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• Short lifetime: 

Top-quark: the only bare quark in SM

5⇥ 10�27 s

2

hadronization

• “bare” quark： 

   spin info well kept 
   among its decay products

t
W

b
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Charged lepton: the top-spin analyzer

• In top-quark rest frame
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• The charged-lepton tends to follow the top-quark 
spin direction.
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Top-quark AFB at the Tevatron

4

CDF (8.7fb-1):

Ainclusive
FB = 0.162± 0.041± 0.022

ANLO+EW
FB = 0.066

CDF: 1101.0034 

19

VII. DIFFERENTIAL CROSS-SECTION AND PARTON LEVEL RESULTS

Applying our correction procedure to the data yields the di↵erential cross-section shown in Figure 19 compared
to the standard model powheg prediction. We find an inclusive asymmetry of 0.162 ± 0.041 ± 0.022. The |�y|
dependence of this distribution is shown in Figure 20, with the di↵erential asymmetry values being summarized in
Table XVI. Performing a linear fit to the parton level results, we find a slope ↵�y

= (30.6± 8.6)⇥ 10�2, compared
to an expected slope of 10.3⇥ 10�2. In performing this fit in the data, we utilize the full covariance matrix for the
corrected AFB values when minimizing �2 in order to account for the correlations between bins in the parton level
distribution. The systematic uncertainties on AFB in each bin are added to the diagonals of the covariance matrix.
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FIG. 20: Parton level AFB as a function of |�y| (left) and the same distribution with a best-fit line superimposed (right).

CDF Run II Preliminary L = 8.7 fb�1

Parton Level Data NLO (QCD+EW) tt̄
|�y| AFB (± stat. ± syst.) AFB

Inclusive 0.162 ± 0.041 ± 0.022 0.066
< 0.5 0.037 ± 0.035 ± 0.020 0.023

0.5� 1.0 0.163 ± 0.058 ± 0.036 0.072
1.0� 1.5 0.384 ± 0.084 ± 0.041 0.119
� 1.5 0.547 ± 0.140 ± 0.085 0.185
< 1.0 0.088 ± 0.042 ± 0.022 0.043
� 1.0 0.433 ± 0.097 ± 0.050 0.139

Data NLO (QCD+EW) tt̄
Slope ↵�y of Best-Fit Line (30.6 ± 8.6)⇥ 10�2 10.3⇥ 10�2

TABLE XVI: Measured and predicted parton level asymmetries as a function of |�y|.

We also can determine the parton level mass dependence of AFB by correcting the �y and M
tt̄

distributions
simultaneously. Doing so yields the M

tt̄

distributions for forward and backward events shown in Figure 21. These
distributions can then be combined to determine the di↵erential AFB as a function of M

tt̄

shown in Figure 22
and summarized in Table XVII. The best fit line to the parton level data has a slope ↵

Mtt̄
= (15.6 ± 5.0)⇥ 10�4,

compared to the powheg prediction of 3.3⇥ 10�4.

A. Comparison to Previous Results

In the 5.3 fb�1 version of this analysis, parton level di↵erential asymmetries were considered in two bins of |�y|
(above and below 1.0) and two bins of M

tt̄

(above and below 450 GeV/c2). In Table XVIII, we provide the parton

20
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FIG. 22: Parton level AFB as a function of Mtt̄ (left) and the same distribution with a best-fit line superimposed (right).

level results from this analysis with the same divisions into two bins in order to directly compare to the previous
analysis. The change in central values across the two bins has been reduced somewhat compared to the previous
analysis, but the trend of growth of the asymmetry with mass and |�y| remains.

