2) The use of wide cones gives as a consequence the collection of particles not
only assigned to the jet originated from the Z' signal, but also from the underlying
event. In addition the minimum bias events present in LHC experiments working at
high luminosities (L21033cm'2s'1) will be superimposed to the collected signal. This
will produce a degradation of the jet mass resolution.

These two effects are opposite so an optimization of the cone size where the
energy of the cells is summed has been optimized to obtain the best jet mass
resolution. This optimisation has been done in absence of minimum bias events
(working luminosity of 1033cm'2s'1) and adding 10 minimum bias events (L=1034cm‘
25‘1) to the signal and to the background for the Z' boson of 2TeV mass (I'=63GeV)
using an ideal detector (g/E=0).

Fig. 4 shows the invariant jet mass distribution of the signal for AR¢gpe=0.4,
0.7 1.0, 1.4 and 1.8 in absence of minimum bias events. One observes an increase of
the mean response with increasing cone size as expected. The narrow cones present a
big low mass tail resulting from the loss of fragmentation products, and it is reduced
when the cone size is increased. AR¢ope=0.7 gives the best jet mass resolution , see
fig. 5 where the values of the jet mass resolution (cp/m) as a function of the cone
size in absence of minimum bias events (square points) are presented. The value of o,
taken is FWHM/2.35. A worsening of the jet mass resolution is observed for narrower
and wider cones. ARcone=0.7 is still the optimum cone size for a luminosity of
1034cm-25-1 (o points in fig 5). The degradation of the mass resolution when 10

minimum bias events are added will be discussed in section 5.
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4.2- Effect of the fragmentation

It is important to check if the low mass tail remaining in the dijet mass
distribution for the optimized cone of 0.7 (fig. 4b), and the slightly larger width of
the dijet mass distribution (FWHM=80-100GeV, see fig. 4b) compared to the intrinsic
width of the Z’ boson considered in the model (Fz'=63GeV) comes only from the jet
algorithm, or has also some contribution from fragmentation effects. The results
shown have been obtained assuming the standard model mixture of 6 quarks. The
contribution of the bottom and top quarks to the signal decaying semileptonically
(thus producing v scaping the detection) could explain partially the effect described
above. This has been studied by removing the Z’ signal events decay in a bottom or
top quark. In fig. 6a) and 6b) it is shown respectively the dijet mass spectra for the Z’
signal with all quarks contributing to the signal and when the top and the bottom
quarks are removed. The number of signal events has been reduced to 60% with respect
to the number of signal vents when all quarks are accepted*. The FWHM of the
distribution is ~80Gev when b and t quarks are removed and 80-100GeV when all
quarks are accepted. The relative contribution of the low mass tail to the signal is
slightly smaller in absence of b and t quarks, but no big differences are observed
between the two curves within the precision of the mass bining (20GeV/mass bin).

Comparing the value of the FWHM for the dijet mass resolution shown in fig
6a, 6b, and the mgqq distribution of the Z’ signal presented in fig. 7 we still obtain in
the last case a FWHM of 80GeV (4 bins). We did a more refined analysis making a fit
with a Breit Wigner function to the mgq and dijet mass distributions. The results are
presented in table 5. The original intrinsic width of 63Gev of the Z’ boson is obtained
in the mgqq distribution (' from the fit is 62 GeV), but not in the dijet mass spectra
even when events containing bottom and top quarks where removed: The dijet mass
distribution has been fitted in two different regions: considering mostly the right part

of the distribution (from 1960GeV<m<4000GeV, see fourth column of table 5) to

*The relative contribution of b and t quarks expected to the Z' signal decaying in the jet decay
mode is equal to:

