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International Linear Collider

• ILC Runs: 250 - 500 - 1000 GeV and 
“GigaZ” 

• Luminosity: 2 - 4 - 8 ab  

• Polarisation:  

• Clean environment  

• Detectors optimised for Particle Flow 

• Precise tracking, vertexing, and PID
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2

ILD
Andrej Saibel



Top-quark and its properties

• Fundamental parameter of SM 

• Only particle with Yukawa coupling  

• Contribution to many Higgs processes 

• Stability of electroweak vacuum 

• Limited by  precision 

• Necessity of new physics/SUSY

≈ 1
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Figure 10.1: A simulated top quark threshold scan with a total integrated luminosity of 200 fb�1.
The bands around the central cross section curve show the dependence of the cross section on
the top quark mass and width, illustrating the sensitivity of the scan. The error bars show the
statistical uncertainties, taking into account signal e�ciencies and backgrounds. From [480].

interpretation of the MC mass parameter. The CLIC-DP collaboration has estimated that a sta-
tistical uncertainty of 30 MeV (40 MeV) is expected in the l+jets (all-hadronic) channel after
collecting 500 fb�1 at

p
s = 380 GeV [480].

A measurement of the di↵erential cross section of radiative e+e�
! tt̄� events, where the top

quark pair is produced in association with a hard photon from Initial State Radiation (ISR) can
yield a top quark mass determination [488]. The measurement of the photon energy gives an
event-by-event determination of the e↵ective center-of-mass energy and allows to map out the tt̄
threshold with data collected at any center-of-mass energy below ⇠ 1 TeV. The expected precision
is approximately 110 MeV for CLIC380 (1 ab�1 at

p
s = 380 GeV and approximately 150 MeV for

ILC500 (4 ab�1 at
p

s = 500 GeV), including theoretical and experimental systematic uncertainties.
This approach is competitive with the HL-LHC expectation, and the method maintains flexibility
in, and control over, the field-theoretical mass scheme. Moreover, a combination with the mass
obtained from the threshold scan moreover enables a study of the scale dependence (“running”) of
the top quark mass, testing the evolution predicted by renormalization group evolution.

Operation of the ILC at the top mass threshold and beyond can thus provide a top quark mass
measurement with a precision well beyond what is achievable at hadron colliders and also clarify
the various top quark mass definitions in terms of a well-understood field-theoretical framework.

Threshold scan of  productiontt̄

• “Golden channel” for top quark mass 

• Scan: 340 - 350 GeV 

• Simultaneous measurement of width 
and mass in optimised scan 

• Access to non-relativistic QCD  
and toponium  

• Achievable precision < 50 MeV 

• Limited by theory
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�mPS
t

[MeV] ILC CLIC FCC-ee

L[fb�1] 200 100 [200] 200

Statistical uncertainty 10 20 [13] 9

Theoretical uncertainty (QCD) 40 – 45

Parametric uncertainty ↵s 26 26 3.2

Parametric uncertainty yt (HL-LHC) 5

Non-resonant contributions < 40

Experimental systematic uncertainty 15 – 30 11 – 20

Total uncertainty 40 – 75

TABLE III. Anticipated statistical and systematic uncertainties in the measurement of the top-quark thresh-
old mass, mPS

t
, from a threshold scan around 350 GeV obtained with a one-dimensional fit of the top-quark

mass, keeping �t, yt, and ↵s fixed. CLIC assumes a lower integrated luminosity than the other facilities. For
comparison, the statistical precision achievable with 200 fb�1for CLIC is also given. It should be noted that
the results shown for ILC and FCC-ee assume a 8-point scan with a compressed energy range which improves
sensitivity for mPS

t
at the expense of yt sensitivity. For the standard 10-point scan assumed for CLIC the

statistical uncertainties would be 12 and 10 MeV for ILC and FCC-ee, respectively. The uncertainty due to
the current world average for ↵S is shown for ILC and CLIC, while for FCC-ee, the precision of ↵s obtained
with the run at the Z pole (Tera-Z) is assumed. Concrete studies for CEPC are not yet available, but it
can be assumed that uncertainties are similar as for FCC-ee. See text for further details.

theoretical and parametric uncertainties introduced by the energy range of the scan coupled with
the shape of the threshold turn-on, which depends on the luminosity spectrum.

