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Abstract

We summarize the top-quark mass measurements from the CDF and DØ experiments at
Fermilab. We combine published Run I (1992-1996) measurements with the most recent
preliminary Run II (2001-present) measurements using up to 3.6 fb−1 of data per exper-
iment. Taking correlated uncertainties properly into account the resulting preliminary
world average mass of the top quark is Mt = 173.1 ± 0.6 (stat.) ± 1.1 (syst.) GeV/c2,
assuming Gaussian systematic uncertainties. Adding in quadrature yields a total uncer-
tainty of 1.3 GeV/c2, corresponding to a relative precision of 0.75% on the top-quark
mass.

1The Tevatron Electroweak Working Group can be contacted at tev-ewwg@fnal.gov.
More information can be found at http://tevewwg.fnal.gov.
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• Top quark properties are well known: 

• Sole SM decay process:
 
(Decays before hadronization; large phase space because of 

heavy top mass; electroweak and well understood) 

t→W+ b (1)

1
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• Top quark mass is tantalizingly close to 
the electroweak scale.  Special role for 
EWSB?

• Top quark yukawa coupling approximately one!

• Theoretical Exceptionalism:

• Natural models of EWSB have top 
quark partners.

• Largest SM higgs quadratic divergences come from top 

loops.    
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Why Use Top Quarks to Search 
for New Physics LHC? 

• Top quarks @ the LHC:

• “Top factory”
80 million top quark pair events
34 million single top events
(14 TeV design luminosity; 10 inverse fb/year for 10 years)

• LHC expected to start an “engineering run” 
by the Fall 2009.  SM top properties are so 
well known tops are a “standard candle” for 
detector calibrations.



Why Use Top Quarks to Search 
for New Physics LHC? 

• Because the SM properties of top are precisely 
known, copiously produced and are 
theoretically mandatory for natural models of 
new physics, they are a useful canvas to 
explore new physics @ the LHC.  

     



An Overview of New Physics 
Signals with Top Quarks

I.   Searching for Resonances with Top Quark   
    Pairs at the LHC.

II.  “Heavy Top” Decay into SM Tops with and
     without Large Missing Energy.

III.  Signals of Exotic SM Top Decays.

IV.  Signals with Same-Sign SM Tops 

V.   Signals from Top Compositeness. 

VI.  Potpourri (brief listing of recent work)



Searching for New Resonances 
at the LHC with Top Quark 

Pairs*

*Barger, Han, Walker : PRL100:031801,2008



Top Quark Pairs and Resonances
 

• Top quark pair production:

,

FIG. 2: (a) Invariant mass distribution of tt̄ at the LHC and (b) integrated cross section versus

a minimal cutoff on m(tt̄). Decay branching fractions of one top decaying hadronically and the

other leptonically (e, µ) have been included.

2. Single top production via weak interaction

As discussed in the last section, the charged-current weak interaction is responsible for

the rapid decay of the top quark. In fact, it also participates significantly in the production

of the top quark as well [17]. The three classes of production processes, s-channel Drell-Yan,

t-channel Wb fusion, and associated Wt diagrams, are plotted in Fig. 3. Two remarks are

in order:

• The single top production is proportional to the quark mixing element |Vtb|2 and thus

provides the direct measurement for it, currently [18] 0.68 < |Vtb| ≤ 1 at the 95% C.L.

• The s-channel and t-channel can be complementary in the search for new physics such

as a W ′ exchange [19].

For the production rates [20, 21, 22, 23, 24], the largest of all is the t-channel Wb fusion.

It is nearly one third of the QCD production of the tt̄ pair. Once again, it is mainly from the

enhancement of the longitudinally polarized W . The total cross sections for these processes

at Tevatron [23] and LHC energies [24] are listed in Table III [20, 21, 22]. We see the typical

change of the production rate from the Tevatron to the LHC: A valence-induced process (DY-
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Top Quark Pairs at High Invariant Mass –
A Model-Independent Discriminator of New Physics at the LHC

Vernon Barger, Tao Han and Devin G. E. Walker∗

Department of Physics, University of Wisconsin, Madison, WI 53706, U.S.A.

We study top quark pair production to probe new physics at the LHC. We propose reconstruction
methods for tt̄ semileptonic events and use them to reconstruct the tt̄ invariant mass. The angular
distribution of top quarks in their c.m. frame can determine the spin and production subprocess for
each new physics resonance. Forward-backward asymmetry and CP-odd variables can be constructed
to further delineate the nature of new physics. We parametrize the new resonances with a few generic
parameters and show high invariant mass top pair production may provide an early indicator for
new physics beyond the Standard Model.

In the next few years, high energy physics will experi-
ence the excitement of major discoveries when the CERN
Large Hadron Collider (LHC) opens up the unexplored
TeV energy scale. Besides the long anticipated Higgs
boson that is responsible for the mass generation in the
highly successful Standard Model (SM), the quadratic
sensitivity of the Higgs boson mass to radiative correc-
tions indicate the existence of new physics associated
with electroweak symmetry breaking naturally at the
scale of order 4πv.1 Numerous extensions to the Stan-
dard Model (SM) have been proposed to describe elec-
troweak symmetry breaking. A sample of popular sce-
narios include: the Minimal Supersymmetric Standard
Model (MSSM) [1], new strong dynamics [2, 3, 4, 5],
composite Higgs at the TeV scale [6], Little Higgs theory
[7], and extra dimensions at the electroweak scale [8, 9].
String-inspired extensions in the gauge sector associated
with an extra U(1) symmetry [10] also lead to striking
signatures. It is therefore highly expected that many new
signatures will become manifest at TeV energy scales that
can be probed at the LHC.

The LHC will be a “top factory”: About 80 million
tt̄ events will be generated by QCD production with an
integrated luminosity of 100 fb−1. Thus studying top-
quark production can be fruitful. The fact that the top
quark mass is at the electroweak scale (mt ≈ v/

√
2)

suggests that top-quark production may be sensitive to
new physics near the TeV scale. Generically, if the new
physics contributes to tt̄ production as an s-channel res-
onance, we want to identify the signal as a bump on
the smoothly falling tt̄ invariant mass distribution. Once
we can reconstruct the tt̄ c.m. frame, the integer spin
(J = 0, 1, 2) of any resonances can be determined from
the polar angular distribution of the top quark. An
asymmetry of this distribution would probe the chiral
structure of the couplings. It may be possible to explore
the CP property of the couplings with the help of CP-
odd kinematical variables constructed from the final state

∗Email Address: barger, than, walker@physics.wisc.edu.
1 Here v ≈ 246 GeV is the Higgs field vacuum expectation value.

particle momenta. Moreover, the relative importance of
gluon-gluon and quark-antiquark subprocesses can be in-
ferred from the spin and angular distributions. It is thus
of fundamental importance to effectively reconstruct the
tt̄ invariant mass via their decay products.

We focus on the semileptonic decay mode, tt̄ →
bj1j2 b̄"−ν̄ + c.c. where " = e or µ. The purely hadronic
decay mode of tt̄ not only suffers from a much larger QCD
background, but also loses the identification of t from t̄.
For the purely leptonic mode, with a small branching
fraction of about 4/81, one cannot reconstruct the tt̄ in-
variant mass with two missing neutrinos. The signal to
search for is an isolated charged lepton plus missing en-
ergy (E/T ), 2 b-jets plus 2 light jets. The branching ratio
of the semileptonic to the hadronic channel is 2/3.

New Reconstruction Methods:
A primary focus of our study is to reliably reconstruct

tt̄ kinematics at high invariant mass on an event-by-event
basis. The challenge is to reconstruct the momentum of
the missing neutrino. The transverse momentum of the
neutrino is identified with the observed E/T . The longitu-
dinal momentum is subject to a two-fold ambiguity from
solving the kinematic quadratic equation.

Several top reconstruction methods have been used at
the Tevatron [11]. There, however, the top quarks are
produced near threshold and the kinematics of the subse-
quent decay products are very complicated. Since we are
interested in new physics in the TeV region, demanding
a high invariant mass for the tt̄ events will tremendously
simplify the kinematics, especially by distinguishing the
b quark from b̄. Throughout our study, we use a 2 → 6
partonic level monte-carlo simulation that incorporates
full spin correlations from production through decay [12].
We made a Pythia simulation, including gluon radiation
and hadronization, that confirmed our basic results.

We impose a cluster transverse mass cut on the tt̄ sys-
tem

MT =
√

(pb + pb̄ + pj1 + pj2 + p!)2 + E/2
T + E/T > 600 GeV.

We adopt kinematical cuts from the ATLAS and CMS
[13] top studies. We smear the hadronic energy ac-
cording to a Gaussian error given by ∆Ej/Ej =
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neutrino is identified with the observed E/T . The longitu-
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b quark from b̄. Throughout our study, we use a 2 → 6
partonic level monte-carlo simulation that incorporates
full spin correlations from production through decay [12].
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• Large cross section even at larger invariant masses.

