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LHC DECADE!

2

DM, SUSY, UED, Exotics, etc. 

★ First years of the LHC decade will probe a new frontier of physics at the Terascale

Pheno 2010May. 11, 2010

! Decreased Ecm probes 
di!erent region of 
Bjorken"x

! Gluon"induced channels 
more suppressed than 
valence"quark induced 
channels
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★ New heavy resonance peaks at the 
large x region where valence-quarks 
dominate.

★ To be discovered at early LHC 
(7TeV and ~1 inverse fb luminosity), 
the NP needs to be                : exotic
✴ Colored - large production rate

✴ Novel, easy detectable collider 
    signature

charged leptons, heavy flavor jets, MET, etc

✴ Small SM backgrounds�x� ≈ mNP/Ecm
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SEXTET SCALAR AND SAME-SIGN TOP PAIR PRODUCTION

★ Quark initial states can produce sextet 
and anti-triplet representation resonance
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★ Same-sign top pair production

✴ large cross section

✴ same-sign charged lepton pair
   b-jets and large MET

✴ top quark polarization is crucial

We implement full spin correlation 
in our Monte Carlo simulation
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★ Observation of sextet scalar (   ) would 
imply non-standard unification

★ PDF of initial quarks peaked for heavier 
resonance production

★ Couplings are not proportional to quark 
mass

φ
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CONSTRAINTS FROM THE TEVATRON
★ Top pair cross section constrained 

by CDF measurement of

4

✴ Same-sign top production

✴ Distribution of Mt�th
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FIG. 1: The invariant mass spectrum measured by CDF assuming mt = 175 GeV. The solid

histogram is the CDF expectation taken from a LO calculation and Pythia. The solid band

indicates the full NLO SM prediction with a theoretical error due to scale uncertainty which we

use in our scans. The dashed line is K (dσLO/dMtt̄) with K = σNLO/σLO which shows a large

deviation from the data. The data are taken from Ref. [29].

work, though they are not preferred. Taking the SM theory prediction, we translate σ(tt̄)

into R defined in Eq. (6). The correlation of Atot
FB and R is shown in Figs. 2(c) and (d).

Finally, using Eq. (5), we obtain the correlation between ANP
FB and R shown in Figs. 2(e)

and (f). Clearly, the smaller R the larger ANP
FB ; see the 1σ contour (solid black).

Note that since the MCMC is sensitive to the relative likelihood change in going between

two points, it is sensitive to only the ∆χ2 values. Therefore, the iso-contours of the p-values

for 1, 2, and 3σ assume the given model. To obtain an overall indication of how well the

model in question fits the data, we quote 〈χ2〉chain, the χ2 per degree of freedom values

averaged over the entire chain. In cases where we include the dσ
dMtt̄

|bin constraint, Ndof = 3,

otherwise Ndof = 2. This quantity is an overall estimate of the model’s consistency with the

data. Generally, values of 〈χ2〉chain < 2 are considered fairly good fits, while values much

beyond that are not considered very good.

One might be tempted to search for the parameter set that yields the best fit to the given

data. However, this is doing so without regard to the level of fine-tuning required to find

such a point. Explicitly, this can be seen as a set of points in parameter space by which

the χ2 value is minimized, ideally to zero. However, if a small deviation from these points

provides a large increase in χ2, this particular set of points that provide a good fit can be
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SIGNAL AND BACKGROUNDS

★ Signal topology

5

same sign di-muons, 

Much better reconstruction
 than electron
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★ Prominent Backgrounds (ALPGEN)

pp → tt̄ → bb̄W+W−, W+ → �+ν, W− → jj, b̄ → �+

pp → W+
1 W+

2 jj, W+ → �+ν

pp → W+W+W−, W+ → �+ν, W− → jj

pp → ZW+W−, Z → �+�−, W+ → �+ν, W− → jj

�
Dominant
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FIRST HINT AT EARLY LHC
★ More positive di-muons 

✴ same-sign top pairs contribute an asymmetry in charge multiplicity
✴ Strong dependent on sextet scalar mass due to large PDF dependence
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Side note: Charge asymmetry 

