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We study new top flavor violating resonances that are singly produced in association with a top at the
LHC. Such top flavor violating states could be responsible for the Tevatron top forward-backward
asymmetry. Since top flavor violating states can directly decay to a top (or antitop) and jet, and are
produced in conjunction with another (oppositely charged) top, the direct signature of such states is a ¢j
(or 7j) resonance in t7j events. In general, these states can be very light and have O(1) couplings to the top
sector so that they are copiously produced. We present a search strategy and estimate the discovery
potential at the early LHC by implementing the strategy on simulated data. For example, with 1 fb~! at
7 TeV, we estimate that a W' coupling to dgfz can be constrained at the 3o level for gr = 1 and
my = 200 GeV, weakening to gp = 1.75 for my, = 600 GeV. With the search we advocate here,
a bound at a similar level could be obtained for top flavor violating Z's, as well as triplet and sextet

diquarks.
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L. INTRODUCTION

Compared to the lighter quarks, the top remains rela-
tively unconstrained. In many models of new physics, such
as warped extra dimensions, little Higgs, and technicolor,
the top sector is treated differently than the light quark
sector on account of its strong coupling to electroweak
symmetry breaking. Thus many searches for new physics
focus on discovering new physics in the top sector.
However, with O(1000) 7 pairs at the Tevatron, in many
cases not enough statistics has been accumulated to be able
to set strong limits on the couplings of the top to other
standard model (SM) particles. Precise measurements of
the top pair production cross section [1,2] and the few
single top events [3] at the Tevatron serve to provide
some constraints, though these are comparatively weak.
The constraints on f; couplings are especially weak, and
the top CKM matrix elements are relatively unconstrained.

Recently, there has been an apparent anomaly in the top
sector: the observation by the CDF experiment of a top
forward-backward asymmetry (Afg) [4]. Although not
conclusive, A, as measured by CDF deviates from the
SM theory prediction [5-8], especially at high invariant
mass, M,; > 450 GeV, by more than 3¢. DO also observes
a larger than predicted asymmetry, but with much lower
significance [9,10].

From the theoretical point of view, the difficulty with
reproducing the observation is in generating the large
asymmetry without disturbing the total cross section or
observed invariant mass spectrum of #7 production, which
is in agreement with the SM. The models generating the
observed Tevatron Afy at tree level mainly fall into two
categories: (i) s-channel exchange of vector mediators, the
couplings of which to the top and the light quarks are axial
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and of opposite sign [11-19]," or (ii) #-channel exchange of
flavor violating mediators such as new W’/Z’ gauge bosons
[21-27] or colored particles [28—30]. For various models of
types (i) and (ii), comparative studies can be found in the
literature [31-39]. Generally, t-channel exchange models
can have an advantage over s-channel exchange models in
explaining a large measured value of A%y in that 7-channel
models have mild additional contributions to the ¢f cross
section, unlike resonant contributions from the s channel.
The masses of states which can give rise to the asymmetry
in the #-channel range from ~150 GeV to several hundred
GeV, depending on the model and the size of the couplings,
which are typically O(1).

Since such #-channel exchange models have top flavor
violation in mediator interactions, we expect a unique
resonance signature. The logic is as follows:

(i) Top forward-backward asymmetry generating mod-
els of type (ii) discussed above have interactions of
the form gMtq where M is the mediator, ¢ is a light
quark, and g is order 1. Thus the production of M
through gg — Mt as in Fig. 1 is expected to be
substantial.

(i) For mediators with mass m,; > m,, this implies M
can decay through M — ig, where i=1 or I
Therefore, a 7j resonance should exist in t7j events,
where j is a jet formed from the light quark ¢.

(iii) To avoid constraints from same sign top pair pro-
duction, we assume that M is not self-conjugate,
and then the signature is a top-jet (#/) or anti-top-jet
(fj) resonance in 7 plus jet events.

'There could be also a sizable s-channel contribution through
vector operator interactions in unparticle theories [20].
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FIG. 1.
when M = W', Z};, and 7 = 7 when M = ¢“ (triplet or sextet).