• Only consider:
(lepton is for tagging events)

(Leading Order QCD Effects Only)



Top Quark Pairs and Resonances
 

• Major Backgrounds:

• W + jets, Z + jets,WW, WZ, ZZ

• ALTAS:  S/B = 65 (10 inverse fb)

• CMS:  S/B = 26    (1 inverse fb)

(From ATLAS and CMS TDRs; lepton tagging helps significantly)



Top Quark Pairs and Resonances
 

• Scalar, vector and graviton resonances 
considered:

• Major Backgrounds:

• W + jets, Z + jets,WW, WZ, ZZ

• ALTAS:  S/B = 65 (10 inverse fb)

• CMS:  S/B = 26    (1 inverse fb)

(From ATLAS and CMS TDRs; lepton tagging helps significantly)
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FIG. 2: tt̄ invariant mass distributions reconstructed from
(a) the (MW , mt) scheme, and (b) the small angle selection
scheme. Both plots featured a 1 TeV resonance with a total
width of 2% (solid), 5% (dashed), and 20% (dotted) of the
resonance’s mass.

total hadronic decays.
Although the t (t̄) is primarily identified by the charged

lepton, !+ (!−), a concern is the matching of the b-
jet associated with top quark decay. Both ATLAS and
CMS studies [14] show a combination of kinematic fits,
designed to properly reconstruct the W boson and the
hadronically decaying top significantly reduces misiden-
tification. Our cut on MT helps significantly in this re-
gard.

Search for New Physics:
We wish to explore the new physics searches in a

model-independent manner for tt̄ semi-leptonic decays.
We consider tt̄ production via

gg → φ → tt̄, qq̄ → V → tt̄, qq̄, gg → h̃ → tt̄,

where φ, V and h̃ are the spin-0, spin-1, and spin-2 reso-
nances. We characterize the effects on the invariant mass
spectrum with three parameters: mass, total width, and
the signal cross section normalization (ω2). The normal-
ization ω = 1 defines our benchmark for the spin 0, 1

and 2 resonances. They correspond to the SM-like Higgs
boson, a Z ′ with electroweak coupling strength and left
(L) or right (R) chiral couplings to SM fermions, and the
Randall-Sundrum graviton h̃ with the couplings scaled as
Λ−1 for h̃qq̄, and (Λ ln(M∗

pl/Λ))−1 for h̃gg, respectively.3

Numerically, we take Λ = 2 TeV.

In Fig. 2 we show the reconstructed tt̄ invariant mass
distributions for the two reconstruction schemes. The
SM tt̄ total cross section is theoretically known beyond
the leading order in QCD [17]. We thus expect to have
a good control of this distribution even at high invariant
masses. As for new physics, we include the contribution
of a 1 TeV vector resonance for illustration, for ωv =
1, with total widths specified in the caption of Fig 2.
We note that a very high invariant mass tail exists for
the tt̄ invariant mass reconstructed via the small angle
selection. This comes from the mis-reconstructed events
in the low invariant mass region. When a large enough
transverse mass cut is applied for a given resonance, the
tail will not obfuscate the resonance signal. For example,
if searching for 2 TeV resonance, a 800 GeV minimum cut
will eliminate the tail for the mass region of interest.

We maximize the signal observability by isolating the
resonance within an invariant mass window of±100 GeV,
±30 GeV and ±25 GeV for the scalar, vector and gravi-
ton resonance, respectively. Given a resonance mass and
total width, we can quantify how large ω needs to be for
a 5σ discovery. With the number of events for a signal
(S) and background (B), we require S/

√
B + S > 5. This

translates to a bound ω2 > (25+5
√

25 + 4B)/2S1 where
S1 is the benchmark signal rate for ω = 1. This is illus-
trated by Fig. 3 versus the mass for a scalar, vector and
graviton resonance for total widths of 20%, 5%, and 2%
of its mass, respectively, for an integrated luminosity of
10 fb−1.

It is of critical importance to reconstruct the
c.m. frame of the resonant particle, where the funda-
mental properties of the particle can be best studied. In
Fig. 4, we show the top quark angular distribution, cosθ∗,
with θ∗ defined as the angle in the tt̄ c.m. frame be-
tween the top-quark momentum and the incident quark
momentum, with latter determined by the longitudinal
boost direction of the c.m. system. Although events in
the forward and backward regions are suppressed due to
the stringent kinematical cuts, we still see the impressive
features of the d-function distributions [18] in Fig. 4(a):
a flat distribution for a scalar resonance (dashed), d1

11

distribution for the left/right chiral couplings of a vec-
tor (dotted), and d2

1±1 from qq̄ (solid) and d2
2±1 from gg

(dot-dashed) for a spin-2 resonance. To illustrate the sta-
tistical sensitivity for observing the characteristic distri-

3 More precisely, we use the Feynman rules given in [15] and in-
clude the additional warp correction factors from [16].
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 • Resonances:

1 TeV resonances width a total width of 2% (solid), 5% 
(dashed) and 20% (dotted).  3
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Λ−1 for h̃qq̄, and (Λ ln(M∗
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SM tt̄ total cross section is theoretically known beyond
the leading order in QCD [17]. We thus expect to have
a good control of this distribution even at high invariant
masses. As for new physics, we include the contribution
of a 1 TeV vector resonance for illustration, for ωv =
1, with total widths specified in the caption of Fig 2.
We note that a very high invariant mass tail exists for
the tt̄ invariant mass reconstructed via the small angle
selection. This comes from the mis-reconstructed events
in the low invariant mass region. When a large enough
transverse mass cut is applied for a given resonance, the
tail will not obfuscate the resonance signal. For example,
if searching for 2 TeV resonance, a 800 GeV minimum cut
will eliminate the tail for the mass region of interest.

We maximize the signal observability by isolating the
resonance within an invariant mass window of±100 GeV,
±30 GeV and ±25 GeV for the scalar, vector and gravi-
ton resonance, respectively. Given a resonance mass and
total width, we can quantify how large ω needs to be for
a 5σ discovery. With the number of events for a signal
(S) and background (B), we require S/

√
B + S > 5. This

translates to a bound ω2 > (25+5
√

25 + 4B)/2S1 where
S1 is the benchmark signal rate for ω = 1. This is illus-
trated by Fig. 3 versus the mass for a scalar, vector and
graviton resonance for total widths of 20%, 5%, and 2%
of its mass, respectively, for an integrated luminosity of
10 fb−1.

It is of critical importance to reconstruct the
c.m. frame of the resonant particle, where the funda-
mental properties of the particle can be best studied. In
Fig. 4, we show the top quark angular distribution, cosθ∗,
with θ∗ defined as the angle in the tt̄ c.m. frame be-
tween the top-quark momentum and the incident quark
momentum, with latter determined by the longitudinal
boost direction of the c.m. system. Although events in
the forward and backward regions are suppressed due to
the stringent kinematical cuts, we still see the impressive
features of the d-function distributions [18] in Fig. 4(a):
a flat distribution for a scalar resonance (dashed), d1

11

distribution for the left/right chiral couplings of a vec-
tor (dotted), and d2

1±1 from qq̄ (solid) and d2
2±1 from gg

(dot-dashed) for a spin-2 resonance. To illustrate the sta-
tistical sensitivity for observing the characteristic distri-

3 More precisely, we use the Feynman rules given in [15] and in-
clude the additional warp correction factors from [16].

• Reconstructed using W and top masses to eliminate two-
fold ambiguity.  ATLAS/CMS acceptance cuts.  600 GeV 
cluster transverse mass cut.



Top Quark Pairs and Resonances
 

• Spin and other variables can 
be reconstructed:
(ATLAS and CMS acceptance cuts)
  
Signal angular distribution for
- scalar (dashed)
- vector (dots)
- graviton (solid - quark initial partons)
- graviton (dot-dashed - gluon initial partons)

• Signal and background for a 
vector resonance:
(10 inverse fb only; ATLAS and CMS cuts)

4

FIG. 3: Normalization factor versus the resonance mass for
the scalar (dashed) with a width-mass ratio of 20%, vector
(dot-dashed) with 5%, and graviton (solid) 2%, respectively.
The region above each curve represents values of ω that give
5σ or greater statistical significance with 10 fb−1 integrated
luminosity.

butions, we show in Fig. 4(b) the expected SM tt̄ events
(solid) with 1σ statistical error bars in each bin for a 10
fb−1 integrated luminosity, along with a 5σ signal of a
chirally coupled vector summed with the tt̄ background
in the resonant region (dashed). Due to the large event
sample, the statistical significance is evident in the cen-
tral and forward region. The forward-backward asymme-
try in cos θ∗ can thus be constructed to probe the chiral
couplings of the particle to the top quark. With the
identification of the charged leptons, one may even form
kinematical triple products to test the CP properties of
the couplings [19]. As for distinguishing the other spin
states, it is a question of statistical significance. A nar-
row graviton may be relatively easy to confirm, achiev-
able with a few tens of fb−1 luminosity; a broad scalar
may require the highest luminosity, more than 300 fb−1.

