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Abstract

Recently, the Little Higgs Model has been introduced to try to solve the hierarchy problem. This note
describes a study of the Little Higgs Model using jet and Z 1 based information with the CM S detector
at the LHC. The study used Monte Carlo simulations of the physics and CM S detector to explore the
capability of CMStosearcchfor T/ — Z +t,andt — W + b, W — two jets with T’ masses of
1.0 TeV and 1.75 TeV. These fina state jets have large transverse momentum with very small spatial

separation. To deal with such closely spaced hadronic showers, a special jet algorithm was used that

was developed to improve the mass resol ution and help reduce the background contamination [1]. The

focus of this algorithm was to reconstruct parent particles from two hadronic jetsin the final state, so
the algorithm was modified to work for three jets. A selection criteria was also developed to reduce
Z plus multi-jets background. Using the reconstructed top quark, the transverse mass of the T’ was
formed for Z — neutrinos. The signal significance was calculated for an integrated luminosity of

(~ 300 fb—') andfor a7’ mass of 1.0 TeV.
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1 Introduction

Current observations in high energy experiments are in excellent agreement with the gauge theory of SU(3) . ®
SU(2);, ® U(1)y interactions, called the standard model (SM). The many precisely measured electroweak ob-
servables favor the existence of a Higgs boson with a mass not much larger than 200 GeV. The Higgs boson is a
crucial ingredient responsible for the electroweak symmetry breaking and the fermion mass generation in the SM,
and thus the next concrete prediction that must be tested at the LHC.

Since there is no symmetry principle in association with the mass of the Higgs boson in the SM, quantum (loop)
correctionstend to drag the massto a higher energy scale, possibly to the Planck scale. Thisis the so-called hierar-
chy problem. In order to stabilized the well-established electroweak scale against the severe radiative corrections,
one needs new dynamics to set in not far above the electroweak scale. This is the major motivation for physics
beyond the standard model. Super-symmetric theories introduce a new space-time symmetry and quadratically di-
vergent quantum corrections are canceled among bosonic and fermionic partnersto stabilize the electroweak scale.
The“Little Higgs’ theories[2, 3], as an aternative, introduce new heavy fermions and gauge bosons to cancel the
quadratic divergence at least at the 1-loop level. In generdl, if wetakethe SM as alow energy effective theory with
anaturally light Higgs boson, new states are needed to cure the ill-behaved quantum corrections.

The most severe quantum corrections to the Higgs mass is due to the top-quark loop, because of the large Higgs-
top Yukawa coupling A; ~ 1. A new state with related coupling to A; must show up below about 3 TeV to keep
the Higgs mass naturally light. In the little Higgs scenarios, it is the vector-like heavy state 7', and this is robust
prediction for the little Higgs theory. We thus set out to explore its observability at the LHC experiments.

There are many proposed channels for the "Little Higgs Model” study[4],the motivation of choice to pick this
channel 77" — Z + tandt — W + b, then W — jet + jet asour study of the”Little Higgs Model”, is

a) Fermilab is responsible for the Hadronic Calorimeter(HCAL) of CMS, We want to know how well of the
capabilities of the HCAL to measure the very highly boosted jetsin TeV mass region.

b) We have devel oped the new " cluster-mass’ agorithm[1] for the two jets case, we want to extend this algorithm
to the three jets case as final state using same principal, so the new algorithm will provide good opportunity to
study multi-jets topics. Our focusison the jets, so we choose Z decay into neutrinos, not decay to the jetsin order
to simplify the study.

In this case, we will be dealing with the £, which will use the information of current jet/met root file provided,
which was simply calculated based on the cal orimeter towerg[5].

2 Kinematicsand Cross section of 77 — Z + t in the Little Higgs M odel

For the Little Higgs Moddl, the production and decay T'' — Z + ¢ was simulated using the Monte Carlo generator
Pythia6.227 in p-p collisions at the LHC CM energy of 14.0 TeV. The Z boson was decayed into e+e- or neutrinos,
and the top decayed into a W boson and b quark. The W boson was forced to decay into two quarks. These events
were then processed using a current CM S software simulation of the detector: CMKIN 4.3.1, OSCAR 3.6.5, and
ORCA 8.7.3. The associated JetM et ntuple was then produced with Jet/Met Rootmaker[5].

