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HL-LHC capabilities 

Ascribing the possible BSM effects onto EW quantities (low 
energy couplings, e.g. ZWW ) to new contact interactions 
from heavy new physics the LHC can probe these contact 
interactions instead of the low energy couplings directly. 

The great advantage of the LHC is that it can reach VERY HIGH 
PARTONIC ENERGIES, especially if one has the time to “fish” the rare 
events in which constituent quarks collide with large fraction of 

the proton energy. This is where High-Lumi is crucial(!)

J
H
E
P
0
2
(
2
0
1
8
)
1
1
1

��� ��� �
��	

�% �����

�% �����

���% �����

�% �����

��% �����

����

����	
 ��

����� ����	


�� ��� ���/�	
�� ��� �/
	

��� �� � � 

���
����

���
�


��

� [���]

� �(
�)

[�
��


� ]

Figure 1. Bounds from LEP [15], run-1 LHC (which includes 20 fb−1 at 8TeV and 3 fb−1 at
13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy primary
parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a detailed description
of the figure.

cross-section and in the theoretical prediction of the SM contribution. The “δsyst = 100%”

curve corresponds to an inaccurate determination of the cross-section, which is only sensi-

tive to order one departures from the SM. In the figure, the reach on a(3)q is compared with

theoretical expectations on the relation between a(3)q and M . The line “Fully Strong” cor-

responds to the rather implausible (although, strictly speaking, allowed) physical situation

where all the particles involved in the scattering (i.e., the bosons and the light quarks) have

maximal couplings, ∼ 4π, to the new physics sector at the scale M . This line is then given

by a(3)q = 16π2/M2, and the dark region above it is excluded by perturbative unitarity.

The line “Weak” corresponds to a(3)q = g2/M2, where g is the SU(2)L SM coupling, and

it is around this line where the most interesting BSM scenarios live. These are scenarios

where the SM gauge bosons and the light quarks are “elementary”, i.e. they are coupled

only through gauge interactions to the BSM particles at the scale M .2 In these cases, the

BSM amplitude is always smaller than the SM one (which is of order g2) in the whole range

of validity of the EFT E ! M . Therefore the BSM corrections to the cross-section never

overcome the SM expectation, and we cannot probe these scenarios through inaccurate

measurements, as the δsyst = 100% curve shows. The “Strong TGC” line (TGC standing

for Triple Gauge Couplings) is a(3)q = 4πg/M2, and it corresponds to a limiting case of

the “Remedios” scenario of ref. [14], where the quarks are elementary while the transverse

gauge fields are strongly interacting and partially composite. Notice that there are also

many interesting scenarios, such as supersymmetric theories, where the contributions to

a(3)q arise at the one-loop level, a(3)q ∼ g2/(16π2M2), predicting a line in the plane, not

shown in the figure, much below the “Weak” one. None of the indirect bounds we are

2Other SM particles, such as the Higgs, could very well be “composite”, i.e. strongly coupled, in these

scenarios. Composite Higgs models are indeed examples of theories that lie around the “Weak” line.
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In the age of EFTs this is as good as doing LEP-like INTENSITY  
studies of EW properties.
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 capabilities e+e−

However, I have been asked to discuss “Off Pole observables” … → LATER TALKS
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n-body final states
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Luminosity available at any HTE option falls very fast as   grows.s
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These processes are sensitive to EW quantities (couplings, 
masses, …) but the measurements are limited by the available 
statistics



Future Circular Colliders Future Linear Colliders

CEPC FCC-ee ILC [P1 ∆ (û80%,±30%)] [UP ∆ unpolarized] CLICHL-LHC

240 GeV 240 GeV +365 GeV 250 GeV +350 GeV +500 GeV 380 GeV +1.5 TeV +3 TeV
S2 ⇠⇠⇠XXXZ-pole Z-pole ⇠⇠⇠XXXZ-pole Z-pole ⇠⇠⇠XXXZ-pole Z-pole P1 UP P1 UP P1 UP (û80%,0%)

”gµµ

H
(%)