In summary, we investigated two ways to reconstruct
semileptonic tt̄ events at high tt̄ invariant mass and
showed the utility of each in discovering new physics in
the form of integer-spin resonances. The angular distri-
butions of the top in the reconstructed CM frame reveal
the spin of the resonance, and relative contribution from
the initial states qq̄ or gg. The forward-backward asym-
metry and CP-odd variables can be constructed to fur-
ther differentiate models. Because SM top quark physics
is well predicted, high invariant mass top pair production
may provide an early indicator for new physics beyond
the Standard Model at the LHC.
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FIG. 4: Polar angular distributions for the top quark in the
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scalar (dashed), a vector (dots), and a graviton from qq̄ (solid)
or from gg (dot-dashed); (b) number of events for the SM
tt̄ background (solid) with 1σ statistical error bars, and the
background plus a vector resonance (dashed).
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Top Quark Pairs and Resonances
 • Generalize resonance couplings with a 

“normalization factor:”
  

Normalization factor = 1 for 
scalar - SM higgs
vector - Z prime w/electroweak strength and chiral couplings
graviton - Randall-Sundrum graviton with 2 TeV IR scale

• 10 inverse fb of luminosity
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Top Quarks plus Missing Energy
 

• Theory:  Top partners needed to naturally 
solve hierarchy problem. 

• Often a parity is evoked to make the new partners consistent 
with precision electroweak corrections.

• Led to a general signature of top quarks in a final state with dark 
matter candidates (large missing transverse energy).

FIG. 5: Production of the top-quark partner T in pair and singly at the LHC versus its mass. The

Yukawa coupling ratio λ1/λ2 has been taken to be 2 (upper dotted curve) 1 (solid) and 1/2 (lower

dotted), respectively. The T T̄ pair production via QCD includes an NLO K-factor (dashed curve).

such as the R-parity in SUSY, KK-parity in UED, and T-parity in LH [53]. The imme-

diate consequence for collider phenomenology is the appearance of a new stable particle

that may provide the cold dark matter candidate, and results in missing energy in collider

experiments.1

A. T T̄ pair production

The top partner has similar quantum numbers to the top quark, and thus is commonly

assigned as a color triplet. This leads to their production in QCD

qq̄, gg → T T̄ . (17)

The production cross section is shown in Fig. 7 for both spin-0 and spin-1/2 top partners.

Although there is a difference of a factor of 8 or so (4 from spin state counting and the

1 Alternatively, the breaking of the R-parity [54] or the T-parity [55] would lead to different collider phe-

nomenology [56].
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Top Quarks plus Missing Energy
 

• Consider final state:

• Similar processes in SUSY, UED, Little Higgs models 
w/T-parity. 

• Top pair decays into one lepton, one neutrino, two b jets 
and two jets.

• Pure hadronic top pair decays are more problematic because 
of QCD backgrounds.

q̄ q, g g → T̄ T → t t̄ χ χ̄ (1)

1



Top Quarks plus Missing Energy
 • A first signal of new physics? 

(Large fraction of events with poor top quark pair 
reconstruction with large missing transverse energy.)

0 200 400 600 800

Re(m
t

r
) (GeV)

0

100

200

300

400

500

Im
(m

tr ) 

 ! (pb) < 10
-10

10
-10

 <  ! (pb) < 10
-8

10
-8

 <  ! (pb) < 10
-6

10
-6

 <  ! (pb) < 10
-4

10
-4

 <  ! (pb) < 10
-2

0 200 400 600 800

Re(m
t

r
) (GeV)

0

100

200

300

400

500

Im
(m

tr )

0 200 400 600 800

Re(m
t

r
) (GeV)

0

100

200

300

400

500

Im
(m

tr )

QCD top production T production
m

A
 = 200 GeV

T production
m

A
 = 800 GeV

Figure 7: The reconstructed mass of the leptonically decaying top quark in the complex plane (a)
for tt̄ background, (b) for mA = 200 GeV and (c) for mA = 800 GeV. Allowing this variable to take
on complex values serves as a pointer to new physics, an imaginary value is a signature of events with
new missing particles.

mass that is very different from mt. Therefore, this naive reconstruction procedure provides

us with an effective way to distinguish the signal from the tt̄ background. We encode the

effect of unphysical momentum solutions by allowing the reconstructed top quark mass mr
t

to carry an imaginary part (see Appendix B for details). In this case, a large unphysical, i.e.

imaginary, value for the reconstructed mass is a signature of events with missing particles

beyond a single massless neutrino.

The results for the reconstructed mr
t = m(b2!E/T ) are shown in the complex plane in Fig. 7.

As seen in Fig. 7(a), the reconstructed mass for the tt̄ background is highly concentrated near

mt on the real axis although there are still a small number of events that give an unphysical

top quark mass due to the energy-momentum smearing effects of the detectors. For the signal

events, it is spread out over a large region as seen in Fig. 7(b) and (c). We are thus motivated

– 11 –



Top Quarks plus Missing Energy
 

• Backgrounds: W+jets, Z+jets, ttbar+Z, QCD
     (1 TeV Heavy Top; Signal in blue; Backgrounds in black)
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Figure 3: Differential distributions for (a) the transverse momentum of the charged lepton pT (!), (b)
the missing transverse momentum pmiss

T = E/T , and (c) the effective transverse mass of the final state
system, respectively.

As recently suggested in [20], one may consider exploring the correlation between E/T

and M eff
T , which we present in Fig. 4 for (a) the QCD tt̄ background, (b) and (c) T T̄ pair

production with ∆MTA = 200, 800 GeV respectively. Two remarks are in order. First, the

correlation is more distinctive between the signal and background when the mass difference

∆MTA is large as seen in Fig. 4(b), namely M eff
T ∼ 2E/T ∼ 2mT . It tends to be very similar to

the tt̄ background distribution when ∆MTA ∼ mt as in Fig. 4(c). This less desirable situation

was not considered in [20] due to their parameter choice in favor of a dark matter candidate,

in the context of a particular model [15]. Second, due to the overwhelmingly large rate of the

tt̄ background, this correlation variable alone is not sufficient to separate the signal in the

semi-leptonic channel, as seen for the integrated rates by the color codes in Fig. 4.

There are other kinematical features that one could utilize to separate the signal from

the backgrounds. One such variable is the transverse angle between the t and t̄: We expect

t pairs from pure QCD production to be co-planar in the 2 → 2 scattering plane and thus

– 7 –



Top Quarks plus Missing Energy
 

• Crucial variable:
(Notation: “A” = DM; “T” = heavy top)

• Large difference:   Missing energy cut may suppress 
background 

• Small difference:  Hard;  Additionally impose 

to optimize signal.

S : mA =200 GeV mA =800 GeV B : tt̄ tt̄Z Wbbjj

eff. S/B S/
√

B eff. S/B S/
√

B eff. eff. eff.

Basic cuts 0.28 10−4 0.2 0.32 10−4 0.2 0.24 0.29 −
E/T > 350 0.65 0.1 4.3 5 · 10−4 8 · 10−5 4 · 10−3 6 · 10−4 0.03 7 · 10−3

E/T > 600 0.22 1.0 8.6 9 · 10−8 4 · 10−7 4 · 10−6 2 · 10−6 2 · 10−3 8 · 10−4

|mjj − MW | < 20 0.97 10−4 0.2 0.95 10−4 0.2 0.96 0.89 0.11

120 < mhad
t < 180 0.76 10−4 0.2 0.73 10−4 0.2 0.77 0.72 0.10

φt−b! < 2.5 0.75 2 · 10−4 0.3 0.54 2 · 10−4 0.2 0.26 0.50 0.31

MT (W ) > 220 0.62 0.7 13 0.03 4 · 10−2 0.7 2 · 10−5 0.11 2 · 10−3

|mr
t − 175| > 110 0.75 8 · 10−3 1.5 0.08 1 · 10−3 0.2 5 · 10−5 0.17 0.30

Table 1: Effect of individual kinematical cuts on the signal for mT = 1 TeV and backgrounds. All
non-detector efficiencies are calculated for events which pass the basic cuts; masses and energies are
in GeV. The statistical significance (S/

√
B) is computed for a luminosity of 100 fb−1.

to impose a cut on |mt − mr
t |. The choice

|mt − mr
t | > 110 GeV (2.16)

for example, essentially eliminates the tt̄ background. The range of unphysical values is

reduced for the signal when the mass difference ∆MTA becomes smaller, confirming the fact

that when the missing A0s carry little kinetic energy, there is effectively no difference between

the kinematics of the signal and tt̄ background. In this kinematical regime the A0 moves slowly

and its momentum does not contribute significantly to E/T . Therefore we should be able to

approximately reconstruct mt by assuming pνT = p/T .

