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The physics program of the Higgs factory will focus on measurements of the 125 GeV Higgs
boson, with the Higgs-strahlung process being the dominant production channel at 250 GeV.
However, production of extra light scalars is still not excluded by the existing experimental data,
provided their coupling to the gauge bosons is sufficiently suppressed. Fermion couplings of
such a scalar could also be very different from the SM predictions leading to non-standard decay
paterns. Considered in the presented study is the sensitivity of future Higgs factory experiments
to direct observation of the new light scalar production for the scalar mass range from 50 GeV to
120 GeV.
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1. Motivation

While the existence of the Standard Model like Higgs boson with mass of 125 GeV has been
firmly established, experimental results obtained so far still leave room for additional light scalar
states [1]. Some deviations observed in the LHC Run 1 and Run 2 have been interpreted as a
possible existence of the new scalar with the mass of around 96 GeV [2–4]. Considered in the
presented study are prospects for observing the new scalar produced in the scalar-strahlung process,
𝑒+𝑒− → 𝑍 𝜙, at the International Linear Collider (ILC) running at 250 GeV. Previous studies
focused on establishing the decay independent limits [5] or on the 𝜙 → 𝑏�̄� decay channel [6],
which is expected to be dominant in most scenarios. In the presented study, light scalar decay to tau
lepton pair is considered, which is expected to be the dominant decay channel in some theoretical
scenarios [4]. This seems to be an interesting and challenging benchmark scenario for the light
scalar searches at future Higgs factories.

2. Analysis setup

The production of light scalar is considered in scalar-strahlung process, 𝑒+𝑒− → 𝑍 𝑆, with
subsequent hadronic Z decay (for higher statistics) and scalar decay to tau lepton pairs: 𝑍 → 𝑞 𝑞

and 𝑆 → 𝜏+𝜏−. Event samples used for the presented study were generated using Whizard [7, 8]
version 3.1.2. Signal samples were generated with the Whizard built-in SM_CKM model, by
varying the Higgs boson mass in the 15 – 140 GeV range and setting its tau branching ratio to
100%. While the dominant background contribution is expected to come from the SM process
with the same final state, 𝑒+𝑒− → 𝑞𝑞𝜏𝜏, other four-fermion final states were also considered as
possible background sources. Contribution from two-fermion and six-fermion processes was found
to be small. Total lumionsity of 2 ab−1 was assumed for ILC running at 250 GeV, as expected in
the H-20 running scenario [9], with ±80% and ±30% polarisation for electron and positron beams,
respectively. The ILC beam energy profile was taken into account based on Circe2 parametrization
and hadronisation was simulated with the Pythia 6 [10]. The fast detector simulation framework
Delphes [11] was used to simulate detector response, with built-in cards for parametrisation of the
ILC detector, delphes_card_ILCgen.tcl [12].

3. Tau reconstruction

Depending on the decays of the two tau leptons, three decay channels can be considered for
the signal events: hadronic (with both taus decaying hadronicly), semi-leptonic (with one leptonic
tau decay) and leptonic (with leptonic decays of both taus). Example of signal event with hadronic
final state is shown in Fig. 1.

Depending on the scalar decay channel, zero, one or two isolated leptons are expected in the
final state. Each isolated lepton (electron or muon) is considered as a tau candidate. The remaining
final state particles are clustered into four, three or two jets, depending on the number of leptons.
Jets are selected as coming from tau decays based on the tau tagging result. For “tight selection” we
require two tau candidates in an event. As the tau tagging efficiency is only at the level of 50–70%,
we also consider “loose selection”, when we also accept events with one tau candidate (isolated
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Figure 1: Left: example signal event, with hadronic decays of the two tau leptons produced in the light scalar
decay. Right: same event in the transverse plane, missing transverse momentum ®6𝑝

𝑇
and two unit vectors

along tau jet directions (®𝑛1 and ®𝑛2) are indicated.

lepton or tagged jet) and take the untagged jet with the lowest invariant mass as the second tau
candidate.

One of the challenges in the presented study is to correct the invariant mass of the two tau
candidates, which can be significantly underestimated due to the escaping neutrinos. To correct for
the neutrino energy, we use the so called collinear approximation [13]. For high energy tau leptons,
decay products are highly boosted in the initial lepton direction. One can therefore assume that the
initial tau lepton, escaping neutrino and the observed tau candidate are collinear. Neutrino energies
can be found from transverse momentum balance:

®6𝑝
𝑇

= 𝐸𝜈1 · ®𝑛1 + 𝐸𝜈2 · ®𝑛2

where ®𝑛1 and ®𝑛2 are directions of the two tau candidates in the transverse plane (see right plot in
Fig. 1). While this is the simplest possible method to correct for the missing neutrino energy, its
clear advantage is that the solution is unique.