4.49 3.68 3.68 3.76 3.75 3.67 3.68 3.90 3.93 3.89 3.91 3.70 3.72 4.08 3.86 3.33
4.45 3.67 3.74 3.67 3.89 3.92 3.89 3.91 3.70 3.72 4.08 3.85 3.31

”g··

H
(%)

2.13 0.69* 0.60 0.72* 0.63 0.57 0.55 0.77 0.89 0.75 0.83 0.57 0.58 1.22 0.91 0.73
2.07 0.59 0.63 0.55 0.74 0.82 0.72 0.79 0.56 0.58 1.21 0.90 0.73

”gcc

H
(%)

– 1.80 1.74 1.30 1.25 1.15 1.13 1.72 1.87 1.65 1.79 1.12 1.14 3.93 1.77 1.28
– 1.74 1.24 1.13 1.70 1.83 1.64 1.76 1.11 1.14 3.91 1.76 1.28

”gtt

H
(%)

2.62 2.35 2.34 2.39 2.39 2.38 2.38 2.41 2.41 2.41 2.41 2.39 2.38 2.44 2.22* 2.20*
2.58 2.35 2.40 2.38 2.40 2.41 2.41 2.41 2.37 2.37 2.43 1.84 1.83

”gbb

H
(%)

4.27 0.57* 0.46 0.65* 0.53 0.46 0.44 0.68 0.83* 0.65 0.76 0.39 0.40 0.92 0.30 0.17
3.95 0.45 0.53 0.44 0.65 0.74 0.62 0.71 0.39 0.39 0.89 0.30 0.16

”gZZ

H
(%)

2.08 0.48* 0.30 0.50* 0.30 0.28* 0.22 0.35* 0.57* 0.33* 0.49* 0.18* 0.19* 0.47* 0.14 0.09
2.00 0.28 0.30 0.22 0.25 0.42 0.24 0.39 0.16 0.17 0.38 0.14 0.09

”gW W

H
(%)

1.95 0.47* 0.30 0.48* 0.30 0.27* 0.22 0.34* 0.56* 0.32* 0.48* 0.18 0.19 0.47* 0.15 0.09
1.87 0.27 0.29 0.22 0.26 0.42 0.26 0.39 0.17 0.18 0.39 0.14 0.09

”g““

H
(%)

2.35 1.10 1.07 1.13 1.09 1.07 1.06 1.12 1.19 1.11 1.16 1.04 1.05 1.18 1.09 0.98
2.27 1.07 1.09 1.06 1.11 1.15 1.10 1.14 1.04 1.04 1.17 1.08 0.98

”gZ“

H
(%)

9.13 5.73 5.72 5.95 5.92 5.78 5.54 8.09* 8.78 7.96* 8.70 6.31* 7.71* 8.57 4.59 3.61
9.14 5.72 5.94 5.49 7.28 8.71 7.10 8.55 5.02 6.73 7.94 4.19 3.40

”ggg

H
(%)

1.84 0.74 0.69 0.90 0.87 0.78 0.77 1.03 1.06 1.00 1.04 0.75 0.76 1.19 0.87 0.70
1.76 0.69 0.87 0.77 1.02 1.05 0.99 1.03 0.74 0.76 1.18 0.87 0.70

”g1,Z (‰)
2.96* 0.52* 0.38 0.53* 0.39 0.26* 0.24 0.50* 0.63* 0.41* 0.52* 0.14 0.20* 0.42* 0.14* 0.13*
1.46 0.34 0.36 0.22 0.33 0.50 0.28 0.44 0.11 0.17 0.27 0.03 0.01

”Ÿ“ (‰)
9.93 1.57* 0.72* 1.58* 0.64* 1.09* 0.43* 1.53* 1.73* 1.39* 1.58* 0.58* 0.75* 1.29* 0.47* 0.32*
9.49 0.50 0.53 0.36 0.51 0.77 0.44 0.68 0.13 0.23 0.39 0.07 0.02

