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ü It is a fundamental parameter of the SM

ü Its precision affects many precision observables in the SM. 

ü Its precision affects the searches for new physics. 

ü However, the most relevant case is: extrapolation of the SM to very high energies. 

ü Once the Higgs boson was found (and the mass measured quite precisely) mtop is the SM 
parameter that mostly parametrically affects SM predictions

ü Prime example: stability of EW vacuum (also Higgs inflation,…)
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ü Here is how mtop enters the game:

ü Take the pole-masses mtop and mh as input parameters. Then: 

ü In other words in SM both 𝜆 and yt are derived parameters. Their values are:
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- running parameters All numbers on this slide adapted from 
Buttazzo et al arXiv:1307.3536v4

µ̄ = Mt � yt g2 gY m/GeV
LO 0.12917 0.99561 0.65294 0.34972 125.15
NLO 0.12774 0.95113 0.64754 0.35940 132.37
NNLO 0.12604 0.94018 0.64779 0.35830 131.55

Table 3: Values of the fundamental SM parameters computed at tree level, one loop, two loops
in the ms scheme and renormalised at µ̄ = Mt for the central values of the measurements listed
in table 2.
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3 SM couplings at the electroweak scale

In this section we give practical results for the SM parameters ✓ = {�,m2, yt, g2, gY } computed
in terms of the observables Mh,Mt,MW ,MZ , Gµ and ↵3(MZ), whose measured values are listed
in table 2. Each ms parameter ✓ is expanded in loops as

✓ = ✓(0) + ✓(1) + ✓(2) + · · · (54)

where

1. the tree-level values ✓(0) are listed in table 1;

2. the one-loop corrections ✓(1) are analytically given in appendix A;

3. the two-loop corrections ✓(2) are computed in section 2.

After combining these corrections, we give in the following the numerical values for the SM
parameters renormalised at the top pole mass Mt in the ms scheme.

3.1 The Higgs quartic coupling

For the Higgs quartic coupling, defined by writing the SM potential as V = �1
2
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Driven by mtop , not mh!

Where: 
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ü The effective potential can be non-negative all the way to mPL if the top mass were lower
than the current world average by about 2 GeV. 

ü Stated differently, stability requires:
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perturbative uncertainties associated with the relation between the measured value of the top
mass and the actual definition of the top pole mass used here (presumably of the order of ⇤QCD)
are buried inside the parameter Mt in eq. (64). For this reason we include a theoretical error
in the top pole mass and take Mt = (173.34± 0.76exp ± 0.3th)GeV. Combining in quadrature
theoretical uncertainties with experimental errors, we find

Mh > (129.6± 1.5)GeV (stability condition). (65)

From this result we conclude that vacuum stability of the SM up to the Planck scale is excluded
at 2.8� (99.8% C.L. one-sided). Since the main source of uncertainty in eq. (64) comes from
Mt, any refinement in the measurement of the top mass is of great importance for the question
of EW vacuum stability.

Since the experimental error on the Higgs mass is already fairly small and will be further
reduced by future LHC analyses, it is becoming more appropriate to express the stability
condition in terms of the pole top mass. We can express the stability condition of eq. (64) as

Mt < (171.53± 0.15± 0.23↵3 ± 0.15Mh
)GeV = (171.53± 0.42)GeV. (66)

In the latter equation we combined in quadrature the theoretical uncertainty with the experi-
mental uncertainties on Mh and ↵3.

Notice that the stability bound is scheme and gauge independent. While intermediate
steps of the computation (threshold corrections, higher-order RG equations, and the e↵ective
potential) are scheme-dependent, the values of the e↵ective potential at its local minima are
scheme-independent physical observables, and thus the stability condition has the same prop-
erty.

The instability scale ⇤V can be defined in a gauge-independent and scheme-independent
way as ⇤V ⌘ (maxh Ve↵(h))1/4, in terms of the value of the e↵ective SM potential of eq. (63) at
the maximum of its barrier. Numerically we find
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The alternative definition of the instability scale, as the scale ⇤� at which the running coupling �
vanishes, is scheme-dependent. In the ms scheme we find ⇤� ⇡ 2⇤V . The alternative definition
of the instability scale, as the scale ⇤I at which �e↵ vanishes, is gauge dependent. In the Landau
gauge we find ⇤I ⇡ 13⇤V around the observed values of the SM parameters.