{(BRbot quark + BRbottom quark)/BRZ’-->jj = (15%+12%)/70%~39%

The observed reduction of events is in good agreement with the expected values.
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Fig. 4- Di-jet mass distribution of a Z' boson of 2TeV mass ([z2:=63GeV) when the cone
sizeis equal to a) 0.4, b) 0.7, ¢c) 1.0, d) 1.4, ¢) 1.8 for an idgal detector (0/E=0) for an

integrated luminosity of 104pb'1.
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points),and when 10 minimum bias events are added (opoints ).

in absence of minimum bias events (square

Invariant mass FWHM " (Gev) I' (GeV)
distribution (GeV) fitted region: fitted region:
1880GeV-4000GeV__ | 1960GeV-4000GeV
mgg 80 63 (A2=2.0) 63 (A2=2.0)
mjj 80-100 [107+5  (A2=2.0) 86+5  (AZ=1.3)
(all quarks)
mjj 80 10456  (A2=2.6) 81£4  (A2=1.9)
without b and t quarks)

Table 5- Results of the width of the reconstructed invariant mass distribution of the 2’
boson of 2TeV mass (intrinsic width of 63GeV). It was considered different situations to
obtain the value of the width: the second line was obtained without applying any jet
algoritm (quark level). The third line is the normal signal obtained after applying a jet
algorithm. In the fourth line the bottom and the top quark where removed to the signal.

remove the effect of geometrical losses of particles due to a finite cone size of 0.7,
and taking into account a more considerable region on the left mass region of the
spectra (1880GeV<m<4000GeV, see third column of table5). The values of the A2 of

the fits are not very good (~2).
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The main conclusions are:

- The intrinsic width of 63GeV is not found in tﬁe invariant dijet mass
distribution when the jet algorithm is applied. When the effect of fragmentation and
the effect of particle losses due to the finite cone size used are eliminated by
removing bottom and quark quarks from the signal and fitting the obtained spectra
mostly in the right mass distribution (m>1960TeV) a width of 81+4GeV is obtained.

This means a enlargement of 30% with respect to the intrinsic width of the 2’
boson due only to the the jet algorithm, not taking into account the losses of
particles that are produced outside of the cone. If this effect is added by fitting in a
broader mass region region the width found increases to 104:6GeV, which means an
increase of 60% width respect to the expected I'z:=63GeV. An additional increase of
6% is observed on the width due to fragmentation effects, when b and t quarks are
added to the signal and making a fit in the same region it is found a final width of
107+ 5GeV.

- The low mass tail observed in the dijet mass distribution for a size cone of
0.7 is mostly due to the losses of particles produced outside the cone. A small effect
is coming from fragmentation effects. Bottom and top quarks decaying
semileptonically will produce p and v not interacting in the detector.

- The combined effect of the jet algorithm (keeping the optimized cone of 0.7)
and the fragmentation effect increases the the expected width of the Z’ boson by a
factor of 1.7. The effect of fragmentation is negligible with respect to the jet
algorithm.

- The low mass tail in the dijet mass distribution turns very difficult to make a
good fit in a big mass region. For this reason all the results concerning the jet
resolution studies will be presented taking the FHWM directly from the distribution
keeping always the same mass binning of 20GeV. This value bas been chosen as a

good compromise between the precision required and statistical errors.
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Fig. 6- Dijet mass distribution of a Z' boson of 2TeV mass (I'=63GeV) using an optimized
coneof 0.7. (a) when a mixture of 6 quarks where accepted to contribute to the signal, (b)
when the signal events containing bottom and top quarks where removed. It is done for an

ideal detector (0/E=0) in absence of minimum bias events, for an integrated luminosity of
10%pb-1.814+4GeV.
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Fig. 7- Invariant Mg distribution fora Z' boson of 2TeV mass (I'z:=63GeV). The value of
the FWHM is equal to 80GeV. The width obtained by making a fit with a Breit Wigner
function is 62 GeV, in good agreement with the expected the expected value. It was
considered an ideal detector (6/E=0) in absence of minimum bias events for an integrated
luminosity of 10%pb-1.
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4.3- Effect of Pile-up