! Same!sign top pairs contribute an 
asymmetry in charge multiplicity

! Strong dependence on sextet scalar 
mass due to large PDF dependence

! Same!sign charge ratio gives 
independent verification of scalar 
mass
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✴ Same-sign charge ratio gives independent verification of scalar mass
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DISCOVERY POTENTIAL
★ Simple cuts to extract signal:

✴ Same sign di-muons
✴ Two jets with pT>50GeV
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FIG. 1: Production cross sections (pb) of the processes uu →
φ and ūū → φ∗ at the evatron (dotted) and at the 7 TeV LHC
(solid and dashed), assuming λuu = 1.

one can factor the process of uu → tt into the scalar
production and decay into

σ(uu → φ → tt) = σ0(uu → φ)×
[

λ2
uuBr(φ → tt)

]

, (5)

where σ0(uu → φ) ≡ σ(uu → φ)|λuu=1. We then choose
the following two parameters in the rest of this paper: the
scalar mass mφ and the combination of λ2

uuBr(φ → tt).
Note that the full kinematics of the final state particles
is completely determined by the scalar mass while the
couplings of scalar to the light and heavy fermions change
the overall normalization.
Fig. 1 displays the production cross sections of the pro-

cess uu → φ and ūū → φ∗ at the Tevatron (dotted) and
at the 7 TeV LHC: solid curve for uu and dashed curve
for ūū. Due to the pp initial state, the uu initial state
dominate over ūū. Therefore, tt pairs are produced much
more than t̄t̄ pair, leading to an asymmetry of same sign
charged leptons. That would be an early hint of the color
sextet scalar. Even though the charge asymmetry can be
used to measure mφ when both tt and t̄t̄ are measured
precisely, one is unable to measure such charge asymme-
tries because the t̄t̄ pair production is too small to be
observed with early LHC data.
The search for the same-sign top quark pair in the

dilepton mode at the Tevatron imposed an upper limit
of σ(tt) as σ(tt) ≤ 0.7 pb [9]. Recently the CDF collab-
oration measured the tt̄ pair invariant mass spectrum in
the semi-leptonic decay mode [? ]. Since one cannot dis-
tinguish b and b̄ jets well, tt pairs lead to the exactly same
signature as tt̄ in the semi-leptonic mode. Hence, the mtt̄

spectrum provides an upper limit, which is shown in the
cyan shaded region in Fig. 2. The lower gray shaded re-
gion indicates the φ would hadronize before decay, which
would wash out the spin correlation effects we utilize to
probe the coupling and spin of the sextet.
Simulation – In order to discover the same sign top pair,
we focus on the dilepton decay mode, which denotes the
case where the two W bosons from the decaying tt pair
both decay to final state containing an electron or muon,
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FIG. 2: Discovery potential of the process uu → φ → tt at
the 7 TeV LHC with L = 1 fb−1. The shaded regions are
excluded by the Tevatron measurements: the orange band is
derived from the search of same sign top pair production, the
cyan band denotes the 95% C.L. constraints from the Mtt̄

measurements. The gray region indicates that the φ would
hadronize before decaying, washing out spin-correlations.

accounting for about 5% of all tt decays. In this work
we focus on the µ+µ+ final state because the muon re-
construction has an average efficiency of 95− 99% with a
pseudorapidity range |η| < 2.4 and a transverse momen-
tum range 5 GeV ≤ pT ≤ 1 TeV, while the fraction of
mis-assigned charge for muon with pT = 100GeV is less
than 0.1% [10, 11].
These events are characterized by two high-energy

same-sign leptons, two jets from the hadronization of the
b-quarks, and large missing energy from two unobserved
neutrinos. The dominant backgrounds yielding the same
collider signature are the processes (generated by ALP-
GEN [12]):

WWW : pp → W+
1 W+

2 W−, W+
1 → %+ν,

W+
2 → %+ν, W− → jj, (6)

WWjj : pp → W+
1 W+

2 jj, W+
1 → %+ν,

W+
2 → %+ν, (7)

tt̄ : pp → tt̄ → bb̄W+W−, W+ → %+ν

W− → jj, b̄ → %+, (8)