4.4 The SM phase diagram in terms of Planck-scale couplings

The discovery of the SM near-criticality has led to many theoretical speculations [4,27–50,110,
111]. In order to address such speculations and to investigate if the measured value of Mh is
really special in the SM, it is more appropriate to study the phase diagram in terms of the
Higgs quartic and the top Yukawa coupling evaluated at some high-energy scale, rather than
at the weak scale. This is because of our theoretical bias that the SM is eventually embedded
into a new framework at short distances, possibly as short as the Planck length. Therefore,
it is more likely that information about the underlying theory is directly encoded in the high-
energy coupling constants. For this reason in fig. 4 we recast the phase diagram of fig. 3 in
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
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So, what is the value of mtop and how well do we know it?
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ü And the latest LHCtopWG combination:

Intro: how well do we (think) we know the top mass?

ü At face value, the World 
Average is more than 3σ away 
from stability.

ü In practice, the most-precise 
LHC measurements are almost 
consistent with stability!

perturbative uncertainties associated with the relation between the measured value of the top
mass and the actual definition of the top pole mass used here (presumably of the order of ⇤QCD)
are buried inside the parameter Mt in eq. (64). For this reason we include a theoretical error
in the top pole mass and take Mt = (173.34± 0.76exp ± 0.3th)GeV. Combining in quadrature
theoretical uncertainties with experimental errors, we find

Mh > (129.6± 1.5)GeV (stability condition). (65)

From this result we conclude that vacuum stability of the SM up to the Planck scale is excluded
at 2.8� (99.8% C.L. one-sided). Since the main source of uncertainty in eq. (64) comes from
Mt, any refinement in the measurement of the top mass is of great importance for the question
of EW vacuum stability.

Since the experimental error on the Higgs mass is already fairly small and will be further
reduced by future LHC analyses, it is becoming more appropriate to express the stability
condition in terms of the pole top mass. We can express the stability condition of eq. (64) as
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potential) are scheme-dependent, the values of the e↵ective potential at its local minima are
scheme-independent physical observables, and thus the stability condition has the same prop-
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The alternative definition of the instability scale, as the scale ⇤� at which the running coupling �
vanishes, is scheme-dependent. In the ms scheme we find ⇤� ⇡ 2⇤V . The alternative definition
of the instability scale, as the scale ⇤I at which �e↵ vanishes, is gauge dependent. In the Landau
gauge we find ⇤I ⇡ 13⇤V around the observed values of the SM parameters.
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Higgs quartic and the top Yukawa coupling evaluated at some high-energy scale, rather than
at the weak scale. This is because of our theoretical bias that the SM is eventually embedded
into a new framework at short distances, possibly as short as the Planck length. Therefore,
it is more likely that information about the underlying theory is directly encoded in the high-
energy coupling constants. For this reason in fig. 4 we recast the phase diagram of fig. 3 in
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ü We would like to measure yt directly and verify its SM value   Recall

ü If BSM physics is present yt can be modified: 

ü How to measure Δyt?

ü And here is the puzzle:

ü At the LHC we may be able to measure yt with 5%-10% precision (at HL-LHC)
ü A 100 TeV hadron collider can measure yt with 1% precision

ü What about e+e- colliders?

ü Usual wisdom: obtain yt from tth final states.
ü This offers clean(er) interpretation of the measurement 
ü However, we need a 500GeV c.m. energy to produce tth!

ü Accessible only at CLIC and ILC (among all proposed colliders)

ü Existing studies show that yt can be measured with few % at CLIC and ILC

ü Such a prospect is a bit underwhelming, isn’t it?

Why the top-Yukawa coupling?

FCC-ee CEPCp
s (GeV) 240 350 240

Lint. (fb
�1) 1.0 · 104 2.6 · 103 5.0 · 103

�hZ (fb) 240 130 240

NhZ 2.4 · 106 3.38 · 105 1.2 · 106

�⌫⌫̄h (fb) 54.4 54.7 54.4

N⌫⌫̄h 5.44 · 105 1.42 · 105 2.72 · 105

�eeh (fb) 7.9 7.13 7.9

Neeh 7.9 · 104 1.85 · 104 3.95 · 104

�h� (fb) 8.96 · 10�2 3.18 · 10�2 8.96 · 10�2

Nh� 896 82 448

Table 1. Inclusive LO cross-sections and numbers of expected events for the main Higgs production
modes at FCC-ee and CEPC. The process labeled hZ includes all decays of the Z boson.

lous contribution to yt. For this reason, in fig. 1 we show two more Higgs production processes:

tt̄h, which is usually considered as the only available channel for the extraction of yt, and the

loop-induced process h� which is one of the inputs to our analysis.

