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• Quark-flavor-violating Higgs decays in
the Standard Model

• Predicted by several BSM models

• Until now: only indirect limits from
B meson oscillations

• Direct tests are complementary

• At LHC: too much QCD background

→ Loop and GIM suppressed

→ Branching ratio BSM = O(10−7)
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 Cancellations may exist!

(see e.g. recent 1710.04663)
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→ Disentangle FCNC contributions

→ Measure values of couplings
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much cleaner
environment

e+e− collider
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2.4. Higgs measurements at ILC at 250 GeV

Figure 2.7
Production cross
section for the
e+e− → Zh process
as a function of the
center of mass energy
for mh = 125 GeV,
plotted together with
those for the WW and
ZZ fusion processes:
e+e− → ννH and
e+e− → e+e−H.
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a different
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already offers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC offers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e− → Zh, with Z → µ+µ− and Z → e+e− decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ−X final state
provides a particularly precise measurement as the e+e−X channel suffers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z → µ+µ− that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

√
s, 0), are shown in Fig.2.8. In the e+e−X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e−(nγ) recoil mass. Fits to signal and background
components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ−X (e+e−X) channel. When the two channels are combined an uncertainty
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a different
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already offers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC offers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e− → Zh, with Z → µ+µ− and Z → e+e− decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ−X final state
provides a particularly precise measurement as the e+e−X channel suffers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z → µ+µ− that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

√
s, 0), are shown in Fig.2.8. In the e+e−X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e−(nγ) recoil mass. Fits to signal and background
components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ−X (e+e−X) channel. When the two channels are combined an uncertainty
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a different
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already offers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC offers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e− → Zh, with Z → µ+µ− and Z → e+e− decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ−X final state
provides a particularly precise measurement as the e+e−X channel suffers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z → µ+µ− that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

√
s, 0), are shown in Fig.2.8. In the e+e−X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e−(nγ) recoil mass. Fits to signal and background
components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ−X (e+e−X) channel. When the two channels are combined an uncertainty
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a different
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already offers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC offers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e− → Zh, with Z → µ+µ− and Z → e+e− decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ−X final state
provides a particularly precise measurement as the e+e−X channel suffers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z → µ+µ− that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

√
s, 0), are shown in Fig.2.8. In the e+e−X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e−(nγ) recoil mass. Fits to signal and background
components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ−X (e+e−X) channel. When the two channels are combined an uncertainty
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a different
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already offers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC offers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e− → Zh, with Z → µ+µ− and Z → e+e− decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ−X final state
provides a particularly precise measurement as the e+e−X channel suffers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z → µ+µ− that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

√
s, 0), are shown in Fig.2.8. In the e+e−X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e−(nγ) recoil mass. Fits to signal and background
components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ−X (e+e−X) channel. When the two channels are combined an uncertainty
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a different
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already offers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC offers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e− → Zh, with Z → µ+µ− and Z → e+e− decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ−X final state
provides a particularly precise measurement as the e+e−X channel suffers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z → µ+µ− that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

√
s, 0), are shown in Fig.2.8. In the e+e−X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e−(nγ) recoil mass. Fits to signal and background
components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ−X (e+e−X) channel. When the two channels are combined an uncertainty
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e+

e−

ν̄e

νe

b̄

d, s

The process e+e− → ν̄νbs exists in the Standard Model:

GIM
suppressed

different
kinematics

BUT : Detector imperfections exist!
⇒ other SM processes can mimic the signature
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# Cut description Optimal value Reduces background from

1.
events with exactly
one b and one light jet

– mis-tagged events

2.
no events with
isolated leptons

–
events with
isolated leptons

3.
non-vanishing missing
transverse energy

/ET > 25GeV two-body final states

4.
invariant mass
of jet pair

|mbj −mh| < 25GeV non-resonant processes

5.
azimuthal distance of
jet pair

∆φbj < 170◦ two-body final states

Steps of our cut-based analysis
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Module Software Remarks

LO event generation Whizard 2.5.0/O’Mega
initial-state radiation,
beamstrahlung

showering and
hadronization

Pythia 8 final-state radiation

detector simulation
Delphes 3.4 with
DSiD detector card

flavor tagging according
to performance of the
LCFIPlus package
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5. Flavor Tagging

While the flavor tagging procedure described in this section is in principle independent of the order of
the jet finding and secondary vertex finding. the performance is given for the procedures given in this paper,
i.e. in the order of vertex finding, jet finding, and vertex refining as described in the previous sections.