ZWW : pp → ZW+W−, Z → %+%−,

W+ → %+ν, W− → jj. (9)

The first two processes are the SM irreducible back-
ground while the last two are reducible backgrounds as
they contribute when some tagged particles escape the
detection, either carrying small pT or falling out of the
detector rapidity coverage. For example, in the tt̄ back-
ground one of the heavy flavor b-quarks decays into an
isolated charged lepton while one of the two jets from the
W− boson decay is mis-tagged as a b-jet.
At the analysis level, all events are required to pass the

following acceptance cuts:

pT, # ≥ 50GeV, |η#| ≤ 2.0,

pT, j ≥ 50GeV, |ηj | ≤ 2.5, (10)

✴ About 12 background events

L = 1 fb−1
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TRANSVERSE MASS AND MT2
★ MT2 is similar to transverse mass of 

W-boson, but works for the case of 
two missing particles in the final state
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FIG. 6: (a) MT2 of !1, !2 and !ET (b) MT2 of b!, b! and !ET .

FIG. 7: R distribution.

FIG. 8: ∆φ!b distribution from the same top quark decay and
different top quark decay.

FIG. 9: m!b distribution from the same top quark decay and
different top quark decay.

III. PHENOMENOLOGY OF φ
3, 1

3

AND φ
6, 1

3

A. Single top measurement at the Tevatron

Both sextet and triplet scalars (Y = 1/3) can induce
single top productions via the process of ud → φ → tb.
The CDF and D0 experiments at the Fermilab Teva-
tron recently observed single top production for the first
time [5]; see Fig. 10(a). In the SM the single top quark
proceeds via the electroweak interaction, througth the
s-cahnnel decahy of a virtual W boson, the t-cahnnel ex-
change of a virtual W boson, and the Wt association
produciton. The Tevatron measurements combine the
s-channel and t-channel signals to maximize the sensi-
tivity for single top (the Wt production is negligible at
the Tevatron). Figure 10 displays the cross section con-
straints for both channels at the Tevatron: the inner-
most band for 68% C.L., the next band for 90% C.L.
while the outermost for 95%. For illustration various NP
model predictions are also plotted. We emphasize that
the color sextet/triplet scalar affects the s-channel single
top quark production much more significantly than the
t-channel as can be easily understood from the consider-
ation of phase space. The s-channel ud → φ → tb can
be viewed as the scalar production with its subsequent
decay, therefore it is in principle a 2 → 1 process. On the
other hand, the t-channel ub → td is a 2 → 2 process and
is suppressed by the phase space volumn when compared
to the s-channel process. Figure 10(b) shows that the
cross section of color scalar induced single top produc-
tion with the choice of f11

R = f33
R = 1, where the dashed

line represents the bounds from the Tevatron measure-
ments. Similar to the sextet scalar study, we derive the
limit on f11

R ×Br(φ → tb) as shown in Fig. 10(c), where
the red (blue, magenta) curve represents the limit for
68 (90, 95)% C.L., respectively. The region below indi-
vidual cruves are allowed and there is no constraint for a
heavy scalar, say mφ ! 600GeV.
The CDF group recently presents their new measure-

ment of single top polarization with an integrated lu-
minosity 3.2 fb−1 [6]. In that mesaurement, single top
quark produced via a right-handed EW interaction, i.e.
Wqq̄′ = Wtb̄ = g/2

√
2(1 + γ5), is examined. Assuming

the top quark decay via the SM Wtb coupling, the CDF
shows bounds on the cross sections of the single top pro-
duction in the plane of σLLLL and σRRLL where the first
two indices in the subscript denotes the handness of cou-
plings of the single top produciton while the latter two
denotes the handness of coupling of the top quark decay.
That leads to slightly stronger bounds in Fig. 10(c); see
the dashed curves.

B. LHC discovery potential

In order to trigger the signal event, we consider the lep-
tonic decay of top quark, which leads to a charged lepton
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FIG. 6: (a) MT2 of !1, !2 and !ET (b) MT2 of b!, b! and !ET .

FIG. 7: R distribution.

