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★ Problem of Higgs boson (Naturalness problem)

To solve the naturalness problem,...
we expect TeV-scale new physics.

But is it SUSY? Little Higgs (LH)?  
Or others?

We have a chance to discover such a TeV-scale new physics at LHC!
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★ Problem of Higgs boson (Naturalness problem)

To solve the naturalness problem,...
we expect TeV-scale new physics.

But is it SUSY? Little Higgs (LH)?  
Or others?

We have a chance to discover such a TeV-scale new physics at LHC!

In this talk,
What is important processes for LH?
(Difference between SUSY and LH?)

Can we test the LH at the LHC?
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Little Higgs mechanism (collective symmetry breaking)

•  Global symmetries are broken explicitly by two sets of interactions. 

• Higgs boson is a pseudo Nambu-Goldstone boson which is light 
because of approximate global symmetries.

Arkani-Hamed, Cohen, Georgi 

Georgi and Kaplan

L = L0 + λ1L1 + λ2L2

δm2
H ∼

(
λ2

1

16π2

) (
λ2

2

16π2

)
Λ2

∼ O(100)GeV for Λ ∼ 10 TeV

Little Higgs model

The Higgs is a massless when either set of the 
interactions is absent.
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Littlest Higgs model
with T-parity

SU(5)/SO(5) non-linear sigma model

Σ = exp(iΠ/f)Σ0
Π =




0 H√

2
Φ

H†
√

2
0 HT

√
2

Φ† H∗
√

2
0




10 ⊕ 30 ⊕ 2±1/2 ⊕ 3±1

eaten by heavy gauge bosons

SM Higgs boson

Arkani-Hamed, Cohen, Katz, Nelson hep-ph/0206021

SM Higgs boson: 
Pseudo Nambu-Goldstone boson of SU(5)       SO(5) breaking

Gauge symmetry: 

SU(5) ⊃ [SU(2)× U(1)]2 → SU(2)L × U(1)Y

f

AH , ZH , W±
Hheavy gauge bosons

Cheng, Low hep-ph/0308199 Hubisz et al, hep-ph/0506042
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hhh

Top sector

t

t

T

T

hhh

Quadratic divergence is cancelled!

Existence of T is very important.

These couplings are related because of 
the collective symmetry breaking
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Top sector:

QiL =
(

qiL

UiL

)
, UiR (i = 1, 2), u(+)

R

qiL :SU(2) doublet
:SU(2) singlet

q(±) =
1√
2
(q1L ∓ q2L), U (±)

R(L) =
1√
2
(U1R(L) ∓ U2R(L))

(+) :T-parity even (T-even)

:T-parity odd (T-odd)
Mass terms

Lmass = −λ1

[
fŪ (+)

L + vū(+)
L

]
u(+)

R − λ2f
[
Ū (+)

L U (+)
R + Ū (−)

L U (−)
R

]

Mass eigenstates

T-even
(

tL
TL

)
=

(
cos β − sinβ
sinβ cos β

) (
u(+)

L

U (+)
L

)
,

(
tR
TR

)
=

(
cos α − sinα
sinβ cos β

) (
u(+)

R

U (+)
R

)

T-odd T− = U (−)
L + U (−)

R

UiX (X = L,R)

(−)

T-parity: SU(2)1 ↔ SU(2)2, U(1)1 ↔ U(1)2
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New heavy particles in  Littlest Higgs model with T-parity

Gauge sector

AH , WH , ZH
Higgs sector

Φ (triplet)
Fermion sector T-even.  All others are T-odd.

dark matter candidate

u−, d−, t−, b−

T−, T

mAH !
g′f√

5

MT− = λ2f

MT !
√

λ2
1 + λ2

2 f
mt !

