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Abstract

This note introduces the ILD benchmark analysis about Higgs mass measurement using a
new method other than the traditional recoil mass method. The signal channel is e+e− →
ZH, Z→ µ

+
µ
− or e+e−, and H → bb̄, at

√
s = 500 GeV. The detector performances that

are sensitive to the Higgs mass measurement are investigated and are compared for the two
benchmarking models, namely IDR-L and IDR-S. The results are given for an integrated
luminosity of 4 ab−1 with a cut-based analysis including full SM background events.

This work was carried out in the framework of the ILD detector concept group



1 Introduction

1 Introduction

The International Linear Collider (ILC) is a proposed future linear e+e− collider. It is expected to operate
at
√

s = 250 GeV at its initial phase as a Higgs factory, namely ILC250, accumulating 2 ab−1 data.
Energy upgrade to around 500 GeV (namely ILC500) is within the scope provided that the Technical
Design Report (TDR) of ILC500 has been completed [1]. A total integrated luminosity of 4 ab−1 at
the ILC500 is expected. The detailed operating scenarios including the sharing between data taking for
different beam polarizations, and the overview of the ILC accelerator, physics and detector can be found
in [2]. It is worth mentioning that there is a cross angle of 14 milliradian between the electron and
positron beams.

The study in this note is focusing on the Higgs mass measurement at the ILC. The classical method to
measure the Higgs mass at the ILC is based on recoil mass technique; see details in [3]. A statistical error
of 14 MeV is expected at the ILC250. The recoil mass method at higher

√
s such as ILC500 is very much

limited mainly due to the enhanced effect from beamstrahlung, as a result of which a statistical error of
only 218 MeV is expected at the ILC500. A new method proposed in this note was hence motivated in
mainly two aspects: first, to improve the Higgs mass measurement at the ILC500; second, to provide
a complementary method at the ILC250 which would not be affected by the systematic errors such as
from beam energy calibration and uncertainty on beam spectrum. There exists some other method, for
instance by reconstructing the Higgs mass in H→ bb̄ channel using the directly measured four-momenta
of b-jets [4].

The International Large Detector (ILD) is a proposed general-purpose detector recording the collision
events at the ILC. Within the core of the ILD design is the capability of performing Particle Flow Analysis
(PFA). The Detailed Baseline Design (DBD) of the ILD can be found in [16]. The ILD concept group is
now trying to further optimize its detector design. Two design models, namely IDR-L and IDR-S with
the main differences in TPC outer-radius and solenoid magnet field, are being evaluated with respect to
various performance [5]. The study in this note turns out to be interesting also for benchmarking the
ILD models under investigation. Therefore this note serves also as a supporting document for one of the
benchmark analyses in the ILD Design Report (IDR) [5].

1.1 Physics Motivation

The precision of Higgs mass is important as one parametric error for computing the partial widths of
H→ ZZ∗ and H→WW ∗, which are sensitive to the value of Higgs mass because one of the Z or W has
to be off-shell. Quantitatively, the relations are as follows [6]

δZ = 7.7δmH , δW = 6.9δmH , (1)

where δ stands for relative uncertainty, δZ and δW are for HZZ and HWW couplings respectively. In
order to match the experimental uncertainty of 0.1− 0.5% for HZZ and HWW couplings, we would
need to measure the Higgs mass to 16−80 MeV.

1.2 Methodology

The signal process is e+e− → ZH, Z → l+l− (l = µ,e), and H → bb̄. Let’s use Ei, pi, mi, θi and φi
(i = 1,2) for respectively the energy, magnitude of momentum, mass, polar angle and azimuthal angle
for the b and b̄ quarks or the two reconstructed b-jets. And let’s use px and py for the momentum of H in
the x- and y- direction respectively. According to the momentum conservation in the x- and y- directions
we would get

p1 sinθ1 cosφ1 + p2 sinθ2 cosφ2 =px,

p1 sinθ1 sinφ1 + p2 sinθ2 sinφ2 =py. (2)
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1 Introduction