To get an overall impression about the potential of the various Higgs production modes,

in tables 1 and 2 we show the expected number of events for each run of the future colliders

described above. The expected numbers of events are derived by multiplying the inclusive

cross-sections with the corresponding luminosities shown in tables 1 and 2.

As far as Higgs decays are concerned, the loop-induced processes h ! gg and h ! ��

are both sensitive to yt and will be considered in the following. The Higgs decay to gluons is

generated by massive quarks in the loops with the top-quark being the dominant contribution.

In themt ! 1 limit this coupling is known with next-to-next-to-next to leading order (N3LO)

QCD accuracy [24]. In contrast, the Higgs decay to photons (as well as h� production)

has a dominant contributions from loops involving gauge bosons which results in a reduced

sensitivity to yt compared to h ! gg.

3 Our approach for determining yt

The problem of determining yt at a given run of a hypothetical future collider is formulated

in terms of the new physics contribution �yt to the top-quark Yukawa coupling yt 1

yt = ySM
t +�yt . (3.1)

The main limitation of an analysis restricted to tt̄h data is that it requires a c.m. energy

of at least 500 GeV. To circumvent this limitation, we also consider e+e� observables which

1In our analysis we work within a simplified version of the so-called -framework [25], in which we assume

a single anomalous coupling i.e. the top-quark Yukawa coupling is the only source of deviation from the SM.

The limitations of the -framework and EFT approach are discussed in sec. 5.

– 4 –
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ü Why is the precision from tth so low?

ü Answer: luminosity is low, despite the very good sensitivity of the x-section w/r to yt.

ü In this work we ask the question: how can one do better (if possible at all)?

ü Clearly, one has to look at different observables; ideally ones with high expected event yields.

ü We consider events with a single Higgs in the final state but no top quarks.

ü tt final states also have some sensitivity to yt . It is low O(10%); has been studied in the 
context of mtop determination

ü We consider all proposed colliders (CEPC, CLIC, FCC-ee, ILC)

ü A great benefit from using single Higgs final states: they can be produced in (relative) 
abundance at all energies and at all colliders! 

ü Where does the yt sensitivity come from in such processes?

ü From coupling of the Higgs to top quarks in loops (working in the NWA for the Higgs)

Why the top-Yukawa coupling?
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ü We have identified 3 such loop-induced processes:

ü e+e- ➛ h𝝲 (with h➛bb)
ü h ➛ 𝝲 𝝲 (from e+e- ➛ hZ/h𝞶𝞶/hee)
ü h ➛ g g     (from e+e- ➛ hZ/h𝞶𝞶/hee)

ü Here is a LO estimate of x-sections and event yields

Our approach

FCC-ee CEPCp
s (GeV) 240 350 240

Lint. (fb
�1) 1.0 · 104 2.6 · 103 5.0 · 103

�hZ (fb) 240 130 240

NhZ 2.4 · 106 3.38 · 105 1.2 · 106

�⌫⌫̄h (fb) 54.4 54.7 54.4

N⌫⌫̄h 5.44 · 105 1.42 · 105 2.72 · 105

�eeh (fb) 7.9 7.13 7.9

Neeh 7.9 · 104 1.85 · 104 3.95 · 104

�h� (fb) 8.96 · 10�2 3.18 · 10�2 8.96 · 10�2

Nh� 896 82 448

Table 1. Inclusive LO cross-sections and numbers of expected events for the main Higgs production
modes at FCC-ee and CEPC. The process labeled hZ includes all decays of the Z boson.

(LO) inclusive cross-section for the final states described above. The h⌫⌫̄ and he+e� channels

include the Higgstrahlung contribution; the process labeled hZ on the other hand includes all

Z decay modes. The same applies to the results in tables 1,2 below. We note, however, that

in table 3 the process labeled hZ is not inclusive in the Z decay and includes only certain Z

decay modes which are specific to the analyses referenced in that table.

In this study we are interested in processes which are sensitive to a non-vanishing anoma-

lous contribution to yt. For this reason, in fig. 1 we show two more Higgs production processes:

tt̄h, which is usually considered as the only available channel for the extraction of yt, and the

loop-induced process h� which is one of the inputs to our analysis.

To get an overall impression about the potential of the various Higgs production modes,

in tables 1 and 2 we show the expected number of events for each run of the future colliders

described above. The expected numbers of events are derived by multiplying the inclusive

cross-sections with the corresponding luminosities shown in tables 1 and 2.

As far as Higgs decays are concerned, the loop-induced processes h ! gg and h ! ��

are both sensitive to yt and will be considered in the following. The Higgs decay to gluons is

generated by massive quarks in the loops with the top-quark being the dominant contribution.

