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Top-quark pair plus missing energy
• Typical collider signature in several NP models
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‣ Universal Extra 
Dimension Model 
(UED)

‣ Little Higgs Model 
with T-parity 
(LHT)

‣Minimal 
Supersymmetric 
extension of the 
Standard Model 
(MSSM)
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Top quark is very special

• Large mass：  173 GeV ~ VEV (246GeV)  

• Short lifetime: 

• “bare” quark： 
   spin info well kept among
   its decay products

Top

5⇥ 10�27 s

hadronization

3

yt ⇠ O(1)

W+

b



Qing-Hong Cao                                                                         HFCPV 2012                                                                                                 / 21   

Measuring t-polarization
• Traditional method of measuring top-polarization is through the 

angle between the charged lepton and top-quark spin.

The charged-lepton tends to follow 
the top-quark spin direction. 

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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Charged lepton distribution
• In the rest frame of the top-quark
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Top-quark reconstruction
• The charged leptons produced always in association 

with an invisible neutrino 

m2
W = (p` + p⌫)
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          Difficulty in               events
• It is impossible to reconstruct a top-quark in the leptonic-decay mode. 

Angular distribution of the charged-lepton cannot be used. 
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Our goal
• is to find a method to measure top-quark polarization 

without knowing top-quark kinematics.

• Advantages of our method:
✓ It is sensitive to the top-quark polarization. 

✓ It is not sensitive to the mass splitting between a heavy 
resonance parent and the DM candidate, provided that this 
splitting is not too small. 

✓ The difference between      and      is not sensitive to the 
spin of a heavy parent resonance or to the collider energy. 
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Charged lepton distribution
• In the rest frame of the top-quark
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Lepton energy and top-quark polarization
★ Lepton energy distribution is sensitive to top quark polarization.
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• Define a variable    to quantify the difference between     and 
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R distribution
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Lepton energy and top-quark polarization
•  Identical decay chains
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Toy model mimicking  MSSM
• MSSM like:
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Lt̃t�̃ = ge↵˜t�̃(cos ✓e↵PL + sin ✓e↵PR)t

• Major SM backgrounds
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•            reconstruction (Minimal-    theme) 

Collider simulation

15

• Basic selection cuts
p`T > 20 GeV pjT > 25 GeV

6ET > 25 GeV

• Hard cuts
6ET > 100 GeV HT > 500 GeV

t̄ ! 3j
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Signal versus Backgrounds
• Cross section (fb) of signal and 

backgrounds at 14TeV LHC
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3

at the LHC with 8 TeV energy. We demand that the
top quark decays semi-leptonically, and that the anti-top
quark decays hadronically, t̄ ! 3jets. The final state
contains a lepton plus jets and large missing transverse
energy 6ET . Two irreducible SM backgrounds, tt̄ and
tt̄Z production, are considered. Both the signal and
background processes are generated at leading order in
MadGraph/MadEvent [7] with CTEQ6L1 parton distri-
bution functions [8]. The renormalization and factoriza-
tion scales are chosen as m

˜t. Momentum smearing e↵ects
are included through a Gaussian-type energy resolution.
We apply a set of basic acceptance cuts for the jets and
single lepton in the final state: pT (`) > 20 GeV, pT (j) >
25 GeV, |⌘`,j | < 2.5, �Rjj,`j > 0.4, 6ET > 25 GeV.
To suppress SM backgrounds, we impose a set of much
harder cuts: pT (j1st) > 50 GeV, pT (j2nd) > 40 GeV,
6 ET > 100 GeV, HT > 500 GeV, where HT is the
scalar sum of the transverse energies of all objects in
the event. After the hard cuts, the cut e�ciency for
the signal is about 44% compared to the rate after the
basic cuts. The tt̄ background still dominates after the
hard cuts, and the tt̄Z background is negligible. In order
to further suppress the SM background, we use the fact
that 6ET originates from the neutralino and neutrino in
the signal events while from only the neutrino in the tt̄
background. Hence, the neutrino longitudinal momen-
tum p⌫L obtained from the W -boson on-shell condition
m2

l⌫ = m2

W ,

p⌫L =
1

2p2eT

✓
ApeL ± Ee

q
A2 � 4 p 2

eT 6E2

T

◆
, (6)

is unphysical more often in the signal than in the back-
ground [9]. Here A = m2

W + 2 ~peT · ~6ET . We then de-
mand A2 � 4p2eT 6E2

T  0. We also impose a cut on the
transverse mass of the charged lepton and missing en-

ergy, MT =
q

2p`T 6ET (1� cos�) � 100 GeV, where pT
is the lepton transverse momentum and � is the angle
in the transverse plane between ~pT and ~6ET . Only about
0.00556% of the tt̄ events remain after all the cuts. The
cross sections for the signal and main backgrounds are
shown in Table I after branching fractions are included.
Using these cross sections, we find that the numbers of
signal and background events are 130 and 22 at 8 TeV
and 20 fb�1 integrated luminosity, for a signal signifi-
cance of S/

p
B = 28.

