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Abstract

In many analyses in Higgs, top and electroweak physics, the kinematic reconstruction of the
final state is improved by constrained fits. This is a particularly powerful tool at e+e− col-
liders, where the initial state four-momentum is known and can be employed to constrain the
final state. A crucial ingredient to kinematic fitting is an accurate estimate of the measure-
ment uncertainties, in particular for composed objects like jets. This contribution will show
how the particle flow concept, which is a design-driver for most detectors proposed for future
Higgs factories, can — in addition to an excellent jet energy measurement — provide de-
tailed estimates of the covariance matrices for each individual particle flow object (PFO) and
each individual jet. Combined with information about leptons and secondary vertices in the
jets, the kinematic fit enables to correct b- and c-jets for missing momentum from neutrinos
from semi-leptonic heavy quark decays. The impact on the reconstruction of invariant di-jet
masses and the resulting improvement in ZH vs ZZ separation will be presented, using the
full simulation of the International Large Detector (ILD), as an example of highly-granular
ParticleFlow optimized detector concept.

Based on the talk "Kinematic Fitting for ParticleFlow Detectors at Future Higgs Factories" presented
at Particles and Nuclei International Conference (PANIC2021) on behalf of the ILD concept group,
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2 Kinematic fitting

1 Introduction

The decays of the Higgs boson into heavy b and c quarks play an essential role in the Higgs physics
studies. The presence of the semi-leptonic decays (SLD) in the b and c jets degrades the reconstruction of
these jets [1, fig. 8.3d]. The energy resolution of the jets can be recovered beyond the detector resolution
by using a kinematic fit as a mathematical approach [2]. The measurement uncertainties are one of the
most important inputs to the kinematic fit. In the ILD, individual particles are reconstructed with an
unprecedented knowledge of jet-level uncertainties [1].
In the last study of the Higgs self-coupling measurement at the 500 GeV ILC [3], the invariant di-jet
mass in e+e−→ ZHH events with H → bb̄ has been improved by a very simple correction to the semi-
leptonic decays and a simple parameterization of the jet energy error in the kinematic fit. Although

(a) (b)

Figure 1: Higgs mass reconstruction in the presence of ISR photon and semi-leptonic decays: (a) The
signal peak gets sharper by considering ISR photon and correction of semi-leptonic decays. (b) The
background peak is pulled towards the signal.

the reconstruction of the Higgs mass is improved by this simple correction (fig. 1(a)), the result is not
satisfactory in the presence of ZZH/Z background (fig. 1(b)). In order to avoid background being pulled
towards the signal by too much flexibility in the fit, a proper neutrino correction and a better jet error
parameterization are needed. The new jet-error parameterization has been evaluated using ZH/ZZ →
µµ̄bb̄ samples in presence of ISR photon and γγ → low pT hadrons at

√
s=250 GeV [4, 5].

2 Kinematic fitting

It was shown that by tagging charged leptons in b- or c-jets, the semi-leptonic decays can be found
[4]. The momentum of the missing neutrino can then be obtained up to a sign ambiguity, using the
kinematics of the semi-leptonic decay including the four-momentum of visible decay products of the
semi-leptonic decay, the mass, and the flight direction of the parent hadron. Imposing constraints on
energy and momentum conservation and/or invariant masses of known particles will resolve the sign
ambiguity by a kinematic fit. Full details of the measurement uncertainties for each particle flow object
(PFO) as reconstructed particle candidate are provided by the Pandora particle flow algorithm [6] used for
event reconstruction in the ILD concept. The energy and spatial resolutions of each sub-detector of ILD
are propagated to full covariance matrix for each PFO. While angular errors of the charged particles are
very well modeled using the ILD tracker (black histogram in fig. 2(a)), the angular uncertainties for the
photons and neutral hadrons (blue and red histograms in fig. 2(a)) should be scaled up by a factor of 1.3
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3 Z/H mass reconstruction
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Figure 2: (a) Normalized residual of θPFO for charged particles (black), photons (blue) and neutral had-
rons (red) (b) Pull of the jet angle (θjet) from the kinematic fit when the jet angular uncertainty (σθjet