The presence of minimum bias events in the mass resolution and the
statistical significance has been studied using minimum bias events generated by the
Pythia generator. We assume on average n interactions to- be produced per crossing
for a working luminosity of L=nx1033cm-25-1, The particle energies from the
appropriate number of such events where added to the cell energies for the signal and
background events. The effect of adding 10 and 20 min. bias events to the mass
resolution obtained for the Z* boson of 2TeV mass, with a intrinsic width of 63 GeV
(not considering Poisson distributed around the mean value) have been studied. The
results are presented in table 6. We observe a gradual shift on the reconstructed
invariant mass peak to the high masses, and a degradation of the mass resolution
when 10 and 20 minimum bias events are added to the signal. In the last case the
resolution has deteriorated by 22-38%. The precision of the results is dependent of
the mass bining used in the histograms. The mass resolution Om/m deteriorates more
than expected. In fact the effect of the pileup at high luminosities on the detecting of
the Z* boson at the TeV scale is expected to be negligible. Considering the use of a
calorimeter fast enough to integrate the signal over one bunch crossing, the use of a
cone AR:VA¢2+AT\2=0.7 produces a r.m.s. of the pile-up energy distribution
<Opileup>24.5GeV[6]. This should give a contribution of about 0.2% to the mass
resolution of the Z* boson signal of 2TeV mass.

From the values of the statistical significance obtained as a function of the
luminosity we conclude that the significance S/‘fB_ scales roughly with \/f and is

not affected by the presence of minimum bias events,

det (pb-1) | ARcone u OrMs | Om/m (%) | S/NB  |# events at peak
104 0.7 1866 | 34-43 ~1.8 2.4 180
105 0.7 1886 51 2.7 7.4 1540
2x104 0.7 1909 55 3.1 10.1 3120

Table 6- Characteristics of the detected 2 TeV Z’ signal in the dijet decay mode for
different values of the integrated luminosity, for an ideal detector. S/Y B was obtained in a
mass window of +120GeV.
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It seems possible to observe the Z' boson of 2Tev mass (I'z'=63GeV) at high
luminosities (L21034cm-2s-!) despite the extremely high level of the QCD
background. This will be shown in section 5 for an integrated luminosity of 105pb-1.
The combined effect of the pileup for a detector with a finite energy resolution will

be discussed in the next section.

4.4- Effect of the jet energy resolution of the calorimeter

Up to know all the results have been obtained assuming a calorimeter with a
perfect energy resolution. It is important to see if the results shown so far are
significantly affected by applying a realistic energy jet resolution for the detector.

In fig. 8 it is shown the dijet mass distribution of the Z' boson (mz'=2 TeV,
[z:=63GeV) for different energy resolutions applied to the calorimeter: o/E=0,
o/E=30/VE)®1%, o/E=50/VE)®2% and o/E=100/VE)®4%. We observe a non
negligible broadening of the width of distribution and a reduction of the height of the
peak when worse resolutions are applied to the calorimeter. Fig. 9 and table 7 shows
the degradation of the mass resolution o,/m as a function of the number of min. bias
events added to the signal considering different energy resolutions for the hadronic
calorimeter.

From the results shown in fig. 8 and fig. 9 and table 7 we conclude that the
energy resolution of the hadronic calorimeter plays a more important role in the mass
resolution of the detected signal than the effect of pileup. The effect of the pileup at
a luminosity of 1034cm 2s-! (10 m.b. events) considering an ideal or very good
calorimeter (o/Es30/‘/§®l% produces the same effect as a standard energy resolution
calorimeter (0/E~50/‘/E®2%) in absence of pileup. The di-jet mass resolution is in
both cases equal to 3%.