Experimentally θi and φi can be directly measured from the jet directions. px and py can be obtained
using the recoil technique,

px =−pll
x +
√

ssin
α

2
,

py =−pll
y , (3)

where α (= 0.014 radian) is the beam crossing angle, pll
x and pll

y are the momentum of Z (reconstructed
from di-lepton) in the x- and y- direction. Then instead of by direct measurement, we can determine p1
and p2 using Eq. 2 as follows (

p1
p2

)
=

pt

sinφ12

(
sin(φ−φ2)

sinθ1
sin(φ1−φ)

sinθ2

)
, (4)

where φ12 = φ1−φ2, pt =
√

p2
x + p2

y and φ without index is the azimuthal angle of transverse momentum

(px, py). Once p1 and p2 are determined, the jet energies E1 and E2 are determined as Ei =

√
p2

i +m2
i

(i = 1,2), where m1 and m2 are the measured jet masses based on the directly measured jet 4-momentum.
By directly measured jet 4-momentum, it means that the 4-momentum measured for each individual
particle 1 that belongs to the jet is summed up as the jet 4-momentum. With pi, Ei, θi and φi (i = 1,2)
determined as above, the Higgs mass as the invariant mass of the two jets can be readily determined.
It is not very useful to write down explicitly the full formula, following is an approximated one when
mi/pi << 1 which might be useful to understand quantitatively how each measured quantity can affect
the measured Higgs mass.

m2
H = (1+

p2

p1
)m2

1 +(1+
p1

p2
)m2

2

+
2p2

t sin(φ −φ2)sin(φ1−φ)

sinθ1 sinθ2 sin2
φ

(1− sinθ1 sinθ2 cosφ − cosθ1 cosθ2). (5)

1.3 Advantages

Comparing to the traditional recoil mass method [3], the new method is not sensitive to various effects
in the beam direction, such as beamsstrahlung, ISR and beam energy uncertainty, which are in particular
significant at high

√
s.

Comparing to another method which directly uses measured jet 4-momentum to reconstruct the di-jet
invariant mass as Higgs mass, the new method mainly makes use of measured jet directions and hence
relies on jet energy resolutions much less. Directly measured jet energies are only needed in the jet mass
measurement. The effect from asymmetric jet energy resolution for b-jet due to leptonic weak decay also
becomes less significant in the new method.

The advantage of the new method becomes manifest in Figure 1 where the reconstructed Higgs mass
from 3 methods are plotted based on full detector simulations (DBD samples) [7].

Another good point is that the new method doesn’t depend on the nature of the boson which the final
two jets originate from. Henceforth this method not only improves the Higgs mass resolution for signal
but also improves Z boson mass resolution for background events such as e+e−→ ZZ. Therefore this
method will help to improve the signal and background discrimination, moreover, will provide us a way
to control the systematic errors by looking at the reconstructed Z mass.

1To measure the 4-momentum of each particle, conventionally π
± mass is assumed for any charged particle, zero mass (neut-

ron mass) is assumed for any neutral particle that deposits its energy mainly in the electromagnetic (hadronic) calorimeter.
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2 Detector Simulation Tools
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Figure 1: Reconstructed Higgs Mass using the three methods introduced in the text for the signal events
based on full detector simulations: Recoil Mass, which makes use of the recoil technique;
Direct M(JJ), which fully makes use of the directly measured 4-momentum of each jet; New
Method, which is explained in this note.

It is worth noting that this method can be readily used for H → cc̄, gg or τ
+

τ
− channels as well.

For H → τ
+

τ
− channel, interestingly the jet mass (= τ mass here) is known and the jet direction (τ

flying direction) can be measured using the τ decay vertex, hence the missing neutrinos from τ do not
matter in this method. Moreover, this method can potentially be useful in Z → qq̄ channels where we
can take advantage of much higher statistics for the signal events though we need to pay attention to the
jet-clustering effects. The extended study is beyond the scope of this benchmark analysis, which will
focus on using H→ bb̄ and Z→ µ

+
µ
−/e+e−.