The cross section for this process depends on both the mass of the T/ and the t-T mixing, and thus on the ratio
of the parameters A1/A2 in the Little Higgs Model. According to the calculation in [4], for T" mass at 1.0 TeV,
the production cross section is between 48 fb and 770 fb, for a A\1/A2 ratio between 0.5 and 2. Specifically, for
A1/A2=1, the production cross section is 192 fb, and for A\1/A2 = 2, 770 fb. For aT'’ mass of 1.75 TeV, the
production cross section is correspondingly 27 fb and 102 fb respectively, about factor of seven smaller than for
a T’ mass of 1.0 TeV. Furthermore, there are three possible decays of the T'': T' — Z + ¢, T" — W + b,
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Figure 1: Main diagram for T production

T' — top + Higgs, and only 1/4 of the decays are Z + t. Since the hadronic breaching ratio of the W boson is
2/3, and the branching ratio for the Z boson into neutrinosis about 20% (electrons, 3.3%), the cross section times
branching ratio is only 25.6 fb (4.3 fb). Therefore, the final results are presented for a7’ mass of 1.0 TeV and
ALl/A2 = 2, which requires significantly less LHC integrated luminosity.

The cross section provided by Pythia, is very close to the number calculated by [4] ( 150 vs 192 for A1/A2=1). In
this note, the cross section in [4] was used for the final normalization. Figure 1 shows the main diagram for single
T’ production via W-emission and gluon splitting in the t-channel. Along with the T, the process produces two
forward jets. These forward jets will be used to reduce the backgrounds.

Figures 2 and 3 show that the T is produced with larger momentum (P), large longitudinal momentum (Pz) and
small transverse momentum (Pr), as expected. Figures 4 and 5 show that the Pr of the Z boson is peaked at
around the half of the 7"/ mass. Figures 6 and 7 show that the P of W boson from thet decay is quitelarge, so the
decay products have large Pr also, as shown in Figures 8 and 9. Figures 10 and 11 show that the b quark from the
t decay is produced mainly in central region. However, the P isaso very large, which makes sufficient b-tagging
of these b jets difficult. Using the current b-tagging algorithms, tagging such high P b jetsis almost impossible
with any reasonablerate.

Figures 12 and 13 show the distance in 7-¢ space measured asé R = ﬂan +6¢?), between u quark and d quark,
u quark and b quark and b quark and d quark (where the u and d refer to the two quarks of W boson decay). The
distances are mostly smaller than 1 (the minimum of AR of these values is shown in the top-left plot). Regular
cone algorithm with cone size of 0.5 can not separate these jets from the top decay. A smaller cone size will lose
jet energy significantly, and worsen the mass resolution. Clearly, the regular cone algorithms will do a poor job
reconstructing these large Pr, closely spaced jets. Figures 14 and 15 show that the A R between the W and b from
the t decay, is also mostly smaller than 1, so the products of t quark decay are basically merged together as one
"fat” jet.

As shown in Figures 16 and 17, with a cone size of 0.5, the number of towers in the overlapping region for these
threejets averages about 26 for a7’ mass of 1.0 TeV, and 52 for a7’ mass of 1.75 TeV. The HCAL s tower sizeis
0.087, so that the total number of towers for one jet within a cone size of 0.5 is about 100. Clearly, a conventional

cone agorithm will not measure the jet energies correctly with such alarge number of overlapped towers. Thisis
aserious challenge to any algorithm and is a main focus of this study.