A detection of jets at the TeV energy range should be more affected by the
constant term of the energy resolution, dominating over the scaling term. To
illustrate this effect we have frozen the scaling term to 50%/VE and the constant
term ¢ was changedto be 0, 1, 2, 3, 4 and 5%. This is illustrated in fig. 10 and table
8 where is shown the variation of the dijet mass resolution of the signal as a

function of the constant term c. The square points in the figure corresponds to the
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Fig. 8- Dijet mass distribution of a Z' boson of 2TeV mass (['z'=63GeV) for an integrated
luminosity of 104pb'1, when it is applied an energy resolution to the hadronic

calorimeter of a) 6/E=0, b) 6/E=30/VE)®1%, ¢) o/E=50/NE)®2%, dj o/E=100/NE)®4%.
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Fig. 9- Dijet mass resolution of a Z' boson of 2TeV mass (I'z'=63GeV) as a function of
the number of min. bias events added to the signal. The curves presented correspond to
different energy resolutions applied to the hadronic calorimeter.

JLat jet energy $/VB | orRMs/m Expected Expected
resolution s/VB* GRMs/m* *

(pb-1) (%) (%) (%) (%)
G/E=0 1.9 1.9
6/E=30/VE®1 2.6 2.1
104 6/E=50/VE®2 3.0 2.6
6/E=60/VE®3 3.8 2.9
6/E=100/VE®2 3.4 3.2
6/E=100/VE®4 4.7 3.4
6/E=0 7.6 2.6 7.6 2.6
o/E=30/NE®1 7.5 3.0 7.4 2.8
105 6/E=50/VE®2 7.4 3.4 6.8 3.2
6/E=60/VE®3 6.9 4.3 6.5 3.6
6/E=100/VE®2 7.2 3.8 6.9 3.7
o/E=100/VE®4 6.0 5.1 5.9 3.9

Table 7- Mass resolution of aZ' boson of 2TeV mass ('7'=63GeV) for severall ha

dronic energy resolution of the detector, for an integrated luminosity of 104pb’1 and
105pb-1.

* The values of S/VB presented for the 2TeV Z' where calculated in a fixed window mass

of #l 20GeV. Then VB is the same for all the values of the o/Edetector assumed.

Considering a gaussian distribution for the signal and the measured values of om/m
(column 4 of table 7), the expected decrease of S/YB is equal to the expected decrease of
the signal contained on the mass window applied.

**The expected Cm/m is given by: om/m = '\l(Omlm)2|0/E=0 + (1/‘/3x0/Edetector)2
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Fig. 10- Dijet mass resolution of aZ' boson of 2TeV mass (I'7'=63GeV) as a function of
the constant term appliedto the energy resolution of the hadronic calorimeter keeping a
scaling term equal to SO/VE. The square points corresponds to the case when no pile up
events where added to the signal and the black points when 10 m.b.e. where superimposed
to the signal.

J-Ldt constant term c S/VB OrMs/m

(pb-1) (o/E=50/VE®C%) (%)
1 2.6

2 3.0

104 3 3.8
4 5.1

5 6.1

1 7.5 3.0

2 7.4 3.4

105 3 6.8 4.5
4 6.1 5.4

5 5.2 6.4

Table 8- Mass resolution of a Z' boson of 2TeV mass ([7z'=63GeV) for severall hadronic
energy resolution of the detector, for an integrated luminosity of 104pb'1 and 105pb’1.

Comparing the effect of the pileup and the effect of the energy resolution of
the hadronic calorimeter we conclude that the performance of the detector plays a
more important role on the dijet mass resolution of the detected signal at the TeV

energy range, namely the constant term of the energy resolution.
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No study has been performed on the influence of the granularity of the hadronic
calorimeter on the dijet mass resolution, but in this specific physics channel the
granularity should not play an important role since the two jets are produced almost
back to back. The superposition of particles from the two jets in the same cells of
the calorimeter is negligible with the size cone used in the jet algorithm. In addition
the pile-up events do not play a very important role on the degradation of the mass

resolution.

5- Observability of the Z’ boson signal in a mass range of
1-5TeV.