1.4 Detector Benchmark

The aspects of detector performance which are important for this benchmark analysis can be seen from
Eq. 4 and 5: momentum resolution for the isolated leptons from Z, and angular resolution and mass
resolution for the jets from H. The efficiencies of isolated lepton tagging and flavor tagging are certainly
important as well, but they are discussed in other places for more generic studies [5].

2 Detector Simulation Tools

Common generators for both signal and SM background processes, produced by Whizard-1.95 [8] for
the DBD studies, are used for this analysis. Detector simulation and event reconstruction are done in
the Marlin framework [9], and with the DD4hep toolkit [10, 11]. The particle flow analysis is done by
PandoraPFA [12]. The flavor tagging is done by LCFIPlus [13]. The isolated lepton tagging is done by
the algorithms in iLCSoft [14]. The detector models are IDR-L and IDR-S [5].
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3 Event Selection and Data Analysis

Starting from a collection of reconstructed Particle Flow Objects (PFOs), the signal events are recon-
structed and selected in two general steps: pre-selection, in which each signal event is characterized by
number of isolated leptons and number of jets in its final state, and final-selection, in which background
events are further suppressed by cuts on flavor tagging of the jets, invariant mass of the lepton pair or jet
pair, angular distributions and so on. Each step is elaborated here. The analysis is carried out assuming
a nominal integrated luminosity 2 of 500 fb−1 for P(e−,e+) = (−0.8,+0.3).

3.1 Pre-selection

Each signal event has two isolated charged leptons and two jets. Following selections are performed in
order:

1. An algorithm called IsolatedLeptonTagging [14], which is implemented for identifying isolated
electron or muon, is performed on each of the PFOs. At least two isolated leptons with opposite
charges are required to be identified, and the lepton pair which has the invariant mass (mll) closest
to mZ = 91.18 GeV is selected as the candidate lepton pair. A loose cut on mll is applied, |mll −
mZ|< 40 GeV.

2. An overlay removal algorithm, which is supposed to remove the pile-up events from such as
γγ →low-pT hadrons, is performed on all of the PFOs other than those from the candidate lepton
pair. The typical algorithm that works relatively well for overlay removal is an exclusive jet-
clustering based on kT algorithm [15, 16]. For simplicity and focusing on understanding the de-
tector performance, in this analysis we didn’t apply a realistic overlay removal algorithm. Instead
we removed the overlay events by using MC truth information.

3. The remaining PFOs are supplied to LCFIPlus for inclusive 2-jet clustering (Durham algorithm)
and flavor-tagging.

After the pre-selection, the signal efficiency is 92% for µ
+

µ
−H (muon channel), and is 39% for e+e−H

(electron channel). Note the electron channel is expected to have lower efficiency, because it comes from
not only s-channel e+e−→ ZH, Z→ e+e− but also Z-fusion channel e+e−→ e+e−H which is highly
suppressed by the above cut on mll .

3.2 Final-selection

For the signal events, the lepton pair should be consistent with Z, the two jets should be tagged as b-jets,
and the jet pair invariant mass should be consistent with H. Following cuts, which are optimized to
maximize the signal significance over background, are applied in the muon (electron) channel:

• Cut1: the lepton type for the candidate lepton pair should be exactly muon (electron). And a tighter
cut on mll is required, |mll−mZ|< 10 GeV.

• Cut2: number of charged PFOs in each jet is required to be > 3, and total visible energy (energy
sum of the lepton pair and jet pair) is required to be > 300 GeV.

• Cut3: the larger b-likeness for the two jets is required to be > 0.66.

• Cut4: the polar angle of the lepton pair (θll) is required to be |cosθll|< 0.9.

2The result obtained for a nominal integrated luminosity is later on scaled to the result for the assumed total integrated
luminosity of 4 ab−1.
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4 Results

• Cut5: the reconstructed Higgs mass (mnew
H ), using the new method described in Section 1.2, is

required to be mnew
H ⊂ (110,150) GeV.