λ1λ2v√
λ2

1 + λ2
2

Masses of particles

There are two parameters (            ) 
once top mass is fixed.

f, λ2

sinβ ! λ2
1

λ2
1 + λ2

2

v

f
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W b

t, T

Heavy (T-even) T can mix with SM top quark

Study of the heavy T is very important to 
understand the solution to the naturalness problem 

in the Little Higgs model, and to know the 
difference between SUSY and Little Higgs.

Important difference between  SUSY and Little Higgs

(SUSY particles can not mix with any SM particles)
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LHT at LHC
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★ Production of heavy T-quarks at the LHC
Heavy T-quarks have QCD interaction 

same as the top quarks.
Pair production

Single production Heavy T-quark can be singly produced.
b T

W

q q′

g

g

g g

gT(−) T(−)

T̄(−)T̄(−)

Background
pp→ tt̄, jt, jt̄

We consider these processes as the background.
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FIG. 7: The third generation heavy T-odd and T-even quark production cross sections at the LHC.

lighter than the T-even heavy top (T+). Note that the mass of T-odd doublet quarks is

determined by the choice of κ value which is taken to be 1. In this case T-odd heavy

doublet top quark (t−) mass is larger than the T− mass and is about the same as the T+

mass.

As f increases, both T− and T+ become heavier, and the single-T+ production in associ-

ation with light quarks (q̄T+ + qT̄+) (long-dashed curve) rate becomes larger than the T−T̄−

rate. This is because of the phase space suppression in T−T̄− (or T+T̄+ - dotted curve) pair

production, for producing two heavy particles, as compared to producing only one heavy

particle in single-T+ event. Furthermore, the single-T+ production mechanism is dominated

by longitudinal W -boson fusion with the incoming bottom quark in the t-channel production

The single production cross 
section is larger than that 

of the pair production
T T̄

Tq′

σ(tt̄) ! 400 pb

Belyaev, Chen, Tobe, Yuan

T−T̄−

★ Production of heavy T-quarks at the LHC

MT > MT−
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the T-odd SU(2) doublet quark fields and gain their masses from κ terms. The T-odd heavy

SU(2) singlet top quark (T−), originated from the top quark Yukawa interaction Lagrangian,

decays almost 100% into the tAH mode. The T-even heavy SU(2) singlet top quark (T+)

has a more complicated decay pattern and can decay into W+b, Ht, Zt and AHt− modes

with nontrivial dependence on the model parameters such as f , λ1 and λ2 (or, equivalently,

the masses of heavy T-odd gauge bosons, T+ and T−). In Fig. 12, we present the decay

branching ratios for the above decay channels of T+ as a function of cα (left frame) for

f=1 TeV, and as a function of f for sα = 1/
√

2 (right frame) 5. One can see that at cα " 1,

BR(T+ → Ht) becomes dominant since for small sα, HT+t coupling is proportional to cα

while the couplings of T+ in the other decay channels are suppressed by sα. Note that for

our analysis, the coefficient of the W+t̄b coupling V eff
tb ≡ VtbcL varies as cL, cf. Appendix

A. Here Vtb is taken to be 1. On the other hand, the BR of T-odd heavy quarks are quite

insensitive to the LHT parameters as long as the mass of the T-odd heavy quark is larger

than AH . For example, the values of BRs shown in Table III also hold (within a few percents)

for f = 0.5 − 1TeV range. Hereafter, we will take f = 1 TeV as the reference point.
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FIG. 12: T-even heavy top decay branching ratios for κ = 1, λ1 = λ2 (or, sα = 1/
√

2) and
MH = 120 GeV.

5 We have found disagreement for branching ratios of T+ for small values of sα as compared to results

reported in Ref. [6]. In our paper, cα corresponds to sλ of Ref. [6]. For the sake of comparison we present

cα dependence of BR(T+) in the left frame of Fig. 12.

