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Figure 1: Leading order diagrams for H−t production.

1. Introduction

Many extensions of the Standard Model involve more than Higgs doublet, an immediate con-
sequence of which is the presence of a charged Higgs boson. Observation of the latter would thus
be a spectacular confirmation of BSM physics, and the hunt for such particles is ongoing. An im-
portant production mode (particularly when the charged Higgs boson mass exceeds that of the top
quark) is that of associated production with a (single) top quark. This is analagous to Wt produc-
tion in the Standard Model, and the leading order Feynman diagrams are shown in figure 1. In this
contribution, we assume that the coupling of the Higgs to the top quark is given by a type-II two
Higgs doublet model coupling:

GH−tb̄ =−
i

v
√

2
Vtb [mb tanβ (1− γ5)+mt cotβ (1+ γ5)] , (1.1)

where, as usual, tanβ is the ratio of Higgs VEVs (with overall normalisation v); mt and mb are the
top and bottom quark masses, and Vtb the appropriate CKM matrix element. However, our conclu-
sions are more general than this, and may apply in other scenarios.

Given that the above coupling involves a superposition of left- and right-handed projectors,
the top quark will be produced with a net polarisation on average. The degree of longitudinal
polarisation is defined by

Pt =
σ(+,+)−σ(−,−)
σ(+,+)+σ(−,−)

, (1.2)

where σ(±,±) is the cross-section for producing a positively or negatively polarised top quark. In
SM pair production, each top or antitop is unpolarised on average, so that Pt = 0. In H±t production,
Pt will be nonzero, and will depend on the parameter space (mH− , tanβ ). If the top quark decays
according to t→Wb→ f f̄ b for some fermionic decay product f , the latter is distributed in the top
quark rest frame

∼ 1
2
(1+κ f Pt cosθ f ,rest) .

Here θ f ,rest is the angle between f and the top quark spin vector, and κ f the analysing power,
whose value depends on the identity of f , and potentially receives higher order corrections from
both SM and BSM sources. For a positively charged lepton ( f = l), the analysing power κl ' 1,
and turns out to be insensitive to BSM corrections to the decay of the top quark, up to quadratic
corrections in the inverse scale of new physics [1]. Thus, leptonic decay products of top quarks are
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highly efficient polarisation analysers.

Consider a new physics particle X produced in association with a top quark. The coupling of
X to the top will produce a non-zero polarisation Pt 6= 0 in general. If the top decays leptonically,
the angular distribution of the produced lepton will be governed by Pt and κl . BSM corrections to
the decay are irrelevant to a good approximation, as stated above, and thus it follows that leptonic
decay products of top quarks can be used to directly probe the coupling of X to the top quark. Here
X is a charged Higgs boson, but our argument is easily generalised to other new physics scenarios.

Above we considered the top quark rest frame. Given the difficulty of fully reconstructing
top quark momenta, it is easier and more useful to consider quantities in the lab frame. Assuming
that the top quark direction can be reconstructed, one may define the azimuthal (φl) and polar (θl)
angles between the decay lepton and the direction of its parent top. These were first defined in [1],
and analysed within a charged Higgs context in [2, 3] (see also [4]). Both carry an imprint of top
polarisation: a purely polar correlation in the lab frame appears as a mixture of polar and azimuthal
information in the lab frame, due to the non-zero boost of the top quark in the latter.

2. Results in H−t production

In [3], we examined the above angular distributions using the recently developed MC@NLO
software for H−t production [5]. This combines NLO matrix elements for this production process
with parton shower and hadronisation algorithms, and also includes spin correlations [6]. By com-
paring these results with LO ones obtained using MadGraph [7], one may evaluate the robustness
of polarisation observables with respect to higher order corrections. All results here were obtained
with top and bottom quark masses of mt = 172 GeV and mb = 4.95 GeV respectively, a top width
of Γt = 1.4 GeV, and a common renormalisation and factorisation scale µr = µ f = mt . We use
MSTW2008 LO and NLO partons [8], as appropriate.