To summarize the discussion in this section, we present in Table 1 the signal and back-

ground efficiencies after applying individual cuts, for all events that have passed the basic

cuts. The table also includes the signal-to-background ratios S/B and statistical significance

for signal observability S/
√

B for the individual cuts for an integrated luminosity of 100 fb−1.

From this we can see, for example, that for mT = 1 TeV, which has a production rate of

about 0.045 pb at the LHC, a combination of an #ET cut and reconstructions of mjj, MT (W )

and the top mass can significantly reduce the background.

2.3 Discovery Reach

In this section we present the observational reach for our signal T T̄ → tt̄A0A0 → !bbjj + E/T .

We will choose our cuts based on the kinematical and reconstruction variables studied in the

previous section. The particular choices we make here are designed to illustrate the potential

of enhancing the signal-to-background ratio. A complete optimization of kinematical cuts

can be based on our variable studies, but is not performed in this work.

Although the reconstruction of mr
t is very effective in suppressing the tt̄ background and

distinguishing the signal, it does not provide a discrimination against the Wbbjj background

which does not have a real top quark to begin with. We thus impose additional cuts to reduce
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FIG. 6: Observability for the decays (a) T → tZ and (b) T → bW at the ATLAS [52].

rest from threshold effects) in the cross sections, it is still challenging to tell a scalar and a

fermionic partner apart [57, 58, 59] due to the lack of definitive features.

Due to the additional discrete symmetry, the top partner cannot decay to a SM particle

alone. Consequently, T → tA0, leading to tt̄ pair production plus large mixing energy. The

crucial parameter to characterize the kinematical features is the mass difference ∆MTA =

mT − mA. For ∆MTA # mt, the top quark as a decay product will be energetic and

qualitatively different from the SM background. But if ∆MTA ≈ mt, then the two will

have very little difference, making the signal difficult to separate out. Depending on the

top-quark decay, we present two classes of signals.

1. tt̄ pure hadronic decay

For both tt̄ to decay hadronically [58, 60], the signal will be 6 jets plus missing energy.

While it has the largest decay rate, the backgrounds would be substantial as well. With

judicious acceptance cuts, the signal observability for ∆MTA > 200 GeV was established,

as seen in Fig. 8. Possible measurements of the absolute mass scale and its spin of the top

partner were considered [57, 58], but the determination remains difficult.
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rest from threshold effects) in the cross sections, it is still challenging to tell a scalar and a

fermionic partner apart [57, 58, 59] due to the lack of definitive features.

Due to the additional discrete symmetry, the top partner cannot decay to a SM particle

alone. Consequently, T → tA0, leading to tt̄ pair production plus large mixing energy. The

crucial parameter to characterize the kinematical features is the mass difference ∆MTA =

mT − mA. For ∆MTA # mt, the top quark as a decay product will be energetic and

qualitatively different from the SM background. But if ∆MTA ≈ mt, then the two will

have very little difference, making the signal difficult to separate out. Depending on the

top-quark decay, we present two classes of signals.

1. tt̄ pure hadronic decay

For both tt̄ to decay hadronically [58, 60], the signal will be 6 jets plus missing energy.

While it has the largest decay rate, the backgrounds would be substantial as well. With

judicious acceptance cuts, the signal observability for ∆MTA > 200 GeV was established,

as seen in Fig. 8. Possible measurements of the absolute mass scale and its spin of the top

partner were considered [57, 58], but the determination remains difficult.
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Top Quarks plus Missing Energy
 

• Signal Significance in terms of the dark matter, mAH, and heavy 
top partner mass, mT for 100 inverse fb.
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FIG. 9: Contour in mT − mA for T → tA for the statistical significance at the LHC with an

integrated luminosity of 100 fb−1. Left panel is for a fermionic T , and the right is a scalar t̃, both

decaying to a top plus a missing particle.

to multiple top quarks in the final state [63].

• Composite models for the right-handed top-quark may lead to tt̄tt̄ signals at the LHC

[64].

• Like-sign top quark pairs may indicate new dynamics [65].

VI. SUMMARY AND OUTLOOK

The LHC will be a true top-quark factory. With 80 million top-quark pairs plus 34 million

single tops produced annually at the designed high luminosity, the properties of this particle

will be studied to a great accuracy and the deep questions related to the top quark at the

Terascale will be explored to an unprecedented level. Theoretical arguments indicate that it

is highly likely that new physics associated with the top quark beyond the SM will show up

at the LHC. This article only touches upon the surface of the rich top quark physics, and

is focused on possible new physics beyond the SM in the top-quark sector. The layout of

this article has been largely motivated by experimental signatures for the LHC. Interesting
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Heavy Top Decays into the SM 

Invariant Mass (GeV)

0 500 1000 1500 2000

-1
E

v
e
n
ts

/4
0
 G

e
V

/3
0
0
 f
b

0.5

1

1.5

2

2.5

3

3.5

4

ATLAS

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.

4

Little Higgs (no parity) with 
the decay

Cuts/Requirements:  

1.  Three isolated leptons with pT > 40 GeV     
    with one with pT > 100 GeV. 
2.  No other leptons with pT > 15 GeV.
3. 
4.  At least one tagged b-jet with pT > 30 GeV.
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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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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].
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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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Theories with no stabilizing parity and heavy tops 
can decay to tops to generate exotic signals.

Figure 1: Figure showing the production rate of the T quark at the LHC as a function of its mass
[15]. The heavy dashed line shows the pair production and the solid and two dotted lines the single
production rate for three value of λ2/λ1; from highest to lowest λ2/λ1 = 2, 1, 0, 5. (We are grateful
to T. Han for providing this figure.)

where h is the Standard Model Higgs doublet, Q is a doublet containing the left-handed top and
bottom quarks (tL, bL), and tR is the right-handed top quark; (for details see [15] whose notation
is followed here). The physical top quark mass eigenstate is a mixture of t and T . These couplings
contain three parameters λ1, λ2 and f that determine the masses of T and the top quark as well as
their mixings. Two of the parameters can be reinterpreted as the top mass and the T mass. The
third can then be taken to be λ1/λ2. This determines the mixings and hence the coupling strength
TbW which controls the production rate via the qb → q′T process. The production rates are shown
in Figure 1 from [15]. It can be seen that single production dominates for masses above 700 GeV.
As we expect that we are sensitive to masses larger than this, we consider only the single production
process in what follows. We assume the following cross-sections: for mT = 0.7, 1.0, 1.3, 1.6 TeV,
σ = 1000, 200, 45, 12 fb for λ1/λ2 = 1. Events generated using PYTHIA were normalized to these
values.

The decay rates of T are as follows

Γ(T → tZ) =
1

2
Γ(T → bW ) = Γ(T → th) =

κ2

32π
MT

with κ = λ2
1/

√

λ2
1 + λ2

2 implying that T is a narrow resonance. The last of these decays would

be expected for a charged 2/3 4th generation quark; the first two are special to the “Little Higgs
Model”. We now discuss the reconstruction in these channels.

2.1 T → Zt

This channel can be observed via the final state Zt → %+%−%νb, which implies that the events contain
three isolated leptons, a pair of which reconstructs to the Z mass, one b−jet and missing transverse
energy. The background is dominated by WZ, ZZ and tbZ. The last cannot be simulated using
PYTHIA, and was therefore generated using CompHep [16]. Events were selected as follows.

3



Heavy Top Decays into the SM 

Little Higgs (no parity) with 
the decay

Top decays to one lepton, one b-jet and one 
neutrino.

Cuts/Requirements:  

1.  One isolated leptons with pT > 100 GeV.  
2.  Three jets with pT > 130 GeV.
3.  At least one tagged b-jet.
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Figure 4: Plot showing the dijet mass distribution arising from the decay T → ht. All combinations
of jets are shown.

cuts accept 2.3% of the signal events. The width of the reconstructed T resonance is dominated by
experimental resolution.

The signal shown in Figure 5 assumes that λ1/λ2 = 1. The background is dominated by tt
events as a semileptonic decay of either t or t produces all objects necessary to pass the event
selection. Only the different kinematics in the signal and background can distinguish them. For
example, the lighter top quark implies that the lepton has a softer pT spectrum than that from the
signal. The larger background implies that discovery in this mode is more difficult than the cases
discussed above. However once the T has been discovered in another channel, the peak shown in
Figure 5, which has a significance above 4σ that is sufficient to confirm a signal and constrain the
branching ratio.