In themt ! 1 limit this coupling is known with next-to-next-to-next to leading order (N3LO)

QCD accuracy [25]. In contrast, the Higgs decay to photons (as well as h� production)

has a dominant contributions from loops involving gauge bosons which results in a reduced

sensitivity to yt compared to h ! gg.
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CLIC ILCp
s (GeV) 350 1400 3000 250 500

Lint. (fb
�1) 5.0 · 102 1.5 · 103 2.0 · 103 2.0 · 103 4.0 · 103

�hZ (fb) 130 6.42 1.37 240 57.2

NhZ 6.50 · 104 9.6 · 103 2.74 · 103 4.80 · 105 2.29 · 105

�⌫⌫̄h (fb) 54.4 293 498 55.0 85.2

N⌫⌫̄h 2.73 · 104 4.39 · 105 9.96 · 105 1.10 · 105 3.41 · 105

�eeh (fb) 7.13 28.3 49.1 8.2 8.7

Neeh 3.56 · 103 4.24 · 104 9.82 · 104 1.64 · 104 3.48 · 104

�tt̄h (fb) - 1.33 0.41 - 0.27

Ntt̄h - 1995 820 - 1.08 · 103

�h� (fb) 3.18 · 10�2 1.20 · 10�2 3.08 · 10�3 8.97 · 10�2 4.74 · 10�2

Nh� 16 18 6 179 189

Table 2. As in table 1 but for CLIC and ILC.

3 Our approach for determining yt

The problem of determining yt at a given run of a hypothetical future collider is formulated

in terms of the new physics contribution �yt to the top-quark Yukawa coupling yt

yt = ySM
t +�yt , (3.1)

where we assume that this is the only source of deviation from the SM. This assumption is

discussed in sec. 5.

The main limitation of an analysis restricted to tt̄h data is that it requires a c.m. energy

of at least 500 GeV. To circumvent this limitation, we also consider e+e� observables which

are indirectly sensitive to yt and, at the same time, have su�ciently large number of expected

events. The yt dependence in such processes originates in the Higgs boson coupling to top

quarks in loops, either in the production or in the decay of the Higgs boson 2. Thus, in

addition to tt̄h production, we consider the Higgs decays to gluons and photons as well as

Higgs production in association with a hard photon. The idea is to exploit the yt dependence

of single Higgs processes with the added benefit that these processes are accessible at all c.m

energies.

In order to constrain �yt we define a global �2 for each run of the future colliders

described in the previous section

�2(�yt) =

NpX

i=1

NdX

j=1

[µij (�yt) � 1]2

�2
ij

, (3.2)

2We will not consider final states with top quarks but no Higgs. These final states are included in the tt̄

threshold scan studies [26–28].

– 5 –
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ü Extract yt from a chi^2 fit (assuming this is the only parameter to be fit; more later)

where:

ü SM above means, basically, that Δyt=0

ü One-sigma uncertainties 𝞭ij are taken from the literature

ü An exception is e+e- ➛ h𝝲 which is estimated by us based purely on the expected 
number of events (see previous slide). Likely to be optimistic

Fit methodology

CLIC ILCp
s (GeV) 350 1400 3000 250 500

Lint. (fb
�1) 5.0 · 102 1.5 · 103 2.0 · 103 2.0 · 103 4.0 · 103

�hZ (fb) 130 6.42 1.37 240 57.2

NhZ 6.50 · 104 9.6 · 103 2.74 · 103 4.80 · 105 2.29 · 105

�⌫⌫̄h (fb) 54.4 293 498 55.0 85.2

N⌫⌫̄h 2.73 · 104 4.39 · 105 9.96 · 105 1.10 · 105 3.41 · 105

�eeh (fb) 7.13 28.3 49.1 8.2 8.7

Neeh 3.56 · 103 4.24 · 104 9.82 · 104 1.64 · 104 3.48 · 104

�tt̄h (fb) - 1.33 0.41 - 0.27

Ntt̄h - 1995 820 - 1.08 · 103

�h� (fb) 3.18 · 10�2 1.20 · 10�2 3.08 · 10�3 8.97 · 10�2 4.74 · 10�2

Nh� 16 18 6 179 189

Table 2. As in table 1 but for CLIC and ILC.

are indirectly sensitive to yt and, at the same time, have su�ciently large number of expected

events. The yt dependence in such processes originates in the Higgs boson coupling to top

quarks in loops, either in the production or in the decay of the Higgs boson 2. Thus, in

addition to tt̄h production, we consider the Higgs decays to gluons and photons as well as

Higgs production in association with a hard photon. The idea is to exploit the yt dependence

of single Higgs processes with the added benefit that these processes are accessible at all c.m

energies.