For the parametric uncertainties, additional di↵erences can arise when di↵erent precision for the
underlying parameters are assumed. The current world average of ↵s has an uncertainty of 9⇥10�4,
or 0.8%. This corresponds to a parametric uncertainty on ↵s of 26 MeV. The uncertainty on
↵s is expected to be reduced by a factor two in the near term, and by a factor eight in the
long term [111]. For FCC-ee, the high-statistics Z-pole running is expected to provide ↵s with
a precision of 1.2 ⇥ 10�4, which reduces the corresponding uncertainty on the top-quark mass
to 3.2 MeV [112]. For the other collider options, this uncertainty will reduce according to the
expected ultimate precision on the strong coupling constant. Analogous to the strong coupling,
the top Yukawa coupling also introduces a parametric uncertainty, which amounts to approximately
5 MeV for the projected precision of HL-LHC of 3.4%. Non-resonant contributions such as single
top production has been shown to be smaller than 40 MeV [113]

Experimental systematic uncertainties originate from di↵erent sources, which have been evaluated
with varying degree of precision to date. Event selection and residual background uncertainties
are expected to contribute on the level of 10 – 20 MeV [110]. In the absence of a full threshold
event generator these are based on generic assumptions for the accuracy of the signal e�ciency
and the precision of the knowledge of the residual background. For linear colliders, the more
complex corrections for the luminosity spectrum result in uncertainties of less than 10 MeV [114].
Uncertainties on the beam energy directly enter into the mass determination. For FCC-ee, it is
assumed that the beam energy can be determined to a precision of 5 MeV at the relevant beam
energies [115], which, translates into a 3 MeV uncertainty on the top quark mass. For linear
colliders, conservative estimates assumed the beam energy systematic on the top-quark mass to
be below 17 MeV [110]. Considering that the same integrated luminosity is assumed for both
circular and linear colliders, and the fact that at the top-quark pair threshold the powerful method
of resonant depolarisation will not be applicable for circular colliders, it is plausible that this

[2209.11267]
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Boosted top quarks

• Measurement of collimated “top jets”, thrust 

• Accesible at ILC - 1 TeV 

• Interpretation of measured value in theory 

•  

• Achievable precision  MeV

mMC
t → mPole

t

≈ 100
5
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tion arises between two independent physical e↵ects and
should therefore be considered as accidental from a prin-
ciple point of view, it does undeniably take place in the
physical regions of c.m. energies where high-precision ex-
tractions of the top mass can be carried out. One may
therefore ask the question whether this cancellation may
in principle allow for a pole mass determination where
the impact of the pole mass renormalon could be tamed
or even avoided altogether. At this point we would like to
remind the reader that for a top mass determination from
data (or MC pseudo data) simultaneous fits of the peak
region 2-jettiness distribution for several Q values are
needed to disentangle the dependence on the top quark
mass and the shape function parameters. So there is
a strong degeneracy concerning the dependence on the
top quark mass and the shape function parameters, and
in particular its first moment ⌦1. Given that there are
strong cancellations between corrections a↵ecting both of
these dependences, it can be expected that they degrade
the overall precision of such an analysis. Furthermore,
since the amount of mutual cancellation between the pole
mass and soft function renormalons is Q-dependent, it is
expected that such fits for theoretical predictions with-
out any renormalon subtractions will exhibit larger the-
oretical uncertainties compared to those where the pole
mass and soft function renormalons are separately and
independently subtracted. Such an extensive analysis is,
however, beyond the sope of this work.

Furthermore, it should also be pointed out that the
shape function appearing in Eq. (3) is universal and ap-
pears in the same form also in the factorization theo-
rem for the e

+
e
� thrust distribution below the top pair

threshold, where precise information on its parameters
can be extracted from available e

+
e
� data [91] at signif-

icantly smaller values of Q. The thrust distribution for
massless quark production is sensitive to the same soft
function renormalon, but does not have any top mass
dependence. Thus if information on the renormalon-free
shape function parameters obtained from e

+
e
� thrust

data are systematically accounted for, it is unavoidable
that renormalon e↵ects must be properly handled for top
quark mass determinations from the 2-jettiness distribu-
tion.