As the mass is reduced towards the top mass, the signal becomes more difficult to extract from
the tt background as the leptons and jets from the T decay become softer. In order to investigate
this posssible difficulty, a T mass of 700 GeV was simulated. The cuts on the jets and leptons must
be relaxed, to 90 GeV for the jets and to 70 GeV for the lepton. With these values, the signal
efficiency is only reduced to 1.1%. Figure 6 shows the resulting distribution. The larger background
results in a less significant signal. The signal shown is approximately 3σ significance which will not
provide a discovery, but would confirm a signal seen in another channel and will enable a constraint
on the couplings to be deduced. Of course, a larger value of λ1/λ2 will result in a clearer signal.
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Reconstructed daughter dijet 
from 120 GeV SM higgs; 

assume BR(T    ht) = 25%

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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Heavy Top Decays into the SM 
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Figure 6: As for Figure 5 except that the T mass is 700 GeV and the cuts are looser (see text).

3 Search for new gauge bosons

The model predicts the existence of one charged WH and two neutral (ZH and AH) heavy gauge
bosons. WH and ZH are almost degenerate in mass and are typically heavier than AH . All these
bosons are likely to be discovered via their decays to leptons. However, in order to distinguish
these gauge bosons from those that can arise in other models, the characteristic decays ZH → Zh
and WH → Wh must be observed [19]. The properties of the new gauge bosons are determined
by the couplings of the gauge theory [SU(2)1 ⊗ U(1)1] × [SU(2)2 ⊗ U(1)2] implying two couplings
in addition to those of the Standard Model [SU(2)L ⊗ U(1)] group. These additional parameters
can be taken to be two angles θ and θ′ (somewhat analogous to θW of the Standard Model). Once
the masses of the new bosons are specified, θ determines the couplings of ZH and θ′ those of AH

(if it is assumed that there are no anomalies). In the case of ZH , the branching ratio into e+e−

and µ+µ− rises with cot θ to an asymptotic value of 4%.

3.1 Discovery of ZH and AH

A search for a peak in the invariant mass distribution of either e+e− or µ+µ− is sensitive to the
presence of AH or ZH . As an example, Figure 7 shows the e+e− mass distribution arising from a
ZH of mass of 2 TeV for cot θ = 1 and cot θ = 0.2. The production cross-section for the former
(latter) case is 1.2 (0.05) pb [15]. Events were required to have an isolated e+ and e− of pT > 20
GeV and |η| < 2.5 which provides a trigger. The Standard Model background shown on the plot
arises from the Drell-Yan process. In order to establish a signal we require at least 10 events in
the peak of at least 5σ significance. Figure 8 shows the accessible region as a function of cot θ and
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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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Exotic Top Decays*

*See for example Charkraborty, Konigsberg, Rainwater:Ann.Rev.Nucl.Part.Sci.53,301,
                           Abazov, et al.[D0 Collaboration]:PRL88,151803,
                           Hshemi,arXiv:hep-ph/06912104, 
                            Tait,Yuan:Phys.Rev.D63,014018,
                           Chen,Larios,Yuan:PRB631,126,
                           Diaz-Cruz,He,Yuan:Phys.Lett.B530,179,  
                           Aguilar-Saavedra,Acta Phys.Polon.B35,2695,
                           Eilam,Gemintern,Han,Yang,Zhang,Phys.Lett.B510,227,
                           Larios,Martinez,Perez,Int.J.Mod.Phys.A21,3473,
                           Agashe,Perez,Soni,Phys.Rev.D75,015002,
                           Neutral current review:Yang,arXiv:0801.0210[hep-ph],
                           Atwood,Reina,Soni,Phys.Rev.D53,1199.



Exotic Top Decays* 

• Decays possible in SUSY, Technicolor models or 
simply models with extended higgs sectors

• Example Charged Current Decays

• Example Neutral Current Decays

t→ H+ b (1)
t→ π+ b (2)

1

t→ H+ b (1)
t→ π+ b (2)

1

(Extended Higgs/SUSY Sector) (Technicolor)

t→ Z c (1)
t→ H c (2)
t→ γ c (3)
t→ g c (4)

1

t→ Z c (1)
t→ H c (2)
t→ γ c (3)
t→ g c (4)

1

t→ Z c (1)
t→ H c (2)
t→ γ c (3)
t→ g c (4)

1

t→ Z c (1)
t→ H c (2)
t→ γ c (3)
t→ g c (4)

1

(SUSY/Technicolor/Extra-Dimensional Scenarios)



Exotic Top Decays* 

• Consider charged higgs: 

(From Hashemi, arXiv:hep-ph/0612104; tan beta = 20) 
IPM Conference and School on Lepton and Hadron Physics, May 15-20 2006, Tehran, Iran 5

Table V List of selection cuts and their efficiencies for signal events with mH± < 170 GeV/c2 for tanβ = 20. Numbers
in each row show the remaining cross section after applying the corresponding cut. Numbers in parentheses are relative
efficiencies in percent.

tt̄ → H±W∓bb̄ tt̄ → H±W∓bb̄ tt̄ → H±W∓bb̄

→ "ν!τντbb̄ → "ν!τντbb̄ → "ν!τντbb̄

mH± = 140 GeV/c2 mH± = 150 GeV/c2 mH± = 160 GeV/c2

σ × BR[fb] 10.7 ×103 5060. 1830.

L1 + HLT 5170.5(48.3) 2456.3(48.5) 888.9(48.6)

>= 3 jets 1889.7(36.5) 795.0(32.4) 264.3(29.7)

≥ 1 b jet 1103.5(58.4) 427.4(53.8) 131.4(49.7)

< 2 b jets 883.0(80.0) 358.7(83.9) 119.2(90.7)

Having L1 τ 878.4(99.5) 357.4(99.6) 119.0(99.8)

τ -jet reconstruction 875.0(99.6) 356.5(99.7) 118.8(99.8)

Hottest HCAL tower ET > 2 GeV 778.0(88.9) 316.1(88.6) 105.9(89.1)

Tracker isolation 378.2(48.6) 163.5(51.7) 52.7(49.8)

Ecal isolation 292.9(77.4) 134.2(82.1) 43.1(81.8)

τ ET > 40 GeV 244.3(83.4) 113.0(84.2) 36.5(84.7)

pleading track/Eτ > 0.8 102.3(41.9) 50.7(44.8) 16.8(45.9)

Q(") + Q(τ ) = 0 88.0(86.0) 42.4(83.6) 14.6(87.0)

Emiss
T > 70 GeV 51.0(58.0) 25.4(59.9) 9.2(63.3)

Expected Number of
events after 10 fb−1 510 254 92
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Figure 5: The 5σ contour in (mH+ , tanβ) plane for the light charged Higgs discovery including the effect of systematic
uncertainties.

systematic uncertainties are evaluated and included.
It was shown that the effect of the systematic un-
certainties is a decrease of 5-10 GeV/c2 the observ-
able charged Higgs mass for tanβ < 50. Since for
mH± > 160 GeV/c2 the signal rate becomes small
the 5σ discovery contour shows a small growth for
mH± ≥ 160 GeV/c2 and the charged Higgs mass of
170 GeV/c2 is observable at tanβ " 100.
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Exotic Top Decays* 

• Consider neutral current decays. 

(From Aguilar-Saavedra, arXiv:hep-ph/0409342v4) 

Zt

Ztq γt γtq t

Ht

gu → Zt γµ (260 + 50) |Xut|2 gc → Zt γµ (26 + 26) |Xct|2

gu → Zt σµν (540 + 87) |κut|2 gc → Zt σµν (45 + 45) |κct|2

gu → γt (440 + 76) |λut|2 gc → γt (39 + 39) |λct|2

gu → t (9.0 + 2.6) × 105 |ζut|2 gc → t (1.5 + 1.5) × 105 |ζct|2

gu → Ht (16 + 2.8) |gut|2 gc → Ht (1.5 + 1.5) |gct|2

σµν

qν

|Xqt| # |κqt| # |λqt|

σµν

W+ → %+ν"

Z → %+%− H → bb̄ b

Zt

Ztq γt γtq t

Ht

gu → Zt γµ (260 + 50) |Xut|2 gc → Zt γµ (26 + 26) |Xct|2

gu → Zt σµν (540 + 87) |κut|2 gc → Zt σµν (45 + 45) |κct|2

gu → γt (440 + 76) |λut|2 gc → γt (39 + 39) |λct|2

gu → t (9.0 + 2.6) × 105 |ζut|2 gc → t (1.5 + 1.5) × 105 |ζct|2

gu → Ht (16 + 2.8) |gut|2 gc → Ht (1.5 + 1.5) |gct|2

σµν

qν

|Xqt| # |κqt| # |λqt|

σµν

W+ → %+ν"

Z → %+%− H → bb̄ b

(Processes in pb; term after sum is the charge conjugate process)



Same-Sign Tops*

*See for example Kraml,Raklev:hep-ph/0512284. 