In order to constrain �yt we define a global �2 for each run of the future colliders

described in the previous section

�2(�yt) =

NpX

i=1

NdX

j=1

[µij (�yt) � 1]2

�2
ij

, (3.2)

with Np and Nd being, respectively, the number of available production and decay channels.

The sums in eq. (3.2) include only the processes for which �ij values are explicitly shown in

table 3.

The degrees of freedom of the �2 in eq. (3.2) are the signal-strengths µij of all Higgs boson

processes which are sensitive to a non-vanishing value of �yt and which can be measured with

a su�cient precision. The signal-strength µij for a generic Higgs production mode i and decay

channel j can be written in the narrow-width approximation as

µij =

✓
�i
�SM
i

◆ 
�j

�SM
j

!✓
�h

�SM
h

◆�1

. (3.3)

2We will not consider final states with top quarks but no Higgs. These final states are included in the tt̄

threshold scan studies [26–28].
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CLIC ILCp
s (GeV) 350 1400 3000 250 500

Lint. (fb
�1) 5.0 · 102 1.5 · 103 2.0 · 103 2.0 · 103 4.0 · 103

�hZ (fb) 130 6.42 1.37 240 57.2

NhZ 6.50 · 104 9.6 · 103 2.74 · 103 4.80 · 105 2.29 · 105

�⌫⌫̄h (fb) 54.4 293 498 55.0 85.2

N⌫⌫̄h 2.73 · 104 4.39 · 105 9.96 · 105 1.10 · 105 3.41 · 105

�eeh (fb) 7.13 28.3 49.1 8.2 8.7

Neeh 3.56 · 103 4.24 · 104 9.82 · 104 1.64 · 104 3.48 · 104

�tt̄h (fb) - 1.33 0.41 - 0.27

Ntt̄h - 1995 820 - 1.08 · 103

�h� (fb) 3.18 · 10�2 1.20 · 10�2 3.08 · 10�3 8.97 · 10�2 4.74 · 10�2

Nh� 16 18 6 179 189

Table 2. As in table 1 but for CLIC and ILC.

are indirectly sensitive to yt and, at the same time, have su�ciently large number of expected

events. The yt dependence in such processes originates in the Higgs boson coupling to top

quarks in loops, either in the production or in the decay of the Higgs boson 2. Thus, in

addition to tt̄h production, we consider the Higgs decays to gluons and photons as well as

Higgs production in association with a hard photon. The idea is to exploit the yt dependence

of single Higgs processes with the added benefit that these processes are accessible at all c.m

energies.

In order to constrain �yt we define a global �2 for each run of the future colliders

described in the previous section

�2(�yt) =

NpX

i=1

NdX

j=1

[µij (�yt) � 1]2

�2
ij

, (3.2)

with Np and Nd being, respectively, the number of available production and decay channels.

The sums in eq. (3.2) include only the processes for which �ij values are explicitly shown in

table 3.

The degrees of freedom of the �2 in eq. (3.2) are the signal-strengths µij of all Higgs boson

processes which are sensitive to a non-vanishing value of �yt and which can be measured with

a su�cient precision. The signal-strength µij for a generic Higgs production mode i and decay

channel j can be written in the narrow-width approximation as

µij =

✓
�i
�SM
i

◆ 
�j

�SM
j

!✓
�h

�SM
h

◆�1

. (3.3)

2We will not consider final states with top quarks but no Higgs. These final states are included in the tt̄

threshold scan studies [26–28].
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Sums over these 
pairs of channels

Collider
p
s (GeV) L �fb�1

� h ! gg h ! �� h ! bb̄

hZ ⌫⌫̄h hZ ⌫⌫̄h h� tt̄h

FCC-ee
240 1.0 · 104 1.4% - 3.0% - 4.4% -

350 2.6 · 103 3.1% 4.7% 14% 21% 14% -

CEPC 240 5.0 · 103 1.2% - 9.0% - 6.2% -

CLIC

350 5.0 · 102 6.1% 10% - - - -

1400 1.5 · 103 - 5.0% - 15% - 8.0%

3000 2.0 · 103 - 4.3% - 10% - 12.5%

ILC
250 2.0 · 103 2.5% - 12% - 10% -

500 4.0 · 103 3.9% 1.4% 12% 6.7% 9.8% 9.9%

Table 3. The estimated one-sigma uncertainties �ij used in eq. (3.2). The ones for CLIC, CEPC and
FCC-ee at

p
s = 240 GeV are taken from refs. [7, 19, 22], respectively. The ones for ILC and FCC-ee

at
p
s = 350 GeV are from ref. [29]. The

p
s = 3 TeV CLIC tt̄h result is derived by extrapolating the

1.4 TeV one with the corresponding number of events. The statistical uncertainties for h� production
are derived from the expected number of events reported in tables 1 and 2. The process labeled hZ
includes selected Z decays, and their content is specific to each analysis referenced in this table.

with Np and Nd being, respectively, the number of available production and decay channels.