FIG. 8: ∆φ!b distribution from the same top quark decay and
different top quark decay.

FIG. 9: m!b distribution from the same top quark decay and
different top quark decay.

III. PHENOMENOLOGY OF φ
3, 1

3

AND φ
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A. Single top measurement at the Tevatron

Both sextet and triplet scalars (Y = 1/3) can induce
single top productions via the process of ud → φ → tb.
The CDF and D0 experiments at the Fermilab Teva-
tron recently observed single top production for the first
time [5]; see Fig. 10(a). In the SM the single top quark
proceeds via the electroweak interaction, througth the
s-cahnnel decahy of a virtual W boson, the t-cahnnel ex-
change of a virtual W boson, and the Wt association
produciton. The Tevatron measurements combine the
s-channel and t-channel signals to maximize the sensi-
tivity for single top (the Wt production is negligible at
the Tevatron). Figure 10 displays the cross section con-
straints for both channels at the Tevatron: the inner-
most band for 68% C.L., the next band for 90% C.L.
while the outermost for 95%. For illustration various NP
model predictions are also plotted. We emphasize that
the color sextet/triplet scalar affects the s-channel single
top quark production much more significantly than the
t-channel as can be easily understood from the consider-
ation of phase space. The s-channel ud → φ → tb can
be viewed as the scalar production with its subsequent
decay, therefore it is in principle a 2 → 1 process. On the
other hand, the t-channel ub → td is a 2 → 2 process and
is suppressed by the phase space volumn when compared
to the s-channel process. Figure 10(b) shows that the
cross section of color scalar induced single top produc-
tion with the choice of f11

R = f33
R = 1, where the dashed

line represents the bounds from the Tevatron measure-
ments. Similar to the sextet scalar study, we derive the
limit on f11

R ×Br(φ → tb) as shown in Fig. 10(c), where
the red (blue, magenta) curve represents the limit for
68 (90, 95)% C.L., respectively. The region below indi-
vidual cruves are allowed and there is no constraint for a
heavy scalar, say mφ ! 600GeV.
The CDF group recently presents their new measure-

ment of single top polarization with an integrated lu-
minosity 3.2 fb−1 [6]. In that mesaurement, single top
quark produced via a right-handed EW interaction, i.e.
Wqq̄′ = Wtb̄ = g/2

√
2(1 + γ5), is examined. Assuming

the top quark decay via the SM Wtb coupling, the CDF
shows bounds on the cross sections of the single top pro-
duction in the plane of σLLLL and σRRLL where the first
two indices in the subscript denotes the handness of cou-
plings of the single top produciton while the latter two
denotes the handness of coupling of the top quark decay.
That leads to slightly stronger bounds in Fig. 10(c); see
the dashed curves.

B. LHC discovery potential

In order to trigger the signal event, we consider the lep-
tonic decay of top quark, which leads to a charged lepton
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FULL EVENT RECONSTRUCTION

9
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! Signal topology

same sign di!muons with 2 b!jets

! Much better reconstruction than 
electron

! Prominent backgrounds "ALPGEN#:
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  X

X

φ
6 unknowns

-2  from MET

★ Four unknowns and four on-shell conditions

W1

W2t2

t1

m2
W2

= (pµ2 + pν2)
2

m2
W1

= (pµ1 + pν1)
2

m2
t1 = (pW1 + pb1)

2

m2
t2 = (pW2 + pb2)

2

µ+
1

µ+
2

b1

b2

Quartic equation
p4x(ν1) + a p3x(ν1) + b p2x(ν1) + c px(ν1) + d = 0

Two complex, two real solutions
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RECONSTRUCTED EVENT DISTRIBUTION

★ Can we determine the mass of the 
heavy resonance?  Yes !
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TOP QUARK POLARIZATION AND RESONANCE SPIN

★ Polarization correlates with angle between 
top quark spin and charged lepton momenta

11
Pheno 2010May. 10, 2010

! Polarization correlates with angle between 
Top quark spin and charged lepton momenta

! Right!handed top quark has  
dependence

! Roughly 30 events required to distinguish
from un!polarized case

11

What is the polarization of the top quarks?  Right!handed!