VIII. CONCLUSIONS

We have studied the forward-backward asymmetry AFB in top quark pair production in the full CDF dataset.
In the full dataset, we observe a raw asymmetry of 0.066 ± 0.020, and an approximately linear dependence on
both |�y| and M

tt̄

. After subtracting o↵ the predicted background contribution, we determine the significance of
the rapidity and mass dependence by comparing the best fit slopes in the data to the standard model powheg

prediction, finding a p-value of 0.00892 for AFB as a function of |�y| and a p-value of 0.00646 for AFB as a function
of M

tt̄

. Finally, we correct our results to the parton level to find the di↵erential cross-section in �y and allow
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• Charged lepton is maximally correlated with top-spin. 

5
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         and          are connected by the spin correlation 
between the top-quark and charged lepton. 

At
FB A`

FB

 Berger, QHC, Chen, Yu, Zhang, 
       PRL 108 (2012) 072002
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Top quark reconstruction

7

• The charged leptons produced always in association 
with an invisible neutrino 

m2
W = (p` + p⌫)

2

m⌫ = 0

p⌫z =
1

2(peT )
2


Apez ± Ee

q
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2 6E2
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�

A = m2
W + 2 ~p e

T · 6~ET

unknownp⌫z
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⌫
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= 6E
T

(x) p⌫y = 6ET (y)

• W-boson on-shell condition
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Top quark production in NP
• Single top-quark production

8

t

P P

b
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⌫

NP

One invisible particle
in the final state
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Top quark production in NP
• Top-quark pair production + semi-leptonic decay

9
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Extra gauge bosons
(W-prime and Z-prime)

Top-quark polarization depends on 
how the top-quark is gauged under new gauge symmetry,
or, the chirality structure of  W’-t-b and Z’-t-t couplings.

  Berger, QHC, Chen, Zhang, 
       PRD83 (2011) 114026 

q
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Effective           and          couplings

11

SU(2)2×U(1)X → U(1)Y occurs at the TeV scale, while the second stage of symmetry

breaking SU(2)L × U(1)Y → U(1)em occurs at the electroweak scale.

In the first pattern the couplings of new gauge bosons to the SM fermions are predominately

left-handed while in the second pattern the couplings are right-handed. A measurement of

the polarization of the fermions from the new gauge bosons would decipher the handedness

of the couplings.

Rather than focusing on a specific model, we explore the discovery potential of W ′ and

Z ′ bosons in a model independent method, and we comment on a few new physics models

later. The most general interaction of the Z ′ and W ′ to the SM quarks is

L = q̄γµ(gZ
′

L PL + gZ
′

R PR)q Z ′
µ ++q̄γµ(gW

′

L PL + gW
′

R PR)q
′ W ′+

µ + h.c. (2)

where PL/R is the usual left- and right-handed projector and q denotes the SM quarks. The

Z ′ and W ′ are understood here to be color singlet states, but one can easily obtain the

interaction of color octet bosons, such as a G′, from insertion of the SU(3)C color matrices

λA/2 in Eq. (2).

The couplings gZ
′

L/R and gW
′

L/R usually are not independent when the W ′ and Z ′ originate

from the same gauge group. For example, in the left-right model, the SM right-handed quark

singlets form a doublet (uR, dR) which is gauged under the additional SU(2)R group. TheW ′

and Z ′ transform as a SU(2)R triplet and their couplings to the SM quarks are correlated.

In this work we first treat gW
′

L/R and gZ
′

L/R as independent in our collider simulation to derive

the experimental sensitivity on Z ′ and W ′ measurements. We then consider the correlation

between the two couplings in the context of some NP models. We use gL/R to denote the

left-handed and right-handed couplings of the W ′ and Z ′ to the SM quarks. For simplicity

we assume the couplings of Z ′ to up- and down-type quarks are the same.

For illustration we study three benchmark NP models in this work:

• sequential SM-like W ′/Z ′ (SSM) model: the W ′ and Z ′ couplings to SM fermions are

exactly the same as the SM W and Z boson, and mW ′ = mZ′. Although it is difficult

in a realistic model to have couplings which are the same as in the SM, we show such

a case for comparison.

• top-flavor model [24]: theW ′ and Z ′ couplings are purely left-handed, andmW ′ = mZ′.