The sums in eq. (3.2) include only the processes for which �ij values are explicitly shown in

table 3.

The degrees of freedom of the �2 in eq. (3.2) are the signal-strengths µij of all Higgs boson

processes which are sensitive to a non-vanishing value of �yt and which can be measured with

a su�cient precision. The signal-strength µij for a generic Higgs production mode i and decay

channel j can be written in the narrow-width approximation as

µij =

✓
�i
�SM
i

◆ 
�j

�SM
j

!✓
�h

�SM
h

◆�1

. (3.3)

In eq. (3.3) �h is the total Higgs width and �i and �j are the corresponding production cross-

section and partial decay width. Due to the small number of expected tt̄h and h� events,

these two production channels are included with only the dominant h ! bb̄ decay mode.

The one-sigma uncertainties �ij appearing in eq. (3.2) and listed in table 3 are taken

from the literature [7, 19, 22, 29]. Their values have been derived in a realistic framework

that accounts for acceptance cuts, background contributions and detector simulation for the

reconstruction of the final state. To the best of our knowledge such studies are not available

for the h� process. For this reason the one-sigma uncertainties for this channel have been

derived by calculating the Poissonian error and have to be considered as optimistic estimates

of the total uncertainties.

– 6 –
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ü Here are the needed signal-strengths

ü Derived by us at LO (full one loop):
ü Compute x-sections and decay widths for a number of values of Δyt ,
ü Fit this with a quadratic polynomial,
ü Take the linear approximation for small Δyt. 
ü Bottom contribution to h ➛ g g neglected.

ü Higher-order corrections in some cases have been included in the literature (CLIC 1.4 TeV). 

ü Slightly increases the expected precision

Signal-strengths

Collider
p
s (GeV) L �

fb�1
� h ! gg h ! �� h ! bb̄

hZ ⌫⌫̄h hZ ⌫⌫̄h h� tt̄h

FCC-ee
240 1.0 · 104 1.4% - 3.0% - 4.4% -

350 2.6 · 103 3.1% 4.7% 14% 21% 14% -

CEPC 240 5.0 · 103 1.2% - 9.0% - 6.2% -

CLIC

350 5.0 · 102 6.1% 10% - - - -

1400 1.5 · 103 - 5.0% - 15% - 8.0%

3000 2.0 · 103 - 4.3% - 10% - 12.5%

ILC
250 2.0 · 103 2.5% - 12% - 10% -

500 4.0 · 103 3.9% 1.4% 12% 6.7% 9.8% 9.9%

Table 3. The estimated one-sigma uncertainties �ij used in eq. (3.2). The ones for CLIC, CEPC and
FCC-ee at

p
s = 240 GeV are taken from refs. [7, 18, 21], respectively. The ones for ILC and FCC-ee

at
p
s = 350 GeV are from ref. [29]. The

p
s = 3 TeV CLIC tt̄h result is derived by extrapolating the

1.4 TeV one with the corresponding number of events. The statistical uncertainties for h� production
are derived from the expected number of events reported in tables 1 and 2. The process labeled hZ
includes selected Z decays, and their content is specific to each analysis referenced in this table.

In eq. (3.3) �h is the total Higgs width and �i and �j are the corresponding production cross-

section and partial decay width. Due to the small number of expected tt̄h and h� events,

these two production channels are included with only the dominant h ! bb̄ decay mode.

The one-sigma uncertainties �ij appearing in eq. (3.2) and listed in table 3 are taken

from the literature [7, 18, 21, 29]. Their values have been derived in a realistic framework

that accounts for acceptance cuts, background contributions and detector simulation for the

reconstruction of the final state. To the best of our knowledge such studies are not available

for the h� process. For this reason the one-sigma uncertainties for this channel have been

derived by calculating the Poissonian error and have to be considered as optimistic estimates

of the total uncertainties.