(iv) Because of baryon number conservation, the final
state light quark baryon number must match that of
the initial state quark. In a pp machine (as opposed
to pp), which has quark collisions dominantly over
antiquark collisions, the resonance will be domi-
nantly either 7j or 7j, depending on the baryon
number of the mediator, By, = *=2/3 or By, = 0,
respectively.

Therefore, in contrast to other LHC search studies for
models related to the ALy anomaly, which have focused on
the 77 or dijet invariant mass distributions [33,37,40],% here
we emphasize top-jet resonances at the LHC as the most
direct evidence of top flavor violating physics. The rele-
vance of top-jet resonances to a search for various top
flavor violating models has been mentioned in previous
studies [28-30]. In this paper, however, we consider top-
jet resonances at the early LHC in depth. We propose a
systematic search strategy for such top-jet resonances.
Using this strategy along with simulated data, we pre-
sent the early LHC reach for models with top flavor
violation.

The early LHC analysis that we propose here essentially
depends on only two considerations: the mass of the reso-
nance and the partial production cross section of the reso-
nance in decay to top and jet. A key part of the analysis is to
look for 7j resonances in the low to intermediate invariant
mass region (~ 200-600 GeV). Thus the method em-
ployed is quite different from the usual bump hunting
strategies, which fit the background at low invariant mass
and then search for a resonance at high invariant mass.
Here, the continuum background should be fit at inter-
mediate to high invariant mass, and an excess of events
searched for at low to intermediate invariant masses.
Considering an additional angular variable—the angle

For generic colored resonance search through QCD intera-
tions, see [41].
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Tree-level 7 and single M production diagrams involving the mediator M and the coupling g,,. The top quark, 7, is 7 = ¢

between top and jet in the lab frame—also helps in sepa-
rating signal from background in the low invariant mass
region. We will show in this paper that this type of low to
intermediate mass resonance can be successfully extracted
from background #7j processes.

The outline of this paper is as follows. In Sec. I, we will
introduce top flavor violating models and benchmark
points for analysis. In Sec. III, we review the reconstruc-
tion scheme for tops and build a search strategy for top-jet
resonances. We then show results of event generation and
detector simulation. Finally, in Sec. IV we present the
reach potential of this search in the early phase of the
LHC operation and conclude in Sec. V.

II. MODELS OF TOP FLAVOR VIOLATION

We classify models with top flavor violation according
to the following properties of the new top flavor changing
particle M:

(i) spin: vector or scalar;

(i1) color representation: singlet, octet, triplet, or sextet;

(ii1) right-handed isospin: changing or neutral,

where right-handed isospin means isospin assigned to
right-handed quarks in the same way as left-handed quark
doublets. To avoid severe experimental constraints, we
require that baryon number not be violated by M. For the
purposes of this analysis, the most dominant coupling of
the new particle, M, with the standard model involves only
the top quark and light quarks « and d. Hence, the relevant
interaction of M with the standard model is fully deter-
mined by specifying the above characteristics.

In this paper, we will quote results for four classes of
models: W', Z},, color triplets, and sextets. The W' will
take a down quark to a top quark, the Z}, takes up to top,
and the others take an up quark to an anti-top quark. The
important interaction Lagrangians for these models are
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TABLE I
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The total tree-level mediator plus top production cross section and efficiency after cuts. The cross sections are calculated

taking gr = 1 in the Lagrangian of Eq. (1). The semileptonic cuts correspond to requiring a single muon or electron, missing energy, a
tagged b-jet, and three additional jets with rapidities and p; described in Sec. III A. The reconstruction efficiency for tops after
applying these cuts (using the method outlined in Appendix A) is also listed. The efficiencies depend essentially only upon the
resonance mass. The efficiency numbers quoted were obtained from analyzing W', Z},, and triplet models.