5

TABLE I: Couplings of a W ′ to tb and a Z ′ to tt̄ for the sequential SM-like W ′/Z ′ (SSM)

model, the left-right symmetric model (LRM), and the top-flavor model, where sw (cw, tw) =

sin θw (cos θw, tan θw), θw is the weak mixing angle, g2 = e/sw is the weak coupling, αLR ! 1.6,

and sin φ̃ is taken to be 1/
√
2.

W ′tb Z ′tt̄

SSM
g2√
2
b̄γµPLtW

′µ g2
6cw

t̄γµ((−3 + 4s2w)PL + 4s2wPR)tZ
′µ

LRM
g2√
2
b̄γµPRtW

′µ g2tw
6

t̄γµ(
1

αLR
PL + (

1

αLR
− 3αLR)PR)tZ

′µ

Top-Flavor
g2 sin φ̃√

2
b̄γµPLtW

′µ g2 sin φ̃√
2

t̄γµPLtZ
′µ

• left-right symmetric model (LRM) [29]: Here, we consider a SU(2)L × SU(2)R ×

U(1)B−L model. The W ′ couplings to SM quarks are purely right-handed while the

Z ′ couplings are dominantly right-handed.

Table I is a summary of the couplings of a W ′ and a Z ′ to SM third generation quarks in

these models. The couplings to the quarks of first two generations are the same, except that

one should replace sin φ̃ by cos φ̃ in the top-flavor model.

A. Bounds on masses and couplings

The masses and couplings of Z ′ and W ′ bosons are bounded by various low energy

measurements (mainly via the four-fermion operators induced by exchanges of new heavy

gauge bosons) such as the precision measurements at the Z-pole at LEP-I [30], the W -

boson mass [30], the forward-backward asymmetry in bb̄ production at LEP-II [30], νe

scattering [31], atomic parity violation [32–34], Moller scattering [35], and so forth. The

bounds are severe when new gauge bosons couple to leptons directly, but they can be relaxed

for a leptophobic model, as analyzed in Ref. [22].

Tevatron data place a lower bound about 1.1 TeV on the mass of a W ′ [36] and about

1.07 TeV for a Z ′ [37], based on the charged lepton plus missing energy (#± %ET ) and µ+µ−

final states, respectively, with the assumption that the couplings between the W ′/Z ′ and the

SM fermions are the same as those in the SM. Searches for the W ′ and Z ′ at the Tevatron in

dijet events yield lower bounds on mW ′ and mZ′ , assuming SM couplings, of 840 GeV and

6

SU(2)1 SU(2)2 U(1)X

U(1)Y

U(1)em

⊗ ⊗SU(2)1 SU(2)2 U(1)X

SU(2)L

U(1)em

⊗ ⊗(a) (b)

U(1)Y SU(2)L

W 0tb Z 0tt

L = q̄�µ(gZ
0

L PL + gZ
0

R PR)q Z 0
µ + q̄�µ(gW

0

L PL + gW
0

R PR)q0 W 0+
µ + h.c.
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Measuring          and         couplings

12

•  Single-top production can probe the handness of           coupling
  Gopalakrishna, Han,  
  Lewis, Si, Zhou,
  PRD82 (2010) 115020
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Figure 10: The angular distribution of the charged lepton in pp → W ′ → tb̄ → bb̄ !+ν! production
at the LHC for MW ′ = 1 TeV in the top quark rest-frame with respect to a spin quantization
direction â taken to be the top direction in the c.m. frame, for (a) without smearing or cuts, and
(b) with energy smearing and cuts in Eqs. (16),(18),(19),(23), and tagging the softest b-jet.

Table 4: Forward-backward asymmetry of the charged lepton in pp → tb̄ → bb̄!+ν! for ! = e+ or
µ+ at the LHC for MW ′ = 1TeV with and without the SM W contribution.