Figures 18 and 19 show the missing transverse momentum for the case where the Z boson decays to neutrinos. As
expected, the F7 is peaked at around the half of the T’ mass.
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Figure2: 7" kinematicsfor 1 TeV mass
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Figure 3: T kinematicsfor 1.75 TeV mass
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Figure 4: Z boson property for 7' mass of 1 TeV
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Figure 5: Z boson property for 7' mass of 1.75 TeV
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Figure 6: W boson property for 7' mass 1 TeV
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Figure 7: W boson property for 7' mass 1.75 TeV
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Figure 8. Pr of quarksfrom W decay for 7' mass 1 TeV
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Figure9: Pr of quarksfrom W decay for T/ mass 1.75 TeV
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Figure 10: Py of b quark fromt decay for 7'/ mass 1 TeV
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Figure 11: Py of b quarksfromt decay for 7' mass 1.75 TeV
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Figure13: AR n-¢ spacefor L.75TeV T"
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Figure 14: AR between b quark and the W for "' mass 1 TeV
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Figure 15: AR between b quark and the W for T mass 1.75 TeV
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Figure 16: Number of towers overlapped for 7'/ mass 1 TeV
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Figure 17: Number of towers overlapped for 7' mass 1.75 TeV
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Figure 18: Missing E; for 1 TeV T mass
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Figure 19: Missing E; for 1.75 TeV T mass
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3 Reconstruction of thet quark Using a New Jet Algorithm

In this study, anew " cluster-mass’ algorithm was used to reconstruct the t quark from the three jets. The algorithm
is described in detail in reference [1] for the two-jet case. The main steps are summarized below, including how
the algorithm was extended to the three-jet case:

—TFind ten highest E EM crystalsin ECAL opposite the Z-boson to serve as a set of seed candidates (the ECAL
has very fine segmentation and better energy resolution compared to the HCAL);

—From this set, identify the three crystals with the largest E ;- in the vector sum of three crystals, with at least 1.5
crystal separation between any two. These three crystals are the seeds of the energy clusters. For now, their (1,¢)

are assumed to be theinitial direction of the quarks;

—Next, the set of all CM S calorimeter towersin either cone around the seed directions was constructed. The cone
used had aradius of 0.5in 7 — ¢ space. Clearly, these three cone are overlap significantly as shown in Figures 20
and 21. Any tower not in any overlap region was assigned to the appropriate cluster;

—After ordering the towers in the overlap region by E -, and starting with the most energetic one, each tower is
assigned to one of the clusters depending on whether it increased the linear sum of the masses of the three clusters
by the smallest amount. After al towers have been assigned, there exists three distinct energy clusters;,

—To get a good estimate of the angle of the quark (in the absence of tracking), the energy-weighted centroid of

the EM crystalsin each cluster was used.

For the two-jet case, the overlap region is smply defined, and the assignment of towers in the overlap region to
either of thetwo clustersfollows unambiguously. However, for the three-jet case, the overlap region can be divided
into four parts at most (see Figure 20 and Figure 21): one region where all three overlap, and three regions where
only two overlap. For the three-jet case, a tower in any overlap region can be assigned to a cluster only if that
cluster overlaps with another cluster in that region. That is, in the three regions where only two overlap, there are
only two choices, while in the remaining region, there are three choices. Of course, sometimes only two cones
overlap, and the assignment follows unambiguously. The algorithm is otherwise basically the same as the two-jet
case. The only differenceis that the topology of the three-jet case is more complicated than the two-jet cases.

Figures 22 and 23 show the distance AR in n-¢ space between theinitial quark direction and the direction deter-
mined from each energy cluster. The peak difference is about 0.01, which is about the tower size of the ECAL
crystal. Thisis some assurance that the ” cluster-mass” algorithm finds the correct quark direction.
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Figure 20: 2 jets overlapped

Figure 21: 3 jets overlapped
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Figure 22: A R between quack direction and jet for 1 TeV T'' mass

All this agorithm does is find three separate clusters to help narrow the window around the t quark mass. To
separate the t quark from the background further, there are two more possibilities to try:

— ldentify the b quark;

— Reconstruct two clusters as the W boson;

For b quarks with such alarge P, the conventional b-tagging algorithmsare not efficient without inducing alarge
mis-tagging probability. Probably, a new, specialized algorithm is needed. The development of such an agorithm
is beyond the scope of this note and expertise of the authors. The second possibility isto use the kinematics of the
top decay, specifically the decay of the W boson. The next section will discussthisin detail.