Mediator mass Tree level single (double) production cross section (pb) Semileptonic Reconstruction

cut efficiency efficiency
w’ 7z 6

200 GeV 40 (4.7) 75 (8.3) 44 (7.6) 149 (134) 1.3% 36-39%
300 GeV 14 (0.8) 27 (1.5) 17 (0.9) 54 (15) 3.2% 34-36%
400 GeV 5.7(0.2) 12 (0.4) 7.7 (0.2) 23 (2.6) 3.5-3.8% 24-25%
600 GeV 1.3 (0.02) 2.9 (0.04) 2.0 (0.01) 5.6 (0.17) 3.94.2% 18-19%

I - significantly suppressed for a center-of-mass energy

Ly = —Zdy“gRP xtW, + He, /s = 7 TeV.? The tree-level single and double production

1 cross sections for several top flavor violating models are

£Zb = \/—zﬁy“ grPrtZ), . T He, (1) Iisted in Table I. Since these models have large couplings,

.E(b = fCTg(gLPL + gRPR)MQba + H.C.,

where ¢ is a color triplet or sextet, and T¢ is the generator
of the SU(3) representation. We assume couplings to right-
handed quarks to avoid potentially strong experimental
constraints from coupling to left-handed quarks.
However, our qualitative conclusions would be little
changed if were to add in left-handed couplings; an appro-
priate redefinition of the couplings to take into account the
additional contribution would simply have to be made. We
also consider only Z’s that are gauge bosons of a horizontal
symmetry—say, an SU(2)y connecting the first and third
generations—which carry a horizontal charge and are thus
not self-conjugate. A similar but not identical analysis
could be carried out for self-conjugate Z’s, which can go
both to ¢ and to 7j resonances.

Figure 1(a) shows the 7-channel Feynman diagram of 7
production that contributes to the total cross section and
ALy at the Tevatron. Typically, in these models, the best fit
values of the M mass, m,,, are within 200 GeV-1000 GeV,
with the required coupling to produce the observed asym-
metry ranging from g, ~ 1 for a 200 GeV mediator to
gy ~ 10 for a 1 TeV mediator. For the purposes of this
analysis, we restrict ourselves to mediators having pertur-
bative couplings, and masses consistent with those consid-
ered in the literature, ranging from a 200 GeV W'or Z' to a
400 or 600 GeV color triplet or sextet. It is also possible
that m,; < m,, though in that case the LHC signatures will
be of a different kind than those studied here.

At the early LHC energies of /s =7 TeV, M can be
produced singly as in Figs. 1(b)-1(d), or produced doubly
through SM gauge interactions and top flavor violating
interactions. For mediators at least moderately heavier
than the top quark, the dominant production will be a single
resonance along with a top, with di-resonance production

substantial higher-order corrections to the cross sections
should be expected.

III. MODEL INDEPENDENT ANALYSIS
OF TOP-JET RESONANCE

We now set up the search method for top-jet resonances
at the LHC. After the decay of M, the final states in the
signal are decay products of a ¢ pair and one quark jet. In
the following sections, we propose a procedure for recon-
structing tops and identifying signatures. We also present
simulation results for the benchmark cases included in
Table 1.

A. Top-jet resonance signature

The signatures depend primarily on the 7 decay modes®:
(a) hadronic mode (¢ — bbjjjj), (b) semileptonic mode
(tt — bbjjlv), (c) leptonic mode (tf — bb{* ¢~ vv), and
(d) decay modes involving taus. In this analysis, we con-
sider only the semileptonic decay mode. The reason for
this is as follows. In fully leptonic events, we cannot fully
reconstruct the top quark momentum event by event with-
out ambiguity. And in fully hadronic modes there is a high
multiplicity of jets, leading to large uncertainties, misiden-
tification, and combinatoric issues. Furthermore, we use
the sign of the lepton to distinguish between ¢ and 7 in each
event (assuming negligible like-sign top production). The
branching fraction for 7 to decay semileptonically is
~30%.

Including a jet from M — 7j, we have two b jets, three
non-b jets, one lepton, and missing energy in the signal.