Finally, it is instructive to also have a closer look at the
2-jettiness cross section without any renormalon subtrac-
tion. In Fig. 4 the 2-jettiness di↵erential cross section at
Q = 700GeV (upper panels) and Q = 2000GeV (lower
panels) in the pole mass scheme and without gap sub-
tractions are shown for the default profile functions. The
results are normalized to the MJ interval displayed in the
respective panels at NLL (green dotted line), NNLL (blue
dash-dotted line) and N3LL (red solid line). We also dis-
play uncertainty bands with the corresponding colors at
each of the three orders. These bands are again derived
by determining the upper and lower value of the distri-
butions (for each MJ value) obtained by considering 500
profile functions generated randomly within the profile
function parameter ranges. Apart from the fact that nei-

FIG. 6. Peak positions at Q = 700GeV (upper panel)
and Q = 2000GeV (lower panel) for cross sections in the
MSR (red) and pole schemes (blue) at NLL, NNLL and N3LL
accuracy. The error bars are obtained from a flat random scan
over 500 parameters and the central value corresponds to the
default profile.

mass Q Peak Positions [GeV]

scheme [GeV] NLL NNLL N3LL

MSR
700 171.104+0.386

�0.253 171.294+0.214
�0.111 171.414+0.113

�0.070

2000 175.008+1.858
�0.910 176.403+1.287

�0.690 176.541+0.574
�0.367

Pole
700 171.073+0.416

�0.255 171.354+0.305
�0.181 171.427+0.195

�0.121

2000 174.377+2.087
�0.938 176.126+1.461

�0.915 176.448+0.750
�0.587

TABLE II. Peak positions at di↵erent perturbative orders
using the MSR and pole mass schemes, as shown in Fig. 6.

ther the pole mass nor the soft function renormalons are
subtracted, the setup used for all curves and uncertainty
bands in Fig. 4 is precisely the same as the one used for
Fig. 3. We see that the perturbative behavior concerning
the convergence and the perturbative uncertainties is also
good even without any renormalon subtraction. This un-
derlines the partial cancellation of the jet and soft func-
tion renormalons. However, a closer inspection shows
that the perturbative uncertainty bands are narrower
when the subtraction of all renormalons is taken care
of systematically. This is visible in the fractional devia-
tion plots, where the N3LL renormalon-subtracted pre-
dictions in Fig. 3 exhibit an average uncertainty of ±3.8%
at Q = 700GeV for MJ � 171GeV compared to ±5.5%
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FIG. 3. Perturbative convergence and uncertainty bands for
self-normalized cross sections at Q = 700GeV (upper panels)
and Q = 2000GeV (lower panels) in the MSR mass scheme
and with gap subtractions. All curves are normalized over
the displayed ranges. The two smaller panels show the same
results at the two highest orders, but as a fractional deviation
from the central N3LL result.

for cross sections in which the pole scheme for the top
quark mass is employed without gap subtractions. We
will return and discuss this figure in more detail below.

It is instructive to first examine the importance and
interplay of the O(⇤QCD) renormalons contained in the
perturbative fixed-order series of the bHQET jet and par-

FIG. 4. Perturbative convergence and uncertainty bands for
self-normalized cross sections at Q = 700GeV (upper panels)
and Q = 2000GeV (lower panels) in the pole mass scheme
and without gap subtractions. The two smaller panels show
the same results at the two highest orders, but as a fractional
deviation from the central N3LL result.

tonic soft functions. To illustrate the impact of the pole
mass renormalon in the bHQET jet function, we display
in the upper panel of Fig. 5 the 2-jettiness cross section in
the pole mass scheme for Q = 700GeV using the default
profile functions, consistently expanding all fixed-order
matrix elements entering the factorization theorem (i.e.
the bHQET jet function, the soft function and the hard

ParticleFace 2018,  Valencia, February 26-28, 2018 

Thrust Distribution 

Observable: 2-jettiness in e+e-  for  Q = 2pT � mt      (boosted tops) 

⌧ = 1�max~n

P
i |~n · ~pi|

Q

Invariant mass distribution in the resonance region  
of wide hemisphere jets ! 