The jet spectroscopy method i.e. finding mass bumps in two jet mass
distributions was already successfully demonstrated in proton antiproton collider
experiments (7] for the W,Z production. The same method will be used to study the
feasibility of the detection of the Z’ boson signal in the jet decay mode in a mass
range from 1.0 to 5TeV. A more detailed study will be done for the case of 2TeV
mass Z' boson. The characteristics of the generated events for the signal and QCD
background and the optimization of the cuts applied was presented in section 2 (see
table 1 and 3). As it was already said in section 3 the detection of the signal may be
very hard due to the enormous QCD background levels (S/B~10-4). By consequence
two conditions are needed to observe the signal: to have a precise knowledge of the
background in a big mass region below and above the Z’ signal, and to have a value
of S/YB>>1. The selection cuts applied to the signal and the background for the
various Z’ masses (section 3) was such that the mass distribution is not biased in a
big region around the Z' mass region (see column 5 of table 3). _

Fig. 11 shows the QCD background mass spectrum around the 2TeV mass Z'

boson fitted with the best function achieved :

BF = e(A+B.mjj) 4¢(C+D.mjj) (1.1)

The values of the parameters obtained are A = 21.76, B = -0.496x10-2GeV, C = 17.03
and D = -0.226x10-2GeV. The value of the qui square is equal to 1.7 per d.o.f.
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Fig. 11- QCD Background mass spectra around the expected 2Tev mass Z’ boson for an
integrated luminosity of 105pb-1,

In table 9 and fig. 12 we present the statistical significance and the signal to
background ratio. as a function of the Z’ boson mass for an integrated luminosity of
104pb-!, 105pb-! and 2x105pb-!. We considered a jet energy resolution of S0/VE®2.

From these results we conclude that:

- The statistical significance presents an exponential decrease with the
increasing of the Z° boson mass. |

- It is not possible to detect the Z' boson at low luminosity (L<1033cm-2s-1).

- The statistical significance is approximately proportional to ‘J—L— which
indicates a not significant effect of the presence of minimum bias events.

- The values obtained for the statistical significance impose a limit of detection
of the Z* boson in the jet decay mode of 3TeV at high luminosity (L21034cm2s-1).
If a extra gauge boson W' was produced with about the same mass as the Z' this

should enlarge the S by a factor 3 (in the Extended SM) increasing the detection limit

to 4TeV.
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mz’ Lz JLdt # min. bias S/B S/‘/E

(TeV) (GeV) (pb-1) events
1 31 3.3x10-3 10.4
1.5 47 5.4x10-3 4.2
2 63 104 0 5.7x10-3 2.4
3 95 1.3x10-3 1.2
4 127 1.4x10-2 0.5
5 159 2.0x10-2 0.2
1 31 2.2x10-3 17.9
1.5 47 4.4x10-3 13.0
2 63 105 10 5.1x10-3 7.4
3 95 1.2x10-3 3.7
4 127 1.4x10°2 1.6
5 159 1.0x10-2 0.6

2 63 2x103 20 5.0x10-3 10.1

Table 9- Signal to background ratio and statistical significance for different Z' boson
masses and integrated luminosities. The values where calculated in a window mass of

Am~+2Iz using an hadronic calorimeter with a jet energy resolution of o’/E:SO/‘j—é)QZ%.

100

mz (TeV)

Fig. 12- Statistical significance as a function of the Z’ mass obtained for an integrated
luminosity of 10%pb-! and 105pb!. It was applied a detector with a jet energy resolution

of o/E=S0/NE)®2%.