In figure 2 we show the distribution of the azimuthal angle φl , as a function of tanβ and for
two different charged Higgs boson masses. It is strongly peaked at φl = 0 and φl = 2π , due to
the boost from the top quark rest frame. Polarisation information modifies this shape, and we can
efficiently distil this information into a single number: noting the crossing points in figure 2, we
can define the asymmetry parameter

Aφ =
σ(cosφl > 0)−σ(cosφl < 0)
σ(cosφl > 0)+σ(cosφl < 0)

. (2.1)

Each point in parameter space corresponds to a different value of Aφ , as shown in figure 3(a). Thus,
this quantity can be used to pin down the coupling of a charged Higgs boson to the top quark, as
well as to enhance the signal to background ratio.

Results for the polar angle are shown in figure 4. This is strongly peaked near θl = 0, again
due to the boost from the top quark rest frame. Polarisation information also modifies the overall
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Figure 2: Azimuthal angle φl between the top quark and its decay lepton in H−t production, obtained using
MC@NLO [5].

βtan 

0 5 10 15 20 25 30 35 40

φ
A

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

βtan 

0 5 10 15 20 25 30 35 40

φ
A

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

βtan 

0 5 10 15 20 25 30 35 40

θ
A

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

βtan 

0 5 10 15 20 25 30 35 40

θ
A

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

Figure 3: Behaviour of (a) the azimuthal asymmetry parameter Aφ ; (b) the polar asymmetry parameter Aθ ,
at both LO (blue) and MC@NLO (black) levels. Upper and lower curves correspond to charged Higgs boson
masses of 1500 and 200 GeV. Also shown are the results obtained for SM Wt production (lower bands).

shape in this case, as can be encapsulated by the polar asymmetry parameter

Aθ =
σ(θl < π/4)−σ(θl > π/4)
σ(θl < π/4)+σ(θl > π/4)

, (2.2)

whose behaviour is shown in figure 3(b) for different parameter space values. We see in particular
that the polar asymmetry is able to distinguish different charged Higgs boson masses at high tanβ ,
thus provides useful complementary information when combined with the azimuthal asymmetry.

Further information can be gained by considering observables based on ratios of energies of
the top quark and its decay products, which were shown in [9] to carry polarisation information:

z =
Eb

Et
, u =

El

El +Eb
, (2.3)

Here Et , Eb and El are the energies of the top quark, and its decay b quark and lepton. The
observables of eq. (2.3) were defined for boosted top quarks, such that it is easier to construct
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Figure 4: Polar angle θl between the top quark and its decay lepton in H−t production, obtained using
MC@NLO [5].
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Figure 5: The z and u parameters in H−t production, obtained using MC@NLO [5], and for different cuts
on the boost parameter.

them. Here we characterise the boost of the top quark using the parameter

B =
|~ptop|

Et
, (2.4)

i.e. the ratio of three-momentum and energy. Upon imposing an increasing cut on the B parameter,
the shape of the distributions of the z and u parameters converge to a shape which carries polar-
isation information, as shown in figure 5. Again there are crossing points for curves obtained at
different values of tanβ and mH−t . Analogously to the angular distributions considered earlier, one
may define asymmetry parameters (see [3] for more details)

Au =
σ(u > 0.215)−σ(u < 0.215)
σ(u > 0.215)+σ(u < 0.215)

; Az =
σ(0.1≤ z≤ 0.4)−σ(0.4≤ z≤ 0.7)
σ(0.1≤ z≤ 0.4)+σ(0.4≤ z≤ 0.7)

. (2.5)

The behaviour of these asymmetries at different points in parameter space is shown in figure 6. One
sees more sensitivity to additional radiation than for angular observables, although the results are
still reasonably robust. Furthermore, the energy asymmetries provide complementary information
to the angular observables: they are sensitive to new physics corrections in both the production and
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Figure 6: Energy asymmetry parameters, at both LO (blue) and MC@NLO (black) levels. Upper and lower
curves correspond to charged Higgs boson masses of 1500 and 200 GeV. Also shown are the results obtained
for SM Wt production (flat bands).

decay of the top quark, rather than just the production stage. A recent paper analysed the z and u
parameters in a different new physics context, and also concluded that these observables remain
useful even when detector effects and reconstruction ambiguities are accounted for [10].

To summarise, polarisation observables are an efficient way of probing the parameter space
of new physics models. We have here focused on the case of H−t production. As stressed in [3],
similar methods can also be used in a purely SM context e.g. enhancing a signal of Wt production
against the top pair background.
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