After all cuts, the signal efficiency is 57% (16%) for muon (electron) channel, and the average signal
background ratio is around 3/1. The remained background events are dominated by semi-leptonic 4-
fermion processes, such as e+e−→ ZZ→ l+l−bb̄ and single-Z process e+e−→ e+e−Z→ e+e−bb̄. The
numbers of expected signal and background events after pre-selection and each cut in the final-selection
can be found in Tables 1 and 2 for the detector model IDR-L. The efficiencies of signal and background
events for the detector model IDR-S are almost identical to those for IDR-L, as shown in Tables 3 and 4.

Process Expected Pre-selection Cut1 Cut2 Cut3 Cut4 Cut5
µ
+

µ
−H 1725 1601 1463 1114 735 703 606

Background 2.9×107 7.9×105 1.1×105 1.2×104 2872 1509 161
2f_l 3.4×106 3.6×105 7.2×104 0 0 0 0
2f_h 9.8×106 79 0 0 0 0 0
4f_l 5.3×106 3.5×105 1.8×104 0 0 0 0
4f_sl 6.6×106 8.0×104 1.7×104 1.2×104 2872 1509 161
4f_h 4.3×106 17 0 0 0 0 0
significance (σ ) 0.32 1.8 4.4 9.7 12 15 22

Table 1: The expected numbers of signal and background events before and after each cut for muon
channel assuming 500 fb−1 with P(e−,e+) = (−0.8,+0.3) for the detector model IDR-L. 2f_l
(2f_h) is for leptonic (hadronic) 2-fermion processes; 4f_l, 4f_sl and 4f_h are for fully leptonic,
semi-leptonic and fully hadronic 4-fermion processes.

Process Expected Pre-selection Cut1 Cut2 Cut3 Cut4 Cut5
e+e−H 5307 2182 1342 1006 661 626 527
Background 2.9×107 7.9×105 9.4×104 1.2×104 2944 1469 116
2f_l 3.4×106 3.6×105 4.6×104 0 0 0 0
2f_h 9.8×106 78 0.4 0.4 0 0 0
4f_l 5.3×106 3.5×105 2.9×104 0 0 0 0
4f_sl 6.6×106 8.0×104 1.9×104 1.2×104 2944 1469 116
4f_h 4.3×106 17 0 0 0 0 0
significance (σ ) 0.98 2.4 4.4 8.8 11 14 21

Table 2: The expected numbers of signal and background events before and after each cut for electron
channel assuming 500 fb−1 with P(e−,e+) = (−0.8,+0.3) for the detector model IDR-L.

4 Results

4.1 Detector Performance

The detector performances of IDR-L and IDR-S for momentum resolution of the isolated leptons, an-
gular resolution of jet directions, and jet mass resolution are evaluated for the signal events after pre-
selection, and are shown in Figure 2 for the muon channel. The resolution is generally defined as
(XRec−XMC)/XMC, where X is for a certain physical quantity, superscript Rec means reconstructed
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4 Results

Process Expected Pre-selection Cut1 Cut2 Cut3 Cut4 Cut5
µ
+

µ
−H 1725 1599 1464 1111 724 692 596

Background 2.9×107 7.9×105 1.1×105 1.2×104 2866 1503 167
2f_l 3.4×106 3.6×105 7.3×104 0 0 0 0
2f_h 9.8×106 59 0 0 0 0 0
4f_l 5.3×106 3.5×105 1.8×104 0 0 0 0
4f_sl 6.6×106 8.0×104 1.7×104 1.2×104 2866 1503 167
4f_h 4.3×106 24 0 0 0 0 0
significance (σ ) 0.32 1.8 4.4 9.7 12 15 22

Table 3: The expected numbers of signal and background events before and after each cut for muon
channel assuming 500 fb−1 with P(e−,e+) = (−0.8,+0.3) for the detector model IDR-S.