4 Reducing the Background Eventsfrom Standard M odel

The decay channel of thet quark being studied has athree-body final state. After trying many different approaches,
cutting on a Dalitz plot appeared to be the easiest and most straight-forward way to help reduce the backgrounds,
and narrow the window around the reconstructed t quark mass further. A Dalitz plot isaway to represent the entire
phase space, viz. al essentia kinetically variables of any three-body final state in a scatter plot (first introduced by
Dalitzin 1953).

Inthiscase, t —» W + b, W — ¢ + ¢, the three-body final state consists of ab jet directly from the t quark decay,
and two jets from the W decay. The main background to the T' signal comes from Standard Model production
of Z plus multi-jets where the Z is nearly identical to the Z in the Little Higgs Moddl, T' — Z + t. However,
for background, there is no correlation between the multi-jets in the Z plus multi-jets events. For these events,
the physical region in a Dalitz plot is populated over a large allowed area, and in the absence of resonances or
interferences, is nearly uniformly populated. In a Dalitz plot, resonant behavior of two of the final state particles
givesrise to abands of higher density, parallel to one or both of the coordinate axes, or along a 45 degreeline.
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Figure 23: A R between quack direction and jet for 1.75TeV T'' mass
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Figure 24: Dalitz plot using quarksfor a1.0 TeV 7'/ massin the Little Higgs Model
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Figure 25: Dalitz plot using quarksfor a1.75 TeV T'' massin the Little Higgs Model

Figure 24 and 25 show the Dalitz plot using generator level quark information for T' masses of 1.0 TeV and
1.75 TeV. The horizontal and vertical bands represent the two body decays of the W boson, The 45 degree band
represents the two body combination in which the common assignment (particle 2) is the b quark, and the other
two particles come from the W decay.
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The cuts we used is that the M 2(i,j,k combination )> 1000 GV 2, and M 2(i,j,k combination) within the triangle
of band of 30000GeV 2, which is determined by band line plus about 20% resolution. The M meansthe di-jet mass
of any possible combination of two body. Due to the calorimeter resolution and the mis-identification of jets(b jet

or W jets), so the plot of Figure 26, isnot like in Figure 24, as three lines. However, the density is much higher in

the triangle region(Figure 26) than other area for the signal file(Figure 27), while for the background, the density

is uniform, the cut will reduce Z plus multi-jets background very effectively, as well as to pick right jets to form

the top, so improve the mass resolution. see the table 1.

Using Dalitz plot, which unlike W mass window or t quark mass window cuts, it is looking the resonant in the
entire phase space. In order to see the effect by the Dalitz cut only, we cal culate the invariant mass of the three jets
as one "fat” jet before and after Dalitz cut only. We can see the Dalitz plot cut alone, aready gave roughly right
t quark mass with reasonable resolution. We used two different sets of "three jets’, one is from the standard jet
finding using cone algorithm in root file, or " Interactive Cone Algorithm with cone size 0.5” (ICA05). Another is
using our " cluster-mass’ algorithm. The differences between these two jets sets is that the one "fat” jet invariant
mass from our new algorithm will get roughly right reconstructed t quark, but the ICAO5 jets set has much larger
tail (Figure 28-29) and (Figure 30-31).
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Figure 26: Dalitz plot inside of cutsusing " cluster-mass’ jet set for 1 TeV 7'/ mass
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Figure 27: Dalitz plot outside of cuts using " cluster-mass” jet set jet set for 1 TeV T/ mass
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Figure 28: Three jet invariant mass using " cluster-mass’ jet set for 1 7'/ mass
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Figure 29: Three jet invariant mass after Dalitz cuts using " cluster-mass” jet set for 1 7' mass