We have simulated a real experiment for the detection of the Z' boson of
2TeV mass (I'z'=63GeV) working at an integrated luminosity of 105pb-! in presence
of 10 minimum bias events. The results obtained for two experiments, considering
two different values of the hadronic energy resolution of the calorimeter: a perfect
calorimeter with o/E=0 and a crude calorimeter with 0/E=50/‘JTE.)®2% will be
compared. For each case the signal mass spectrum has been fitted to a single gaussian
function. The low mass tail of the spectra has not been used to make the fit. We
applied a statistical fluctuation to each bin mass data point reconstructed for the
signal and for the background from the fit functions described above. After this the
signal and the background where summed and the obtained mass spectra was fitted

with a function S wich is described by:
S =FB(A,B,C,D) + SF(mz’,01,N) (1.2)

FB(A,B,C,D) is the function used to describe the two jet continuum mass from
the QCD processes (eq.1.1), with the values of the parameters found for the best fit
(see text above). The signal function SF(mz',opn,N) is a single gaussian function
with the Z° boson mass, the mass resolution and the size N as free parameters.

The representation of the fit together with the summed mass spectra is shown
in fig. 13a for a perfect hadronic energy resolution applied to the calorimeter, and in
fig. 13b when a crude energy resolution of 50/‘f_E—)®2% was applied. In the vertical
scale the number of events has been weighted with the mass dependent factor
(m/2000)% to reduce the steep of the dijet mass spectrum(7]. The results of the fit and
the obtained statistical significance are summarized in table 8. The observed excess of
events with respect to the background fit provides a clear evidence for the signal.
This is even more clear in Fig. 14a and 14b where it is shown the excess of events
observed after subtracting the QCD background, for the two values of the hadronic
energy resolutions applied.

The results .of the dijet mass resolution and the statistical significance obtained
after a real experiment simulation considering different energy resolutions for the
hadronic calorimeter are presented in table 9 and fig. 12. In the ideal case,
considering the use of a perfect detector the dijet mass resolution of the observed

signal peak is equal to 2.6% and the statistical significance amounts to 6.8, in good
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agreement with the obtained valued withou any experiment simulation (see section
4.4, table 7)*. The use of a calorimeter with o/E=50/VE)®2% on another experiment
increased the mass resolution to 4.0%, which correspond to an increase of the gp/m
by a factor of 1.53 with respect to the ideal detector experiment simulation, and an
increase of 1.2 with respect to oy/m obtained in section 4.4 for the same energy
resolution without any eiperiment simulation. The value of the statistical
significance obtained is now 6.5 which corresponds to a decrease of ~6% with respect
to the perfect calorimeter experiment close to the 10% decrease expected when a
calorimeter of o/E=50/VE)®2% is used .

These results clearly indicate a strong dependence on the performance of the
detector despite the enormous QCD background level and the presence of minimum

bias events.

r0?
—_— 4500
?J [ [
Q. P a) OE/E=0 Foe b) oE/E=S0/NE®2%
= [ e R
© : N
g —~ L o
o 00 | g [ .
&) | AN [ .
~ - —
‘= a200 | ‘a: L le—
'U 4 e R
~ . DR e
© e [ haey
’é: 4000 ': \‘.:_ - :..:
= [ s i t.
— -, -
QL o * |E -~
~ 3800 A A i 1 ada L A i P TUR P I il [ DN DU
1600 1800 2000 2200 2% 1800 1900 2000 2200 2
m;j(GeV) m;;(GeV)

Fig. 13- Sum of the reconstructed signal and QDC background mass spectrum around the
expected 2Tev mass Z' boson for an integrated luminosity of 105pb-1. The vertical axis
presents the number of events with a 30GeV wide mass bin weighted by the factor
(m/2000)6. The full line is the combined fit to the expected QCD background and the
signal described by three parameters as explained in the text. The dashed line represents
the background contribution only. The detector applied has a hadronic energy resolution

of (a) o/E=0, (b) o/E=S0/NE)®2%.

