
P
o
S
(
E
P
S
-
H
E
P
2
0
1
9
)
6
3
1

Boosted Top quark polarization
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In top quark production, the polarization of top quarks, decided by the chiral structure of cou-
plings, is likely to be modified in the presence of any new physics contribution to the production.
Hence it is a good discriminator for those new physics models wherein the couplings have a chi-
ral structure different than that in the Standard Model (SM). In this note we construct probes of
the polarization of a top quark decaying hadronically, using easily accessible kinematic variables
such as the energy fraction or angular correlations of the decay products. Tagging the boosted top
quark using jet sub structure technique, we study robustness of these observables for a benchmark
process, W ′ → tb. We demonstrate that the energy fraction of b-jet in the laboratory frame and
a new angular variable, constructed by us in the top rest frame, are both very powerful tools to
discriminate between the left and right polarized top quarks. Based on the polarization sensitive
angular variables, we construct asymmetries which reflect the polarization. We study the efficacy
of these variables for a new physics processes which give rise to boosted top quarks from the
decay of the top squark in the context of supersymmetry searches. Remarkably, it is found that
the asymmetry can vary over a wide range about +20% to -20%. The dependence of asymmetry
on top quark couplings of the new particles present in these models beyond the SM (BSM) is also
investigated in detail.
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1. Introduction

The study of top quark polarization is an extremely interesting and relevant problem. The Top
quark decays before it can hadronize, hence it’s polarization state is protected from effects of soft-
QCD, this imprint is visible in the kinematics of it’s decay products. In the standard model (SM),
it can be used to probe anomalous W − t−b couplings given by Eq. 1.1.

Γ
µ =

−ig√
2
[γµ {(1+ f1L)PL + f1RPR}]

− gσ µν

√
2mW

[(pt − pb)ν
( f2LPL + f2RPR)]

(1.1)

Study of polarization also helps us to determine the nature of couplings in the underlying model
responsible for it’s production and decay. For instance, since it is the heaviest known particle, it has
one of the largest couplings with the Higgs sectors of many models beyond SM (BSM), thereby
providing a valuable tool to probe the Higgs sectors of these models. Our main goal in this study
is to construct good observables which are sensitive to the polarization of boosted hadronically
decaying tops (tagged using the HEPTopTagger algorithm [2, 3]) and benchmark them in a toy and
realistic BSM scenario.

2. Polarized top quark decays

The kinematics of top quark decay is given by Eq. 2.1

1
Γ

dΓ

d cosθ f
=

1
2
(1+P0κ f cosθ f ) , (2.1)

where θ f is the angle between top spin and decay product momentum, P0 is the polarization of
the produced top, κ f is the spin analyzing power [4] with−κW±=κb≈−0.4, κd̄ = 1 and κu≈−0.3.
From this we notice that d̄ (or the lepton) has the highest spin analyzing power but it’s identity is
lost in a hadronic decay, it can be shown that d̄ quark tends to forms the smallest invariant mass with
b quark, this feature can be exploited to construct strong polarization discrimination observables.

cosθ
∗ ≡

~t j ·~j′1∣∣~t j
∣∣ ∣∣∣~j′1∣∣∣ , (2.2)

where, ~t j is the momentum of the top tagged jet in the lab frame, j1 is the sub jet which forms the
least invariant mass with the b−like subjet and ~j′1 is it’s momentum in the top rest frame.

3. Boosted top polarization

For the purpose of benchmarking, we consider the simple process:

pp → W ′→tb (3.1)

in the W ′ effective model given by the lagrangian [5, 6]:

L ⊃
Vi j

2
√

2
f̄iγ

µ (gR(1+ γ5)+gL(1− γ5))W ′µ f j +h.c., (3.2)

1



P
o
S
(
E
P
S
-
H
E
P
2
0
1
9
)
6
3
1

Boosted Top quark polarization Aravind H. Vijay

the events are generated using Pythia8 [7].

Figure 1: Top tagging efficiency for left (tL) and right chiral (tR) top quark for the process pp→W ′→ tb
with mW ′ = 3 TeV.

The energy fraction zk from Ref. [8] Energy fraction of b-like subjet (Eb/Et)

The cosθ ∗ distribution (Eq. 2.2)

Figure 2: Distributions of the various observables for left (red) and right (blue) handed top quark for
the benchmark process Eq. 3.1 with mW ′ = 3 TeV. The dashed lines correspond to the observable at the
partonic level while solid lines correspond to the observable after reconstruction and top tagging using
HEPTopTagger2.