A W +W ′
L W +W ′

R W ′
L W ′

R

No Cuts or smearing −0.42 0.17 −0.48 0.48

No Cuts −0.42 0.15 −0.49 0.45

Cuts Eqs.(16) −0.48 0.24 −0.51 0.37

+Eq.(19) −0.49 0.39 −0.49 0.40

+Eq.(18) −0.53 0.36 −0.53 0.37

+Eq. (23) & tagging 1 b-jet −0.48 0.40 −0.48 0.40

Using the reconstructed events we can also determine the asymmetric observable A. The results

for A are given in Table 4 for the signal of W ′
L and W ′

R with and without including the SM

W contribution. To demonstrate the realistic kinematical effects, we give the asymmetries with

consecutive cuts in the table. Once all the cuts have been applied we still obtain a very good

determination of the chirality of the W ′.

4.3 W ′ chiral couplings from transverse momentum distributions

As discussed already in Sec. 3.2, the pT distributions also convey information on the W ′ chirality

as shown in Fig. 3 due to their spin correlations. The charged lepton pT in the case of W ′
R is

harder than that in W ′
L. This can be understood from angular-momentum conservation; for the

23
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FIG. 6: Distributions in cos θ! of the lepton from the decay of top quarks produced in tt̄ events

before and after cuts: (a) SM, (b) right-handed polarized top quarks in Z ′ decay; (c) left-handed

polarized top quarks in Z ′ decay. The distributions for W ′ decay are similar to those for Z ′ decay.

models. We adopt a general linear least squares fit in this study to estimate how well the

degree of top quark polarization can be determined.

An observed angular distribution O(y) after the SM background is subtracted can be

expressed as

O(y) = εL FL(y) + εR FR(y), (12)

where εL (εR) is the fraction of left-handed (right-handed) top quarks. The values of εL and

εR are chosen as the best parameters that minimize χ2, defined as

χ2 =
N
∑

i=1

[

O(yi)− εLFL(yi)− εRFR(yi)

σi

]2

, (13)

where N is the number of bins, and σi =
√

O(yi) is the statistical error (standard deviation)

of the ith data point. The minimum of Eq. 13 occurs where the derivative of χ2 with respect

to both εL and εR vanishes, yielding the normal equations of a least-squares problem:

0 =
N
∑

i=1

1

σ2
i

[O(yi)− εLFL(yi)− εRFR(yi)]Fl(yi), where l = L(R). (14)

Interchanging the order of summations, one can write the above equations as matrix equa-

tions,

αLLεL + αLRεR = βL, αRLεL + αRRεR = βR, (15)

15

•  Top-pair production can probe the handness of          coupling

 Berger, QHC,
 Chen, Zhang, 
 PRD83 (2011)    
 114026 
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Top quark production in NP
• Top-quark pair production + dileptonic decay

13
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Top quark production in NP
• Same-Sign top-quark pair production

14
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Top quark is often polarized in NP

15

• Flavor changing gauge boson

tRuR

uR tR

Z 0

• Exotic colored partilces (diquark scalar/vector)

t

t

t

t

�6
V6

3⌦ 3 = 6� 3̄
Chen, Klemm, Rentala, Wang,
   PRD79 (2009) 054002

Mohapatra, Okada, Yu,
   PRD 77 (2008) 011701
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Minimal FCNC      cannot explain  

16

J. Cao, Wang, Wu, Yang, arXiv:1101.4456
J. Cao et al, hep-ph/0703308, hep-ph/0409334

  Berger, QHC, Chen, Li, Zhang,  
       PRL 106 (2011) 201801

u t
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Minimal FCNC      cannot explain  

16
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Minimal FCNC      cannot explain  
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Z 0 At
FB

Z 0
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Color sextet scalars and vectors

Measuring 
polarizations of both 

top quarks 

• Effective Lagrangian (                                         )

Spin and gauge 
quantum numbers of 

heavy resonances 

17

Atag, Cakir, Sultansoy, PRD59 (1999) 015008

SU(3)C ⌦ SU(2)L ⌦ U(1)Y
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Discovery potential

18

400 500 600 700 800 900 1000
m
Φ

(GeV)
10-3

10-2

10-1

100

λ2 uu
× 

Br
(Φ
→

tt)
5σ discovery

30 events

CDF: σ(tt+tt)

CDF: m tt
 95% C.L.