⌧peak2 = 1�

s

1� 4m2
t

Q2

Excellent mass sensitivity: 

(tree level) 

⌧2!peak
⇡ M2

1 +M2
2

Q2
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 productiontt̄H
• Direct measurement of  top-Higgs 

Yukawa coupling 

• Accesible at 500 and 1000 GeV 

• CP nature of the Higgs field 

• Using BDTs to distinguish signal 
and backgrounds  

• Combination of 6 and 8 jet final-
state: 

• Top Yukawa: 4.5% uncertainty at 
ILC 1 TeV and 0.5 ab−1

6

2

Section 4. The two dominant sources of machine-induced
background in the detectors are introduced in Section 5. The
techniques to reduce these backgrounds and reconstruct the
top quarks and Higgs bosons are described in Section 6. De-
tails of the event selection are given in Section 7 and the
results are presented in Section 8. The dominant sources of
systematic uncertainty are given in Section 9 and the two
analyses are summarized in Section 10.

2 Signal and Background Processes

Figure 1 illustrates the lowest order Feynman diagrams for
the process e+e�! ttH. The diagram for the Higgs-strahlung

Fig. 1 The lowest order Feynman diagrams for the process e+e� !
ttH. In (a) the Higgs boson is radiated from a top quark and (b) is the
background Higgs-strahlung process where the Higgs boson is radiated
from the Z boson.

process e+e� ! Z⇤H with Z⇤ ! tt, which does not depend
on yt, has a small yet non-negligible contribution to the to-
tal cross section. The size of this effect is studied by evalu-
ating the behavior of the e+e� ! ttH cross section when
changing yt from the SM value, using the linear approx-
imation Dyt/yt = k · Ds/s . In the absence of the Higgs-
strahlung diagram, we would find k = 0.5. Instead, we find
k = 0.52, indicating a non-negligible contribution from the
Higgs-strahlung diagram to the total cross section at

p
s =

1TeV. This factor is used in the extraction of the top Yukawa
coupling precision. The correction will be known with good
precision, because the Higgs coupling to the Z boson can be
extracted from measurements of e+e�! ZH events at

p
s=

250GeV with a statistical uncertainty of about 1.5% [12].
For this study the semi-leptonic and hadronic decays of

the tt system were studied with the Higgs decaying via the
dominant decay mode into a bb pair. For the fully hadronic
decay channel this leads to a signature of eight hadronic jets,
four of which are b jets. In the semi-leptonic mode the final
signal in the detector consists of six hadronic jets, four of
which are b jets, an isolated lepton, and missing energy and
momentum from a neutrino. For isolated leptons, only the
prompt electrons and muons are reconstructed and consid-
ered as signal, neglecting the decays into t leptons. These
two modes are reconstructed in independent samples and are
combined statistically.

Table 1 Production cross sections (times branching ratio for the
specifically listed final states) for the signal final states and the consid-
ered backgrounds. All samples were generated assuming a Standard-
Model Higgs boson with a mass of 125 GeV. The numbers for “other
ttH” processes in this table do not include either of the signal final
states (see text). The ttZ and ttg⇤ samples, where the hard gluon g⇤

splits into a bb pair, do not contain events where both top quarks decay
leptonically. The tt samples contain the SM decays of both W bosons.

Type Final state P(e�) P(e+) s [⇥ BR] (fb)
Signal ttH (8 jets) �80% +20% 0.87
Signal ttH (8 jets) +80% �20% 0.44
Signal ttH (6 jets) �80% +20% 0.84
Signal ttH (6 jets) +80% �20% 0.42
Background other ttH �80% +20% 1.59
Background other ttH +80% �20% 0.80
Background ttZ �80% +20% 6.92
Background ttZ +80% �20% 2.61
Background ttg⇤ ! ttbb �80% +20% 1.72
Background ttg⇤ ! ttbb +80% �20% 0.86
Background tt �80% +20% 449
Background tt +80% �20% 170

Irreducible backgrounds to these processes arise from
the eight-fermion final states of ttZ where the Z decays into
a bb pair and ttbb where the tt system radiates a hard gluon
which forms a bb pair. A large background contribution also
arises from tt due to the huge relative cross section com-
pared to the signal. There is also a contribution from the
other decay modes of the ttH system such as the Higgs de-
caying to final states other than a bb pair and the fully lep-
tonic decays of the top quarks.

