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Abstract. We consider pair production of new down-type isosinglet quarks originating from Eg, which is the
favorite gauge symmetry group in superstring inspired GUT models. The study concentrates on the possi-
bility of observing the pair production of the lightest of the new quarks, D, in the ATLAS detector at the
forthcoming LHC accelerator, in the channel DD — ZjZj . Both signal and background events are studied
using tree level event generators based on Monte Carlo techniques. The detector effects are taken into ac-
count using the ATLAS fast simulation tool. It is shown that ATLAS can observe the D quark within the
first year of low luminosity LHC operation if its mass is less than 650 GeV. For the case of two years of full
luminosity running, 1 TeV can be reached with about three sigma significance.

1 Introduction

If observed, the long awaited discovery of the Higgs particle
at the LHC experiments [1, 2] will complete the validation
of the basic principles of the standard model (SM). How-
ever, the well known deficiencies of the SM, such as the
arbitrariness of the fermion mass spectrum and mixings,
the number of families, the real unification of the funda-
mental interactions and the origin of baryon asymmetry
of the universe require extensions of the SM to achieve
more complete theories. In general, these extensions pre-
dict the existence of new fundamental particles and inter-
actions. The forthcoming LHC will give the opportunity to
explore new colored particles and their interactions to test
these predictions. Three types of new quarks (see [3] for
a general classification) are of special interest: the fourth
SM family quarks, up type and down type weak isosinglet
quarks. The existence of the fourth SM family is favored
by flavor democracy (see [4] and references therein for de-
tails), @ = 2/3 quarks are predicted by the little Higgs
model [5,6] and @ = —1/3 isosinglet quarks are predicted
by grand unification theories (GUTSs), with Eg as the uni-
fication group [7,8]. The GUT models permit solving at
least two of the above mentioned problems, namely, the
complete unification of the fundamental interactions (ex-
cept gravity) and the baryon asymmetry of the observed
universe by merging strong and electroweak interactions in
a single gauge group. Theories adding gravity to the unifi-
cation of fundamental forces, superstring and supergravity
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theories [9,10] also favor Eg as a gauge symmetry group
when compactified from 10 (or 11) dimensions down to the
341 that we observe (see [11] and references therein for
areview of Eg GUTS).

For the LHC, the production and observation of the
first and second type of new quarks have been investi-
gated in [1,12] and [5, 6, 13] respectively. In this work, we
study the possibility to observe the third, down type isos-
inglet quarks predicted by the Eg-GUT model, at LHC
in general, and, specifically in the ATLAS experiment[1]
using the 4 lepton and 2 jet channel. The current experi-
mental limit on the mass of an isosinglet quark is m >
199 GeV [14]. The detailed study for down type isosinglet
quark signatures at the Tevatron has been recently per-
formed in [15] and it has been shown that the upgraded
Tevatron would allow a mass reach up to about 300 GeV.

2 The model

If the group structure of the SM, SU¢(3) x SUw (2) x
Uy (1), originates from the breaking of the Fg GUT scale
down to the electroweak scale, then the quark sector of the
SM is extended by the addition of an isosinglet quark per
family as:

<Z§>aUR7dR,DLaDR§

cL
(3L>aCR73R,SLaSR§
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The new quarks are denoted by letters D, S, and B. The
mixings between these and SM down type quarks is respon-
sible for the decays of the new quarks.

These mixings increase the number of angles (Ng) and
phases (Ng) with respect to the SM CKM matrix. For
a general multi-quark model, one has [16]:

N@:N(l+m— 3N2+1> ,

(2)

N¢:(N—1)(l+m—3N+2>,

where | and m are the numbers of the up-type and down-
type quarks respectively; and N is the number of SU(2)w
doublets formed by left handed quarks. In the case of the
Es model, we have m = 2] = 2N = 6 and (2) yields Ng = 12
and Ng =7 . The special case m=1+1= N+1=4, con-
sidered in [15], yields No = 6 and Ng = 3 which coincides
with the number of parameters in the little Higgs models
with one additional isosinglet up-type quark [5, 6].