⁄Z (‰)
3.99 0.34 0.33 0.35 0.34 0.24 0.24 0.46 0.51 0.39 0.45 0.13 0.14 0.39 0.05 0.02
3.86 0.33 0.34 0.23 0.45 0.50 0.38 0.43 0.13 0.14 0.38 0.05 0.02

Table 1: Global one-sigma reach of future collider measurements on Higgs and triple-gauge couplings. All projections include current
EW measurements and HL-LHC prospects. Projections in grey rows assume perfect EW measurements. The numbers marked with a
* are then improved by more than 10%. “Z-pole” and “⇠⇠⇠⇠XXXXZ-pole” refer to the inclusion of new Z-pole runs at circular colliders. The
results are graphically presented in figure 2. The e�ects of a Z-pole run at circular colliders is stressed in figure 3.
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Table 1: Global one-sigma reach of future collider measurements on Higgs and triple-gauge couplings. All projections include current
EW measurements and HL-LHC prospects. Projections in grey rows assume perfect EW measurements. The numbers marked with a
* are then improved by more than 10%. “Z-pole” and “⇠⇠⇠⇠XXXXZ-pole” refer to the inclusion of new Z-pole runs at circular colliders. The
results are graphically presented in figure 2. The e�ects of a Z-pole run at circular colliders is stressed in figure 3.
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for ”gZZ

H
and ”gW W

H
, 1.4 for ”g1,Z , and 1.25 for ”gbb

H
at CEPC. The inclusion

of higher-energy runs (
Ô

s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively
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couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
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obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
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green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
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by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for ”gZZ

H
and ”gW W

H
, 1.4 for ”g1,Z , and 1.25 for ”gbb

H
at CEPC. The inclusion

of higher-energy runs (
Ô

s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively
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Future Circular Colliders Future Linear Colliders

CEPC FCC-ee ILC [P1 ∆ (û80%,±30%)] [UP ∆ unpolarized] CLICHL-LHC

240 GeV 240 GeV +365 GeV 250 GeV +350 GeV +500 GeV 380 GeV +1.5 TeV +3 TeV
S2 ⇠⇠⇠XXXZ-pole Z-pole ⇠⇠⇠XXXZ-pole Z-pole ⇠⇠⇠XXXZ-pole Z-pole P1 UP P1 UP P1 UP (û80%,0%)

”gµµ

H
(%)

4.49 3.68 3.68 3.76 3.75 3.67 3.68 3.90 3.93 3.89 3.91 3.70 3.72 4.08 3.86 3.33
4.45 3.67 3.74 3.67 3.89 3.92 3.89 3.91 3.70 3.72 4.08 3.85 3.31

”g··

H
(%)

2.13 0.69* 0.60 0.72* 0.63 0.57 0.55 0.77 0.89 0.75 0.83 0.57 0.58 1.22 0.91 0.73
2.07 0.59 0.63 0.55 0.74 0.82 0.72 0.79 0.56 0.58 1.21 0.90 0.73

”gcc

H
(%)

– 1.80 1.74 1.30 1.25 1.15 1.13 1.72 1.87 1.65 1.79 1.12 1.14 3.93 1.77 1.28
– 1.74 1.24 1.13 1.70 1.83 1.64 1.76 1.11 1.14 3.91 1.76 1.28

”gtt

H
(%)

2.62 2.35 2.34 2.39 2.39 2.38 2.38 2.41 2.41 2.41 2.41 2.39 2.38 2.44 2.22* 2.20*
2.58 2.35 2.40 2.38 2.40 2.41 2.41 2.41 2.37 2.37 2.43 1.84 1.83

”gbb

H
(%)

4.27 0.57* 0.46 0.65* 0.53 0.46 0.44 0.68 0.83* 0.65 0.76 0.39 0.40 0.92 0.30 0.17
3.95 0.45 0.53 0.44 0.65 0.74 0.62 0.71 0.39 0.39 0.89 0.30 0.16

”gZZ

H
(%)

