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Top-quark: a new physics window
( The heaviest particle in the SM, the only normal quark )  

Top quark is possibly uniquely related to   
unknown fundamental electroweak physics 
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Top-quark: a new physics window
Top quark is common in decays of NP resonances and  
 It is often polarized. 
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Top-quark: a new physics window
Top quark is quite common in decays of NP resonances 
and it is often polarized. 
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Top quark polarization can tell us the chirality structure 
of top quark couplings to NP Resonances
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FIG. 12: (a) The degree of polarization of the antitop quark as a function of tan β of the tH−

signal event and (b) of all the signal and background processes with mH± = 400 GeV. The solid

black curve shows the degree of polarization defined in Eq. (37); the dashed red curve shows 2AFB.

The green band in (b) represents only the statistical uncertainties.

tan β has been considered very hard to measure. Figure 12 shows that the Ddecay varies

rapidly in the region of tan β = 5 ∼ 10. This feature enables us to determine tan β using

top polarization. However, the degree of polarization cannot be used to determine the value

of tan β in the large tanβ region as the degree of polarization approaches -1. Including the

t̄H+ signal and the two SM backgrounds inevitably reduces the degree of polarization, as

depicted in Fig. 12(b). The green band [cf. Eq. (39)] shows the statistical uncertainties

derived from all the signal and background events after all the kinematic cuts and event

reconstructions.

V. CONCLUSION AND DISCUSSION

The charged Higgs boson, an undoubted signal of new physics, appears in many new

physics models. In the type-II two-Higgs-doublet model the chirality structure of the cou-

pling of charged Higgs boson to the top and bottom quarks is very sensitive to the value

of tan β. As the polarization of the top quark can be measured experimentally from the

top quark decay products, one could make use of the top quark polarization to determine

the value of tan β. In this work we preform a detailed analysis of measuring top quark

polarization in the charged Higgs boson production channels gb → tH− and gb̄ → t̄H+. We

calculate the helicity amplitudes of the charged Higgs boson production and decay. Our

calculation shows that the top quark from the charged Higgs boson decay provides a good
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• Short lifetime: 

Top-quark: the only bare quark in SM

5⇥ 10�27 s

hadronization

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

t
W

b

( the only bizarre quark in the SM ) 



Charged lepton: the top-spin analyzer

• In top-quark rest frame
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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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Charged Lepton: Spin Analyzer

Charged Lepton tends to follow 
the direction of Top-quark spin.



Top quark reconstruction
• The charged leptons produced always in association with an 

invisible neutrino 
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Top quark production in NP
(1) Single Top-quark production + leptonic decay
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Top quark production in NP
or Top-quark pair production + semi-leptonic decay
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Top quark production in NP
or Direct top-quark production 
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1. Single-top production @ NLO
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FIG. 24: Illustration of the spin correlation between top quark production and top quark decay.

The circle denotes the top quark rest frame and light colored arrows indicate the spin direction.

additional jet radiation at NLO. Therefore, choosing the appropriate frame is necessary to

maintain the best spin correlation. In this study, two options for reconstructing the c.m.

frame are investigated:

1. tq(j)-frame: the c.m. frame of the incoming partons. This is the rest frame of all the

final state objects (reconstructed top quark and all others jets). In exclusive three-

jet events, this frame is reconstructed by summing over the 4-momenta of top quark,

spectator jet and third-jet.

2. tq-frame: the c.m. frame of the top quark and spectator jet. In this case, even in

exclusive three-jet events, the reference frame is constructed by summing over only

the 4-momenta of the top quark and spectator jet.

In exclusive two-jet events, the two frames are identical, they only differ for exclusive three-

jet events. At the Tevatron, it was found that the tq-frame gives a larger degree of polariza-

tion. This is also true at the LHC as shown in Table IV and discussed below. We therefore

choose the tq-frame when calculating the top quark polarization in the helicity basis.