In this study, the intrafamily mixings of the new quarks
are assumed to be dominant with respect to their inter-
family mixings. In addition, as for the SM hierarchy, the
D quark is taken to be the lightest one. The usual CKM
mixings, represented by superscript 6, are taken to be in
the up sector for simplicity of calculation (which does not
affect the results). The Lagrangian relevant for the decay of
the D quark becomes [17]:

—ﬂ[ﬂe (1 —~5)dcos
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The measured values of V,,4,V,,s,Vup constrain the d and
D mixing angle ¢ to |sin | < 0.07 assuming the squared
sum of row elements of the new 3 x 4 CKM matrix give
unity (see [14] and references therein for CKM matrix re-
lated measurements). The total decay width and the con-
tribution by neutral and charged currents were already
estimated in [17]. As reported in this work, the D quark
decays through a W boson with a branching ratio of 67%
and through a Z boson with a branching ratio of 33%. The
total width of the D quark as a function of its mass is
shown in Fig. 1 for the illustrative value of sin ¢ = 0.05. It
is seen that the D quark has a rather narrow width and
becomes even narrower with decreasing value of ¢ since it
scales through a sin? ¢ dependence. If the Higgs boson ex-
ists, in addition to these two modes, D quark might also
decay via the D — Hd channel which is available due to
D—d mixing. The branching ratio of this channel for the
case of myg = 120 GeV and sin ¢ = 0.05 is calculated to be
about 25%, reducing the branching ratios of the previ-
ously discussed neutral and charged channels to 50% and
25%, respectively [15, 18]. However, this study will not take
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Fig. 1. The width of D quark as a function of its mass
(sin ¢ = 0.05)

into account the possible existence of the Higgs boson and
will concentrate on the pair production of the D quarks
which is approximately independent of the value of sin .
One should note that the additional consideration of single
production of D quark increases the overall D quark pro-
duction rate; for example by about 40% for mp = 800 GeV
if sin ¢ = 0.05. However, final state particles and SM back-
grounds are different from the pair production case, mak-
ing it a rather different process to study.

3 Pair production at LHC —
signal at generator level

The main tree level Feynman diagrams for the pair pro-
duction of D quarks at LHC are presented in Fig. 2. The
gDD and vDD vertices are the same as their SM down
quark counterparts. The modification to the ZDD vertex
due to d—D mixing can be neglected due to the small value
of sin ¢. The Lagrangian in (3) was implemented into tree
level event generators, Comphep [19,20] version 4.3 and
Madgraph [21] version 2.3. The total pair production cross
sections from these two Monte Carlo generators are shown
in Fig. 3. The difference in cross section calculated by these
two generators, the first one, based on full matrix elem-
ent calculation and the other on the numerical methods is
less than 5% for the range of D quark mass from 400 to
1400 GeV. The impact of uncertainties in parton distribu-
tion functions (PDFs) [22], is calculated by using different
PDF sets, to be less than 10% for the same range. For
example at mp = 800 GeV and Q? = m32, the cross sec-
tion values are 450 (CompHep, CTEQ6L1) and 468 (Com-
pHep, CTEQS5L) versus 449 (MadGraph, CTEQ6L1) and
459 (MadGraph, CTEQS5L) fb with an error of about one
percent. For the same PDF set, the two programs give the
same answer validating both of the MC generators against
each other and the implementation of the model. The same
figure also contains the partial (¢gg and ¢q) contributions
showing that the largest contribution to the total cross
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Fig. 3. The DD pair total production cross section (solid line)
as a function of D quark mass is shown as calculated with Com-
pHep (triangles) and with MadGraph (circles). The dashed line
is for the gluon contribution and the dotted line is for the quark
contribution. The two generators agree within 2% and the ef-
fect of PDF uncertainties is computed to be less than 10%
through 5 orders of magnitude in the cross section

section comes from the first three diagrams for D quark
masses < 1100 GeV, while for higher D quark masses, con-
tributions from s-channel ¢¢ subprocesses becomes dom-

down quarks, t channel 3

Fig. 2. The tree level Feynman diagrams for
the pair production of isosinglet quarks