2.08 0.48* 0.30 0.50* 0.30 0.28* 0.22 0.35* 0.57* 0.33* 0.49* 0.18* 0.19* 0.47* 0.14 0.09
2.00 0.28 0.30 0.22 0.25 0.42 0.24 0.39 0.16 0.17 0.38 0.14 0.09

”gW W

H
(%)

1.95 0.47* 0.30 0.48* 0.30 0.27* 0.22 0.34* 0.56* 0.32* 0.48* 0.18 0.19 0.47* 0.15 0.09
1.87 0.27 0.29 0.22 0.26 0.42 0.26 0.39 0.17 0.18 0.39 0.14 0.09

”g““

H
(%)

2.35 1.10 1.07 1.13 1.09 1.07 1.06 1.12 1.19 1.11 1.16 1.04 1.05 1.18 1.09 0.98
2.27 1.07 1.09 1.06 1.11 1.15 1.10 1.14 1.04 1.04 1.17 1.08 0.98

”gZ“

H
(%)

9.13 5.73 5.72 5.95 5.92 5.78 5.54 8.09* 8.78 7.96* 8.70 6.31* 7.71* 8.57 4.59 3.61
9.14 5.72 5.94 5.49 7.28 8.71 7.10 8.55 5.02 6.73 7.94 4.19 3.40

”ggg

H
(%)

1.84 0.74 0.69 0.90 0.87 0.78 0.77 1.03 1.06 1.00 1.04 0.75 0.76 1.19 0.87 0.70
1.76 0.69 0.87 0.77 1.02 1.05 0.99 1.03 0.74 0.76 1.18 0.87 0.70

”g1,Z (‰)
2.96* 0.52* 0.38 0.53* 0.39 0.26* 0.24 0.50* 0.63* 0.41* 0.52* 0.14 0.20* 0.42* 0.14* 0.13*
1.46 0.34 0.36 0.22 0.33 0.50 0.28 0.44 0.11 0.17 0.27 0.03 0.01

”Ÿ“ (‰)
9.93 1.57* 0.72* 1.58* 0.64* 1.09* 0.43* 1.53* 1.73* 1.39* 1.58* 0.58* 0.75* 1.29* 0.47* 0.32*
9.49 0.50 0.53 0.36 0.51 0.77 0.44 0.68 0.13 0.23 0.39 0.07 0.02

⁄Z (‰)
3.99 0.34 0.33 0.35 0.34 0.24 0.24 0.46 0.51 0.39 0.45 0.13 0.14 0.39 0.05 0.02
3.86 0.33 0.34 0.23 0.45 0.50 0.38 0.43 0.13 0.14 0.38 0.05 0.02

Table 1: Global one-sigma reach of future collider measurements on Higgs and triple-gauge couplings. All projections include current
EW measurements and HL-LHC prospects. Projections in grey rows assume perfect EW measurements. The numbers marked with a
* are then improved by more than 10%. “Z-pole” and “⇠⇠⇠⇠XXXXZ-pole” refer to the inclusion of new Z-pole runs at circular colliders. The
results are graphically presented in figure 2. The e�ects of a Z-pole run at circular colliders is stressed in figure 3.
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Table 1: Global one-sigma reach of future collider measurements on Higgs and triple-gauge couplings. All projections include current
EW measurements and HL-LHC prospects. Projections in grey rows assume perfect EW measurements. The numbers marked with a
* are then improved by more than 10%. “Z-pole” and “⇠⇠⇠⇠XXXXZ-pole” refer to the inclusion of new Z-pole runs at circular colliders. The
results are graphically presented in figure 2. The e�ects of a Z-pole run at circular colliders is stressed in figure 3.
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for ”gZZ

H
and ”gW W

H
, 1.4 for ”g1,Z , and 1.25 for ”gbb

H
at CEPC. The inclusion

of higher-energy runs (
Ô

s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for ”gZZ

H
and ”gW W

H
, 1.4 for ”g1,Z , and 1.25 for ”gbb

H
at CEPC. The inclusion

of higher-energy runs (
Ô

s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for ”gZZ

H
and ”gW W
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, 1.4 for ”g1,Z , and 1.25 for ”gbb