To select the tfj signal, we require:

3Di-resonance production is only very important for the
200 GeV scalar sextet model, as shown in Table 1.
“In this paper, “lepton” is taken to be electron or muon.
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FIG. 3 (color online).  Differential cross section in fb versus invariant mass (left top) or cos#;; (left bottom) and corresponding X2 per
bin (right) for the background only hypothesis given 1 fb~! of data (right) and a 200 GeV W’ resonance with coupling gx = 1. The
normalized background is shown in solid blue, and the “measured” ( SM + signal) differential cross section is shown as a red dashed-
dotted line. The overall background normalization was fixed by matching to the measured cross section between invariant masses from
300 to 700 GeV.
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(1) Exactly one electron or muon with pr > 20 GeV

and || <2.5.

(i1) Photon and 7 veto.

(iii) At least five jets with p; > 20 GeV and |n| < 3.0,
with at least one of the jets having a b-tag. Four of
the jets are decay products of the tops, with the
additional jet coming from the mediator decay to 7j.

(iv) ERFis>20 GeV.

These cuts are chosen in accordance with those for 77
analyses as laid out in the CMS Technical Design Report
(TDR) [42].

To find the 7j resonance and to further reduce back-
ground, it is important to identify top and antitop pairs
out of the multijet, lepton, and missing E; signature. We
make a y>-based cut on the lepton and jet kinematics to the
1 hypothesis,

(i) x%/dof. =1,

as detailed in Appendix A. The main background after
these cuts is SM 7 pair production with additional jets.
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The invariant mass is the obvious variable to consider in
a resonance search. In Fig. 2(a), we show the mj; distribu-
tion of several top flavor violating models along with the
SM distribution. Here, to get a semirealistic distribution,
we smear visible particle momenta of parton-level events
according to the LHC-motivated uncertainties given in
Appendix C, and then we reconstruct top particles. The
peaks in the mj; distribution for the signals are clear.
However, the SM distribution can obscure low mass signals
since it peaks around 200 GeV. The precise location of the
SM peak just above the top mass depends on the choice of
pr cuts; the extra jet in standard model ¢7j events tends to
be fairly soft, but still hard enough to have passed the cuts.

Because of the overlap between the low mass resonance
and the SM peaks, we consider another variable,
costy;, defined as the cosine of the angle between the
reconstructed (anti)top and the remaining jet in the lab
frame. This variable is closely connected with the velocity
distribution of M, and thus has relatively small model
dependencies since the Lorentz boost of M in the lab frame
is primarily determined by m,,. As can be seen in Fig. 2(b),
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FIG. 4 (color online). Differential cross section in fb versus invariant mass (left top) or cosé;; (left bottom) and corresponding x*
per bin (right) for the background only hypothesis given 1 fb~! of data (right) and a 300 GeV W' resonance with coupling gz = 1.
The overall background normalization was fixed by matching to the measured cross section between invariant masses from 400 to

700 GeV.
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FIG. 5 (color online). Differential cross section in fb versus invariant mass (left top) or cost;; (left bottom) and corresponding X2
per bin (right) for the background only hypothesis given 1 fb~! of data (right) and a 400 GeV W' resonance with coupling gg = 1.
The overall background normalization was fixed by matching to the measured cross section between invariant masses from 150

to 250 GeV.

the angular variable can be an efficient separator for low
mass resonances. For a low mass resonance near the top
quark mass, the resonant particle will be fairly boosted in
the lab frame at LHC energies, so that the resultant 7 and j
are collimated. On the other hand, for high mass reso-
nances we expect cosfl;; = —1 since the resonant particle
will be nearly at rest in the lab frame, resulting in back-to-
back 7j decay. Compared to the signal, the SM cos6;;
distribution is relatively flat.

We find that the variables M;; and cos6;; considered
together can efficiently separate signal from backgrczund.
In the following analysis, we use the combined m
for finding the highest significance over background in a
given data set.

In this paper we focus on single production of top flavor
changing mediators. This focus is certainly justified for the
200 or more GeV Z;,, W/, and triplet models. (See Table 1.)
We leave a detailed study of the effect of double mediator
production, especially in the sextet model (which has a
large contribution from double production due to a large
group theoretical factor) for future work. With double pro-
duction contributions to the tree-level 200 GeV Z.,, W/,

and triplet production cross sections occurring at only the
10%—-20% level, we expect that doubly produced media-
tors would not change the analysis much even in these
cases, and thus we present only the single production
results here.