In the helicity basis, the polarization of the top quark is examined as the angular distri-

bution (cos θhel) of the lepton in the top quark frame relative to the moving direction of the

top quark in the c.m. frame. The angular correlation in this frame is given by

cos θhel =
p⃗t · p⃗ ∗

ℓ

|p⃗t||p⃗ ∗
ℓ |
, (4)
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I. INTRODUCTION

The top quark and its electroweak interaction are important within the Standard Model

and provide a window to physics beyond the standard model. In particular the production of

single top quarks through electroweak interactions is a sensitive process at hadron colliders

that is being studied at both the Tevatron proton-antiproton collider and the Large Hadron

Collider (LHC) proton-proton collider. Electroweak single top quark production proceeds

through the s-channel decay of a virtual W (qq̄′ → W ∗ → tb̄), the t-channel exchange of

a virtual W (bq → tq′ and bq̄′ → tq̄, shown in Fig. 1), and the associated production of

a top quark and a W boson (bg → tW−). The single top cross section is proportional to

the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix element |Vtb|2, and the single

top cross section measurement provides a direct determination of |Vtb| without assumptions

about the number of quark generations. A study of spin correlations in single top quark

production can be used to test the left-handed nature of the top quark charged-current weak

interaction and to look for anomalous top quark couplings [1–3].

b t

q′q

FIG. 1: Representative Feynman diagram for t-channel single top quark production.

The DØ and CDF collaborations at the Fermilab Tevatron proton-antiproton collider

have observed single top quark production for the first time [4–6], following the evidence for

single top production from DØ [7, 8], confirmed by CDF [9]. The Tevatron measurements

combine the s-channel and t-channel signals to maximize the sensitivity to the single top

quark signal. The DØ collaboration has also reported a separate measurement of the t-

channel cross section [10], independent of the s-channel. These measurements rely heavily

on multivariate analysis techniques [8, 11, 12] which require accurate modeling of both the

single top signals and the various background processes.

At the LHC, single top quark production will play an important role in searches for

new physics, in the single top quark final state and as background in other searches. All

three single top processes should be observed at the LHC, where the t-channel has the
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FIG. 6: Representative diagrams of the real emission corrections to t-channel single top quark

production: (a) and (b) represent the real radiative corrections to the LIGHT quark line, while (c)

and (d) represent the real radiative corrections to the HEAVY quark line, and (e) represents the

real radiative corrections to the top quark decay. The NLO QCD corrections are indicated by the

large shaded ellipse. Detailed Feynman diagrams can be found in Ref. [22].

forward direction, and the kinematics of this jet are used to suppress the copious backgrounds

from tt̄ and Wbb̄ production. Studying the kinematics of this spectator jet is important in

order to have a better prediction of the acceptance of t-channel single top quark events and

of the distribution of several important kinematic variables. In this work, we study the

impact of the NLO QCD corrections on the kinematic properties of the spectator jet at the

LHC. As pointed out in Ref. [45], in the effective-W approximation, a high-energy t-channel

single top quark event is dominated by the fusion diagram of a longitudinal W boson and a

b quark. This effective longitudinal W boson is also found in the production of a heavy Higgs

boson via the WW fusion process, hence understanding the effective longitudinal W boson

and the kinematics of the light quark jet in t-channel single top quark production is essential

to better predict the kinematics of Higgs boson events via WW fusion. We will show that

the spectator jet is not uniquely identified anymore at NLO and will compare proposed

solutions to this problem. In our Tevatron study [24], we differentiated three categories of

events, based on final state jet multiplicity and flavor composition. Here we will explore the

same three cases:

1. Born-level-type exclusive two-jet events (containing the b quark and the light quark),

which have unique quark-jet assignments because the b-tagged jet is identified as the

11



Single-top production @ NLO
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FIG. 24: Illustration of the spin correlation between top quark production and top quark decay.

The circle denotes the top quark rest frame and light colored arrows indicate the spin direction.

additional jet radiation at NLO. Therefore, choosing the appropriate frame is necessary to

maintain the best spin correlation. In this study, two options for reconstructing the c.m.

frame are investigated:

1. tq(j)-frame: the c.m. frame of the incoming partons. This is the rest frame of all the

final state objects (reconstructed top quark and all others jets). In exclusive three-

jet events, this frame is reconstructed by summing over the 4-momenta of top quark,

spectator jet and third-jet.