BR(T)

Belyaev, Chen, Tobe, YuanDecay of heavy T-quark

The main decay mode is “W+b” same as the top quark.
Decay of heavy T-odd T-quark

BR(T− → tAH) " 100 %
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Tools for the event generation
MadGraph/MadEvent: (Parton-level event generation)
Pythia: (Hadronization)
PGS4: (Detector simulation)

Point 1 Point 2 Point 3
f (GeV) 570 600 570
λ2 1.0 1.1 1.4
sin β 0.20 0.16 0.11
mh (GeV) 145 131 145
mAH (GeV) 80.1 85.4 80.1
mT− (GeV) 570 660 798
mT+ (GeV) 772 840 914
σ(pp → T−T̄− + X) (pb) 1.26 0.54 0.17
σ(pp → T+T̄+ + X) (pb) 0.21 0.13 0.07
σ(pp → T+ + X) (pb) 0.29 0.15 0.05
σ(pp → T̄+ + X) (pb) 0.14 0.07 0.02
Br(T+ → W+b) 50.8 % 50.8 % 53.3 %
Br(T+ → Zt) 21.1 % 21.8 % 23.6 %
Br(T+ → ht) 15.8 % 17.4 % 19.1 %
Br(T+ → T−AH) 12.3 % 10.0 % 4.03 %

Table 2: Representative points used in our simulation study.

Note that the T− quark decays into the stable AH and the top quark with almost 100%
branching ratio.

3 Signals from the LHT Events

Now, we consider the T+ and T− production processes and their signals at the LHC. At the
LHC, there are two types of T+ production processes, pair production and single production
processes, both of which are important. Thus, in the following, we discuss these processes
separately. In addition, we also discuss the T−T̄− pair production.

3.1 T+T̄+ pair production

First, we discuss the T+T̄+ pair production process. Since T+ is a strongly-interacting particle,
T+T̄+ pair can be produced from proton-proton (pp) collisions at the LHC. Once produced,
T+ decays as T+ → bW+, tZ, hZ, and AHT−. Branching ratios for individual decay modes
depend on the underlying parameters. However, in most of the cases, Br(T+ → bW+) be-
comes larger than 0.5, and many of T+ decay into bW+. Thus, in the experimental situation,
the analysis using the decay mode T+ → bW+ is statistically preferred. Of course, in such a
case, the t quark production events become irreducible background. We will propose a set of
kinematical cuts suitable for the elimination of backgrounds.

For the T+T̄+ production process, the most dangerous background is the tt̄ production
which has larger cross section than the T+T̄+ production. Thus, we need to develop kinemat-

8

Representative points for our analysis

L = 100 fb−1

2009年4月2日木曜日



by Matsumoto, Moroi and Tobe
Pair production of heavy T-quarks at the LHC

p p

T

T̄

b

W

l

ν

b

W
j

j

Signal:

Minv

M ′
inv

σ(tt̄) ! 400 pb
σ(T T̄ ) ! 0.2 pb for MT = 830 GeV

background: tt̄

•Several energetic jets
•One isolated lepton
•Missing momentum 
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Invariant Mass [GeV]
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1000

2000

3000

1500

2500

3500

M
ef

f[
G

eV
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background
signal

Signal events tend to have larger “effective mass”.
So we use a cut for the effective mass:

Meff =
∑

jets

pT +
∑

lepton

pT +
∑

photon

pT + pmiss
T
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Cuts:

• Only one isolated lepton with pT > 50 GeV

• Three or more jets with pT > 30 GeV

•       

•       

Meff > 1800 GeV
|Minv −M ′

inv| < 100 GeV
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Figure 2: Distribution of M
T (had)
+

for the Points 1 − 3 (from the top to the bottom) with L =

100 fb−1. The shaded histograms are the background distribution, while the solid ones are for
signal + background.