We can see that using " cluster-mass’ jet set, it already picks right of three jets from the top quark most of time,
with some wrong jets which causing the tail (Figure 28). After Dalitz cut, we get rid of the wrong jets, and get the
right top peak(Figure 29). Since the jetsis not calibrated , so it did not sit at 175 GeV.
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Figure 30: Threejet invariant mass using "ICAO5” jet set for 1 TeV T/ mass
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Figure 31: Three et invariant mass after Dalitz cuts using "ICA05” jet set for 1 TeV T mass

We can see that using "ICAO05” jet set, it has much larger tail compared to the " cluster-mass” jet set(Figure 30),
because the ICA05 jets set, have many overlapped jets, which over-counting the jets energy. However, After Dalitz
cut, we get rid of the most of tail, because the Dalitz plot cut picks jets with right w and top mass region(Figure
31).
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Figure 32: Thet quark mass distribution using ICA05 jet set for 1 TeV T'' mass
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Figure 33: Thet quark mass distribution using " cluster-mass” jet set for 1 TeV T'' mass
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Figure 34: Thet quark mass distribution using quark direction for 1 TeV 7'/ mass
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Figure 35: Thet quark mass distribution using "I CA05”
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Figure 36: Thet quark mass distribution using ” cluster-mass” jet set for 1.75 TeV 7'/ mass
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Figure 37: Thet quark mass distribution using quack directionfor 1.75 TeV T'' mass
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Table 1: The top mass resolution with different algorithmsfor 1 TeV and 1.75 TeV 7'’ mass

1.TeV 175TeV
ICAQ5 199% 17.4%
Cluster-Mass 127% 13.1%
Quark direction 12.7% 12.3%

From Figure 32 to Figure 37, We can see that the t quack mass resolution to use the " quack” direction is the best.
If we use standard ICAQ5 jets set, the resolution could be 50 % worse. However, by using the " cluster-mass” algo-
rithm, the resolution is nearly as good as that obtained using " quack” direction, which means we have minimized
the "angle’ (jet direction) error. Top mass resolutions are quoted in Table 1. Since the top mass resolution plays
important role in the T"' reconstructed mass resolution, therefore the ratio of the signal to the background, it is
essential to use” cluster-mass’ algorithm in this study which High P, jets are involved.

5 Analysisand Results

The generation, simulation and reconstruction of Z plus multi-jets backgroundis described in Ref[ 1], there are pre-
selection cuts on P of Z boson, to make data production more sufficient. So the first cut we did for our analysis
was to make cuts on Py of Z boson to require 300 GeV above. The cross section of Z plus multi-jets background
isfactor of afew hundred larger than the signal (1 TeV), as seen in Table 2, therefore we have to find some strategy
to reduce the background while not significantly reducing the signal.

Table 2: Z+NJets cross-sections times branching ratios, o (fb) x BR (where PZ >300. GeV)

Sample Z+1ljet Z+2jets Z+3jets Z+4Jets

Z e em 487 1027 1405 1245
Z = vv 2922 6162 8430 7470

As we have mentioned above, there is a forward jet in the " Little Higgs Model” sample produced by W fusion.
Figure 38 and 39 show the scalar plot of n vs E; of the first four leading jets. We can see that the signal sam-
ple(Figure 38) has many jets distributed beyond the 3, and very few jets E; is larger than 400 GeV, while the
sample of Z plus multi-jets(plot show the Z plusthreejets, Figure 39), almost no jet activity beyond n 3, and much
more jets have Et larger than 400 GeV. Hence, we apply the forward jet tagging at "cut C”.
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Table 3: Analysisresult

Sample o xBr(fb) Noofevents cuta cutb cutc cutd cute

1TevT' 25.6 19944 9933 9837 5367 4707 4440
Z+1jet 2922 50389 14160 8790 1527 1143 771
Z+2jets 6162 102481 22152 13803 1233 975 528
Z+3jets 8430 143472 17655 13986 804 651 219
Z+4jets 7470 124977 5277 3741 84 69 24