inant. For these computations, g are assumed to be only
from the first quark family, since the contribution to the
total cross section from ss is about 10 times smaller and the
contribution from ¢ and bb are about 100 times smaller.
The t-channel diagrams mediated by Z and W bosons,
shown on the bottom row of Fig. 2, which are suppressed
by the small value of sinp (for example 0.4fb at mp =
800 GeV) are also included in the signal generation. The
isosinglet quarks being too heavy are expected to immedi-
ately decay into SM particles. The decay channels leading
to possible discovery for the D quark pairs are summa-
rized in Table 1. We have initially focused on the 4 lepton
final states of the neutral channel only: although it has
the smallest branching ratio, the possibility of reconstruct-
ing the invariant mass for Z bosons and thus for both D
quarks makes it favorable for a feasibility study. Therefore
the final state we would be looking for is composed of two
high transverse momenta jets and two Z bosons, all coming
from the decay of the D quarks. The high transverse mo-
mentum of the jets coming from the D quark decays can be
used to distinguish the signal events from the background.

All the SM processes allowed in proton collisions yield-
ing two Z bosons and two jets (originating from any par-
ton except b and t quarks) were considered as background.
These can be classified in three categories via the initial
state partons: qq, gg and gg where g stands for gluon and
g can be any quark or anti-quark from the first two fami-
lies. The contribution from third quark family is assumed

Table 1. The promising signal channels. The fourth column contains the branching ratios of
the SM particles, whereas the last column has the total branching ratios

DD — Final state Expected signal Decay BR Total BR
ZZdd Z—UZ—1U 41 + 2jet 0.07 x 0.07 0.0005
0.33 x 0.33 Z—UZ—vv 21+ 2jet + B 2x0.07x0.2 0.0028
Z =1 Z—qq 21 + 4jet 2x0.07x0.7 0.0107
ZWdu Z—=UW =1 31+ 2jet + Hr 0.07 x 0.21 0.0065
2x0.33%0.67 Z—=UW —qj 21 + 4jet 0.07 x 0.68 0.0211
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to be negligibly small due to mass and PDF arguments.
Although a complete list can be seen in [24], one should
note that the 78% of the background cross section origi-
nates from the processes in first two categories: qg — q9Z 2
(where ¢ =u, d, d, c, s, 5) contributes 58%, and q§ — ggZ Z
(where ¢ = d, u, s, ¢) contributes 20%. The simple require-
ments imposed at the generator level are:

|77P| < 257
Pr, >100GeV ,

Ryp > 0.4,

Inz| <5.0, (4)

where R is the cone separation angle between two par-
tons (p =d, d), , and nz are pseudorapidities of a parton
and Z boson respectively, and Pr ), is the parton trans-
verse momentum. The selection of the n region is driven by
partonic spectra pseudorapitidy distributions, which are
peaked in the barrel detector area. The signal cross section
was calculated with both generators as a function of the
D quark mass, but the background only with Madgraph
as it is faster in numerical evaluation. For mp = 800 GeV,
using the generator level cuts listed in (4), the cross section
of the ZZ 2 jet channel is found to be ogigna = 45.4+£21b
(CompHep) whereas the SM background for the same final
state particles is opg = 345+ 17fb (MadGraph). Already
at this level, a significance of S/\/E ~ 2.4 can be obtained
with an integrated luminosity of 1 fb=1.

4 Observation in ATLAS detector
using 4l 2 jet channel

Using the preselection cuts listed in the previous section,
5000 signal events at mp = 800 GeV in CompHep and
slightly relaxing the jet transverse momentum cut, (Pr; >
50 GeV), 40000 background events in MadGraph were gen-
erated. The D quarks in signal events were made to de-
cay in CompHep into SM particles. The final state par-
ticles for both signal and background events were fed into
PYTHIA version 6.218 [25] for initial and final state radia-
tion, as well as, hadronization using the CompHep-Pythia
and MadGraph-Pythia interfaces provided by Athena (the
ATLAS offline software framework) v9.0.3. To incorpo-
rate the detector effects, all event samples were processed
through the ATLAS fast simulation tool, ATLFAST [26],
and the final analysis has been done using physics objects
that it produced.