Same-Sign Tops

• Signature possible from sign tops from pair 
produced gluinos in SUSY scenarios: 

g̃ g̃ → t t t̃∗ t̃→ b b l+ l+ (or b̄ b̄ l− l−) + jets + Emiss
T (1)

1



Same-Sign Tops*

• Signal (30 inverse fb) with cuts:  

1.  Two same sign leptons 
2.  Four jets w/ pT > 50 GeV
3.  ETmiss > 100 GeV
4.  b-lepton invariant mass > 160 GeV

• *More see Kraml,Raklev:hep-ph/0512284

Cut 2lep 4jet plep
T pjet

T 2b Emiss
T 2t SS

Signal
g̃g̃ 10839 6317 4158 960 806 628 330

Background
SUSY 1406 778 236 40 33 16 5
SM 25.3M 1.3M 35977 4809 1787 1653 12

Table 6: Number of events left after cumulative cuts for 30 fb−1 of integrated luminosity.

To investigate other possible backgrounds to our signal we have used MadGraph II
with the MadEvent event generator [28, 29]. The search has been limited to parton level,
as we find no processes that can contribute after placing appropriate cuts. We have
looked at SM processes that can mimic a same-sign top pair by mis-tagging of jets or the
production of one or more additional leptons, as well as inclusive production of same-sign
top pairs. We assume that the two extra jets needed in some cases could be produced by
ISR, FSR, or the underlying event. In particular we have looked at diffractive scattering
qq → W±q′W±q′ and the production of a top pair from gluon radiation in single W
production qq′ → tt̄W±. Also checked is the production of tt̄l+l−, tt̄tt̄, tt̄tb̄, tt̄bt̄, tW−tW−,
t̄W+t̄W+ and W±W±bb̄jj. We place cuts on leptons and quarks as given above, and
demand two lepton-quark pairs consistent with top decays. We also require neutrinos
from the W decays to give the required missing energy. After these cuts and reasonable
detector geometry cuts of ∆R > 0.4 and |η| < 2.5 for all leptons and quarks, we find that
the cross-sections of all of these processes are too small, by at least an order of magnitude,
to make a contribution at the integrated luminosity considered.

Last but not least we have assumed that there is no additional same-sign top produc-
tion from flavour-changing neutral currents (FCNC), i.e. that the anomalous couplings in
tgc(u) vertices are effectively zero. See [30] for a discussion on same-sign tops in FCNC
scenarios.

3.5 Determining masses

Having isolated the decay chain it will be important to measure the properties of the
sparticles involved to confirm that the decay indeed involves a light scalar top. Since the
neutralino and the neutrino in the top decay represent missing momentum and energy,
reconstruction of a mass peak is impossible. The well studied alternative to this, see
e.g. [26,31–34], is to use the invariant-mass distributions of the SM decay products. Their
endpoints can be given in terms of the SUSY masses involved, and these equations can
then in principle be solved to give the masses.

In our scenario there are two main difficulties with this. First, there are four possible
endpoints: mmax

bl , mmax
bc , mmax

lc and mmax
blc , of which the first simply gives a relationship

between the masses of the W and the top, and the second and third are linearly dependent,
so that we are left with three unknown masses and only two equations. Second, because
of the information lost with the escaping neutrino the distributions of interest all fall
very gradually to zero. Determining exact endpoints in the presence of background, while
taking into account smearing from the detector, effects of particle widths etc. will be very
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Top Compositness*

*Lillie,Shu,Tait:arXiv:0712.3057.



Models with Right-Handed
 Top Compositeness

• Consider the composite effective operator for 
right-handed tops:

• Effects SM top pair production at 1 loop. 

1

models in which the top is composite, such as the dual conformal field theory (CFT) interpretation [8] of
Randall-Sundrum (RS) [9] models with gauge fields in the bulk [10], and supersymmetric constructions
[11], these models invariably postulate that the Higgs and/or left-handed third family quark doublet are
also composite, and thus have compositeness scales probably too high to be probed by the LHC (however,
see [12]). We choose to work generically in a framework in which only tR is composite, without getting
attached to any specific model. Our hope is to identify interesting phenomena and features which are not
specifically linked to any particular model, but might reasonably be expected to occur in a broad class
of models in which the top is composite.

We begin in Section II by introducing the operators describing the lowest energy consequences of tR
compositeness. We place bounds on the scale of top compositeness by considering the effects of such
operators on the tt production rate at the Tevatron in Section III, also finding observables which may
improve the analysis in the future. In Section IV we go beyond the operator level, and consider some
of the higher resonances which might accompany a composite tR. In Section V we conclude with some
outlook.

��" ɏͯʯ&ɏÿʯɏ˿ �ͯ)ſ)˿  ˿+,ɏͯ ɏͯÿ- Ͽʯӿ�)ԓ

The first question that arises when one contemplates a composite top is: what is it made of? We imagine
that there is some new force which confines at an energy scale hopefully accessible to the LHC. Above
the scale of confinement, there should be a weakly coupled description in terms of a set of constituents
(preons), with the SM gauge interactions forming part of the unbroken non-anomalous chiral symmetries
of the new strong force. Below the scale of confinement, the physics is described by an effective field
theory containing the bound states that result, with the right-handed top among the lightest of the
bound states of this new sector. Generally, one expects that confining theories break chiral symmetries
and result in massive composite fermions [13], however one can engineer massless fermions by combining
’t Hooft anomaly-matching [14] with some inspired model-building [15]. There may be additional light
states (which may or may not themselves be particles familiar from the Standard Model), and their
existence would help pin down the underlying chiral symmetries of the new confining force. To minimize
model-dependence we concentrate our focus on the consequences for observables involving top quarks.

Using the language of effective field theory, we can parameterize the residual effects of the strong
dynamics on the top quarks at the lowest energies. The residual effects represent the deviations from
point-like behavior of top, and can be represented at the lowest energies as higher dimensional operators,
whose coefficients we estimate up to order one uncertainties using NDA [7]. The largest of these operators
is a four-point interaction of tR. Up to color structures, there is a unique Lorentz-invariant operator at
dimension six which involves only the right-handed top quark,

g2

Λ2

[
t
i
γµPRtj

] [
t
k
γµPRtl

]
(1)

where γµ are the Dirac gamma matrices, PR is the right-chiral projector, and g2/Λ2 is the coupling of
this new interaction. It can be understood that g/Λ represents the amplitude to create the composite
field, and Λ itself characterizes the energy scale at which further elements of the composite sector become
important. The effective theory is sensible provided g ! 4π. There are several possibilities to construct
SU(3)C gauge-invariant combinations of the color indices i, j, k, and l. Since the Lorentz structure is
suggestive of (the low energy limit of) a massive vector exchange, we consider only color structures which
pair i with j and k with l. The two options are contractions of two octets (T a)j

i (T
a)l

k or two singlets
δj
i δ

l
k. Note that operators involving cR and uR are also possible, and could lead to more stringent bounds

from flavor-violating processes. By ignoring such operators we are explicitly making assumptions about
the flavor structure of the UV theory.

At scales of order the confinement scale of the new force, we might expect to see resonances which
couple strongly to tR. The precise spectrum of these resonances is more model-dependent, but we can infer
from the fact that tR was produced as a low-lying bound state that the preons carry both hypercharge
and color, and thus we can generically expect that the resonances do as well, which is significant for the
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FIG. 1: Representative Feynman Diagram showing how the four top quark operator can contribute to qq → tt
at one loop.

proportional to the Standard Model one,

σ̂(qq → tt) = σ̂!"(qq → tt)×
{

1 + c
g2

(4π)2
s

Λ2
log

(
Λ2

m2
ſ

)}
(3)

where s is the usual Mandelstam invariant corresponding to twice the center of mass energy of the tt pair,
and c is a coefficient which contains the color factors, and depends on whether the four-top operator is
included in its the color singlet or color octet version,

c = +
4
3

(color singlet), (4)

c = −4
9

(color octet). (5)

In deriving Eq. (3) we have chosen the renormalization scale to be µ$= mſ. Eq. (3) implies that the
leading modification is in the distribution of the center of mass energy of the tt system. Subleading
(non-log enhanced) terms can also modify the other kinematic distributions.

In Figure 2 we illustrate the color singlet case, showing the differential distribution dσ/dMſſin terms
of the center of mass energy of the top pair system, for two choices of Λ and g = 4π. The behavior is
a larger increase relative to the SM at higher energies, typical of higher dimension operators. The SM
cross section (and convolution with the PDFs) is generated at tree level by the MadEvent code [22]. For
up-to-date predictions for the SM Mſſdistribution, with comparison to different manifestations of new
physics in tt, see [23].