2. tq-frame: the c.m. frame of the top quark and spectator jet. In this case, even in

exclusive three-jet events, the reference frame is constructed by summing over only

the 4-momenta of the top quark and spectator jet.

In exclusive two-jet events, the two frames are identical, they only differ for exclusive three-

jet events. At the Tevatron, it was found that the tq-frame gives a larger degree of polariza-

tion. This is also true at the LHC as shown in Table IV and discussed below. We therefore

choose the tq-frame when calculating the top quark polarization in the helicity basis.

In the helicity basis, the polarization of the top quark is examined as the angular distri-

bution (cos θhel) of the lepton in the top quark frame relative to the moving direction of the

top quark in the c.m. frame. The angular correlation in this frame is given by

cos θhel =
p⃗t · p⃗ ∗

ℓ

|p⃗t||p⃗ ∗
ℓ |
, (4)
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where p⃗ ∗
ℓ is the charged lepton three-momentum defined in the rest frame of the top quark,

whose three momentum is denoted as p⃗t, which is in turn defined in the c.m. frame. For a

left-handed top quark, the angular correlation of the lepton ℓ+ is given by (1 − cos θhel)/2,

and for a right-handed top quark, it is (1 + cos θhel)/2. Figure 25(a) shows that this linear

relationship for cos θhel is indeed a valid description for t-channel single top quark events at

the parton level. The figure also shows that the top quark is almost completely polarized in

the helicity basis at Born-level, and that this polarization is weakened when including O(αs)

corrections. Figure 25(b) shows that this weakening is amplified after event reconstruction,

where the effect of the lepton-jet separation cut can also be seen, as the drop-off of the

cos θhel distribution close to a value of −1. This corresponds to the events in which the top

quark is back-to-back with the lepton, hence the spectator jet is aligned with the lepton.
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FIG. 25: Top quark polarization in the helicity basis, (a) using the full parton information and

(b) after event reconstruction with selection cuts, comparing Born-level to NLO (normalized to

Born-level), at the 7 TeV LHC.

In the spectator basis, the relevant angular correlation for the t-channel process is cos θspec,

defined as

cos θspec =
p⃗ ∗
spec · p⃗ ∗

ℓ

|p⃗ ∗
spec||p⃗ ∗

ℓ |
, (5)

where p⃗ ∗
spec is the spectator jet three-momentum in the top quark rest frame and p⃗ ∗

ℓ is the

lepton three-momentum in the top quark rest frame. For top quark production, this basis

picks the wrong spin axis direction for the d̄b and bd̄ initial states, but as pointed out in

Ref. [51], the spectator jet is almost parallel to the initial state light quark, thus some spin

correlation is preserved even in that case. At Born-level the polarization is identical between
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I. INTRODUCTION

The top quark and its electroweak interaction are important within the Standard Model

and provide a window to physics beyond the standard model. In particular the production of

single top quarks through electroweak interactions is a sensitive process at hadron colliders

that is being studied at both the Tevatron proton-antiproton collider and the Large Hadron

Collider (LHC) proton-proton collider. Electroweak single top quark production proceeds

through the s-channel decay of a virtual W (qq̄′ → W ∗ → tb̄), the t-channel exchange of

a virtual W (bq → tq′ and bq̄′ → tq̄, shown in Fig. 1), and the associated production of

a top quark and a W boson (bg → tW−). The single top cross section is proportional to

the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix element |Vtb|2, and the single

top cross section measurement provides a direct determination of |Vtb| without assumptions

about the number of quark generations. A study of spin correlations in single top quark

production can be used to test the left-handed nature of the top quark charged-current weak

interaction and to look for anomalous top quark couplings [1–3].
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q′q

FIG. 1: Representative Feynman diagram for t-channel single top quark production.