Compared in Fig. 2 are the raw (before correction) and corrected invariant mass distributions
of the tau candidate pairs in signal events. It turns out that the collinear correction allows to
reconstruct the scalar mass with about 5 GeV precision not only for hadronic events (left plot) but
also for semi-leptonic (right plot) and leptonic events. This is because the invariant mass of the
two neutrinos emitted in the leptonic tau decay has to be small (below tau mass), so neglecting it
does not bias the estimate of the escaping energy significantly. Distributions of the reconstructed Z
boson and scalar masses are shown in Fig. 3 for the signal events corresponding to the scalar mass
of 80 GeV and for the combined SM background.

4. Results

Final selection of signal events for each considered scalar mass is based on the BDT classifier
trained with ten input variables: measured Z (di-jet) mass, raw and corrected scalar (di-tau) mass,
recoil mass calculated from the Z boson four-momentum, total event energy, jet clustering parameter
𝑦34, polar angle of the Z boson emission, two scalar decay angles in the scalar rest frame and the
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Figure 2: Reconstructed invariant mass of the two tau candidates, before (red) and after (blue) the collinear
energy correction. Distributions are shown for signal of light scalar production with mass of 80 GeV, for
hadronic (left) and semi-leptonic (right) event selection.
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Figure 3: Reconstructed mass of Z boson decay, mjj, as a function of the corrected invariant mass of the two
tau candidates, m𝜏𝜏 . Compared are expected distributions for signal of light scalar production with mass of
80 GeV (left) and the combined SM background (right) after tight event selection. See text for details.

azimuthal distance between two tau candidates. Example of the BDT response distributions for the
hadronic and semi-leptonic channels, for scalar mass of 80 GeV, is shown in Fig. 4.

For the preliminary limits presented here, common BDT classification was always applied
to all considered data samples, combining all decay channels and data collected with different
beam polarisation combinations. Limits shown were obtained with loose event selection, as it
turned out to result in slightly higher sensitivity. For each scalar mass considered, the cut on the
BDT classifier response was optimized for signal significance assuming the scalar production cross
section corresponding to 1% of the SM Higgs boson production cross section at given mass. Then,
with the fixed BDT response cut, the 95% CL limit on the scalar production cross section was
calculated as the signal cross section corresponding to the significance of 1.64.

Expected cross section limits for ILC running at 250 GeV, resulting from the procedure de-
scribed above, are presented in Fig. 5. For low scalar masses, up to about 80 GeV, semi-leptonic
event selection results in highest significance to the scalar tau decays, see Fig. 5 (left). For higher
masses, semi-leptonic and hadronic events equally contribute to the combined limit. As shown in
Fig. 5 (right), targeted analysis, focused on the scalar decay to tau lepton pair, results in about an
order of magnitude increase in sensitivity, compared to decay independent limits [5]. However, one
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Figure 4: Example of the BDT response distribution for signal (blue) and background (red) events, for new
scalar mass of 80 GeV. The signal cross section is set to 1% of the SM Higgs boson production cross section
at given scalar mass. The BDT classification was applied to the combined data set, including all beam
polarisation combinations, for the loose event selection.
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Figure 5: Cross section limits in di-tau channel expected for ILC running at 250 GeV, resulting form the
selection based on the BDT response cut, as a function of the assumed scalar mass. Limits expected from
the combined analysis of all data are compared with limit estimates for different signal channels (left) and
with limits resulting from earlier, decay channel independent studies (right).

has to note that the limit considered in our case is the limit on the cross section times branching
ratio. One can conclude that the scalar search in the di-tau final state is expected to result in more
stringent limits than the decay independent search provided this branching ratio is of the order of
10% or above.

5. Conclusions

Beyond the SM scenarios with light scalars are still not excluded by the existing data. Sizable
production cross sections for new scalars are still possible, if combined with non-standard decay
patterns. Decays to tau pairs for new light scalars, with mass below 125 GeV, seems to be a
challenging benchmark scenario and a good testing ground for detector concepts and analysis
methods. Initial study performed for ILC running at 250 GeV indicates an order of magnitude
limit improvement already with the very simple limit setting approach. Limits should improve
further when properly combining results from different event samples (beam polarisations and
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decay channels). The study will continue to get better understanding of signal and background
processes.
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