We expect that the best limit on Λ should come from comparing the Mſſdistribution with data, and
we encourage the experimental collaborations to perform such a fit (which is very similar to the already-
extant search for tt resonances [24]). We are unable to do such a comparison, because the data with the
necessary efficiencies and backgrounds unfolded is not publicly available. However, we can compare the
effect on the inclusive cross section to get a rough limit on the size of Λ. The inclusive tt cross section is
measured by CDF (combining several channels) [19] and D0 [20] to be

σ(tt)%  &= 7.3± 0.5± 0.6± 0.4 pb σ(tt) 0 = 8.3+0 ' 6
0 ' 5

+0 ' 9
−1 ' 0 ± 0.4 pb (6)

(quoted at mſ= 175 GeV) where the errors are (in order) statistical, systematic, and arising from the
luminosity measurement. Both are slightly higher than the Standard Model prediction

σ(tt)!" = 6.6± 0.8 pb (7)

(we combine results from both references of [21], to obtain this estimate), but not significantly so. The
CDF measurement has slightly smaller error bars, and is slightly closer to the SM, and thus results in
the stricter bound. In order to be conservative, we base our limit on it, combining the various errors in
quadrature to arrive at σ�ɏÿ= 7.3± 0.85 pb.
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 Top Compositeness

• Top compositeness search at the TeVatron.  
Excesses due to the 1-loop correction.
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FIG. 2: Invariant mass distribution of pp→ tt at the Tevatron run II, both in the Standard Model, and including
the singlet-mediated contact interaction with g = 4π, for Λ = 500 GeV and Λ = 1 TeV.

Because the data are already slightly higher than the SM theory prediction, and the error bars both
experimentally and on the theory prediction are moderately large, the resulting bound is very weak. At
one sigma, the data require

Λ
g

! 80 GeV. (8)

This is actually low enough that the log-enhanced piece is not necessarily enhanced compared to the non-
log terms, and motivates a more careful analysis. It also is low enough that even at the Tevatron, the four
top operator may not be sufficient to describe the physics of top compositeness, with large corrections
from the underlying theory in the UV. For our purposes, to derive a rough bound on the potential scale
of top compositeness, it is sufficient to allow us to infer that a scale of top compositeness of order a few
hundred GeV is still allowed by the inclusive tt cross section.

If a description in terms of a single resonance is appropriate, Eq. (8) provides a bound on the mass
divided by coupling of the new state. For couplings which saturate NDA (g ∼ 4π), M ! 1 TeV.
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FIG. 3: The rate for tttt at the LHC as a function of mass M for several values of the coupling g = 2π, 1, 0.1
(from top to bottom), for both the case where the ρ is a color octet (solid lines) or a singlet (dashed lines). Also
shown for reference is the SM 4 top production rate.
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At the LHC, the energy is sufficient to explore top compositeness more directly. Clearly, Eq. (1) will
lead to an enhancement of the rate for pp → tttt provided there is sufficient parton luminosity at high
enough energies from processes such as pp→ tt

∗ followed by t
∗ → ttt through an insertion of Eq. (1). In

fact, the LHC can explore energies sufficiently above the lower limit of compositeness that one could hope
to directly observe effects beyond the operator level. Provided there are sufficiently narrow resonances
with masses ∼ Λ, we can search for them at the LHC.

Thus, we construct an effective theory consisting of the Standard Model plus a heavy (mass M) vector
boson (either octet or singlet), coupled to tR with strength g,

− 1
4

(Dµρν −Dνρµ)2 +
1
2
M2ρµρµ + gρµtγµPRt (9)

where Dµ is a covariant derivative, containing coupling to gluons for the octet ρ or not for the singlet ρ.
For simplicity, we neglect any coupling to light quarks (in the case where there are substantial couplings
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FIG. 3: The rate for tttt at the LHC as a function of mass M for several values of the coupling g = 2π, 1, 0.1
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IV. FOUR TOPS AT THE LHC

At the LHC, the energy is sufficient to explore top compositeness more directly. Clearly, Eq. (1) will
lead to an enhancement of the rate for pp → tttt provided there is sufficient parton luminosity at high
enough energies from processes such as pp→ tt

∗ followed by t
∗ → ttt through an insertion of Eq. (1). In

fact, the LHC can explore energies sufficiently above the lower limit of compositeness that one could hope
to directly observe effects beyond the operator level. Provided there are sufficiently narrow resonances
with masses ∼ Λ, we can search for them at the LHC.

Thus, we construct an effective theory consisting of the Standard Model plus a heavy (mass M) vector
boson (either octet or singlet), coupled to tR with strength g,

− 1
4

(Dµρν −Dνρµ)2 +
1
2
M2ρµρµ + gρµtγµPRt (9)

where Dµ is a covariant derivative, containing coupling to gluons for the octet ρ or not for the singlet ρ.
For simplicity, we neglect any coupling to light quarks (in the case where there are substantial couplings

1

models in which the top is composite, such as the dual conformal field theory (CFT) interpretation [8] of
Randall-Sundrum (RS) [9] models with gauge fields in the bulk [10], and supersymmetric constructions
[11], these models invariably postulate that the Higgs and/or left-handed third family quark doublet are
also composite, and thus have compositeness scales probably too high to be probed by the LHC (however,
see [12]). We choose to work generically in a framework in which only tR is composite, without getting
attached to any specific model. Our hope is to identify interesting phenomena and features which are not
specifically linked to any particular model, but might reasonably be expected to occur in a broad class
of models in which the top is composite.

We begin in Section II by introducing the operators describing the lowest energy consequences of tR
compositeness. We place bounds on the scale of top compositeness by considering the effects of such
operators on the tt production rate at the Tevatron in Section III, also finding observables which may
improve the analysis in the future. In Section IV we go beyond the operator level, and consider some
of the higher resonances which might accompany a composite tR. In Section V we conclude with some
outlook.

��" ɏͯʯ&ɏÿʯɏ˿ �ͯ)ſ)˿  ˿+,ɏͯ ɏͯÿ- Ͽʯӿ�)ԓ

The first question that arises when one contemplates a composite top is: what is it made of? We imagine
that there is some new force which confines at an energy scale hopefully accessible to the LHC. Above
the scale of confinement, there should be a weakly coupled description in terms of a set of constituents
(preons), with the SM gauge interactions forming part of the unbroken non-anomalous chiral symmetries
of the new strong force. Below the scale of confinement, the physics is described by an effective field
theory containing the bound states that result, with the right-handed top among the lightest of the
bound states of this new sector. Generally, one expects that confining theories break chiral symmetries
and result in massive composite fermions [13], however one can engineer massless fermions by combining
’t Hooft anomaly-matching [14] with some inspired model-building [15]. There may be additional light
states (which may or may not themselves be particles familiar from the Standard Model), and their
existence would help pin down the underlying chiral symmetries of the new confining force. To minimize
model-dependence we concentrate our focus on the consequences for observables involving top quarks.

Using the language of effective field theory, we can parameterize the residual effects of the strong
dynamics on the top quarks at the lowest energies. The residual effects represent the deviations from
point-like behavior of top, and can be represented at the lowest energies as higher dimensional operators,
whose coefficients we estimate up to order one uncertainties using NDA [7]. The largest of these operators
is a four-point interaction of tR. Up to color structures, there is a unique Lorentz-invariant operator at
dimension six which involves only the right-handed top quark,

g2

Λ2

[
t
i
γµPRtj

] [
t
k
γµPRtl

]
(1)

where γµ are the Dirac gamma matrices, PR is the right-chiral projector, and g2/Λ2 is the coupling of
this new interaction. It can be understood that g/Λ represents the amplitude to create the composite
field, and Λ itself characterizes the energy scale at which further elements of the composite sector become
important. The effective theory is sensible provided g ! 4π. There are several possibilities to construct
SU(3)C gauge-invariant combinations of the color indices i, j, k, and l. Since the Lorentz structure is
suggestive of (the low energy limit of) a massive vector exchange, we consider only color structures which
pair i with j and k with l. The two options are contractions of two octets (T a)j

i (T
a)l

k or two singlets
δj
i δ

l
k. Note that operators involving cR and uR are also possible, and could lead to more stringent bounds

from flavor-violating processes. By ignoring such operators we are explicitly making assumptions about
the flavor structure of the UV theory.

At scales of order the confinement scale of the new force, we might expect to see resonances which
couple strongly to tR. The precise spectrum of these resonances is more model-dependent, but we can infer
from the fact that tR was produced as a low-lying bound state that the preons carry both hypercharge
and color, and thus we can generically expect that the resonances do as well, which is significant for the
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IV. FOUR TOPS AT THE LHC

At the LHC, the energy is sufficient to explore top compositeness more directly. Clearly, Eq. (1) will
lead to an enhancement of the rate for pp → tttt provided there is sufficient parton luminosity at high
enough energies from processes such as pp→ tt

∗ followed by t
∗ → ttt through an insertion of Eq. (1). In

fact, the LHC can explore energies sufficiently above the lower limit of compositeness that one could hope
to directly observe effects beyond the operator level. Provided there are sufficiently narrow resonances
with masses ∼ Λ, we can search for them at the LHC.