The DØ and CDF collaborations at the Fermilab Tevatron proton-antiproton collider

have observed single top quark production for the first time [4–6], following the evidence for

single top production from DØ [7, 8], confirmed by CDF [9]. The Tevatron measurements

combine the s-channel and t-channel signals to maximize the sensitivity to the single top

quark signal. The DØ collaboration has also reported a separate measurement of the t-

channel cross section [10], independent of the s-channel. These measurements rely heavily

on multivariate analysis techniques [8, 11, 12] which require accurate modeling of both the

single top signals and the various background processes.

At the LHC, single top quark production will play an important role in searches for

new physics, in the single top quark final state and as background in other searches. All

three single top processes should be observed at the LHC, where the t-channel has the
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2. Top-quark Forward-backward 
Asymmetry at the Tevatron 

It is induced at the loop level in the SM

VOLUME 81, NUMBER 1 P HY S I CA L REV I EW LE T T ER S 6 JULY 1998

Charge Asymmetry in Hadroproduction of Heavy Quarks

J. H. Kühn and G. Rodrigo
Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe, Germany

(Received 12 February 1998; revised manuscript received 17 April 1998)
A sizable difference in the differential production cross section of top and antitop quarks, respectively,

is predicted for hadronically produced heavy quarks. It is of order a
s

and arises from the interference
between charge odd and even amplitudes, respectively. For the Fermilab Tevatron it amounts to up
to 15% for the differential distribution in suitable chosen kinematical regions. The resulting integrated
forward-backward asymmetry of 4% 5% could be measured in the next round of experiments. At
the CERN Large Hadron Collider the asymmetry can be studied by selecting appropriately chosen
kinematical regions. [S0031-9007(98)06481-3]

PACS numbers: 12.38.Qk, 12.38.Bx, 13.87.Ce, 14.65.Ha

Top quark production at hadron colliders has become
one of the central issues of theoretical [1] and experimen-
tal [2] research. The investigation and understanding of
the production mechanism is crucial for the determina-
tion of the top quark couplings, its mass, and the search
for new physics involving the top system. A lot of effort
has been invested in the prediction of the total cross sec-
tion and, more recently, of inclusive transverse momen-
tum distributions [1].
In this Letter we will point to a different aspect of the

hadronic production process, which can be studied with
a fairly modest sample of quarks. Top quarks produced
through light quark-antiquark annihilation will exhibit
a sizable charge asymmetry—an excess of top versus
antitop quarks in specific kinematic regions—induced
through the interference of the final state with initial-
state radiation [Figs. 1(a) and 1(b)] and the interference
of the box with the lowest-order diagram [Figs. 1(c)
and 1(d)]. The asymmetry is thus of order a

s

relative
to the dominant production process. In suitable chosen
kinematical regions it reaches up to 15%, the integrated
forward-backward asymmetry amounts to 4%–5%. Top
quarks are tagged through their decay t ! b W

1 and can
thus be distinguished experimentally from antitop quarks
through the sign of the lepton in the semileptonic mode
and eventually also through the b tag. A sample of 100
to 200 tagged top quarks should, in fact, be sufficient for
a first indication of the effect.
Top production at the Fermilab Tevatron is dominated

by quark-antiquark annihilation, hence the charge asym-
metry will be reflected not only in the partonic rest frame
but also in the center of mass system of proton and an-
tiproton. The situation is more intricate for proton-proton
collisions at the CERN Large Hadron Collider (LHC),
where no preferred direction is at hand in the laboratory
frame. Nevertheless, it is also in this case possible to
pick kinematical configurations which allow the study of
the charge asymmetry.
The charge asymmetry has also been investigated in

[3] for a top mass of 45 GeV. There, however, only

the contribution from real gluon emission was considered
requiring the introduction of a physical cutoff on the
gluon energy and rapidity to avoid infrared and collinear
singularities. Experimentally, however, only inclusive
top-antitop production has been studied to date, and the
separation of an additional soft gluon will in general be
difficult. In this Letter, we will therefore include virtual
corrections and consider inclusive distributions only. We
will see below that the sign of the asymmetry for inclusive
production is opposite to the one given for the t