100 events

1000 events

Hadronization region (Γ
Φ

 < 300 MeV)

• Simple cuts to extract signal:
‣ Same sign di-muons
‣ Two jets and leptons with 

PT>50GeV
7 TeV

Contours shown on 
right are numbers of 
signal events

About 1 background 
events

Berger, QHC, Chen, 
Shaughnessy, Zhang, 

PRL 105 (2010) 181802
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Full kinematics reconstruction
★ Four unknowns and four on-shell conditions

 

  

  

 6 unknowns
-2 from MET

Quartic equation
   (correct l-b pairing is necessary)

Two complex, two real solutions

 

m2
W1

= (pµ1 + p⌫1)
2

m2
W2

= (pµ2 + p⌫2)
2

m2
t2 = (pW2 + pb2)

2

m2
t1 = (pW1 + pb1)

2 p4
x

(⌫1) + a p3
x

(⌫1) + b p2
x

(⌫1) + c p
x

(⌫1) + d = 0

19
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 Neutrino momentum reconstruction

20

True

Reconstructed (GeV)

s-channel 700GeV resonance

• Strong correlation between the 
true        and reconstructed

• The mass of heavy resonance 
can be determined
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Top-polarization: color sextet scalar

21

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

Roughly 30 events required to 
distinguish from unpolarized case

+ :    right-handed
-  :    left-handed

Berger, QHC, Chen, 
Shaughnessy, Zhang, 

PRL 105 (2010) 181802
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Top quark production in NP
• Top-quark pair + dark matter candidates

22

t

P P

b `+

⌫

NP
t̄

b̄ Three invisible particles
in the final state

j jj

DM

DM
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Top-quark pair plus missing energy
• Typical collider signature in several NP models

23

‣ Universal Extra 
Dimension Model 
(UED)

‣ Little Higgs Model 
with T-parity 
(LHT)

‣Minimal 
Supersymmetric 
extension of the 
Standard Model 
(MSSM)

g

g

t̃

˜̄t

t

t̄

χ̃0

χ̃0

g

g

T−

T−

t

t̄

AH

AH

spin 0

spin 1/2
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Charged lepton distribution
• In the rest frame of the top-quark

�t = +

�t = �
right-handed
left-handed

`+

t
~st ~pt

✓

(    )

24

helecos
-1 -0.5 0 0.5 1

he
l

e
/d
co
s

Kd
-1

K

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

Rt
Lt

(a) tL tR

The energy and angle are 
correlated when top is boosted. 

d�

dxd cos ✓

=

↵

2
Wmt

32⇡AB

x(1� x)Arctan


Ax

B � x

�
1 + st cos ✓

2

Czarnecki, Jezabek, Kuhn, NPB351,70 (1991)
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Lepton energy is sensitive to top-polarization

25

d�(ŝt)

dx

=
↵

2
Wmt

64⇡AB

Z z
max

z
min

x�

2[1� x�

2(1� z�)]

⇥
✓
1 + ŝt

z � �

1� z�

◆
Arctan


Ax�

2(1� z�)

B � x�

2(1� z�)