An overview of the cross sections (times branching ra-
tio for the specifically listed final states) for the signal final
states as well as for the considered backgrounds is shown
in Table 1. For the measurement using the final state with
six jets, all other ttH events, i.e., all events where both top
quarks decay either leptonically or hadronically, or events
where the Higgs boson does not decay into bb, are treated
as background. For the eight-jets final state events where at
least one top quark decays leptonically or where the Higgs
boson decays into final states other than bb are considered
as background. The non-ttH backgrounds are considered for
both measurements.

3 Detector Models

SiD [11, chapter 2] and ILD concepts [11, chapter 3] are de-
signed to be the two general-purpose detectors for the ILC,
with a 4 p coverage, employing highly granular calorimeters
for particle flow calorimetry.

For SiD a superconducting solenoid with an inner ra-
dius of 2.6 m provides a central magnetic field of 5 T. The
calorimeters are placed inside the coil and consist of a 30
layer tungsten–silicon electromagnetic calorimeter (ECAL)
with 13 mm2 segmentation, followed by a hadronic calorime-

6

– the jet resolution parameter from the Durham algorithm
in the E recombination scheme Yi j, when combining i
jets to j = (i�1) jets. For the six-jets final state Y54 and
Y65 (see Figure 4(c)) are found to be effective, while Y76
and Y87 are used for the eight-jets final state. Isolated
leptons are removed prior to the jet clustering;

– the number of identified isolated electrons and muons
(ILD only);

– the missing transverse momentum, pmiss
T . Due to the lep-

tonic W boson decay, finite values of pmiss
T are recon-

structed for six-jets signal events while pmiss
T tends to-

wards zero for eight-jets signal events;
– the visible energy of the event defined as the scalar sum

of all jet energies;
– the masses M12, M123 and M45 as defined in Section 6.4.

For the eight-jets final state additionally the two variables
M456 and M78 as defined in Section 6.4 are included.

The ILD analysis includes the helicity angle of the Higgs
candidate as defined by the angle between the two b jet mo-
menta in the dijet rest frame.

To select events, cuts on the BDT response are applied.
The cuts were optimized by maximizing the signal signif-
icance given by: Sp

S+B , where S is the number of signal
events and B is the number of background events. As an ex-
ample, the reconstructed top and Higgs masses in six-jets
events after the cut on the BDT output are shown in Fig-
ure 5. The selection efficiencies (purities) for signal events
are 33.1% (27.7%) and 56.0% (25.2%) for the six- and eight-
jets analyses in ILD, respectively, and 30.5% (28.9%) and
45.9% (26.7%) in SiD. In Table 2 the expected yields are
shown separately for all investigated final states.

Table 2 Number of selected events for the different final states assum-
ing an integrated luminosity of 1 ab�1. The values obtained for the six-
and eight-jets final state selections are shown separately.

Detector ILD SiD
Sample Before cuts After Cuts

6 jets 8 jets 6 jets 8 jets
ttH 6 jets 628.7 208.0 65.5 191.6 57.4
ttH 8 jets 652.7 2.1 365.6 1.6 299.4
ttH ! other 1197.5 28.8 25.3 33.0 16.6
ttZ 5332.4 126.1 260.5 105.6 187.1
ttbb 1434.5 125.4 222.6 100.1 180.7
tt 308800.9 261.2 513.6 232.0 381.6
yt statistical uncertainty 6.9% 5.4% 7.0% 5.8%
combined 4.3% 4.5%

8 Results

The cross section can be directly obtained from the num-
ber of background-subtracted signal events after the selec-
tion. The uncertainty of the cross section measurement was
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Fig. 4 Distributions of the event selection variables for the different
signal and background processes in the ILD detector: (a) the third high-
est b-tag in the event; (b) the event thrust; (c) the jet resolution param-
eter Y65; (d) the number of reconstructed particles in the event. All
histograms are normalized to unit area.
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Fig. 5 Reconstructed top (a) and Higgs (b) masses for selected six-
jets events in the SiD detector. All histograms were normalized to an
integrated luminosity of 1 ab�1. The distribution for tt was scaled by a
factor of 0.5.

estimated using the number of selected signal and back-
ground events. Assuming an integrated luminosity of 1 ab�1

split equally between the P(e�,e+) = (�80%,+20%) and
P(e�,e+) = (+80%,�20%) beam polarization configurations,
the cross section can be measured with a statistical precision
of 10 – 11% using the eight-jets final state and with a statis-
tical precision of ⇡ 13% for the six-jets final state.