H
at CEPC. The inclusion

of higher-energy runs (
Ô

s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for ”gZZ

H
and ”gW W

H
, 1.4 for ”g1,Z , and 1.25 for ”gbb

H
at CEPC. The inclusion

of higher-energy runs (
Ô

s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively
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Z-pole necessary to exploit fully the 
measurements for the extraction of 

aTGCs

Higher energies can help

“Free” Z-bosons from radiative 
return can help



Focus on 2-body processes



Observables and Interpretation

• fiducial (total) rates 

• differential distributions: 

  
 angles 
 fancy kinematical variables (not much room for “fancy”, as 
phase-space dimensionality is limited)

pT
1909.01937, 
1708.07823, 
1704.02333, 
1512.06877, 
1406.1361

II. LINEAR CASE

We now turn to an effective theory containing the SM fields with one Higgs doublet.
The most important higher-dimensional operators have dimension 6. A Majorana mass
term for the left-handed neutrinos has dimension 5, but we are only interested in flavor-
preserving operators since the oblique parameters are flavor universal. It is straightforward
to enumerate all operators of dimension 6, see Ref. [6]. Integration by parts and equations
of motion are used extensively to avoid redundancy among operators. What we now show
is that using the equations of motion, we relate particular linear combinations involving the
oblique parameters and other operators to peculiar redundant operators that only affect the
triple gauge boson couplings.

We will use the notation of Ref. [6]. We will need only a small subset of operators in
Ref. [6]

OWB = (h†σah)W a
µνB

µν , Oh = |h†Dµh|
2, (1)

Os
hl = i(h†Dµh)(lγµl) + h.c., Ot

hl = i(h†σaDµh)(lγµσal) + h.c., (2)

Os
hq = i(h†Dµh)(qγµq) + h.c., Ot

hq = i(h†σaDµh)(qγµσ
aq) + h.c., (3)

Ohu = i(h†Dµh)(uγµu) + h.c., Ohd = i(h†Dµh)(dγµd) + h.c., (4)

Ohe = i(h†Dµh)(eγµe) + h.c. . (5)

where W a
µν is the SU(2) field strength, Bµν the hypercharge field strength and h represents

the Higgs doublet. The left-handed fermions are denoted q and l, while the right-handed
ones u, d, and e. The family indices are implicitly summed over all three families. OWB

corresponds to the S parameter and Oh to T . The remaining operators on our list alter
fermion couplings to the B and W gauge bosons.

The lowest-order Lagrangian is

L = Lgauge−fermion + (Dµh)†(Dµh) − V (h) (6)

and the corresponding equations of motion for the gauge bosons are

∂µBµν + i
g′

2
(h†Dνh − Dνh

†h) + g′
∑

f

Yffγνf = 0, (7)

DµW a
µν + i

g

2
(h†σaDνh − Dνh

†σah) +
g

2

∑

f

fLγνσ
afL = 0, (8)

where Yf is the hypercharge of fermion f .
Multiplying Eq. (7) by (ih†Dνh + h.c.) and Eq. (8) by (ih†σaDνh + h.c.) we obtain

2g′Oh −
g

2
OWB + g′OY

hf = 2iBµνD
µh†Dνh − g′h†h Dµh†Dµh

+
g′

2
h†h(Bµν)

2 −
g′

2
h†h

(

h†D2h + (D2h†)h
)

, (9)

−g′OWB + g(Ot
hl + Ot

hq) = 4iW a
µνD

µh†σaDνh − 6gh†h Dµh†Dµh

+gh†h(W a
µν)

2 − gh†h
(

h†D2h + (D2h†)h
)