Thus, we construct an effective theory consisting of the Standard Model plus a heavy (mass M) vector
boson (either octet or singlet), coupled to tR with strength g,

− 1
4

(Dµρν −Dνρµ)2 +
1
2
M2ρµρµ + gρµtγµPRt (9)

where Dµ is a covariant derivative, containing coupling to gluons for the octet ρ or not for the singlet ρ.
For simplicity, we neglect any coupling to light quarks (in the case where there are substantial couplings

(rho is an integrated out color octet 
that generates the effective operator)
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Process Raw Rate After Cuts

W+Zjj 6.65 pb 1.12 fb
W−Zjj 4.11 pb 0.41 fb
W+W+jj 0.29 pb 0.83 fb
W−W−jj 0.13 pb 0.32 fb
W+bb 196 pb 0.57 fb
W−bb 136 pb 0.18 fb

W+W−jj(tt) 390 pb 3.16 fb
W+jjj 2170 pb 0.32 fb
W−jjj 1520 pb 0.29 fb

Total 7.20 fb

TABLE I: The background raw event rates, and rates after acceptance cuts, requiring like-sign leptons, isolation,
and Ht ≥ 1 TeV.

to light quarks, the resonance can be produced singly through qq fusion and the physics is similar to the
KK gauge bosons of a RS model [16] ). At low energies, these new states simply reproduce the operator of
Eq. (1), whereas at high energies, they can be resolved as broad (assuming g ! 1) resonances. We generate
events for the reaction pp→ tttt using MadEvent [22], including parton showering and hadronization from
PYTHIA [25], and simulate the detector using PGS [26] with the default LHC detector model.

The inclusive signal rates at the LHC as a function of M and for several values of the couplings for
both color singlet and color octet ρ’s are shown in Figure 3. Also shown is the SM rate for production
of four tops, which is small by comparison provided M ! a few TeV. The cases of color octets and color
singlets show a very different dependence on the coupling g; for small g the color octet rate approaches a
common value for small fixed M , because the production becomes dominated by the model-independent
rate of gg → ρρ [27], and under our assumptions the branching ratio for ρ → tt is one. For large M ,
it becomes kinematically favorable to produce a single ρ through pp → ttρ, and the dependence on g is
stronger. The color singlet rate, instead, is always proportional to g2, because that case always proceeds
via pp→ ttρ.

Reconstructing all four top quarks is very difficult, suffering from huge conbinatoric problems. We thus
adopt the simpler signature of at least two like-sign leptons, "±"′± plus two hard jets (with pT > 20 GeV
and |y| < 2.5). Two well-reconstructed leptons with pT > 30 GeV, |y| < 2.5, are sufficient to trigger,
and demanding like-signs for the leptons severely reduces the physics backgrounds to processes such as
WZjj and W±W±jj. There is also a contribution from W±bb (including single top), with one of the
bottom quarks decaying semi-leptonically. We reduce this background with an isolation cut [28] around
both leptons, requiring each be seperated from the nearest jet by at least ∆R ≥ 0.2. We also consider
“fake” backgrounds including Wjjj where the additional jet fakes a lepton and W+W−jj where one of
the leptons from the W decays is mis-identified to have the wrong charge. The dominant contribution to
this last signature is from tt production.

To extract only high center-of-mass energy events which can correspond to production of four top
quarks, we require Ht, defined as the scalar sum of the pT of all jets, leptons, and missing transverse
momentum satisfies Ht ≥ 1 TeV. In Figure 4 we plot the Ht distributions for the signal as well as the
sum of the SM backgrounds. A cut at 1 TeV dramatically reduces the background (most of which is from
tt) while only modestly reducing the signal. We begin with these simple criteria, and then consider some
additional variables which can dramatically help argue for the “four top-ness” of the events below. In
[29], it was argued that one could also attempt to reconstruct the top quarks directly. One could attempt
their procedure either after our choice of signal analysis, or instead of it, but we restrict ourselves to the
more conservative choice of like-sign leptons and two hard jets outlined above. The signal acceptance is
roughly 3%, most of which comes from the fact that we have asked two of the W ’s with the same charges
from the top decays to decay leptonically. We expect it depends weakly on the ρ mass M .

After applying the acceptance, isolation, and Ht cuts, we find the background processes yield the rates
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Potpourri

• 2009 Search on the arXiv:  

86+ new papers on aspects of new physics from 
top quarks 
(Including top production from black holes and string balls.)

• 2008 Search on the arXiv:

240+ paper on new physics.

Active and fruitful research area!

(Processes in pb; term after sum is the charge conjugate process)



Looking Forward
 

• More to do!

• Tops are an excellent probe of new 
electroweak physics.  Relatively easy 
to tag, produce and theoretically 
compelling. 

• Looking forward to a LHC era of 
discovery and wonder! 

(Apologies for unintentional omission of someone’s 
personal (or favorite) work.)
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Rare top quark decays are parametrized as
(Yuan,Tait,Larios,Chen,Han,Peccei,Zhang,Hosch,Whisnant,Young,Zhang)

as

LCC =
g√
2

(

t̄(1 + δL)γµPLqW−

µ + t̄δRγµPRqW−

µ

)

+ h.c. (11)

The expected accuracy of the measurements on δL,R is about 1% [3, 34], thus testing the

top-quark chiral coupling.

B. Neutral Current Decay: BSM

Although there are no Flavor-Changing Neutral Currents (FCNC) at tree level in the

SM, theories beyond the SM quite often have new flavor structure, most notably for SUSY

and technicolor models. New symmetries or some alignment mechanisms will have to be

utilized in order to avoid excessive FCNC. It is nevertheless prudent to keep in mind the

possible new decay modes of the top quark such as the SUSY decay channel

t → t̃χ̃0. (12)

Generically, FCNCs can always be generated at loop level. It has been shown that the

interesting decay modes

t → Zc, Hc, γc, gc (13)

are highly suppressed [35, 36] with branching fractions typically 10−13−10−10 in the SM, and

10−7 − 10−5 in the MSSM. It has been shown that the branching fractions can be enhanced

significantly in theories beyond the SM and MSSM, reaching above 10−5 and even as high

as 1% [37].

One may again take the effective operator approach to parameterize the interactions.

After the electroweak symmetry breaking, one can write them as [38, 39, 40]

LNC =
g

2 cos θw

∑

τ=±,q=c,u

κτ t̄γ
µPτqZµ + h.c. (14)

+ gs

∑

q=c,u

κg
q

Λ
t̄σµνT atGa

µν + eQt

∑

q=c,u

κγ
q

Λ
t̄σµνtAµν + h.c. (15)

The sensitivities for the anomalous couplings have been studied at the LHC by the ATLAS

Collaboration [41], as listed in Table V
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TABLE V: 95% C.L. sensitivity of the branching fractions for the top-quark decays via FCNC

couplings at the LHC [41].

Channel 10 fb−1 100 fb−1

t → Zq 3.1 × 10−4 6.1 × 10−5

t → γq 4.1 × 10−5 1.2 × 10−5

t → gq 1.3 × 10−3 4.2 × 10−4

IV. TOP QUARKS IN RESONANT PRODUCTION

The most striking signal of new physics in the top-quark sector is the resonant production

via a heavy intermediate state X. With some proper treatment to identify the top decay

products, it is possible to reconstruct the resonant kinematics. One may thus envision fully

exploring its properties in the c.m. frame.

A. X → tt̄, tb̄

Immediate examples of the resonant states include Higgs bosons [42], new gauge bosons

[43], Kaluza-Klein excitations of gluons [44] and gravitons [45], Technicolor-like dynamical

states [1, 3, 46] etc.

The signal can be generically written as

σ(pp → X → tt̄) =
∑

ij

∫

dx1dx2fi(M
2
X , x1)fj(M

2
X , x2)

×
4π2(2J + 1)

s

Γ(X → ij)B(X → tt̄)

MX

. (16)

Thus the observation of this class of signals depends on the branching fraction of X → tt̄ as

well as its coupling to the initial state partons. Figure 4 quantifies the observability for a

bosonic resonance (spin 0,1,2) for a mass up to 2 TeV at the LHC [47] via qq̄, gg → X → tt̄.

The vertical axis gives the normalization factors (ω) for the cross section rates needed to

reach a 5σ signal with a luminosity of 10 fb−1. The normalization ω = 1 defines the

benchmark for the spin 0, 1 and 2 resonances. They correspond to the SM-like Higgs boson,

a Z ′ with electroweak coupling strength and left (L) or right (R) chiral couplings to SM

fermions, and the Randall-Sundrum graviton h̃ with the couplings scaled with a cutoff scale
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