B. Event generation

Standard model ¢ and tfj events corresponding to
about 10 fb~! at the /s =7 TeV LHC were generated
as background. In order to avoid over- or under-counting
of events, we generated the SM background events using
MADGRAPH/MADEVENT 4.4.32 [43] with matrix element/par-
ton shower matching in the MLM scheme suggested by
M.L. Mangano [44], which was implemented in the
MADGRAPH/MADEVENT package using PYTHIA [45]. The
events were generated using a fixed renormalization scale
and factorization scale at 200 GeV. The total cross section
of the SM 7 plus zero or one jet is given by ~107 pb with
matching scale 30 GeV (QCUT = 30) and minimum jet
measure between partons 20 GeV (xgcut = 20) in
MADGRAPH and PYTHIA settings.
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The overall background normalization was fixed by matching to the measured cross section between invariant masses from 150

to 300 GeV.

For signals, we use a combination of MADGRAPHS5 V0.6.1/
MADEVENT 4.4.44, which has an implementation of color
exotic particles. We generate 10,000 single mediator pro-
duction events,

pp — Mi— 11, pp — M — tij,
with top pairs decayed semileptonically for each of the
benchmark models: W/, Z},, triplet, and sextets with
gr = 1 [Eq. (1)] and my, = 200, 300, 400, 600 GeV, as
listed in Table 1.

To perform a semirealistic analysis, we employ the PGS
detector simulator. Note that we do not apply a K-factor to
the cross section we present in this paper.

C. Top-jet resonance search

One difference here, as compared to a typical new
physics invariant mass bump hunt, is that we are looking
for relatively low mass resonances. As just discussed, low
mass resonances will show up as a bump on top of the
peaked region of the SM distribution. Thus rather than

fitting the background to an exponential or power law at
low invariant mass and looking for excesses at high invari-
ant mass, a different approach should be taken for the low
mass [O(200 or 300 GeV)] mediators. In these cases, we
fit the background to the high invariant mass part of the
distribution and look for excesses in the low invariant mass
bins. Without knowing the mass of the resonance a priori,
one should start by normalizing background over a large
mass range. In this case, the low mass resonance will show
up as a very small bump, with antibumps (deficits of
observed events with respect to expected events) on either
side. Such an antibump/bump/antibump pattern is an in-
dication that background should be fit in a region away
from the bump. Also note that while we allow the back-
ground normalization to float freely, the shape of the
distribution must be trusted in order to extract results.
This is relatively easy when looking for a resonance on
top of a falling distribution (as at the high invariant mass),
but becomes more subtle when looking for a top-jet reso-
nance at the low invariant mass where the background
itself is not smoothly falling. This is another reason that
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we advocate using not just the invariant mass peak shape
but also the shape in the angular variable cosf;;; the cos;;
distribution for the SM is symmetric about cosé = 0 while
the new physics distribution for low mass states is very
asymmetric. In a real experimental study, confidence in
the background shape modeling by doing the usual
Monte Carlo tuning to standard candles must be gained.
What we do here is simply to use a consistent set of tools
for gaining a realistic estimate of the sensitivity to low
mass resonances.

In Figs. 3-6, we show mj; and cos#);; distributions from
simulated events within a W/ model, with appropriately
normalized expected background shown as a solid blue

histogram. The errors are taken to be purely statistical and
are not shown. The background normalization is fixed so
that the total ““measured" events in a certain mass range—
say, 400700 GeV—matches the number of expected
background events in that same range. Invariant mass
bumps show up clearly, and bumps in the cosf; are also
apparent for the lower mass resonances. Bin sizes were set
at Am;; = 50 GeV and A cosf;; = 0.5 in all Figs. 3-6.