¯

tg process
in [3]. The charge asymmetry of heavy flavor production
in quark-antiquark annihilation to bottom quarks was also
discussed in [4–6] where its contribution to the forward-
backward asymmetry in proton-antiproton collisions was
shown to be very small. In addition, there is also a slight
difference between the distribution of top and antitop
quarks in the reaction gq ! t

¯

tq. At the Tevatron its
contribution is below 10

24. (This effect should not be
confused with the large asymmetry in the top quarks’
angular or rapidity distribution in this reaction which is a
trivial consequence of the asymmetric partonic initial state
and vanishes after summing over the incoming parton
beams.)

(c) (d)

(b)(a)

q

q

Q

Q

FIG. 1. Origin of the QCD charge asymmetry in hadroproduc-
tion of heavy quarks: interference of final-state (a) with initial-
state (b) gluon bremsstrahlung plus interference of the box (c)
with the Born diagram (d).
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Top-quark AFB at the Tevatron
CDF (8.7fb-1):

CDF: 1101.0034 
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FIG. 21: Parton level Mtt̄ distributions for events with positive and negative �y.
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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 allowSM

D0 new data agree well	


 with SM prediction!	
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Forward-Backward asymmetry of the charged  
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Invariant mass spectrum of top quark pair
CDF collaboration,  PRL 102 (2009) 222003
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Top quark production in NP
(2) Same-Sign top-quark pair production 
     (or top-antitop pair production in dileptonic decay)

t

P P

b `+

⌫

NP

Two invisible particles 
in the final state



Top quark is often polarised in NP
• Flavor changing gauge boson

tRuR

uR tR

Z 0

• Exotic colored particles  
    (diquark scalar/vector)

t

t

t

t

�6
V6

3⌦ 3 = 6� 3̄

C.-R. Chen, Klemm, Rentala, Wang, 
     PRD79 (2009) 054002

Mohapatra, Okada, Yu, 
     PRD77 (2008) 011701

Jung, Murayama, Pierce, Wells, 
PRD81 (2010) 015004

Cakir and Sahin,  
     PRD72 (2005) 115011 

C.-H. Chen, PLB 680 (2009) 133



Measuring top-quark polarization in  
same-sign top quark pair production  
in color sextet scalar/vector model

Pheno 2010May. 10, 2010

๏ Signal topology

same sign di-muons with 2 b-jets

๏ Much better reconstruction than 
electron

๏ Prominent backgrounds (ALPGEN):

6

b

ν

ℓ+

ν

ℓ+

b

t

tφ

u

u

pp� ⇥� tt� bb̄W+W+, W+ � ⇤+�

pp� tt̄� bb̄W+W�, W+ � ⇥+�, W� � jj, b� ⇥+

pp� ZW+W�, Z � ⇥+⇥�, W+ � ⇥+�, W� � jj

pp�W+W+W,W+ � ⇥+�, W � jj

pp�W+W+jj, W+ � ⇥+�

{

Dominant

 

  

  

b

b

�

u

u

`+

`+

⌫

⌫

t

t

Berger, QHC, Chen, Shaughnessy, Zhang,    PRL 105 (2010) 181802 
Zhang, Berger, QHC, Chen, Shaughnessy,   PLB 696 (2011) 68

2⌫



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
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= (pµ1 + p⌫1)
2

m2
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= (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

Sonnenschein, PRD73 (2006) 054015



Choose smaller MT2 (correct 
combination found with nearly 
100% probability)

P

P

t

t

 MT2 variable of lepton-b clusters and MET

Two combinations of lepton-b clusters

  -     pairing: MT2-assisted method

MT2 - Lester and Summers, PLB 463 (1999) 99



 Neutrino momentum reconstruction

True

Reconstructed (GeV)

s-channel 700GeV resonance

• Strong correlation between the 
true        and reconstructed

• Top quark polarisation can 
be measured after neutrino 
reconstruction. 