11

Distribution of Minv

772 GeV

MT

840 GeV

914 GeV

The heavy T-quark 
mass can be 

reconstructed.

background

total

MT !
√

λ2
1 + λ2

2 f
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Single production of heavy T-quarks at the LHC

b T

W

q q′

mixing sinβ

Signal:

•Two (or more) jets
•One isolated lepton
•Missing momentum due to neutrino

T → bW → blν
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Cuts:
• One isolated lepton with

• Two jets with 
• 

•  

• 

•

pT > 100 GeV
pT > 30 GeV

p(miss)
T > 100 GeV

pT,j1 > 300 GeV and Mj1+j2 > 500 GeV

Mj1 < 50 GeV (Mj1 : the jet mass of the leading jet)
|M (1)

bW −M (2)
bW | < 50 GeV
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Figure 3: Distribution of MbW for the Points 1 − 3 (from the top to the bottom). The shaded
histograms are the background distribution, while the solid ones are for signal + background.

15

background

total

Distribution of MbW

Assuming that the cross section 
can be obtained from the number 

of events in the signal region.

determination of sinβ

sinβ ! λ2
1

λ2
1 + λ2

2

v

f
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Pair production of heavy T-odd T-quarks        at the LHC
Matsumoto, Nojiri, Nomura; Nojiri, Takeuchi

p p

b

j

j

Signal:

T−

T̄−

t

t̄

AH

W

W

b̄

AH

j

j

(T−)

•No isolated lepton
•High missing monentum

missing energy
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Hemishere analysis
Reconstruction of    and    systems, separatelyt t̄

analysisMT2

M2
T2(m̃AH ) = min

pt
T+qt̄

T+p
AH
T +q

AH
T =0

[
max

{
M2

T (pt
T,pAH

T ),M2
T (qt̄

T,qAH
T )

}]

MT(pt
T,pAH

T ) =
√

(|pt
T|2 + m2

t ) (|pAH
T |2 + m̃2

AH
)− pt

TpAH
T

m̃AH : postulated mass of AH

Upper end-point of           is given by         if    MT2 MT− m̃AH = mAH

To obtain a constraint on           and           .....MT− mAH
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Distribution of the         variableMT2

Figure 4: Distribution of the MT2 variable for m̃AH
= 0 (darkly shaded: blue), 100 GeV (lightly

shaded: pink), and 200 GeV (solid line).

4 Test of the LHT Model

Now we discuss how and how well we can test the LHT model using the results obtained
in the previous section. As we discussed in Section 2, the LHT model is parametrized by
two parameters, f and λ2. Thus, if there exists three or more observables, a non-trivial test
becomes possible.

In the following, we adopt the Point 2 as the underlying parameter point, and assume
that mT+ , sin β, and the end-point of the MT2 variable can be experimentally determined as

mT+ = [mT+ ]Point 2 ± δmT+ , (4.1)

sin β = [sin β]Point 2 ± δ sin β, (4.2)

M (max)
T2 = [M (max)

T2 ]Point 2 ± δM (max)
T2 , (4.3)

where [· · · ]Point 2 denotes the value in Point 2. From the discussion in the previous section,
we adopt the following uncertainties of the quantities mentioned above:

• Case 1:

δmT+ = 20 GeV, (4.4)

δ sin β/ sinβ = 10 %, (4.5)

δM (max)
T2 = 20 GeV, (4.6)

19

m̃AH = 0 GeV

m̃AH = 200 GeV

m̃AH = 100 GeV

endpoints

can be determined from the endpoint.M (max)
T2

We can obtain the correlation between 
mAH and MT− (or λ2 and f)

mAH !
g′f√

5
MT− = λ2f
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Test of the LHT
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Figure 5: Expected constraints on the f vs. λ2 plane for Cases 1 and 2 (upper and lower, respec-
tively). Point 2 is used as the underlying parameter point. Constraints from the measurements of

mT+ , sin β, and M
(max)
T2 are given by the lightly-shaded (pink) region, region between the dashed

lines, and darkly-shaded (blue) region, respectively. The star in the figure is the underlying point.