The flavor tagging procedure is based on a multivariate classifier as implemented in the TMVA package.
The flavor tagging procedure is applied to each jet and makes no attempt to look at the interaction between
the jets beyond what is implemented up to this point. The jets are divided into four categories according the
number of reconstructed vertices in a jet. For each category, a set of input variables are defined, which are
then passed to the multivariate classifier. The classifier response is normalized across the different categories,
which can then be used in a physics analysis.

We employ boosted decision trees (BDTs) as the multivariate classifier in the TMVA package in ROOT.
The BDTs with gradient boosting are used. The BDTs operate in the multiclass mode which allows the
simultaneous training of multiple classes of events. In our case, we define three classes, which are b jets, c
jets, and uds jets.

The jets are categorized by the number of reconstructed vertices. By the design of the vertex refiner
described in the previous section, each jet can either have zero, one, or two properly reconstructed vertices.
In addition, each jet can have he single-track pseudovertex is also considered. We separate the jets into the
four categories as listed in Tab. 4

The flavor tagging input variables are constructed from the constituents of the jets such as the charged
tracks and secondary vertices. The momentum of the jet itself is used for the inspection of the jet constituents
in terms of the jet direction. Many input variables can depend on the energy of the jet, since the decay
length and angles between particles necessarily depend on the boost of the particles involved. They can be
normalized making use of the jet energy to diminish the jet energy dependence. The jet energy dependence
cannot be completely eliminated because the acceptance cuts and the detector effects are inherently not
invariant as a function of the jet energy. The list of input variables are shown in Tabs. 5-6.
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Figure 1: The flavor tagging performance, evaluated on Z → qq sample at
√
s = 91.2 GeV, is shown in terms of the mis-

identification fraction versus the tagging efficiency. (a) The tagging efficiency is shown for b jets. The green (circle) points
show the fraction of c jets being mistaken as a b jet. The blue (square) points show the fraction of uds jets being mistaken as
a b jet. (b) The tagging efficiency is shown for c jets. The red (circle) points show the fraction of b jets being mistaken as a c

jet. The blue (square) points show the fraction of uds jets being mistaken as a c jet.

The performance of the flavor tagging for e+e− → Z → qq two jet samples for
√
s = 91.2 GeV is shown in

Fig. 1. Two plots are shown corresponding to the performance of the b tagging and c tagging. The two lines

8

taken from [1506.08371]

tag true b true c true j

b 0.80 0.08 0.01
c 0.17 0.70 0.10

j 0.03 0.22 0.89
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• First detailed study of the quark-flavor-violating Higgs decay
h → bs at a future e+e− collider.

• Most sensitive search signature is found to be e+e− → bj + /ET

at
√
s = 500GeV.

• The ILC at
√
s = 500GeV with 4 ab−1 of data is expected to

exclude B(h → bj) & 0.2% at 95% CL.

Thank you!
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Signal (ν̄ν)b̄b (ν̄ν)c̄c (ν̄ν)jj ν``sc ν``du

Exp. 2490 7.5 · 106 8.2 · 106 2.3 · 107 3.6 · 106 3.6 · 106
Jet tag. 1147 1.6 · 105 98 378 1.6 · 105 1.3 · 105 36 040
No ` 1137 1.6 · 105 97 545 1.6 · 105 4092 1539
/ET 1040 37 247 20 224 23 285 3450 1217
∆mh 695 4617 568 813 288 116
∆φbj 655 3946 299 522 270 107

• √
s = 500GeV

• B(h → bs) ' 0.73%

• optimal cuts

• L = 4ab−1 . . .

• . . . (40%, 40%, 10%, 10%)

Specifications
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