Are the top quarks from a scalar decay?  Yes!
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What is the polarization of the top quarks? Right-handed !

Are the top quarks from a scalar decay? Yes ! 

✴ Right-handed top quark has 
dependence

1

2
(1 + cos θ)

✴ Roughly 30 events required to distinguish 
from unpolarized case

✴ Charged lepton typically follows top quark spin
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FIG. 1: Production cross sections (pb) of the processes uu →
φ and ūū → φ∗ at the evatron (dotted) and at the 7 TeV LHC
(solid and dashed), assuming λuu = 1.

one can factor the process of uu → tt into the scalar
production and decay into

σ(uu → φ → tt) = σ0(uu → φ)×
[

λ2
uuBr(φ → tt)

]

, (5)

where σ0(uu → φ) ≡ σ(uu → φ)|λuu=1. We then choose
the following two parameters in the rest of this paper: the
scalar mass mφ and the combination of λ2

uuBr(φ → tt).
Note that the full kinematics of the final state particles
is completely determined by the scalar mass while the
couplings of scalar to the light and heavy fermions change
the overall normalization.
Fig. 1 displays the production cross sections of the pro-

cess uu → φ and ūū → φ∗ at the Tevatron (dotted) and
at the 7 TeV LHC: solid curve for uu and dashed curve
for ūū. Due to the pp initial state, the uu initial state
dominate over ūū. Therefore, tt pairs are produced much
more than t̄t̄ pair, leading to an asymmetry of same sign
charged leptons. That would be an early hint of the color
sextet scalar. Even though the charge asymmetry can be
used to measure mφ when both tt and t̄t̄ are measured
precisely, one is unable to measure such charge asymme-
tries because the t̄t̄ pair production is too small to be
observed with early LHC data.
The search for the same-sign top quark pair in the

dilepton mode at the Tevatron imposed an upper limit
of σ(tt) as σ(tt) ≤ 0.7 pb [9]. Recently the CDF collab-
oration measured the tt̄ pair invariant mass spectrum in
the semi-leptonic decay mode [? ]. Since one cannot dis-
tinguish b and b̄ jets well, tt pairs lead to the exactly same
signature as tt̄ in the semi-leptonic mode. Hence, the mtt̄

spectrum provides an upper limit, which is shown in the
cyan shaded region in Fig. 2. The lower gray shaded re-
gion indicates the φ would hadronize before decay, which
would wash out the spin correlation effects we utilize to
probe the coupling and spin of the sextet.
Simulation – In order to discover the same sign top pair,
we focus on the dilepton decay mode, which denotes the
case where the two W bosons from the decaying tt pair
both decay to final state containing an electron or muon,
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FIG. 2: Discovery potential of the process uu → φ → tt at
the 7 TeV LHC with L = 1 fb−1. The shaded regions are
excluded by the Tevatron measurements: the orange band is
derived from the search of same sign top pair production, the
cyan band denotes the 95% C.L. constraints from the Mtt̄

measurements. The gray region indicates that the φ would
hadronize before decaying, washing out spin-correlations.

accounting for about 5% of all tt decays. In this work
we focus on the µ+µ+ final state because the muon re-
construction has an average efficiency of 95− 99% with a
pseudorapidity range |η| < 2.4 and a transverse momen-
tum range 5 GeV ≤ pT ≤ 1 TeV, while the fraction of
mis-assigned charge for muon with pT = 100GeV is less
than 0.1% [10, 11].
These events are characterized by two high-energy

same-sign leptons, two jets from the hadronization of the
b-quarks, and large missing energy from two unobserved
neutrinos. The dominant backgrounds yielding the same
collider signature are the processes (generated by ALP-
GEN [12]):

WWW : pp → W+
1 W+

2 W−, W+
1 → %+ν,

W+
2 → %+ν, W− → jj, (6)

WWjj : pp → W+
1 W+

2 jj, W+
1 → %+ν,

W+
2 → %+ν, (7)

tt̄ : pp → tt̄ → bb̄W+W−, W+ → %+ν

W− → jj, b̄ → %+, (8)