• Case 2:

δmT+ = 10 GeV, (4.7)

δ sin β/ sinβ = 5 %, (4.8)

δM (max)
T2 = 10 GeV, (4.9)

In the Case 2, smaller uncertainties are adopted compared to the Case 1.
In Fig. 5, we show the allowed region on the f vs. λ2 plane for the Cases 1 and 2. As

one can see, measurements of mT+ , sin β, and M (max)
T2 provide three different constraints on

20

From the heavy T-quark analysis at the LHC,
can be measured

Expected constraints on the f vs. λ2

MT

sinβ

MT , sinβ, M (max)
T2

M (max)
T2

δMT = 10 GeV
δ sinβ/ sinβ = 5 %

δM (max)
T2 = 10 GeV

584 GeV < f < 613 GeV
1.06 < λ2 < 1.15

parameter determination!
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Implication to cosmology

The lightest T-odd particle        is a viable candidate of dark matter.AH

The thermal relic density of      depends on the pair annihilation cross section.AH

AH AH → h∗ →WW/ZZThe dominant mode is

Figure 6: Contours of constant ΩAH
h2 on f vs. mh plane. Contours are for ΩAH

h2 = 0.06, 0.08,
0.10, 0.12, 0.14, 0.16, 0.18, and 0.20 from above. Expected bound on f is shown in the shaded
region; lightly-shaded (pink) region is for the Case 1 while the darkly-shaded (blue) region is for
the Case 2. The dotted lines are the expected upper and lower bounds on the Higgs mass.

parameter is found to be ΩAH
h2 > 0.118. Thus, in such a case, ΩAH

h2 cannot be bounded
from above. This is mainly due to the fact that we chose the underlying value of mAH

close
to mW ; with larger value of mAH

, a better reconstruction of ΩAH
h2 is expected even with a

larger uncertainty in f .

5 Summary

In this paper, we have studied the T+T̄+ pair, single-T+ and T−T̄− pair productions at the
LHC in the framework of the littlest Higgs model with T-parity, by performing a numerical
simulation on three representative points. For T+T̄+ pair production process, the main SM
background comes from tt̄ production. We have developed kinematical cuts to suppress the
tt̄ background, and found that the signal events can be well extracted from the background.
We have shown that an accurate determination of the mass of T+ is possible. For single-T+

production, we have also proposed a set of kinematical cuts to suppress the SM backgrounds
which are from tt̄ pair production and single-t production, and shown that the signal events
can be well reconstructed. From the measurement of the single-T+ production cross section as
well as the measurement of mT+ in the T+T̄+ pair production, we can obtain the information
on the mixing parameter (sinβ) between T+ and top quark. For T−T̄− pair production,

studying the upper end-point of the MT2 distribution (M (max)
T2 ), a certain relation between

22

The thermal relic density can be determined by                    and    mAH (or f) mh

ΩAH h2

0.06
0.08 0.1

0.12

0.14

0.16

0.18

0.2

This kind analysis provides an 
important test of the 

cosmological scenario in the LHT.

0.118 < ΩAH h2 < 0.126
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Summary
• Littlest Higgs model with T-parity is one of 
interesting candidates for physics beyond the SM.

Key particles
heavy top quark (    ): 
 Cancellation of quadratic divergence
heavy photon (      ): 
 Dark matter candidate

T

AH

• LHC can study the pair and single productions 
of heavy T-quarks, and measure some parameters.

• Using the measurements at the LHC, we show that 
the non-trivial test of the LHT can be performed.

pp→ T T̄ , T−T̄−, jT, jT̄
MT MT2 sinβ
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•It is difficult to study the heavy gauge bosons 
of the LHT at the LHC.

ILC will be a good place to study them.

Asakawa et al, arXiv:0901.1081
Cao, Chen,  PRD76,075007 (2007)
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ATLAS study for the single T production qb→ q′T
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Figure 3: Reconstructed mass of the W (inferred from the measured lepton and /ET ) and tagged
b−jet. The signal arises from the decay T → Wb and is shown a for mass of 1000 GeV. The
background, shown separately as the filled histogram, is dominated by tt and single top production
(the former is larger). The signal event rates correspond to λ1/λ2 = 1 and a BR(T → Wb) of 50%.
More details can be found in Ref [17].