In order to take advantage of both the m;; and cos6;;
d*a

dmj;d costy;
distribution. Expected background is normalized by using
the procedure above. Bin size is then varied over m;; and

distributions, we consider the two-dimensional
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FIG. 8 (color online). Optimal bins for W’ (left) and Z}; (right) models. The bins shown yielded the largest y? for the background
hypothesis given 1 fb~! (for 200, 300, 400 GeV resonances) or 10 fb~! (for a 600 GeV resonance) of data, and coupling g = 1. This

maximum value of y? is shown in the center of each bin.

cost;; so as to maximize the significance of the signals. At
least for low mass resonances, the significance is enhanced
by considering the two-dimensional distribution. This is
demonstrated in Figs. 7 and 8. Figure 7 is a density plot of
the two-dimensional differential distribution for simulated
standard model and for signal only events, showing how
the distributions shift not only in top-jet invariant mass, but
also cos#y;, relative to the SM distribution.’ Through con-
sideration of these two-dimensional distributions, the bin
in Mj; and cos6;; that gives the largest signal significance
can be found. This is shown in Fig. 8 for a couple of the
resonances considered. The y? values for the W/ model in
Fig. 8 should be contrasted with the y? values shown in
Figs. 3-6. For example, the maximum y? given the 50 GeV
invariant mass binning is just above 5 for the 300 GeV case
(Fig. 4), whereas a two-dimensional optimal binning for
the same data gives y> = 7.3 (Fig. 8). The 300 GeV reso-
nance is the most sensitive of our examples to bin size. We
estimate that fixing a (sensible) bin size would result in, at
most, an order 30% reduction in y?. Regardless, the least
ad hoc method for fixing bin size is to optimize over bin
size, as we have done.

Two-dimensional binning is less advantageous (and
also limited by statistics) for the higher mass resonances.
The optimization procedure we used in determining the
appropriate bin is as follows: We varied the number of
equal-sized bins from 1 to 24 over the invariant mass
range from 150 to 750 GeV and from 1 to 10 over the

3 Signal and background events can be considered separately
due to the negligible interference between standard model and
signal events.

entire cos;; range. The x° for each bin was calculated for
all of the bin size combinations. The optimal bin size is the
one that gives the largest y” in a single bin. We set x> =
for a given bin if there were less than five expected back-
ground events in that bin, to avoid ambiguities in
the interpretation of the significance associated with a
given y2.

The slight differences between the differential distribu-
tions of the different models (Fig. 7) is due to the somewhat
different production mechanisms of the models. First, the
W' couples to dg in the initial state while Z}, and ¢* couple
to ug, which lead to different center-of-mass energy dis-
tributions. Additionally, the colored particles can be singly
produced in association with a top through an additional
important u-channel diagram [Fig. 1(d)], as compared to
the color singlet W' and Z},. This causes a slight difference
in event momentum distributions, which in turn affects the
reconstruction and angular distributions. However, despite
the different production mechanisms, the signatures of the
various models are more or less the same for a given
mediator mass. We will see that the LHC reach for the
various models is about the same for a given mediator
mass.

IV. DISCUSSION AND OUTLOOK

Discovery potential for the initial run of the LHC at
7 TeV is summarized in Fig. 9. We can see that with 1 fb™!,
a resonance coupling to d quarks in the initial state and
a production cross section of o =40 pb for my, =
200 GeV, changing to o =4 pb for m, = 600 GeV,
can be constrained at the 3¢ level. For example, this
corresponds to a reach in coupling of W' to dpf at the
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(¢c) Triplet

Reach at the 7 TeV LHC for a W’ resonance (a), which couples primarily to down-top, and for a Zj; resonance

(b) and triplet resonance (c), which couple primarily to up-top. Lines of constant coupling g as defined in (1) are shown in gray,
assuming 100% branching ratios to top jet. Note that the W’ and Z}, couplings to 7zqy are defined with a factor of 1/ V2.

level of gp = 1 for my, = 200 GeV, weakening to g =
1.75 for my, = 600 GeV, assuming a 100% branching
ratio to top jet.

For a resonance coupling to u quarks in the initial state
and a production cross section of o = 27 pb for my, =
200 GeV, changing to o = 3—4 pb for m,;, = 600 GeV,
can be constrained at the 3o level with 1 fb~!. For ex-
ample, this corresponds to a reach in coupling for a color
triplet at the level of 84 = 0.8 for me = 200 GeV, weak-
ening to g4 = 1.3 for my = 600 GeV, again assuming a
100% branching ratio to top jet.

