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Abstract

When a top quark is highly boosted, the W boson from its decay has a substantial linear

polarization that results in a cos 2φ azimuthal angular correlation among the top decay products.

We show that this correlation can be measured for hadronically decayed boosted tops, and its

magnitude provides a way to measure the longitudinal polarization of top quark, which is an

important probe of new physics that couples to top sector.
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At a collision energy that is around one hundred times the top quark mass, the Large

Hadron Collider (LHC) not only can produce top quarks, but also has a certain chance

to produce them being highly boosted, with energies much greater than their mass. The

boosted top quarks provide a unique ground to further test the Standard Model (SM) and

to also search for new physics (NP) [1]. In this kinematic region, the top quark decay

products are collimated and resemble in appearance to a light quark or gluon jet. Such

cone signature enhances the selection efficiency of boosted top quark events with respect to

the background [2]. In addition, the semileptonic decay mode no longer possesses special

advantage over the hadronic mode, and one ought to take the latter into account to enhance

the statistics. Then the boosted top quark can be readily identified as a single fat jet by

some jet algorithm and become difficult to be distinguished from a QCD jet. Hence, for

experimental study of boosted tops, one needs to first be able to distinguish a boosted top

quark jet from a QCD jet.

Many tagging algorithms [3–5], including machine learning technique [6], have been pro-

posed and applied to discriminate boosted top quark events from QCD jets, mainly by

making use of the top and W mass conditions and the three-subjet structure. In this contri-

bution, we propose a new substructure observable of the boosted top quark jet that further

explores the azimuthal angular correlation among these subjets. We point out that in the

decay of a boosted top quark, the angle φ (see Fig. 1) between the decay planes of t→ bW

and W → ff̄ ′ exhibits an interesting cos 2φ distribution that arises from the linear polar-

ization of W boson, which is a superposition of its +1 and −1 helicity eigenstates. Such

polarization does not exist in the top rest frame but emerges as a result of W helicity mixing

when going to the boosted top frame. Compared to cosφ or sinφ correlation, the cos 2φ cor-

relation does not require distinguishing the two subjets from the W decay, so it is perfectly

suitable for hadronically decayed top quarks. We propose that this azimuthal correlation be

used together with other top taggers, which shall further improve the tagging efficiency.

We only focus on the hadronic decay mode of boosted top quarks.1 The azimuthal angular

correlation takes the form

π

Γt

dΓt
dφ

= 1 + ξ cos 2φ, φ ∈ [0, π), (1)

1 The semileptonic decay mode requires the reconstruction of missing neutrino momentum, and contains

the same cos 2φ correlation [7].
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FIG. 1: The two successive decay planes in t→ bW (→ ff̄ ′) decay process. The coordinate systems

of the top frame and the W frame are shown separately. The x axis of the W frame lies on the t

decay plane, while the x̂ axis of the t frame may not.

where we only take φ ∈ [0, π) because we do not (or rather, we cannot, since we are consid-

ering the hadronic decay mode) distinguish the subjets from the W decay. The coefficient

of the cos 2φ correlation, ξ = ξ(Et, λt) is associated with the linear polarization of W and

depends on the top quark’s energy Et and longitudinal polarization λt. When Et � mt, the

dependence of ξ on Et saturates very fast to the limit Et =∞, such that Et & 500 GeV can

be considered as highly boosted, and we can approximate ξ(Et, λt) by ξ(∞, λt),

ξ(Et, λt) ' ξ(∞, λt) = 0.145(λt − 1), as Et & 500 GeV. (2)

There is a similar cos 2φ azimuthal correlation in a three-pronged light QCD jet [8], which

originates from a linearly polarized virtual gluon and is allowed by parity. However, the

magnitude of the cos 2φ fluctuation in QCD jet is much smaller than that in the boosted

top quarks, for most values of the polarization λt [7]. As a result, the azimuthal correlation

can serve as a boosted top quark tagger against QCD jet background.

It is interesting that the parity-conserving effect, cos 2φ, has a dependence on the top

quark polarization λt. It is a result of the left-handed Wtb coupling that violates parity; had

we worked in a parity-conserving theory, the top polarization λt would not appear, as is the

case for QCD jet. On the other hand, it is the linear dependence of ξ on λt that enables us

to measure the boosted top quark’s longitudinal polarization in the hadronic decay mode.