6

1. T →Wb→ lνb
Background

tt̄, single top, Wbb̄

2.2 T → Wb

This channel can be reconstructed via the final state !νb. The following event selection was applied.

• At least one charged lepton with pT >100 GeV.

• One b-jet with pT > 200 GeV.

• No more than 2 jets with pT > 30 GeV.

• Mass of the pair of jets with the highest pT is greater than 200 GeV.

• /ET >100 GeV.

The lepton provides a trigger. The efficiency of this selection for a T of mass 1 TeV is 14%.
The backgrounds arise from tt, single top production and QCD production of Wbb. These are
estimated using PYTHIA for the first one, CompHep [16] for the second and AcerMC [18] for the
last. The requirement of only one tagged b−jet and the high pT lepton are effective against all of
these backgrounds. The requirement of only two energetic jets is powerful against the dangerous
tt source where the candidate b−jet arises from the t and the lepton from the t. These cuts reduce
the total tt and Wbb by factors of 2.5 × 10−5 and 7.5 × 10−5 respectively. Figure 3 shows the
reconstructed mass of the Wb system where the W momentum is inferred from the measured
lepton /ET using the W mass as a constraint. The plot shows the signal arising from T of mass 1
TeV as a peak over the remaining background. The signal to background ratio is somewhat worse
than in the previous case primarily due to the tt contribution.

From this analysis, the discovery potential in this channel can be estimated. For λ1/λ2 = 1(2)
and 300 fb−1 MT < 2000(2500) GeV has at least a 5σ significance.

2.3 T → ht

In this final state, the event topology depends on the Higgs mass. For a Higgs mass of 120 GeV
the decay to bb dominates. The semileptonic top decay t → Wb → !νb produces a lepton that can
provide a trigger. The final state containing of an isolated lepton and several jets then needs to be
identified. The initial event selection is as follows.

• One isolated e or µ with pT > 100 GeV and |η| < 2.5.

• Three jets with pT > 130 GeV.

• At least one jet tagged as a b−jet.

The dijet mass distribution of all pairs of jets in events from T production that pass these cuts is
shown in Figure 4. A clear peak at the Higgs mass is visible. It should be noted that the jets in
this plot are not required to be tagged as b−jets. The requirement of more than one jet tagged as
a b−jet lowers the efficiency and is not necessary to extract a signal. Events were further selected
by requiring that at least one di-jet combination have a mass in the range 110 to 130 GeV. If there
is a pair of jets with invariant mass in the range 70 to 90 GeV, the event is rejected; this will help
to reduce the tt background. The measured missing transverse energy and the lepton were then
combined using the assumption that they arise from a W → !ν decay. Events that are consistent
with this are retained and the W momentum inferred. The invariant mass of the reconstructed
W , h and one more jet is formed and the result shown in Figure 5. For a mass of 1000 GeV, the

5

Event selection

Azuelos et al. Eur.Phys.J.C39S2, 13 (2005)
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2. T → Zt→ l+l−lνb

Background WZ, tbZ

Event selection
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Figure 2: Reconstructed mass of the Z and t (inferred from the measured lepton, /ET , and tagged
b−jet). The signal T → Zt is shown for a mass of 1000 GeV. The background, shown as the filled
histogram, is dominated by WZ and tbZ (the latter is larger) production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%. More details can be found in Ref [17].

• Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is
required to have pT > 100 GeV.

• No other leptons with pT > 15 GeV.

• /ET > 100 GeV.

• At least one tagged b−jet with pT > 30 GeV.

The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavor
and opposite sign is required to have an invariant mass within 10 GeV of Z mass. The efficiency
of these cuts is 3.3% for mT = 1000 GeV. The third lepton is then assumed to arise from a W and
the W ’s momentum reconstructed using it and the measured /ET .