In t̃ pair production the decay chains of t̃ ! t�̃ and
˜̄t ! t̄�̃ have similar kinematics because the heavy t̃’s
are not highly boosted. In this work we investigate the
energy of the anti top-quark as an estimator of the top
quark energy, with the anti-top quark required to decay
into three jets [13]. We define a new energy fraction
variable x0

`,

x0
` = 2E`/E¯t. (7)

After convolution with the production cross section, a

TABLE I: Cross sections (in fb) for the signal and back-
grounds processes at di↵erent cut levels, including the decay
branching fractions to the specific final states of interest.

Basic thad recon. Hard 6ET sol. ✏cut

signal 22.26 18.46 8.87 6.51 11.6 %

tt̄ 4347.08 3596.75 154.47 0.91 0.00556%

tt̄Z 1.25 1.03 0.34 0.22 5.9 %

ratio R0 can be defined as

R0(xc) =
1

�(tot)

Z xc

0

d�

dx0
`

dx0
` ⌘

�(x0
` < xc)

�(tot)
, (8)

where d�/dx0
` is the di↵erential cross section, and x0

c is
the cut threshold of the energy fraction x0

`.
We use a �2-template method based on the W boson

and top quark masses to select the three jets from the
hadronic decay of the anti-top quark. For each event we
pick the combination which minimizes the following �2:

�2 =
(mW �mjj)2

�m2

W

+
(mt �mjjj)2

�m2

t

, (9)

where �mW and �mt are the width of the W -boson and
the top quark, respectively. The e�ciency of this method
is 84%. After the antitop quark energy is reconstructed in
the lab frame, R0 can be obtained with its cut threshold
x0
c dependence.
Armed with both the Monte Carlo level momenta and

the reconstructed momenta, we perform several compar-
isons to evaluate how faithful the R0 distribution is to the
trueR. At the Monte Carlo level, t

lep

and t̄
had

are known
in the center-of-mass (cms) and lab frames. Our compar-
isons show that R defined with t

lep

is not sensitive to the
boost from the cms to laboratory frame, whereas R de-
fined by t̄

had

shows a slight dependence. We compute the
ratio R defined from the energy of the t

lep

and t̄
had

. At
the detector simulation level, only the four-momentum
of t̄

had

can be reconstructed, denoted t̄rec
had

. Some of our
results are compared in Fig. 2 (a) for choices sin ✓

e↵

= 1
and cos ✓

e↵

= 1 in Eq. 5. With sin ✓
e↵

= 1 (cos ✓
e↵

= 1)
the top quark is mainly right-handed (left-handed), and
we label the curves by tR (tL). There is some di↵er-
ence between the R distributions for t

lep

and t̄
had

, but
the essential features are preserved. We conclude that
x0
c is a good variable when xc cannot be obtained. We

also investigate the cut dependence of t̄rec
had

at the recon-
struction level, whether basic or hard, and find that R is
not sensitive to the cuts; the curves for the loose cuts and
the hard cuts overlap. Lastly, comparing R at the Monte
Carlo level and at the reconstruction level, we see a slight
downward shift for both tL and tR. This e↵ect arises be-
cause the pT cuts on the lepton reduce the number of
events with x0

` < x0
c.

The results in Fig. 2 (a) establish that x0
c is a suitable

variable and that R0 serves as a good substitute for R.
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Top-quark reconstruction
• The charged leptons produced always in association 

with an invisible neutrino 

m2
W = (p` + p⌫)

2
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Signal versus Backgrounds
• Cross section (fb) of signal and 

backgrounds at 14TeV LHC
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3

at the LHC with 8 TeV energy. We demand that the
top quark decays semi-leptonically, and that the anti-top
quark decays hadronically, t̄ ! 3jets. The final state
contains a lepton plus jets and large missing transverse
energy 6ET . Two irreducible SM backgrounds, tt̄ and
tt̄Z production, are considered. Both the signal and
background processes are generated at leading order in
MadGraph/MadEvent [7] with CTEQ6L1 parton distri-
bution functions [8]. The renormalization and factoriza-
tion scales are chosen as m