, (10)

where OY
hf =

∑

f YfOs
hf = 1

6
Os

hq −
1
2
Os

hl +
2
3
Ohu −

1
3
Ohd −Ohe. Note that of the four terms on

the right-hand sides of Eqs. (9) and (10) the first terms are observable as they modify gauge
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Higgs decay Higgs BR nhl-lhc nhe-lhc nfcc-hh

b̄b 0.6 600 1 · 104 2 · 105

⌧⌧ 6 · 10�2 60 1 · 103 2 · 104

�� 2 · 10�3 2 40 700

µµ 2 · 10�4 0.2 4 70

4` 1 · 10�4 0.1 2 40

Table 1. Number of Wh ! `⌫XX events predicted by the SM at LO for di↵erent Higgs decay
channels and with a cut phT > 550GeV. The results correspond to 3 ab�1, |⌘| < 2.5 for the HL-LHC,
15 ab�1, |⌘| < 6 for the HE-LHC and 30 ab�1, |⌘| < 6 for the FCC-hh.

for future work.

The paper is structured as follows. In Section 2, we discuss the general features of

the Wh production channel and the main new physics e↵ects that can be tested through

its study. Also in Section 2, we estimate the expected size of the dimension-six Wilson

coe�cients in generic BSM scenarios. In Section 3, the details of our analysis are presented.

In particular, we discuss the features of the signal and background processes and the cut-

flow we devised to enhance the sensitivity to new physics e↵ects. The results of the analysis

are collected in Section 4, while the summary of our work and some future directions are

discussed in Section 5. Finally, we collect in Appendices A, B, and C some additional

details that were not included in the main text.

2 Theoretical background

2.1 High energy sensitivity and interference patterns

In order to parametrize new physics e↵ects we adopt the EFT formalism, focusing on

the leading SM deformations corresponding to dimension-6 operators. We restrict our

attention to operators that induce a growth in the Wh amplitude in the high energy limit.

We further assume that new physics obeys the minimal flavor violation hypothesis [30–34].

Hence, we neglected dipole operators or those generated by right-handed charged currents,

since they are suppressed by light Yukawa couplings. In the Warsaw basis [35], we can

therefore restrict our attention to the three operators:

O
(3)
'q =

�
QL�

a
�
µ
QL

� ⇣
iH

†
�
a

$
Dµ H

⌘
, (2.1)

O'w = H
†
HW

a,µ⌫
W

a

µ⌫ , (2.2)

O'ew = H
†
HW

a,µ⌫fW
a

µ⌫ . (2.3)

where �
a are the Pauli matrices and fW a,µ⌫

⌘ 1/2 ✏µ⌫⇢�W a
⇢�. We define dimensionless

Wilson coe�cients for the e↵ective operators by introducing explicit powers of the cuto↵

⇤. For instance, the coe�cient of O(3)
'q is c

(3)
'q /⇤2; analogous conventions are used for the

other operators.
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of the Fermi constant. We also considered a modified version of the SILH’ basis utilized
in ref. [14] (also similar to the ones in ref. [85]) for better separation of the Higgs and
EW measurements. For the sake of compactness and easy comparison, we use the same
operator conventions for all three bases, which follow closely the ones in ref. [83]. A list of
redundant operators relevant for the Higgs and EW measurements are provided in table 3.
The flavour indices are also omitted, which can be trivially restored. The three bases can
be obtained by eliminating di�erent operators via the relations from integration by parts,

OB = OHB + 1
4OBB + 1

4OW B ,

OW = OHW + 1
4OW W + 1

4OW B , (B.1)

and from the SM equations of motion of the gauge fields,

1
gÕ2 OB = ≠

1
2OT + 1

2
ÿ

f

(YfLOHfL + YfROHfR) ,

1
g2 OW = ≠

3
2OH + 2O6 + 1

2
ÿ

f

Oyf + 1
4

ÿ

f

O
Õ
HfL

, (B.2)

where fL = ¸, q are the left-handed fermion doublets, fR = e, u, d are the right-handed
fermion singlets, and Y is the hyperchange (Y¸ = ≠

1
2 , etc.). Note that only the entries of

OHfL,R and O
Õ
HfL

proportional to the SM fermionic currents enter in the previous equation.
In the SILH’ basis, OW W , OW B and the above-mentioned flavour universal entries of OH¸

and O
Õ
H¸

are eliminated. The modified-SILH’ basis is obtained from the SILH’ basis trading
OW and OB by OW W and OW B. In the Warsaw basis, OW , OB, OHW and OHB are