The invariant mass of the Zt system can then be reconstructed by including the b−jet. This
is shown in Figure 2 for mT = 1000 GeV where a clear peak is visible above the background.
Following the cuts, the background is dominated by tbZ which is more than 10 times greater than
all the others combined. The cuts accept 0.8% of this background [17].

Using this analysis, the discovery potential in this channel can be estimated. The signal to
background ratio is excellent as can be seen from Figure 2. Requiring a peak of at least 5σ
significance containing at least 10 reconstructed events implies that for λ1/λ2 = 1(2) and 300 fb−1

the quark of mass MT < 1050(1400) GeV is observable. At these values, the single T production
process dominates, justifying a posteriori the neglect of TT production in this simulation.
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3. T → ht→ bb̄blν

2.2 T → Wb

This channel can be reconstructed via the final state !νb. The following event selection was applied.

• At least one charged lepton with pT >100 GeV.

• One b-jet with pT > 200 GeV.

• No more than 2 jets with pT > 30 GeV.

• Mass of the pair of jets with the highest pT is greater than 200 GeV.

• /ET >100 GeV.

The lepton provides a trigger. The efficiency of this selection for a T of mass 1 TeV is 14%.
The backgrounds arise from tt, single top production and QCD production of Wbb. These are
estimated using PYTHIA for the first one, CompHep [16] for the second and AcerMC [18] for the
last. The requirement of only one tagged b−jet and the high pT lepton are effective against all of
these backgrounds. The requirement of only two energetic jets is powerful against the dangerous
tt source where the candidate b−jet arises from the t and the lepton from the t. These cuts reduce
the total tt and Wbb by factors of 2.5 × 10−5 and 7.5 × 10−5 respectively. Figure 3 shows the
reconstructed mass of the Wb system where the W momentum is inferred from the measured
lepton /ET using the W mass as a constraint. The plot shows the signal arising from T of mass 1
TeV as a peak over the remaining background. The signal to background ratio is somewhat worse
than in the previous case primarily due to the tt contribution.

From this analysis, the discovery potential in this channel can be estimated. For λ1/λ2 = 1(2)
and 300 fb−1 MT < 2000(2500) GeV has at least a 5σ significance.

2.3 T → ht

In this final state, the event topology depends on the Higgs mass. For a Higgs mass of 120 GeV
the decay to bb dominates. The semileptonic top decay t → Wb → !νb produces a lepton that can
provide a trigger. The final state containing of an isolated lepton and several jets then needs to be
identified. The initial event selection is as follows.

• One isolated e or µ with pT > 100 GeV and |η| < 2.5.

• Three jets with pT > 130 GeV.

• At least one jet tagged as a b−jet.

The dijet mass distribution of all pairs of jets in events from T production that pass these cuts is
shown in Figure 4. A clear peak at the Higgs mass is visible. It should be noted that the jets in
this plot are not required to be tagged as b−jets. The requirement of more than one jet tagged as
a b−jet lowers the efficiency and is not necessary to extract a signal. Events were further selected
by requiring that at least one di-jet combination have a mass in the range 110 to 130 GeV. If there
is a pair of jets with invariant mass in the range 70 to 90 GeV, the event is rejected; this will help
to reduce the tt background. The measured missing transverse energy and the lepton were then
combined using the assumption that they arise from a W → !ν decay. Events that are consistent
with this are retained and the W momentum inferred. The invariant mass of the reconstructed
W , h and one more jet is formed and the result shown in Figure 5. For a mass of 1000 GeV, the
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Figure 5: Reconstructed mass of the W (inferred from the isolated lepton and missing transverse
energy) and three jets, two of which are required to have an invariant mass consistent with the
Higgs mass. The signal arises from the decay T → ht and is shown for a mass of 1000 GeV.
The background, shown in cross-hatching, is dominated by tt production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%.
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