Top quark production in NP
(3) Top-quark pair + dark matter candidates

t

P P

b `+

⌫

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

‣ 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



Charged lepton distribution
• In the rest frame of the top-quark
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Lepton energy is sensitive to top-polarization
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Toy model mimicking  MSSM
• MSSM like:

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

• Major SM backgrounds
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•              reconstruction (Minimal-      method) 

Collider simulation
• 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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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



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

backgrounds at 14TeV LHC

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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Define a variable     to quantify the difference between      and 

R(xc) ⌘
Area(x` < xc)

Area(tot)

= Area(x` < xc)
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Top quark production in NP
(4) Top-quark + Dark matter candidate
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Only Two Visible Particles 

New variable

u =
E`

E` + Eb

J. Shelton, 	


     Phys. Rev. D79, 014032 (2009)	


Papaefstathiou, Sakurai, 	


     arXiv:1112.3956
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Figure 3. The Monte Carlo predictions for the energy fractions xτ = Ejet/Eτ for all the decay
modes when the τ is highly boosted (βτ = 1).

Figure 4. The distribution 1/ΓdΓ/du of the fraction of visible lab frame energy carried by the
lepton in a highly-boosted semi-leptonic top (i.e. βt = 1), u = Eℓ/(Eℓ+Eb) is shown. The blue curve
and red curves represent left- and right-handed top quarks respectively.

lepton is anti-aligned with the top boost direction. The maximum value of the energy is

Eℓ,max = mtop/2 and arises when the lepton is aligned with the boost direction. This is

clarified in figure 5, where the schematic diagram demonstrates the decay of a top in its

rest frame.

It is important to note that the variable u has the advantage that there is no need to

explicitly reconstruct the top quarks in order to form it, even in the case of βt ̸= 1. As a

result, it is expected to be less sensitive to the reconstruction systematics that may enter

other energy fraction variables.

– 6 –

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.

9

tL tR



Top-quark + DM 
R-parity violation inspired

Andrea, Fuks, Maltoni, arxiv:1106.6199 
Wang, Li, Shao, Zhang, 1109.5963
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FIG. 7: Feynman diagrams for the monotop production.

which are shown in Fig. 7. The symbol b and j denote a b-tagged jet and light quark

or gluon jet, respectively, and l refers to the first two generation charged leptons, i.e., e

and µ. We define the process with top hadronic decay as hadronic mode, while the one

with top semileptonic decay as semileptonic mode. The hadronic mode suffers from fewer

backgrounds in the SM than the semileptonic mode because of the smaller phase space due

to more particles in the final states. This mode has been studied in Ref. [11] where they

assume the branching fraction R(φ → tχ̄) equal to one. However, this assumption is over

optimistic. From Eq. (26) we get the branching fraction R(φ → tχ̄),

R(φ → tχ̄) =
Γφ→tχ̄

Γφ→tχ̄ + Γφ→d̄s̄

=
1

1 + z
, (29)

with

z =
8(λ12

S )2

|a3S|2
m4

φ

(m2
φ −m2

t −m2
χ)λ

1/2(m2
φ, m

2
t , m2

χ)
. (30)

Here we assume that the decay widths Γφ→uχ̄ = Γφ→cχ̄ = 0. In the case of λ12
S = a3S =

0.2, mt = 173.1 GeV, mφ = 500 GeV and mχ = 50 GeV, we find Γφ→tχ̄ = 0.300 GeV,

Γφ→d̄s̄ = 3.183 GeV, and the branching fraction of φ → tχ̄ is just about 0.1. So, in this

work, we take into account the effect of both φ decay channels and below we will discuss

further the hadronic and leptonic modes in detail.

Before discussing the signal and backgrounds in detail, we first give some comments on

the parameter mχ. In the SUSY model, without the assumption of gaugino mass unification,

there is no general mass limit from e+e− colliders for the lightest neutralino [20]. The indirect

constraints from (g − 2)µ, b → sγ and B → µ+µ− show that the lightest neutralino mass

can be as low as about 6 GeV [36]. In our case, we choose the default value of mχ = 50 GeV

and discuss the effect on the discovery significance when varying mχ in the range 5 − 100

11
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t

χ

t
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t

V

FIG. 1: Representative Feynman diagrams leading to mono-
top signatures, through the resonant exchange of a colored
scalar field S (left) and via a flavor-changing interaction with
a vector field V (right). In these two examples, the missing
energy is carried by the V and χ particles. More diagrams
with, for example, t-channel and s-channel exchanges for the
two type of processes respectively, are possible.