While the purpose of this paper was not to constrain
specific models that might generate the Tevatron forward-
backward asymmetry, we point the reader to existing mod-
els in the literature [31-34,36,37] and note that the mass
ranges and couplings that were discussed in those papers as
sources of the Tevatron forward-backward asymmetry are
within reach of the LHC even at 7 TeV and with only
1 fb~! of data. We leave a detailed discussion of this

question in light of recent results from CDF [4] for the
published companion paper [46].

V. CONCLUSIONS

We considered the reach of the early LHC operation
for top flavor violating resonances. As summarized in
Fig. 9, low to moderate mass ( ~ 200-600 GeV) top flavor
violating resonances can be effectively identified at the
LHC at 7 TeV with only 1 fb~! of data. We constructed
a systematic procedure for this task. Besides searching
for resonances in top-jet pairs in 7 events, the key fea-
ture of this search is a fit to the continuum #7j back-
ground at moderate to high invariant mass, with a search

. . . 2 . .
for bump features in the two-dimensional d-(i170~ distri-
'my;d cosy;

bution at low to moderate invariant mass. Such an early
LHC search could shed light on the physics responsible for
the top forward-backward asymmetry observed at the
Tevatron.
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APPENDIX A: TOP QUARK RECONSTRUCTION

To find the ¢ resonance, it is important to identify top
and antitop pairs out of the multijet signature with missing
E ;. In the semileptonic decay mode of top quark pairs, top
quark momentum as well as neutrino momentum can be
fully reconstructed since the missing momentum compo-
nents are overconstrained by the following on-shell mass
relations:

yi=p;=0, (A1)

y2 = (pe + p,)* —my =0, (A2)

vs = (py, + pe+ p,)? —mi =0, (A3)
ya = (p; + p;)* —mjy =0, (A4
ys = (pj, + pj, + pp,)* —mi; =0, (A5)

where v, €, and b, denote the neutrino, the lepton, and the
b-quark in the leptonic top decay, respectively, and j, j,,
and b, denote two jets from W decay and the b-quark in the
hadronic top decay, respectively. The 4-momentum of ith
particle is denoted p,.

Since this system is overconstrained, we can find the
neutrino momentum that best satisfies the on-shell rela-
tions [Egs. (A1)—(A5)]. We use the y? statistic assuming
the probabilistic distributions approximately obey
Gaussian statistics. The general procedure has been re-
viewed in the appendix of [47]. For the semileptonic top
quark pair system, we explicitly show the definition of
X’ in Appendix B.

Because of the high multiplicity of jets and imperfect
b-tagging efficiency, the t7j system has combinatoric am-
biguities when we assign one jet to the leptonic top and
three jets among the other jets to the hadronic top, and
another remaining jet to the jet from M — 7j decay. We
take the five hardest jets including b-jets from the event
and consider all combinatoric possibilities. Therefore, the
reconstruction procedure is to minimize Xlz; over continu-
ous missing neutrino momentum and the discrete combi-
natoric possibilities. We use the simulated annealing
method for minimization. Because of experimental errors,
especially in jet momentum measurements and missing
transverse energy measurements, this reconstruction often
does not lead to the correct combination and thus fails to
reconstruct the top momentum. To get a high quality kine-
matic distribution, we further require a cut on the resultant
X7 value. The cut value for y% we use is 3, but the top
reconstruction efficiency is not highly sensitive to this
value; we use this value because it corresponds roughly

PHYSICAL REVIEW D 84, 034025 (2011)

to a 1o deviation from a perfect fit. The reconstruction
efficiencies for four benchmark cases are shown in Table 1.

APPENDIX B: x> STATISTIC IN SEMILEPTONIC
TOP PAIR SYSTEM

In the semileptonic top decays, all momenta except the
neutrino momentum are directly measured in the detector.
For the neutrino, the transverse directional components are
determined by the missing transverse momentum. The
longitudinal and time component must be determined as
those giving the best fit value of )(f; for Egs. (A1)—(AS5). In
this section, we summarize the definition of X?; in a semi-
leptonic top pair system.