Process Expected Pre-selection Cut1 Cut2 Cut3 Cut4 Cut5
e+e−H 5307 2188 1301 978 639 608 503
Background 2.9×107 7.9×105 9.4×104 1.2×104 2964 1455 153
2f_l 3.4×106 3.6×105 4.6×104 0 0 0 0
2f_h 9.8×106 59 6.3 0 0 0 0
4f_l 5.3×106 3.5×105 2.9×104 1.7 0 0 0
4f_sl 6.6×106 8.0×104 1.9×104 1.2×104 2964 1455 153
4f_h 4.3×106 24 0 0 0 0 0
significance (σ ) 0.98 2.4 4.2 8.5 11 13 20

Table 4: The expected numbers of signal and background events before and after each cut for electron
channel assuming 500 fb−1 with P(e−,e+) = (−0.8,+0.3) for the detector model IDR-S.

value and superscript MC means MC truth value. Note for quantities associated with an individual jet,
more suitable MC truth information is obtained from the MC jets, which are obtained by applying the
same jet-clustering algorithm to the MC particles. There is some subtle difference if one compares to
MC truth information from the primary partons. The difference between MC jets and primary partons is
not from detector resolution, instead is intrinsic due to parton showering and hadronization. This subtlety
is shown in Fig. 3, where we can see that the intrinsic resolution is in fact larger than detector resolution.
Isolating the real detector resolution from the intrinsic resolution is clearly helpful for understanding the
difference in detector performance. The detector resolution for the reconstructed Higgs mass with the
new method is shown in Fig. 4.
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Figure 2: Detector resolutions (from left to right and top to bottom) for the muon channel: Jet polar
angle, Jet azimuthal angle, Lepton energy (momentum), Jet mass.

4.2 Higgs mass precision

Reconstructed Higgs mass spectra for both signal and background events after all the cuts other than
Cut5 are shown in Fig. 5 and 6, where results for IDR-L and IDR-S are compared. By performing a
unbinned kernel function fit [3], the expected Higgs mass precision at

√
s = 500 GeV for an integrated

luminosity of 4 ab−1, combining both muon and electron channels, is 66 MeV for IDR-L, and is 81
MeV for IDR-S 3. The relative difference is around 22%. This difference should be attributed to the
signal events as the background contributions under the signal peak are very low, and should come from
the detector resolutions since the signal efficiencies are essentially same for IDR-L and IDR-S. A bit
more detailed understanding about which part of the detector resolutions contributes to this difference is
presented in the next section.

3For simplicity but without loosing generality for detector benchmarking, the beam polarizations are assumed to be
P(e−,e+) = (−0.8,+0.3) only
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Figure 3: Definition for jet angle resolution: Reconstructed jet versus MC jet (red), Reconstructed jet
versus primary parton (black), MC jet versus primary parton (blue). Muon channel and IDR-L
are used for illustration.

4.3 Performance with cheating

First of all, regardless of the comparison between IDR-L and IDR-S, it is useful to understand how
each aspect of the detector resolutions can affect the performance of reconstructed Higgs mass (unless
stated otherwise always by the new method proposed in this note). This is investigated by replacing
partially the measured values, here of muon four-momenta, jet directions and jet masses, with their MC
truth values. Figure 7 shows the distributions of the resulted Higgs mass for IDR-L by cheating muon
four-momenta (red), jet directions (green) or both of them (blue), compared with the fully reconstructed
one (black). Similar investigations are performed for muon four-momenta and jet masses in Fig. 8, and
for jet directions and jets masses in Fig. 9. From those three figures it is observed that with current
detector performance the uncertainty of the measured Higgs mass is dominated by the uncertainties of
jet directions and jet masses while not by the certainty of muon four-momenta. With little exercise
one can actually confirm on this analytically with the formula in Equation 5 and the typical resolutions
which will be shown later in Table 5. Improving the jet directions or the jet masses can potentially give
significant improvements, in particular as indicated in Fig. 9 if we can improve both jet directions and
jet masses the Higgs mass uncertainty could be improved by a factor of 10. Improving the measured
muon four-momenta can start playing a role when resolutions of jet directions or jet mass is improved
as indicated by Fig. 10. It is worth pointing out that cheating either jet directions or jet masses only will
induce bias on the measured Higgs mass while cheating on both or cheating neither of them will not, as
best seen in Fig. 9.