�
dz

A =
�W

mW

B =
m2

W

m2
t

⇡ 0.216

� =
Et

mt
� =

p
1� 1/�2

zmin = max[(1� 1/�

2
x)/�,�1]

z

max

= min[(1�B/�

2

x)/�, 1] 0 0.5 1 1.5 2
xl

0

1

2

3

1/
K

dK
/x

l

Et =   250 GeV (tL)
Et =   250 GeV (tR)
Et =   500 GeV (tL)
Et =   500 GeV (tR)
Et = 1000 GeV (tL)
Et = 1000 GeV (tR)

x = 2E`/Et

  Berger, QHC, Yu, Zhang,  
   PRL 109 (2012) 152004 



Qing-Hong Cao (PKU)                        Probe new physics with polarized top quark                                             / 32   

g

g

t̃

˜̄t

χ̃0

χ̃0

t

t̄

ν

#+

b̄

j

j

b

Lepton energy and top-quark polarization

•  Identical decay chains

x

0
` = 2E`+/Et̄

26
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• Define a variable    to quantify the difference between     and 

27

R(xc) ⌘
Area(x` < xc)

Area(tot)

= Area(x` < xc)

R tL tR

l
x

0 0.5 1 1.5 2

/d
x

Γ
 d

Γ
1

/

0

0.5

1

1.5

2

(a) )
L

 =   250 GeV (ttE

)
R

 =   250 GeV (ttE

)
L

 =   500 GeV (ttE

)
R

 =   500 GeV (ttE

)
L

 = 1000 GeV (ttE

)
R

 = 1000 GeV (ttE

R(xc)

xc

Lepton energy and top-quark polarization
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Toy model mimicking  MSSM
• MSSM like:

28

Lt̃t�̃ = ge↵˜t�̃(cos ✓e↵PL + sin ✓e↵PR)t

• Major SM backgrounds

g

g

t̃

˜̄t

χ̃0

χ̃0

t

t̄

ν

#+

b̄

j

j

b

g

g

t

t̄

b ν

"+

b̄

j

j

g

g

t

t̄

b ν

"+

b̄

j

j

ν

ν̄

Z

Collider signature
bb̄jj`+6ET
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•            reconstruction (Minimal-    method) 

Collider simulation

29

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

6ET > 25 GeV

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

t̄ ! 3j

g

g

t̃

˜̄t

χ̃0

χ̃0

t

t̄

ν

#+

b̄

j

j

b

�2 =
(mW �mjj)2

�m2
W

+
(mt �mjjj)2

�m2
t

Loop over all jet combinations and pick up the one minimize 

mt̃ = 360 GeV m�̃ = 50 GeV

HT = p`T + pj1T + pj2T + pbT + pb̄T+ 6ET
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Signal versus Backgrounds
• Cross section (fb) of signal and 

backgrounds at 14TeV LHC

30

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.

p⌫z =
1

2(peT )
2


Apez ± Ee

q
A2 � 4 (peT )

2 6E2
T

�

A2 � 4 (peT )
2 6E2

T  0

A ⌘ m2
W + 2 ~p e

T · 6~ET

g

g

t̃

˜̄t

χ̃0

χ̃0

t

t̄

ν

#+

b̄

j

j

b

g

g

t

t̄

b ν

"+

b̄

j

j

g

g

t

t̄

b ν

"+

b̄

j

j

ν

ν̄

Z

Han, Mahbubani, Walker, Wang, JHEP 0905, 117 (2009)

•        solution cut6ET
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         distribution 
•      and       are separated 

cx’
0 0.5 1 1.5 2

R’

0

0.2

0.4

0.6

0.8

1

 in lab after cutsl: x’Lt

 in lab after cutsl: x’Rt

R and t
L

(b) t
Lt

Rt

R0
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tL tR

  LHC   
  14 TeV
  100fb-1

  Berger, QHC, Yu, Zhang, 
   PRL 109 (2012) 152004 
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1. W-prime and Z-prime bosons
         Single-top production and  top-quark pair production 

2. Color sextet scalars
         Same-sign top-quark pair production 

3. Measuring top-polarization in             events   
         Top-squarks in MSSM and T-odd top-partners in LHT 

Summary

32

tt̄+ 6ET

3 invis

1 invis

2 invis

Top-quark polarization is a powerful discriminator 
of new physics models.
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