It turns out, that due to the difference in the kinematics between the left and right handed tops,
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there is slight difference in the top tagging efficiency. This difference can be seen in Fig. 1.
In addition to the observable described in Eq. 2.2, we have also considered the energy fraction

observable described in [8] and also the energy fraction of the b−like subjet (evaluated by the
W± mass reconstruction condition) inside the top fatjet (Eb/Et), these distributions are presented
in Fig. 2. The distinct characteristic of cosθ ? is exploited in constructing the event asymmetry
defined as,

Aθ ∗ ≡
Ncosθ ∗>0−Ncosθ ∗<0

Ncosθ ∗>0 +Ncosθ ∗<0
(3.3)

where N represents the number of events for the given condition of cosθ ?, either positive or nega-
tive, this distribution is presented in Fig. 3.
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Figure 3: The asymmetry (Eq. 3.3) for parton level and tagged tops for mW ′ = 3 TeV.

4. Top polarization in stop decay

Now, we consider the pair production and decay of the stop (t̃1) squark (in MSSM) to the top
and LSP

(
χ̃0

1

)
[Eq. 4.1].

pp → t̃1 ¯̃t1 → tt̄ χ̃0
1 χ̃0

1 . (4.1)

The compositions of t̃1 and χ̃0
1 are given by:

χ̃
0
1 = Z11B̃+Z12W̃3 +Z13H̃d +Z14H̃u,

t̃1 = t̃L cosθt̃ + t̃R sinθt̃ ,

where Zi j are the mixing elements in the neutralino sector and θt̃ is the mixing angle for t̃. Polariza-
tion of t originating from the t̃1 decay depends on the composition (which determine the coupling)
of the t̃1 and χ̃0

1 , gaugino components preserve the polarization and Higgsino components flip it,
this is summarized in Tab. 1.
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Table 1: Chirality of top quark from t̃1 decay [Eq. 4.1] for different compositions of neutralino and top
squark states.

χ̃0
1 t̃1 t chirality

Bino like or Wino Like t̃L tL
t̃R tR

Higgsino like t̃L tR
t̃R tL

For our study, we select the final state containing one isolated lepton (either electron or muon)
and at least one b−jet with large amount (30 GeV) of missing energy due to the presence of weakly
interacting neutralinos. The relevant parameters for the event are set as:

m
χ̃0

1
= 100 GeV; mt̃1 = 1 TeV; tanβ = 10. (4.2)

The impact of our observables are presented in Fig. 4.

The energy fraction zk from Ref. [8] Energy fraction of b-like subjet (Eb/Et)

The cosθ ∗ distribution (Eq. 2.2)

Figure 4: Distributions of the various observables for left (red) and right (blue) handed top quark for the
benchmark process Eq. 4.1 where χ̃0

1 is pure bino and with the parameters given by Eq. 4.2.

We next proceed to analyze the asymmetry as a function of model parameters in various sce-
nario, these studies are presented in Fig. 5 and Fig. 6.
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Pure Bino like χ̃0
1 . Equally mixed χ̃0

1 .

Figure 5: Variation of asymmetry (Eq. 3.3) with the composition of t̃1.

In Fig. 5, we fix the composition of χ̃0
1 and study the asymmetry with variation of θt̃ . When χ̃0

1
is pure bino like, the asymmetry trend mostly follows the expectation where θt̃ ≈ 0 would lead to
right handed t̃1 decaying to right handed t and hence Aθ ∗ > 0. On the other hand for θt̃ ∼ 1 or −1,
t will be left polarized and hence asymmetry is negative. The slope of the curve is explained by
the fact that hypercharge of t̃R is twice that of t̃L. Analyzing the mixed LSP is more challenging,
but the broad features are predicted by the fact that Higgsino couplings are dominant over gaugino
couplings.
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Figure 6: Variation of asymmetry (Eq. 3.3) with the composition of Bino or wino like with Higgsino like
χ̃0

1 .

In Fig. 6, we fix the composition of t̃1 as either pure t̃L or pure t̃R while varying the composition
of χ̃0

1 among Higgsino and either wino or bino components. We again see that the asymmetry is
flipped when Z11 or Z12 is 0 (as Higgsino component is dominant), the trend for left side in Fig. 6
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holds no surprises. t̃R doesnot couple to wino and hence the curve for t̃R on the right side of Fig. 6
is essentially flat while the curve for t̃L varies as expected.

5. Conclusion

We have explored a few observables to measure the polarization of boosted hadronically de-
caying tops and presented a new very powerful observable which was then used to evaluate event
asymmetries. The measurement of asymmetry is found to be a robust tool to probe the polarization
of top quark, and the nature of couplings involved in the process. For instance, if t̃1 is discovered,
and its polarization is measured, then it will allow us to constrain it’s compositions with respect to
the composition of χ̃0

1 . We have not performed a detailed analysis of the robustness of the observ-
ables under the effect of various selection cuts used in a realistic analysis to remove background
and contamination, this exercise is left for a future study.
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