ZWW : pp → ZW+W−, Z → %+%−,

W+ → %+ν, W− → jj. (9)

The first two processes are the SM irreducible back-
ground while the last two are reducible backgrounds as
they contribute when some tagged particles escape the
detection, either carrying small pT or falling out of the
detector rapidity coverage. For example, in the tt̄ back-
ground one of the heavy flavor b-quarks decays into an
isolated charged lepton while one of the two jets from the
W− boson decay is mis-tagged as a b-jet.
At the analysis level, all events are required to pass the

following acceptance cuts:

pT, # ≥ 50GeV, |η#| ≤ 2.0,

pT, j ≥ 50GeV, |ηj | ≤ 2.5, (10)

SUMMARY

★ Color sextet scalar has a great discovery potential at the early LHC
✴ Due to colored resonance, enhanced cross section relative to EW scale new physics
✴ Naturally large same-sign dilepton rates allow easy background rejection

★ Search strategy 

12
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MT2
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PRODUCTION CROSS SECTION  AT NLO
★ NLO QCD corrections to single color sextet scalar production is available 

14

Han, Lewis, McElmurry, 0909.2666

channel is

σgq
NLO =

λ2αs

S

ND

N2
C

∫ 1

τ0

dτ

τ
(g ⊗ q + q ⊗ g)

(τ0

τ

)

×
{

Pqg(τ) ln
m2

D(1 − τ)2

µ2
F τ

−
1

4
(1 − τ)(3 − 7τ) +

CD

CF

[
τ ln τ +

1

2
(1 − τ)(1 + 2τ)

]}
, (4.6)

where Pqg(τ) = 1
2

[
τ2 + (1 − τ)2

]
is the DGLAP splitting function.

The total cross section for inclusive scalar diquark production is given by the sum of

Eqs. (4.5) and (4.6).
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Figure 4: Results for pp collisions at a center of mass energy of 2 TeV (a,b) and pp collisions at
10 TeV (c,d) with various initial states. The total leading-order (dot-dash) and next-to-leading order
(solid) cross sections are shown for both (a,c) the antitriplet and (b,d) the sextet diquarks. For all the
above plots the factorization scale, renormalization scale, and diquark mass are set equal.

5. Numerical Results

In this section we present numerical results for the total cross section for production of a scalar
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Figure 4: Results for pp collisions at a center of mass energy of 2 TeV (a,b) and pp collisions at
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SIMULATION’S GORY DETAILS

★ Acceptance cuts

✴  leptons

✴  jets:

✴  separation:  

★ Energy smearing

✴ leptons: 

✴ jets:

★ Tagging rates / Mistag rates

15

pT,� ≥ 20 GeV

pT,j ≥ 50 GeV

|η�| < 2.0

|ηj | < 2.5

δE

E
=

a�
E/GeV

⊕ b

a = 10%,

a = 50%,

b = 0.7%

b = 3%

�c→b = 10%, for pT(c) > 50 GeV

�u,d,s,g→b ≈ 1%

∆R��,�j,jj > 0.4
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RECONSTRUCTED EVENT DISTRIBUTION

16

★ Can we determine the spin of the 
heavy resonance? Not trivial !
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FIG. 1: Production cross sections (pb) of the processes uu →
φ and ūū → φ∗ at the evatron (dotted) and at the 7 TeV LHC
(solid and dashed), assuming λuu = 1.

one can factor the process of uu → tt into the scalar
production and decay into

σ(uu → φ → tt) = σ0(uu → φ)×
[

λ2
uuBr(φ → tt)

]