The X%; statistic represents the likelihood of the hypoth-
eses, Egs. (A1)—(AS). It is written as

xe=y"-vley, (B1)

where V;; is the covariance matrix between y; and y;,

Vii = iy))- (B2)
Here, (g) for a quantity g is the statistical ensemble average
of g. Since the equations are generic functions of the
measurement variables and the parameters that we will
determine from the minimization of )(12,-, we can expand
the covariance matrix V to the more detailed form:
dy; dy;
Vij = —1<Pkpz>—j,
Pk ap

ad
where the p;s are momentum and mass parameters. In
this case, we have 24 measurement momentum and mass
parameters®:

(B3)

{ph, p¢> Py Pjy Py P11, MW, My}, (B4)

where pr and pTy are the x and y components of the

missing transverse momentum. For massless particles,
four components in p! of a visible particle i are not
independent of each other since we measure particle mo-
mentum from the pseudorapidity 7;, the azimuthal angle
¢;, and the transverse momentum Ep; of each particle i
from the tracking chamber and the calorimeter in the
detector. Regarding n;, ¢;, and E; of each particle as
true independent variables, we have

Sn?

, ap# apv
<P,Hpj> = 5ij(—k) ’ 54’% —1)
aq;

) . (aq

where ¢; is a collective notation for 7;, ¢;, and E;; and
om;, 6¢;, and 6 E;; denote the standard deviation of each
observable, respectively. We summarize estimated errors

©Again, we do not consider the neutrino mass as a probabilistic
parameter here.
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of visible identified objects in the LHC detectors (espe-
cially for the CMS detector) in Appendix C.

The missing transverse momentum depends on other
momentum observables since

pr= = Pro (B6)
i

by definition, where the index i runs over all of the visible
particles. The covariance matrix related to pr is

(br. Pivy) = ~(PivyPivy) (B7)
|
<PkP1> =
((Phl%)
<P€Pe>
<p]'1p]'1>
<pj2 pjz>

Py Pebr) <Pj11)T> <szf7T>

\
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(f’TWpTM> = Z(ﬁix,yﬁix,y): (BS)
i
where Y, denotes the summation over all of the visible
particles.
Therefore, the 24 X 24 covariance matrix in Eq. (B2) is
of the form

(B9)

(Pobr)
(pebr)
<Pj117T>
<Pj217T>
<pj3pj3> <Pj3f?r>
<Pj31)T> (pror)

(B10)

2
omy,

sm? )

Now that we have defined x?, we need to find the configuration that gives rise to the minimum. We have two unknown
parameters pY and p> from the neutrino. By minimizing ,\/tzf, we determine these unknown parameters. The degrees of

freedom in this system are thus 5 — 2 = 3.

APPENDIX C: EXPERIMENTAL ERROR FROM CMS TDR

The experimental errors from the measurements of particle momenta and missing energy are summarized in Table II.

TABLE II.

Errors from the measurements of particle momenta used in our analysis. The

observables of energy dimension are in GeV units and the angular and the rapidity variables are
in radians. Here, A ® B = VA% + B2. For jets, errors are taken from the CMS TDR [42]. For
electrons and muons, the resolution here corresponds roughly to the CMS tracking system
performance in the central region (n = 0). The resolution becomes slightly worse at higher
rapidity until || = 2 where it starts to diverge [48]. We ignore this rapidity dependent effect.
For photons, the resolution for position measurement corresponds to the CMS electromagnetic
calorimeter performance obtained using electron beams (10 < py <50 GeV).

Electrons and muons:
Inl <25, pr > 10,

dpr —
Pr

0.008 ® 0.00015p7,

660 = 0.001, 6¢ = 0.001.

Jets:

5.6 1.25
EbT . {EQ\/-—E—TQ 0033,
‘2—8 ® %g_je 0.043, for 1.4 <|gq| < 3.0,

B

for |n| < 1.4,

8n =0.03, ¢ = 0.02, for |n| < 1.4,
81 =0.02, 5¢ = 0.01, for 1.4 < || < 3.0.
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