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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 quite common in decays of NP resonances
and it is often polarised. 
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Top quark polarisation can tell us the chirality structure 
of top quark couplings to NP Resonances
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Top quark polarisation can tell us the chirality structure 
of top quark couplings to NP Resonances

βtan
0 5 10 15 20 25 30 35 40

de
ca
y

D

-1

-0.5

0

0.5

1

decayD
FB2A

=400GeV-H=14TeV, Ms
(b)

QHC, Wan, Wang, Zhu, 
PRD 87 (2013) 055022

in Type-II 2HDB



• 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 analyser

• In top-quark rest frame
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• The charged-lepton tends to follow the top-quark 
spin direction. Czarnecki, Jezabek, Kuhn, NPB351 (1991) 70
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Top quark reconstruction
• The charged leptons produced always in association with an 

invisible neutrino 
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Top quark production in NP
(1) Top-quark pair production + semi-leptonic decay
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Top-quark Forward-backward
Asymmetry at the Tevatron 

It is induced at the loop level in the SM
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Charge Asymmetry in Hadroproduction of Heavy Quarks

J. H. Kühn and G. Rodrigo
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(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):

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
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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

SM



Forward-Backward asymmetry of the charged 
       lepton from top-quark decay
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 versus 

SM predictions at the NLO
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       dependence on top kinematics 
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Invariant mass spectrum of top quark pair
CDF collaboration,  PRL 102 (2009) 222003



       dependence on top kinematics 
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         and          are connected by the spin correlation 
between the top-quark and charged lepton. 

At
FB A`

FB
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Top quark production in NP
(2) Same-Sign top-quark pair production
     (or top-antitop pair production in dileptonic decay)
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Two invisible particles
in the final state



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

tRuR
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Z 0

• Exotic coloured particles 
    (diquark scalar/vector)
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Measuring top-quark polarisation 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):
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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
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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
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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)
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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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Define a variable     to quantify the difference between      and 

R(xc) ⌘
Area(x` < xc)

Area(tot)

= Area(x` < xc)
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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-      

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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�2 =
(mW �mjj)2

�m2
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+
(mt �mjjj)2

�m2
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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.

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
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JHEP 0905 (2009) 117

•        solution cut6ET
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Conclusion
• Top-quark polarisation provides additional information 

about new physics structure
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Conclusion
• Top-quark polarisation provides additional information 

about new physics structure
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versus R(xc) R0(xc)
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Measuring top-quark polarisation
Traditional method of measuring top-quark polarisation 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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