It must be noted that ATLFAST uses a parameteriza-
tion for electrons, muons and hadrons without the detailed
simulation of showers in the calorimeters. There is also
a separate parameterization on the resolution for muons
and electron tracks for the inner detector efficiencies. Min-
imum transverse energy of electromagnetic and hadronic
clusters to be considered as electron or jet showers are
Er >5GeV and Et > 10 GeV, respectively. Electromag-
netic and hadronic cells in ATLFAST have the same granu-
larity : Anp x Ap = 0.1 x 0.1. The electron isolation criteria

requires a minimum distance AR = /(An)?2(Ap)? > 0.4
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from other clusters and a maximum transverse energy de-
position, Fp < 10 GeV in outer cells accompanying the
electron candidate. These outer cells are to be in a cone
of radius AR = 0.2 along the direction of emission. The
jets are reconstructed using the cone algorithm with the
AR = 0.4 cone size. The smearing of particle clusters and
jets is tuned to what is expected for the performance of the
ATLAS detector from full simulation and reconstruction
using the GEANT package [27].

For this initial feasibility study, where the aim is to re-
construct the invariant mass of both D quarks, only e and
1 decays of Z bosons are considered. Although the effect-
ive cross section becomes small compared to other decay
channels, the benefits of this selection for a clean signal and
for correct invariant mass reconstruction are indisputable.
Other studies involving the invisible decays of Z boson
and leptonic decays of W boson are in preparation. For
the initial state particles, gg, ut and dd sub-channels
were studied separately, and for final state particles only
light quark jets were considered, all using CTEQG6L1 as
PDF [22]. For the case of Mp = 800 GeV, the contributions
from each sub-channel to the final cross section were about
50%, 32% and 18% respectively.

4.1 4l 2 jet channel, both Z — pu case

To reconstruct the two Z bosons, four isolated muons
were required. The efficiency of finding 4 isolated muons
is roughly 50%. Since it is not known which two muons
were originating from the same Z boson, all three possible
combinations (assuming the lepton charge is not meas-
ured) were considered. The reconstructed invariant mass
of the muon pairs was required to be close to the Z bo-
son mass: within a window of 20 GeV around the central
value of 90 GeV. If all pair combinations happened to be
within the mass window, the one with the invariant mass
closest to the measured value of Z boson mass was taken.
The efficiency of reconstructing two Z bosons was about
90%. High transverse momentum cuts as in equation set
below were applied to all leptons and jets to distinguish
the signal events from background. One should note that
all the muons in such an event would satisfy the currently
set trigger conditions for leptons Pr jepton > 20 GeV [23].
The momentum distributions for all muons in an event and
the imposed cuts for both signal and background can be
seen in Fig. 4 upper set where the vertical arrow points at
the imposed cut value. The percentage of muons surviv-
ing the transverse momentum cut in (5) is about 60%. The
events with at least two jets with transverse momentum
greater than 100 GeV were kept in order to fully recon-
struct the invariant mass of D quarks. In the lower set of
Fig. 4, the solid line shows the momenta of the two most
energetic jets in an event, whereas the dashed curve is for
all other jets in the same event, again the vertical arrows
pointing at the cut values. The two most energetic jets and
the two previously reconstructed Z bosons were combined
to reconstruct the D quark pair which was the goal of this
study. However, the correct association of the two most en-
ergetic jets to the two reconstructed Z bosons is not known
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Fig. 4. The transverse momentum cuts for muons (upper set) and jets (lower set). The plots for signal at Mp = 800 GeV and the
SM backgrounds are shown with arrows pointing at the cut values. The highest jet Pr for signal events peaks around 300 GeV,

whereas for background no such peak is observed

and involves combinatorics. Since the mass of the D quark
is not known a priori, the “mass window around the central
value” method that was used for Z boson reconstruction
cannot be applied. The effect of wrong jet-Z association
has the impact of enlarging the tails for the signal invariant
mass distribution. This problem was partially solved by se-
lecting the combination with the smallest absolute value
of the difference between the two reconstructed D quark
masses. Reconstructed invariant mass histograms are given
separately in Fig. 5 for both signal and background cases.
Therefore, the list of all the analysis level cuts becomes:

N, =1,
Pr,, > 40 GV,
My = 90+ 20 GéV
Niet > 2,
Pr_je; > 100 GeV .

Table 2. The individual selection cut efficiencies in percent for
the both Z — uu case, for signal and background

Channel Nﬂ MZ PT,,u, ]Vjet PT,jet Eall
Signal 438 91 59 100 95 25
Background 34 96 16 96 12 0.6

The selection cut efficiencies for both signal and back-
ground events are given in Table 2 where each efficiency is
calculated relative to the previous one, and the last column
contains the combined efficiency value.