*The values obtained without any experiment simulation analysing the signal alone (see
results on table 7) were: - 6/E=0: 0,/m =2.6% ; S/VB=7.6

- a/E=50/VE®2%: op/m =3.4%; S/VB= 7.4
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Fig. 14- The dijet mass distribution in the region around the expected 2Tev mass Z’ boson
foran integrated luminosity of 105pb-1 after subtraction of the fitted QCD background.
The fit was performed with asingle gaussian function with three free parameters mz:, Op,
N, see details on text. The detector applied has a hadronic energy resolution of (a)

o/E=0, (b) o/E=50/NED2%.

parameters of the fit
O/E of the uz Om N Om/ m SINB
detector
0 2015 51.5 3910 2.6% 6.8
S0/E®2% 2016 81.7 2990 4.0% 6.5

Table 8- Characteristics of the curve obrained when the summed dijet mass distribution in
the region around the expected 2Tev mass Z' boson was subtracted by the fitied QCD
background. The fit was performed with a single gaussian function with three free

parameters mz', Om, N, see details on text. The sixth column gives the statistical
significance. The detector applied has a hadronic energy resolution of O/E=0 or

o/E=50/NE®2%.
6- Conclusions
Jets are expected to be a dominant fraction of the information of the physics

processes at the LHC experiments, but théy also appear to be the main source of the

background. In consequence the detection of the Z' boson in the jet decay mode is a
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very ditficult task. A simulation of a real experiment was done taking into account
the major factors present in future experiments at LHC that can affect the
observability of the signal, i.e, the effect of the jet algorithm applied, the presence
of minimum bias events, the effect of the energy resolution of the hadronic

calorimeter.

The main conclusion s of this study are the following:

* As it was already demonstrated in a real hadron collider experiment
(UA2/CERN) for the detection of the WZ pair, the multijet spectroscopy method
revealed to be a powerful tool in search of the Z' boson decaying in two jets. The
limiting factors are the poor jet mass resolution and the enormous QCD background
levels still remaining after optimization cuts with respect to the signal (S/B~10-3).

» This study imposes to work at high luminosities to be able to detect the Z’
boson in the jet decay mode. A maximum mass limit of 3-4 TeV is found. If a W’
would be produced in the same mass range as the Z' the signal would increase by a
factor of 3 (leaving the B unchanged) and the mass limit of detectability at high
luminosity would increase to 4TeV.

* The ideal mass resolution of 1.3% dictated by the natural width of the
expected Z' boson considered (mz'=2TeV, I'z'=63GeV) is degraded by a factor of ~2
when a jet algorithm is applied and the minimum bias events are added to the signal,
‘the first effect dominating over the pileup effect. The mass resolution was optimized
with the appropriate energy threshold and restrictions for the cone size used for the
energy collection. The additional application of a hadronic calorimeter with a crude
energy resolution of s0/NE®2% produces a final mass resolution of 4.0%, worse by a
factor of 3 with respect to the 1.3% ideal value. The energy resolution of the
hadronic calorimeter, namely the constant term playé an important role on the
degradation of the mass resolution of the Z' boson signal at the energy range studied,
from | to 5 TeV.

For this channel a jet energy resolution of.SO/E®(2-3)% is adequate, but will
be a challenge for hadronic calorimeters. '

» The sensitivity to possible signals from the Z' gauge bosons in the jet decay
mode is presented in fig. 15 (V¥ dots). There is shown the ratio of the expected rate

for a specific model to the extended Standard Model (I'z' is assumed to increase
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linearly with mz') as a function of the Z' mass, for a discovery limit of 50 and an
integrated luminosity of 103pb-1. If other models with a large o.B would be

considered (as alternative left-right symmetric model) [1], the detection limit would

increase.
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Fig. 15- Discovery limits for Z'-->e’e”, up, and jj considering 50 limits and an integrated
luminosity of 109pb-1[8].

For completeness is also presented in fig. 15 the case for Z' decays to electron
pairs and muon pairs (8). The best sensitivity is achieved through the Z'-->ee”
channel. The other channels, if observed, will provide useful information on the Z'

couplings and possibly asymmetry measurement.
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