SU(3)c. As an example, consider the s-channel resonant
case

d̄id̄j → S or V → tχ ,

where dk denotes a down-type quark of generation k.
Such processes occur in R-parity-violating SUSY [5]
where, similarly to the case discussed in Ref. [6], the in-
termediate particle is a (possibly on shell) squark and
χ the lightest neutralino (d̄s̄ → ũi → tχ̃0

1, where ũi are
any of the up squarks), or in SU(5) theories where a vec-
tor leptoquark V decays into a top quark and a neutrino
(d̄d̄ → V → tν̄). The key difference between these two
examples is the mass of the invisible fermionic state in-
ducing different transverse-momentum (pT ) spectrum for
the top quark. In the limit of a very heavy resonance,
monotops can be seen as being produced through a
baryon number-violating effective interaction (d̄s̄ → tχ̄),
after having included the possible t- and u-channel ex-
changes of a heavy field [7, 8]. Let us note that the
fermionic particle could also be a Rarita-Schwinger field,
as in SUSY theories containing a spin-3/2 gravitino field,
or a multiparticle state (with a global half-integer spin),
as in hylogenesis scenarios for dark matter [9].
In the second class of models, the top quark is pro-

duced in association with a neutral bosonic state, either
long-lived or decaying invisibly, from quark-gluon initial
states undergoing a flavor-changing interaction, as dis-
cussed, e.g., in Ref. [10]. Missing energy consists either
in a two-fermion continuous state, as in R-parity conserv-
ing SUSY [11], or in a spin-0 (S), spin-1 (V ) or spin-2
(G) particle,

ug → ũiχ̃
0

1 → tχ̃0

1χ̃
0

1 , ug → tS , tV or tG .

EFFECTIVE THEORY FOR MONOTOPS

The top quark kinematic distributions depend both
on the partonic initial state and on the nature of the
undetected recoiling object (scalar, massive or massless

fermion, vector or tensor), as well as on the possible
presence of an intermediate resonant state. This sug-
gests a model-independent analysis where we account for
all cases within a single simplified theory, in the same
spirit as Ref. [12]. Assuming QCD interactions to be
flavor-conserving, as in the SM, the flavor-changing neu-
tral interactions are coming from the weak sector. We
denote by φ, χ and V the possible scalar, fermionic and
vectorial missing energy particles, respectively and by ϕ
and X scalar and vector fields lying in the fundamen-
tal representation of SU(3)c which could lead to res-
onant monotop production.1 In addition, we obtain a
simplified modeling of four-fermion interactions through
possible s, t, u exchanges of heavy scalar fields ϕ and ϕ̃.
The corresponding effective Lagrangian in terms of mass
eigenstates reads

L = LSM

+ φū
[

a0FC+b0FCγ5
]

u+Vµū
[

a1FCγ
µ+b1FCγ

µγ5
]

u

+ϵijkϕid̄
c
j

[

aqSR+bqSRγ5
]

dk+ϕiū
i
[

a1/2SR+b1/2SRγ5
]

χ

+ϵijkϕ̃id̄
c
j

[

ãqSR+ b̃qSRγ5
]

uk+ϕ̃id̄
i
[

ã1/2SR+ b̃1/2SRγ5
]

χ

+ ϵijkXµ,i d̄
c
j

[

aqV Rγ
µ + bqV Rγ

µγ5
]

dk

+Xµ,i ū
i
[

a1/2V Rγ
µ + b1/2V Rγ

µγ5
]