The analytic expressions for the h� and tt̄h signal-strengths, as functions of �yt, read

µh� =

0

BBB@

p
s = 240GeVp
s = 250GeVp
s = 350GeVp
s = 500GeV

1

CCCA
=

�h�
�SM
h�

= 1 �

0

BBB@

0.43

0.45

0.73

0.13

1

CCCA
�yt (3.4)

µtt̄h

0

B@

p
s = 500GeVp
s = 1400GeVp
s = 3000GeV

1

CA =
�tt̄h
�SM
tt̄h

= 1 +

0

B@
1.99

1.83

1.71

1

CA�yt, (3.5)

In the calculation of the above expressions we do not include corrections beyond LO.

Such higher-order e↵ects have been studied in ref. [7] for the 1.4 TeV run of CLIC. These

corrections result in a relatively small shift in the corresponding coe�cient in eq. (3.5) from

1.83 to 1.89. In turn, this slightly increases the yt precision in the tt̄h channel.

– 6 –

Collider
p
s (GeV) L �

fb�1
�

h ! gg h ! �� h� tt̄h total

FCC-ee
240 1.0 · 104 0.7% 5.3% 10% - 0.7%

350 2.6 · 103 1.3% 21% 19% - 1.3%

CEPC 240 5.0 · 103 0.6% 16% 14% - 0.6%

CLIC

350 5.0 · 102 2.6% - - - 2.6%

1400 1.5 · 103 2.5% 27% - 4.4% 2.2%

3000 2.0 · 103 2.2% 18% - 7.3% 2.1%

ILC
250 2.0 · 103 1.2% 21% 23% - 1.2%

500 4.0 · 103 0.7% 10% 75% 5.0% 0.7%

Table 4. 68% CL boundaries on �yt for di↵erent runs and processes. In the last column we report
the results of the global �2 analysis described in sec. 4.

For the two loop-induced Higgs decay processes we get

µh!gg =
�h!gg

�SM
h!gg

= 1 + 2�yt , (3.6)

µh!�� =
�h!��

�SM
h!��

= 1 � 0.56�yt . (3.7)

All computations in this work have been carried out in the Gµ input scheme with the help

of the Madgraph5 aMC@NLO v2.6.1 code [30]. Eqs. (3.4–3.7) have been derived in the following

way: we first compute the corresponding cross-sections and decay widths for a number of

di↵erent values of �yt and then fit the resulting expressions for µij with a parabola. Finally,

we take its linear approximation for small values of �yt. In deriving µh!gg the bottom quark

contribution in the loop has been neglected.

4 Results

Our main results, namely, the 68% CL constraints following from eq. (3.2), are displayed in

table 4 and in fig. 2. We report results for the following scenarios: the FCC-ee runs at c.m.

energies of 240 GeV and 350 GeV, the CEPC run at 240 GeV, the three CLIC runs at 350

GeV, 1.4 TeV and 3 TeV and the 250 GeV and 500 GeV runs of the ILC.

From table 4 and fig. 2 we conclude that the decay process h ! gg is a strong potential

candidate for precise determination of yt. Combining the high yt sensitivity of h ! gg seen in

eq. (3.6) with the high luminosities at the 240 GeV FCC-ee and CEPC runs and at the 500

GeV ILC run, one may potentially be able to determine �yt with uncertainty of 0.6–0.7%.

The potential of h ! �� for a precise determination of yt is much smaller than h ! gg.

Despite the low cross-section of e+e� ! h� (see fig. 1), this loop-induced process allows

access to yt at both FCC-ee and CEPC. While not directly competitive with h ! gg, this

additional yt sensitivity is on par with the one expected at HL-LHC and may be useful for

– 7 –

Abramowicz et al., arXiv:1608.07538
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Results: top-Yukawa precision prospects
Collider

p
s (GeV) L �

fb�1
�

h ! gg h ! �� h� tt̄h total

FCC-ee
240 1.0 · 104 0.7% 5.3% 10% - 0.7%

350 2.6 · 103 1.3% 21% 19% - 1.3%

CEPC 240 5.0 · 103 0.6% 16% 14% - 0.6%

CLIC

350 5.0 · 102 2.6% - - - 2.6%

1400 1.5 · 103 2.5% 27% - 4.4% 2.2%

3000 2.0 · 103 2.2% 18% - 7.3% 2.1%

ILC
250 2.0 · 103 1.2% 21% 23% - 1.2%

500 4.0 · 103 0.7% 10% 75% 5.0% 0.7%

Table 4. 68% CL boundaries on �yt for di↵erent runs and processes. In the last column we report
the results of the global �2 analysis described in sec. 4.

disentangling Wilson coe�cients in a more refined E↵ective Field Theory (EFT) approach

(see sec. 5 for further details and ref. [31] for a recent review).