˜t. Momentum smearing e↵ects
are included through a Gaussian-type energy resolution.
We apply a set of basic acceptance cuts for the jets and
single lepton in the final state: pT (`) > 20 GeV, pT (j) >
25 GeV, |⌘`,j | < 2.5, �Rjj,`j > 0.4, 6ET > 25 GeV.
To suppress SM backgrounds, we impose a set of much
harder cuts: pT (j1st) > 50 GeV, pT (j2nd) > 40 GeV,
6 ET > 100 GeV, HT > 500 GeV, where HT is the
scalar sum of the transverse energies of all objects in
the event. After the hard cuts, the cut e�ciency for
the signal is about 44% compared to the rate after the
basic cuts. The tt̄ background still dominates after the
hard cuts, and the tt̄Z background is negligible. In order
to further suppress the SM background, we use the fact
that 6ET originates from the neutralino and neutrino in
the signal events while from only the neutrino in the tt̄
background. Hence, the neutrino longitudinal momen-
tum p⌫L obtained from the W -boson on-shell condition
m2

l⌫ = m2

W ,

p⌫L =
1

2p2eT

✓
ApeL ± Ee

q
A2 � 4 p 2

eT 6E2

T
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, (6)

is unphysical more often in the signal than in the back-
ground [9]. Here A = m2

W + 2 ~peT · ~6ET . We then de-
mand A2 � 4p2eT 6E2

T  0. We also impose a cut on the
transverse mass of the charged lepton and missing en-

ergy, MT =
q

2p`T 6ET (1� cos�) � 100 GeV, where pT
is the lepton transverse momentum and � is the angle
in the transverse plane between ~pT and ~6ET . Only about
0.00556% of the tt̄ events remain after all the cuts. The
cross sections for the signal and main backgrounds are
shown in Table I after branching fractions are included.
Using these cross sections, we find that the numbers of
signal and background events are 130 and 22 at 8 TeV
and 20 fb�1 integrated luminosity, for a signal signifi-
cance of S/

p
B = 28.

In t̃ pair production the decay chains of t̃ ! t�̃ and
˜̄t ! t̄�̃ have similar kinematics because the heavy t̃’s
are not highly boosted. In this work we investigate the
energy of the anti top-quark as an estimator of the top
quark energy, with the anti-top quark required to decay
into three jets [13]. We define a new energy fraction
variable x0

`,

x0
` = 2E`/E¯t. (7)

After convolution with the production cross section, a

TABLE I: Cross sections (in fb) for the signal and back-
grounds processes at di↵erent cut levels, including the decay
branching fractions to the specific final states of interest.

Basic thad recon. Hard 6ET sol. ✏cut

signal 22.26 18.46 8.87 6.51 11.6 %

tt̄ 4347.08 3596.75 154.47 0.91 0.00556%

tt̄Z 1.25 1.03 0.34 0.22 5.9 %
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where d�/dx0
` is the di↵erential cross section, and x0

c is
the cut threshold of the energy fraction x0

`.
We use a �2-template method based on the W boson

and top quark masses to select the three jets from the
hadronic decay of the anti-top quark. For each event we
pick the combination which minimizes the following �2:
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where �mW and �mt are the width of the W -boson and
the top quark, respectively. The e�ciency of this method
is 84%. After the antitop quark energy is reconstructed in
the lab frame, R0 can be obtained with its cut threshold
x0
c dependence.
Armed with both the Monte Carlo level momenta and

the reconstructed momenta, we perform several compar-
isons to evaluate how faithful the R0 distribution is to the
trueR. At the Monte Carlo level, t

lep

and t̄
had

are known
in the center-of-mass (cms) and lab frames. Our compar-
isons show that R defined with t

lep

is not sensitive to the
boost from the cms to laboratory frame, whereas R de-
fined by t̄

had

shows a slight dependence. We compute the
ratio R defined from the energy of the t

lep

and t̄
had

. At
the detector simulation level, only the four-momentum
of t̄

had

can be reconstructed, denoted t̄rec
had

. Some of our
results are compared in Fig. 2 (a) for choices sin ✓
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and cos ✓
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the top quark is mainly right-handed (left-handed), and
we label the curves by tR (tL). There is some di↵er-
ence between the R distributions for t

lep

and t̄
had

, but
the essential features are preserved. We conclude that
x0
c is a good variable when xc cannot be obtained. We

also investigate the cut dependence of t̄rec
had

at the recon-
struction level, whether basic or hard, and find that R is
not sensitive to the cuts; the curves for the loose cuts and
the hard cuts overlap. Lastly, comparing R at the Monte
Carlo level and at the reconstruction level, we see a slight
downward shift for both tL and tR. This e↵ect arises be-
cause the pT cuts on the lepton reduce the number of
events with x0

` < x0
c.

The results in Fig. 2 (a) establish that x0
c is a suitable

variable and that R0 serves as a good substitute for R.
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versus 
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         distribution 
•      and       are separated 
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Summary
• Conventional method of measuring top-quark 

polarization in the charged lepton angle 
distribution failed in               events. 

• The long ignored lepton energy could also be 
used to measure top-quark polarization without 
reconstructing the top-quark kinematics.

• The information of the mass and spin of new 
heavy particles in the intermediate state is no 
longer needed.   

21

tt̄ + 6ET

 Probe the interaction before mass and spin
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