)
receives contribution from only charged particles (black), all particles (red) and when σθPFO

is scaled up
for photons and neutral hadrons by a factor of 1.3 and 1.8, respectively, motivated from fig. 2(a)

and 1.8, respectively, when they are propagated to form the initial covariance matrix of the jet (σdet). The
jet energy error has been studied in [4, 5, 7]. In the previous jet error parameterization [7], only charged
particles contributed to the jet angular uncertainties (black histogram in fig. 2b) and the kinematic fit
hypothesis was too tight for adjusting the four-momentum of jets. Therefore, a fixed angular uncertainty
(σθjet

=100 mrad) was assumed for all jets [7]. In the new jet error parameterization, all particles contribute
to the jet angular uncertainties and hence, the angular uncertainties are parameterized for individual jets.
This significantly improves the pull distribution of the jet angles (red histogram in fig. 2(b)) and the
gain is even more drastic when σθPFO

is scaled-up for photons and neutral hadrons (blue histogram in
fig. 2(b)). In analogous to θjet, the azimuthal angle of the jet (φjet) has similar behavior for photons and
neutral hadrons.

3 Z/H mass reconstruction

The neutrino correction – for the time being, based on cheated inputs in terms of decay point and mass of
the mother hadron, and association and momenta of the visible decay products – in addition to the new
jet error parameterization, is applied on the introduced ZH/ZZ → µµ̄bb̄ samples. The mass recovery
by the neutrino correction alone is shown in the blue histograms in fig. 3 for both Higgs boson (solid)
and Z boson (dashed). Here the sign ambiguity is resolved by the kinematic fit, but the di-jet invariant
mass is obtained from the pre-fit jet four-momenta. Even without applying the neutrino correction,
the di-jet invariant mass can be significantly improved by the new jet error parametrization described
in section 2 fed to the kinematic fit (the green histograms in fig. 3). Finally, the combination of the
neutrino correction and the kinematic fit is shown in the red histograms in fig. 3. The performance
of the combination of the kinematic fit and the neutrino correction based on reconstructed information
is expected somewhere between the green and red histograms even if the neutrino correction is less
powerful when using reconstructed information only. In all cases, the problem of pulling the Z peak
towards the Higgs peak shown in fig. 1 is avoided and the ZH/ZZ separation is significantly improved
with respect to the black histograms. This will benefit any Higgs studies where event selection is done
based on di-jet masses. The impact of the neutrino correction seems much smaller for Z→ bb̄ than for
H → bb̄. This is suspected to be due to the natural width of the Z boson, which is similar in size to the
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Figure 3: Invariant di-jet mass in ZH and ZZ events reconstructed by the PFA only (black), with neutrino
correction (blue), with kinematic fit (green) and with neutrino correction and kinematic fit (red).

effects of detector resolution.

4 Conclusions and Outlook

The invariant di-jet mass plays an important role in the separation of the ZZH background and the ZHH
signal for the Higgs self-coupling analysis. Since H → bb̄ is the predominant decay mode of the Higgs
boson, the reconstruction of heavy-flavor jets highly affects the invariant di-jet mass. A combination of
a kinematic fit with a conceptual approach for a correction of semi-leptonic decays based on a detailed
reconstruction of the decay kinematics can improve the heavy flavour jet reconstruction. The propagation
of PFO-level measurement uncertainties for all reconstructed particles obtains a precise knowledge of the
measurement errors for each individual jet. The neutrino correction, for the time being, based on cheated
inputs as proof-of-principle, and the kinematic fit with detailed error parameterization have been applied
on ZH/ZZ → µµ̄bb̄ events. Each of the techniques considerably enhances the ZH/ZZ separation via
the di-jet mass and their combination shows significant improvement. The neutrino correction based on
fully reconstructed information is ongoing and both techniques will be applied to the Higgs self-coupling
analysis in the future.
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