4.2 41 2 jet channel, both Z — ee case

The cuts for this channel are same as for the channel
above (5), except the cut on the transverse momentum
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of electron, Pr . > 15 GeV has been used. The existence
of at least one electron originating from the Z boson de-
cay which satisfies the isolated lepton trigger condition has
also been checked for all 4 electron events. The method for
reconstructing the Z boson and eventually the D quark re-
mains the same as in the previous case. The selection cut
efficiencies for this case are shown in Table 3 for both sig-
nal and background. The lower Pr cut value for electrons,
compared to the one for muons, leaves a higher number
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of background and signal events, yielding a slightly bet-
ter significance in the overall D quark reconstruction. This
~ 5% difference is attributed to the better electron recon-
struction in ATLFAST. More detailed studies with full
detector simulation are in progress to better understand
lepton reconstruction. The invariant mass spectra is given
in Fig. 6 for a bin width of 40 GeV, showing the expected
number of signal events being larger than the background
ones.
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Fig. 6. The D quark invariant mass reconstruction in Z — ee case for all signal sub-channels as compared to SM background. The

signal was generated for Mp = 800 GeV
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Table 3. The individual selection cut efficiencies in percent for
the both Z — ee case for both signal and background

Channel Ne MZ PT,e ]Vjet PT,jet Eall
Signal 40 99 87 100 95 33
Background 37 98 83 94 7 2

4.3 41 2 jet channel, ZZ — eepp case

This case is based on two isolated electrons, two isolated
muons and two jets. There is no ambiguity in the lepton
selection for Z invariant mass reconstruction thus a sim-
pler reconstruction algorithm suffices. Both muons and at
least one electron satisfy the trigger condition. The event
selection cuts are summarized in (6):

N,=2, N.=2,
Pr,, > 40 GV,
Pr.>15GeV,
Njey > 2
Prje; > 100 GeV
My = 90420 GeV . (6)

The selection cut efficiencies are given in Table 4. Since
the branching ratio is higher by a factor of two, compared

Table 4. The individual selection cut efficiencies for one Z —
ee and one Z — pp sub-case. The subscript | represents both
electron and muon cases

Channel N; My Pr; Nt Prjet €an
Signal 44 94 71 100 93 28
Background 35 97 34 95 10 1.1
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to the first and second cases, this case yields more sig-
nal events and dominates the results. The reconstructed
invariant mass for the signal and the SM background is
given in Fig. 7 showing that the expected number of signal
events is higher than for the background, in the region of
the peak.

5 Results

All three above mentioned leptonic reconstruction cases
were also considered for systematic studies at other
D quark mass values: Mp = 600, 1000, 1200 GeV (The de-
tails of this analysis can be found in [24]). For values of
D quark mass larger than 900 GeV, in order to increase
the expected statistical significance of signal identification,
the cuts on the basic kinematic variables were modified
as:

PT,H > 50 GeV
Pr.>20GeV,
PT,jet > 120 GeV . (7)

Using the convention of defining a running accelerator year
as 1x107s, one LHC year at the full design luminosity
corresponds to 100 fb~!. For one such year worth of data,
all the signal events are summed and compared to all SM
background events as shown in Fig. 8. It is evident that for
the lowest of the considered masses, the studied channel
gives an easy detection possibility, whereas for the highest
mass case (Mp = 1200 GeV) the signal to background ratio
is of the order of unity. If nature has assigned a high mass
to the D quark, other possible detection channels would
be either to tag one Z via its leptonic decays and consider
the neutrino decays of the other, or would involve hadronic
decays of at least one Z and methods to disentangle the
jet association. The detailed study of these modes as well
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Fig. 7. The D quark invariant mass reconstruction in ZZ — eeup case for all signal sub-channels as compared to SM background.

The signal was generated for Mp = 800 GeV
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as the charged current decay modes is deferred to future
work.