, (5)

where σ0(uu → φ) ≡ σ(uu → φ)|λuu=1. We then choose
the following two parameters in the rest of this paper: the
scalar mass mφ and the combination of λ2

uuBr(φ → tt).
Note that the full kinematics of the final state particles
is completely determined by the scalar mass while the
couplings of scalar to the light and heavy fermions change
the overall normalization.
Fig. 1 displays the production cross sections of the pro-

cess uu → φ and ūū → φ∗ at the Tevatron (dotted) and
at the 7 TeV LHC: solid curve for uu and dashed curve
for ūū. Due to the pp initial state, the uu initial state
dominate over ūū. Therefore, tt pairs are produced much
more than t̄t̄ pair, leading to an asymmetry of same sign
charged leptons. That would be an early hint of the color
sextet scalar. Even though the charge asymmetry can be
used to measure mφ when both tt and t̄t̄ are measured
precisely, one is unable to measure such charge asymme-
tries because the t̄t̄ pair production is too small to be
observed with early LHC data.
The search for the same-sign top quark pair in the

dilepton mode at the Tevatron imposed an upper limit
of σ(tt) as σ(tt) ≤ 0.7 pb [9]. Recently the CDF collab-
oration measured the tt̄ pair invariant mass spectrum in
the semi-leptonic decay mode [? ]. Since one cannot dis-
tinguish b and b̄ jets well, tt pairs lead to the exactly same
signature as tt̄ in the semi-leptonic mode. Hence, the mtt̄

spectrum provides an upper limit, which is shown in the
cyan shaded region in Fig. 2. The lower gray shaded re-
gion indicates the φ would hadronize before decay, which
would wash out the spin correlation effects we utilize to
probe the coupling and spin of the sextet.
Simulation – In order to discover the same sign top pair,
we focus on the dilepton decay mode, which denotes the
case where the two W bosons from the decaying tt pair
both decay to final state containing an electron or muon,
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FIG. 2: Discovery potential of the process uu → φ → tt at
the 7 TeV LHC with L = 1 fb−1. The shaded regions are
excluded by the Tevatron measurements: the orange band is
derived from the search of same sign top pair production, the
cyan band denotes the 95% C.L. constraints from the Mtt̄

measurements. The gray region indicates that the φ would
hadronize before decaying, washing out spin-correlations.

accounting for about 5% of all tt decays. In this work
we focus on the µ+µ+ final state because the muon re-
construction has an average efficiency of 95− 99% with a
pseudorapidity range |η| < 2.4 and a transverse momen-
tum range 5 GeV ≤ pT ≤ 1 TeV, while the fraction of
mis-assigned charge for muon with pT = 100GeV is less
than 0.1% [10, 11].
These events are characterized by two high-energy

same-sign leptons, two jets from the hadronization of the
b-quarks, and large missing energy from two unobserved
neutrinos. The dominant backgrounds yielding the same
collider signature are the processes (generated by ALP-
GEN [12]):

WWW : pp → W+
1 W+

2 W−, W+
1 → %+ν,

W+
2 → %+ν, W− → jj, (6)

WWjj : pp → W+
1 W+

2 jj, W+
1 → %+ν,

W+
2 → %+ν, (7)

tt̄ : pp → tt̄ → bb̄W+W−, W+ → %+ν

W− → jj, b̄ → %+, (8)

ZWW : pp → ZW+W−, Z → %+%−,

W+ → %+ν, W− → jj. (9)

The first two processes are the SM irreducible back-
ground while the last two are reducible backgrounds as
they contribute when some tagged particles escape the
detection, either carrying small pT or falling out of the
detector rapidity coverage. For example, in the tt̄ back-
ground one of the heavy flavor b-quarks decays into an
isolated charged lepton while one of the two jets from the
W− boson decay is mis-tagged as a b-jet.
At the analysis level, all events are required to pass the

following acceptance cuts:

pT, # ≥ 50GeV, |η#| ≤ 2.0,

pT, j ≥ 50GeV, |ηj | ≤ 2.5, (10)

Not realistic for early LHC! It requires  ~ O(1000) events to
verify the flat distribution.
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★  Among the top quark decay products, the charged lepton is maximally correlated 
with top quark spin.

17

★     is the angle, in the top quark rest frame, between the  direction of the charged 
lepton and the spin of the top quark. In the helicity basis, top quark spin along its 
moving direction.
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FIG. 6: top quark spin correlation.

FIG. 7: R distribution.

Otherwise, it yields R ≤ 0.5. Figure 7 displays the R distributions for mφ = 500GeV and

1000GeV. For comparison we also plot the SM contribution ignoring the lepton charges.
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