The uncertainties of the measured cross sections trans-
late to precisions on the top Yukawa coupling of 5 – 6% and
⇡ 7% from the eight- and six-jets final states, respectively.
If both measurements are combined, the top Yukawa cou-
pling can be extracted with a statistical precision of better
than 4.5%.

For 1 ab�1 of data with only P(e�,e+)= (�80%,+20%)
polarization, this number improves to 4%. The precision for
the six-jets final state could be improved further if t leptons
were included in the reconstruction. Additional improve-
ment is also foreseen by employing kinematic fitting. The
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SMEFT at ILC

• Model independent search/exclusion of 
new physics at high energies 

• Measurements above  threshold give 
access to electroweak couplings 

• Two and four fermion operators 

• Contributions from Z and photon can be 
disentangled through beam 
polarisation

tt̄
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The top quark EW couplings in the SMEFT

Fernando Cornet-Gomez

Relevant operators
Rotation of Warsaw basis fo
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(LHC Top WG)

Andrej Saibel
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SMEFT at ILC
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The marginalised bounds on the four-fermion operators remain an order of magni-
tude worse than the individual bounds after the HL-LHC, even if both individual and
global bounds improve considerably. This is due to unresolved correlations between
the coe�cients. The same feature is observed in recent fits to the top sector of the
SMEFT [126, 127] and in global Higgs/EW/top fits [130, 131]. Stricter limits can be
obtained if the dimension-six-squared terms proportional to ⇤�4 are included in the
fit [130].

Figure 17: Comparison of current LHC constraints with HL-LHC ones, and those deriving
from ILC runs at 250, 500 and 1000 GeV. The limits on the qqtt and CtG coe�cients are
not shown, since the e

+
e
� collider measurements considered are not sensitive to them, but

all operators are included in the global fit. The improvement expected from the HL-LHC
on these coe�cients is shown in Fig. 16. The additional bar included for Ct� in light green
shows the e↵ect on this operator of ILC working at 550 GeV. The solid bars provide the
individual limits of the single-parameter fit and the shaded ones the marginalised limits of
the global fit.
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Improvements of up to two orders of magnitude compared to HL-LHC
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GHU vs SM: discrimination power plots

Two Fermion Final State and BSM Physics
• Precise measurements of -boson fermion 

couplings enable study of BSM physics 

• Gauge Higgs Unification models predict 
new Bosons at high energies 

• New contributions +  
Modification of couplings 

• Measurements of differential cross-
sections at  at ILC can lead to 
observation/exclusion of BSM 

• Dedicated talk 19th July, 09:00 
 South Hall 2A
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Conclusion

• Rich heavy flavor physics program at ILC 

• Clean environment enables precise measurements  

• The top-quark is properties are important ingredients for SM and BSM physics 

• Beam polarisation improves sensitivity of measurements  

• Improvements compared to HL-LHC often orders of magnitude 

• Two interesting ILC summary talks 

• BSM at ILC: 19th July 15:04  South Hall 1A,  M. T. Núñez Pardo De Vera 

• Higgs physics at ILC: 18th July 17:53 South Hall 2A, A. F. Zarnecki 
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SMEFT all future colliders

12
Figure 18: Comparison of the constraints expected from a combination of HL-LHC and
lepton collider data. The limits on the qqtt and CtG coe�cients are not shown, since
the e

+
e
� collider measurements considered are not sensitive to them, but all operators are

included in the global fit. The improvement expected from the HL-LHC on these coe�cients
is shown in Fig. 16. The solid bars provide the individual limits of the single-parameter fit
and the shaded ones the marginalised limits of the global fit.

are by far the tightest top-sector SMEFT constraints that can be achieved at any
future collider considered in this work.∗

Furthermore, operation above the e+e� ! ttH production threshold provides a
direct probe of the top-quark Yukawa. The additional bar for Ct�, in Fig. 17, accounts
for an ILC run at 550 GeV and shows the impact of the strongly enhanced cross section

∗A muon collider or advanced linear collider have the potential to improve these bounds further,
but quantitative projections for integrated luminosity and experimental performance are currently
not available.
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