χ+ h.c.,

(1)

where the superscript c stands for charge conjugation,
i, j, k are color indices in the fundamental representation
and flavor indices are understood. The matrices (in fla-

vor space) a{0,1}FC and b{0,1}FC contain quark interactions
with the bosonic missing-energy particles φ and V , while

a1/2{S,V }R and b1/2{S,V }R are the interactions between up-type
quarks, the invisible fermion χ and the new colored states
ϕ and X . The latter also couple to down-type quarks
with a strength given by aq{S,V }R and bq{S,V }R. Because

of the symmetry properties of the ϵijk tensor, identical
quark couplings to the scalar field ϕ vanish and so do
their axial couplings to the vector field X . In the case
of four-fermion interactions, we also need to introduce

additional ãqSR, b̃
q
SR, ã

1/2
SR and b̃1/2SR interaction matrices,

assuming heavy masses for the ϕ and ϕ̃ fields.

1 For simplicity, we neglect spin-2 gravitons, as their flavor-
changing couplings are loop-induced and thus very small [13],
as well as any of their excitations, which, even if they have, on
the one hand, typically flavor-violating couplings at tree level, do
not lead, on the other hand, to a missing energy signature. On
the same footing, we do not consider spin-3/2 fields since their
couplings are, at least in SUSY theories, in general suppressed
by the SUSY-breaking scale.
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FIG. 11: The significance in the hadronic mode at the LHC (
√
s = 7 TeV) with an integrated

luminosity of 1 fb−1 versus the parameters λ12
S and a3S , assumingmφ = 500 GeV and mχ = 50 GeV.
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FIG. 12: The 5σ discovery limits of mφ and λS(= λ12
S = a3S) in the hadronic mode at the LHC

(
√
s = 7 TeV). Either band consists of twenty solid lines from the bottom up corresponding to the

value of mχ varying from 5 GeV to 100 GeV with a step of 5 GeV.

B. Semileptonic mode

For the semileptonic mode, the dominant backgrounds are pp → W (lν)j with the jet

misidentified as a b-jet and single top production with semileptonic top quark decay. The

Wj background is very large because there are only two final-state particles, compared with
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FIG. 7: Feynman diagrams for the monotop production.

which are shown in Fig. 7. The symbol b and j denote a b-tagged jet and light quark

or gluon jet, respectively, and l refers to the first two generation charged leptons, i.e., e

and µ. We define the process with top hadronic decay as hadronic mode, while the one

with top semileptonic decay as semileptonic mode. The hadronic mode suffers from fewer

backgrounds in the SM than the semileptonic mode because of the smaller phase space due

to more particles in the final states. This mode has been studied in Ref. [11] where they

assume the branching fraction R(φ → tχ̄) equal to one. However, this assumption is over

optimistic. From Eq. (26) we get the branching fraction R(φ → tχ̄),

R(φ → tχ̄) =
Γφ→tχ̄

Γφ→tχ̄ + Γφ→d̄s̄

=
1

1 + z
, (29)

with

z =
8(λ12

S )2

|a3S|2
m4

φ

(m2
φ −m2

t −m2
χ)λ

1/2(m2
φ, m

2
t , m2

χ)
. (30)

Here we assume that the decay widths Γφ→uχ̄ = Γφ→cχ̄ = 0. In the case of λ12
S = a3S =

0.2, mt = 173.1 GeV, mφ = 500 GeV and mχ = 50 GeV, we find Γφ→tχ̄ = 0.300 GeV,

Γφ→d̄s̄ = 3.183 GeV, and the branching fraction of φ → tχ̄ is just about 0.1. So, in this

work, we take into account the effect of both φ decay channels and below we will discuss

further the hadronic and leptonic modes in detail.

Before discussing the signal and backgrounds in detail, we first give some comments on

the parameter mχ. In the SUSY model, without the assumption of gaugino mass unification,

there is no general mass limit from e+e− colliders for the lightest neutralino [20]. The indirect

constraints from (g − 2)µ, b → sγ and B → µ+µ− show that the lightest neutralino mass

can be as low as about 6 GeV [36]. In our case, we choose the default value of mχ = 50 GeV

and discuss the effect on the discovery significance when varying mχ in the range 5 − 100

11
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