Regarding the difference between IDR-L and IDR-S, it is seen in Fig. 2 that there is essentially no
difference for the resolution of jet masses, there is relatively large difference for the resolution of muon
four-momenta, and there is relatively small difference for the resolution of jet directions. To quantify
the various detector resolutions, a simple Gaussian fit was performed to the central part of the resolution
plots and the fitted width is shown in Table 5 for IDR-L and IDR-S. Note that the actual resolutions are
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Figure 4: Reconstructed Higgs mass with the new method.
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Figure 5: Reconstructed Higgs mass distributions using the new method described in the text for signal
and background events in µ

+
µ
−H channel (left) and e+e−H channel (right). Note the bin

width for electron channel was made larger due to more limited MC statistics.
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Figure 6: Reconstructed Higgs mass distributions using the new method described in the text for signal
and background events in µ

+
µ
−H channel for IDR-L (left) and IDR-S (right).

very non-Gaussian, hence the fitted width for the central part should be taken just as a kind of reference
value. Provided in previous paragraph about the impact of each aspect of the detector resolutions on the
measured Higgs mass, we can conclude that the observed 22% difference on the Higgs mass uncertainty
between IDR-L and IDR-S should mainly come from the difference on the resolution of jet directions.

resolution Eµ [10−3] φ j [degree] θ j [degree] m j [10−2] mH [GeV]
IDR-L 2.41±0.06 0.29±0.02 0.27±0.01 14.4±0.5 3.23±0.09
IDR-S 2.79±0.09 0.34±0.02 0.28±0.01 14.8±0.5 3.69±0.12

Table 5: The width obtained by fitting the central part of the plots in Fig. 2 and Fig. 4 with a Gaussian
function for muon energy (Eµ ), jet azimuthal angle (φ j), jet polar angle (θ j), jet mass (m j) and
Higgs mass (mH). Note for Eµ and m j relative difference with MC truth was fitted as what was
plotted in Fig. 2. The uncertainties come from MC statistical errors. Since the MC statistics for
IDR-L and IDR-S are essentially same, the difference size on MC statistical error for IDR-L and
IDR-S shown in this table also indicates that there are different numbers of signal events in the
same fitting range.

5 Summary

A new method for measuring the Higgs mass is developed and is applied for detector benchmark studies
using e+e− → ZH, Z → l+l− and H → bb̄ at

√
s = 500 GeV. The new method, which can overcome

the limiting factor due to large beamstrahlung effect in the traditional recoil mass method, not only gives
much better Higgs mass precision but also is more sensitive to the detector resolutions. A 22% difference
on the Higgs mass precision is observed between IDR-L and IDR-S. Further investigation is worth trying
to understand possible systematic errors. Applying this method to other channels such as from Z→ qq̄
or H→ τ

+
τ
− would be another interesting next step.
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Figure 7: Impact of detector resolutions on the reconstructed Higgs mass for muon four-momenta and jet
directions.
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Figure 8: Impact of detector resolutions on the reconstructed Higgs mass for muon four-momenta and jet
masses.

12



5 Summary

Higgs Mass [GeV]
100 110 120 130 140 150 160

N
or

m
al

iz
ed

 to
 1

0

0.1

0.2

0.3 Fully Reconstrcuted

MC for Jet directions

MC for Jet masses

MC for Both

ILD (preliminary)

Figure 9: Impact of detector resolutions on the reconstructed Higgs mass for jet directions and jet masses.
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Figure 10: Reconstructed Higgs mass for IDR-L and IDR-S when MC truth information of jet directions
and jet masses is used.
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