While top polarization can be easily measured in its rest frame for the semileptonic decay

mode [9–16], it is not so easy to measure in the boosted regime, and neither for the hadronic

mode. In the boosted regime, one naturally chooses the helicity basis and expresses the
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top polarization vector as st = (b1, b2, λt) with respect to the x̂-ŷ-ẑ coordinate system in

Fig. 1, where bT = (b1, b2) is the transverse spin. In the top rest frame, st controls the

angular distribution of its decay particles. Specifically, bT is associated with the azimuthal

distribution and λt the polar distribution. When the top quark is boosted, the azimuthal

distribution stays invariant and was suggested to be used to measure top transverse spin [17].

In contrast, the polar distribution becomes too distorted to be useful for measuring λt.

Therefore, in this contribution, we propose to use the azimuthal correlation to measure the

top longitudinal polarization, which differs from the methods proposed in the literature that

exploit the energy fractions of the subjets [18–21].

The measurement of λt is important to discriminate the top quark production mecha-

nism [22], because the longitudinal polarization is highly sensitive to the chiral structure

of top quark coupling to other particles. A simple example is the W ′ model in which a

heavy vector boson W ′ can couple to top and bottom quarks in any arbitrary chiral combi-

nation [22],

LW ′ = − g′√
2
t̄γµ (fLPL + fRPR) bW ′

µ + h.c.. (3)

Depending on the relative size of fL and fR, the top quark can be left-handed (λt ' −1),

right-handed (λt ' +1), or unpolarized (λt ' 0), corresponding to |fL| � |fR|, |fL| � |fR|,

or |fL| ' |fR|. These three different cases lead to different azimuthal correlations, as shown

in Fig. 2.
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FIG. 2: Azimuthal angular correlation in the decay of boosted top quark for different values of top

longitudinal polarization λt.

The cos 2φ correlation does not distinguish the two subjets from the W decay, but only

controls whether the W decay plane tends to be parallel or perpendicular to the top decay
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plane, and this tendency carries through to the energy distribution of top decay products

in the azimuthal plane. Therefore, in experimental analysis, one can extract the coefficient

ξ using azimuthal energy distribution, for which we propose a simple procedure that does

not require the reconstruction of the W decay products:

1. construct the top quark and its four-momentum pµt ;

2. use jet substructure technique with b-tagging to reconstruct the b-subjet with its four-

momentum pµb ;

3. determine the W ’s four-momentum pµW = pµt − p
µ
b ;

4. construct the W frame coordinate system (x-y-z) as in Fig. 1, with z along pW and y

along pb × pW .

5. remove the particles in the b-subjet and determine the energy distribution of the rest

of top quark jet in the transverse plane (x-y).

With the cos 2φ modulation, the energy deposition in the transverse plane takes a form

like Fig. 3, in which the azimuthal plane has been divided by φ = ±π/4 and ±3π/4 into 4

quadrants, in which the cumulative energy deposits (of the whole top event ensemble) are

E1, · · · , E4, sequentially. Then we have

ξ =
π

2
· (E1 + E3)− (E2 + E4)

(E1 + E3) + (E2 + E4)
, (4)

where E1,3 (E2,4) are associated with the region cos 2φ > (<)0. We note that this only

requires the measurement of azimuthal angles and not the identification of subjets from W

decay. Also, due to its linear dependence on the energy, the definition in Eq. (4) is infrared

safe, not sensitive to (long-distance) soft gluon contributions.

To conclude, we proposed a novel substructure observable in the boosted top quark jet

based on the azimuthal correlation between the t → bW and W → ff̄ ′ decay planes. The

boosted top quark decays into a W boson with a linear polarization, which results in a cos 2φ

azimuthal correlation. Such linear polarization is not present in the top rest frame but only

emerges under the boost as a result of mixing with other polarization parameters of the W

boson. We have proposed an experimental method to measure the degree of such azimuthal

correlation that only requires b-tagging in the top quark jet. We have demonstrated that
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FIG. 3: The energy distribution of the W decay products in the azimuthal plane of the W frame,

viewed from the z direction in Fig. 1.

such correlation can be used to measure the longitudinal polarization of a boosted top quark

for testing the SM and probing NP, and we have argued that it can also help distinguish a

boosted top quark from the QCD jet background.
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