For each D quark mass value that was considered,
a Gaussian is fitted to the invariant mass distribution
around the D signal peak and a polynomial to the back-
ground invariant mass distribution. The number of ac-
cepted signal (S) and background (B) events are inte-
grated using the fitted functions in a mass window whose
width is equal to 20 around the central value of the fit-
ted Gaussian. The significance is then calculated at each
mass value as S/ VB, using the number of integrated
events in the respective mass windows. The expected sig-
nal significance for three years of nominal LHC luminos-
ity running is shown in Fig. 9. The shaded band in the
same plot represents the statistical errors originating from
the fact that for each signal mass value, a finite num-
ber of Monte Carlo events was generated at the start
of the analysis and the surviving events were selected
from this event pool. The statistical errors were calcu-
lated using binomial distribution and propagated to all

significance and luminosity calculations. Given the small
value of event yield, the Poisson probability distribution
is more appropriate to set the observation and discovery
limits [28].

Following the PDG, the Gaussian probabilities for ob-
serving 2, 3 and 5 standard deviations when no signal is
expected are defined as 4.55%, 0.27% and 5.7 x 10~°% re-
spectively. Since the number of observed events in Pois-
son distribution (and also in experiment) is an integer,
the values approaching their Gaussian counterparts from
the lower side are taken. Consequently, this procedure al-
ways yields more pessimistic luminosity values. For ex-
ample at Mp = 800 GeV, the probability utilized for 3o
limit is 1.34 x 1073, about half of its Gaussian counter-
part. Therefore, the reach of ATLAS to either exclude the
existence of or discover the D quark using the studied
dilepton channel is given in Table 5 for different D quark
mass values. We observe that for Mp = 600 GeV, ATLAS
could observe the D quark with a significance more than
3 sigma before the end of the first year low luminosity
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Table 5. The required integrated luminosity in fb~! to discover D quark as a function of its mass is
shown. Expected signal and background event number are also given for one year of high luminosity

running

D quark mass (GeV) 600 800 1000 1200
Signal and background events/year 38.2 | 3.0 9.6 | 1.3 2.0 ] 04 0.6 | 0.2
Luminosity for 20 signal (fb~!) 2.4 18.4 86 373
Luminosity for 30 signal (fb 1) 7.3 36.7 215 870
Luminosity for 5o signal (fb_l) 19.4 91.7 559 2480

running (10 fb~!/year) whereas to claim discovery with 5
sigma significance, it would need about 2 years of running
time at low luminosity. For Mp = 1000 GeV, about two
years of high luminosity running is necessary for a 3 sigma
signal observation claim. For the masses above 1 TeV, the
number of expected signal events decreases rapidly with
increasing mass and a full detector simulation becomes
a necessity to fully understand the detection and recon-
struction efficiency. The graphical representation is also
given in Fig. 10 where the rapid rise of the required time
in LHC years for high mass region can be observed. For
these results, a possible source of systematic error is the
selection of the QCD scale: although in a complete com-
putation using all possible diagrams including loops this
selection becomes irrelevant, this work relies on tree level
calculations. An increase in QCD scale from the presently
used value of Z boson mass up to D quark mass would
mean a decrease in the total cross sections of about 65%.
Such a change would also affect the results presented in
this work, taking the 3 sigma signal observation limit mass
from 1000 GeV down to 840 GeV for two years of high lu-
minosity running. It should also be noted that the detector
related backgrounds and the pile-up effects which could be
important at high luminosity LHC, are not considered in
this work.

6 Conclusions

This study shows that, for a range of D quark mass from
600 to 1000 GeV, ATLAS has a strong potential to find
new physics related to Fg GUT. After three years of de-
sign luminosity running, the 5 sigma discovery reach for
D quark mass is about 920 GeV . The impact of the as-
sumptions about D quark mass hierarchy and inter-family
mixing is minimal: If the S quark is the lightest or the D
quark mixes mostly to the second family, all the results
and conclusions stay as they are. If the third family is in-
volved, either B quark being the lightest or through large
mixings to the third quark family, the results would also re-
main valid, provided no distinction of third family quarks
is imposed. However, if the b quarks are to be identified
to disentangle the D quark mixing, the b-jet tagging ef-
ficiencies should be convoluted with the presented results
which would reduce the number of expected signal and
background events by at least 50%. To enlarge the experi-
mental reach window for the higher D quark mass values,
the inclusion of other channels (remaining lines of Table 1)
is also envisaged. Furthermore, the inclusion of additional
gauge bosons predicted by the Eg group could enhance the
signal in the s channel if they have suitable masses. These
studies are in preparation.
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