As far as CLIC is concerned, its 350 GeV run allows yt to be determined from purely

loop-induced processes with precision of about 2.6%. At higher CLIC energies the precision in

the yt determination from loop-induced processes is significantly larger than the one expected

from the standard tt̄h-based approach. Our estimates show that by combining the extraction

of yt from tt̄h with that from loop-induced final states one can reach yt-precision of about

2.1–2.2% at both the
p
s = 1.4 TeV and

p
s = 3.0 TeV CLIC runs. This is 2-3 times better

than the precision expected from purely tt̄h final states.

From table 4 and fig. 2 we also conclude that for all collider runs considered by us,

loop-induced processes (mostly h ! gg) could potentially lead to significantly more precise

determination of yt compared to tt̄h final states.

5 Limitations of the present study and possible further improvements

The precision in the various yt determinations estimated in the previous section are based on

a number of assumptions and approximations. We discuss them in turn.

For most processes and colliders we have used existing studies for Higgs production and

decay. An exception is the process e+e� ! h� [32–35]. In this work we have computed this

process at LO in the SM with the help of Madgraph5 aMC@NLO v2.6.1, i.e. accounting fully

for the loop in the Higgs production process 3. No detector simulation, e�ciency estimates

or realistic estimate of backgrounds and systematic e↵ects have been performed by us for this

process. For this reason the purely statistical errors derived by us are, likely, optimistic.

In all our estimates we assume that the top-quark mass mt is perfectly known. While

the future lepton colliders capable of reaching the tt̄ threshold of
p
s = 350 GeV should be

3The rational terms in the relevant Madgraph5 aMC@NLO v2.6.1 model file are written in terms of the top-

quark mass. They need to be recast in terms of yt in order to obtain the correct yt dependence of the h�

cross-section.

– 8 –
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ü h ➛ g g leads, by far, among all loop-induced processes

ü This process offers potential yt precision of about 0.6-0.7% at

ü 240 GeV CEPC and FCC-ee
ü 500 GeV ILC

ü h ➛ g g is better than tth for all energies and colliders by a factor of at least 2 (CLIC) and 2 to 
up to 7 (ILC)

ü e+e- ➛ h𝝲 allows 10% determination. It is not great, but is comparable to HL-LHC

ü h ➛ 𝝲 𝝲 allows about 5-6% precision at FCC-ee 240 GeV

ü CLIC can measure yt with precision of 2-2.5% (combining loop-induced and tth)

ü ILC can measure yt with precision of 1% or even better (combining loop-induced and tth)

Top-Yukawa precision prospects: few comments
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ü e+e- ➛ h𝝲: no detector simulation, efficiencies or background estimates. All done at LO.

ü mtop: we assume perfect knowledge of the top mass. This is OK since already after HL-LHC 
this error will be negligible

ü Lack of proper EFT treatment:

ü We assume Δyt is the only source of deviation from SM and so is the only parameter to fit

ü However, assuming BSM, no reason to have just one source of deviation from SM

ü Multiple Wilson coefficients will enter. This will dilute the expected precision on yt.

ü However, after HL-LHC there will be many constraints on those coefficients.

ü Assumed perfect knowledge of SM predictions.

ü In reality all is at LO (although fully one loop effects included)

ü NLO effects can be computed with some effort (2-loop amplitudes)

ü Realistic cuts imposed, etc.

ü All of the above need to be done but we do not expect to change the picture qualitatively!

Limitations, assumptions and possible improvements
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Conclusions
Ø This work tries to address the question: is it really not possible to measure yt at a future e+e-

collider with precision better than 4-5%?

Ø Such a prospect would be disheartening given we expect 5%-10% from HL-LHC and 1% from 
a 100 TeV hadron collider

Ø This is an exploratory work. Its precision level is basic; still, we believe it is adequate in order 
to get a global picture about what is the ultimate possibility for measuring yt at any one of the 
future e+e- colliders. Much more refined studies have already been done

Ø We consider indirect determination from loop-induced single Higgs processes
Ø Our findings are very promising. We find yt can be measured with precision as high as 0.6% 

Ø This is almost an order of magnitude better that from purely tth final states and 10 times 
better than the extraction from tt discussed in the Fcc-ee Conceptual Design Report (2018)

Ø Such precision measurements can be done at any future e+e- colliders, especially at 240 GeV 
runs with hZ final states.

Ø Our work is very preliminary and can be made more precise in a number of ways

Ø We hope it provides useful input to the current discussion about which collider to build!
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