Note:

cuta Py >300 GeV, Dalitz cut and require at least three hitsin ECAL;
cut b: Z7 > 100 GeV, and leading jet Py >50 GeV;

cut c: forward jet tagging, E7 >20 GeV and |n| > 3;

cut d: angle cut in top rest frame;

cute: dl jet Ep <400 GeV,

Another important background is QCD mullti-jets plus £ . Esen and Harris have provided such data sample as
root file with many different jet Pr region, from very low Pz to very high Pr, the cross section varies from 108
pb to 0.01pb, we have made analysis through all data samples(few thousands each), not a single event I eft after all

analysis cuts. Clearly, we may don’t have enough data sample to exam due to huge cross section of these QCD
jets, specialy for low Pr data sample, however, we will focus on the Z plus multi-jets background only in this
analysis, and expect that by our such tough analysis cuts, the QCD plus multi-jet background is not critical for this
analysis.

Theanalysis cuts arelisted in Table 3 . Here we just describe the cut d, which is the maximum angle between jets
in thetop quark rest frame(Figure 40,41). The top quark, decaysinto b quark and the W boson, so in the rest frame
of the top quark, the W and b should be back to back, the jets from the W decay should be more or less aso in
the opposite direction of the b jet because the high Pr. So the angle between jets, take the maximum one, likely is
the angle between the b jet and the one of quark jets from the W decay, so it peaked at the 180 degree for "Little
Higgs Model” data sample, while for Z plus multi-jets background, has no such behavior in the "three jets system
rest frame” (equivalent to the top quark rest frame), which means that there is no such angle cooration. However,

since we have to do the Dalitz plot cut first, the Dalitz plot used same information with this angle, so the benefit is
not as big as we expected after Dalitz cut. However, it is still useful, so we kept this cut for our analysis procedure.

Once we have reconstructed t quark, we can calculate the transverse mass of the 7'/ using the Er information.
We plot the transverse mass of the Z and top quark(or three jets) system, normalized to an integrated luminosity

of (~ 300 fb—'). The significance, defined as S/v/b is 10.4. Since the Eris not well measured and not well

calibrated, aswell asthejets energy, the result could be further improved(Figure42). Our focus of this study is not

on the Fr and jets calibration, rather, it is to focus on the reconstruction of the three jets(top) system. Since the
"LittleHiggsModel” is not the only theory to producethe T/, other model may have much larger cross section. Our
agorithm and analysis procedureis good for general purpose. We suppose the cross section is factor of 10 larger,

we plot the same normalized plot for ~ 300 fb~!, we can see that the 7" is well sit above the background(Figure
43).

23



anglemax

Entries 19944

: Mean 158.6

>1400 — RMS 22.99

(‘B : Underflow o}

C:}LZOO - Overflow 968

—i C
_¥000[—
800[—
600
400—
200|—
0 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 I 1 1 I 1 1 I 1 1 1

120 140 160 180

o
N
o
A
o
o)
o
]
o
[
o
o

Figure 40: Maximum angle between jets in the three jets system rest framefor 1 TeV 7'/ mass
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Figure 41: Maximum angle between jets in the three jets system rest framefor 1.75 TeV T'' mass
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Figure 42: Normalized plot for 1 TeV T/ transverse mass
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Figure 43; Normalized plot for 1 TeV T’ transverse mass suppose the T’ cross section is factor 10 larger
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6 Summary and Conclusions

This study demonstrated how to reconstruct the very boosted three jets system using our so called " cluster-mass”

algorithm. We can reach a top quark(three jets system) mass resolution of about 12.7 % which is limited by our

calorimeter performance, and the algorithm almost eliminated deviation from the angle(jet direction) error. This
channel is not the best choice to study ”Little Higgs Model”, or search the new particle, such as T’/ , because
the cross section is very small, the background is enormously. Specialy, for Z decays into neutrinos channel, it

requires very good £ measurement and calibration with environment of multi-high- Pr-jets appeared. However,
we demonstrated we still can do it. We also show that the Dalitz plots cuts plays major role in the analysis
procedure. There are some other model which deal with T’ decay, they may have much larger cross section
compared to the Little Higgs Model. This study provided the algorithm to analyze high P, data samples in
general.
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