OH = 1
2(ˆµ|H2

|)2
OGG = g2

s |H|
2GA

µ‹GA,µ‹

OW W = g2
|H|

2W a
µ‹W a,µ‹

Oyu = yu|H|
2q̄LH̃uR + h.c. (u æ t, c)

OBB = gÕ2
|H|

2Bµ‹Bµ‹
Oyd = yd|H|

2q̄LHdR + h.c. (d æ b)

OHW = ig(DµH)†‡a(D‹H)W a
µ‹ Oye = ye|H|

2 l̄LHeR + h.c. (e æ ·, µ)

OHB = igÕ(DµH)†(D‹H)Bµ‹ O3W = 1
3!g‘abcW a ‹

µ W b
‹flW c flµ

OW = ig

2 (H†‡a
Ωæ
DµH)D‹W a

µ‹ OB = ig
Õ

2 (H†ΩæDµH)ˆ‹Bµ‹

OW B = ggÕH†‡aHW a
µ‹Bµ‹

OH¸ = iH†ΩæDµH ¯̧
L“µ¸L

OT = 1
2(H†ΩæDµH)2

O
Õ
H¸

= iH†‡a
Ωæ
DµH ¯̧

L‡a“µ¸L

O¸¸ = (¯̧
L“µ¸L)(¯̧

L“µ¸L) OHe = iH†ΩæDµHēR“µeR

OHq = iH†ΩæDµHq̄L“µqL OHu = iH†ΩæDµHūR“µuR

O
Õ
Hq

= iH†‡a
Ωæ
DµHq̄L‡a“µqL OHd = iH†ΩæDµHd̄R“µdR

Table 3: A redundant set of dimension-six operators that contributes to the Higgs and
EW processes in our analysis. Flavour indices are omitted. The operators OW W , OW B,
and the flavour universal components of OH¸ and O

Õ
H¸

are eliminated in the SILH’ basis;
OW , OB, OH¸ and O

Õ
H¸

are eliminated in the modified-SILH’ basis; OW , OB, OHW and
OHB are eliminated in the Warsaw basis.
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2 (H†ΩæDµH)ˆ‹Bµ‹

OW B = ggÕH†‡aHW a
µ‹Bµ‹

OH¸ = iH†ΩæDµH ¯̧
L“µ¸L

OT = 1
2(H†ΩæDµH)2

O
Õ
H¸

= iH†‡a
Ωæ
DµH ¯̧

L‡a“µ¸L

O¸¸ = (¯̧
L“µ¸L)(¯̧

L“µ¸L) OHe = iH†ΩæDµHēR“µeR

OHq = iH†ΩæDµHq̄L“µqL OHu = iH†ΩæDµHūR“µuR

O
Õ
Hq

= iH†‡a
Ωæ
DµHq̄L‡a“µqL OHd = iH†ΩæDµHd̄R“µdR

Table 3: A redundant set of dimension-six operators that contributes to the Higgs and
EW processes in our analysis. Flavour indices are omitted. The operators OW W , OW B,
and the flavour universal components of OH¸ and O

Õ
H¸

are eliminated in the SILH’ basis;
OW , OB, OH¸ and O

Õ
H¸

are eliminated in the modified-SILH’ basis; OW , OB, OHW and
OHB are eliminated in the Warsaw basis.
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Going beyond?



 capabilities at e+e− s ≫ mZ

4*-body final states, sometimes described as “effective” 2→2 processes

Simply put: energy is not enough at the HTE factory to be in this regime.

n-body final states with energy-enhanced effects

1902.05556, 2009.11293, 2203.09512

1812.09299



HL-LHC capabilities 

Ascribing the possible BSM effects onto EW quantities (low 
energy couplings, e.g. ZWW ) to new contact interactions 
from heavy new physics the LHC can probe these contact 
interactions instead of the low energy couplings directly. 

The great advantage of the LHC is that it can reach VERY HIGH 
PARTONIC ENERGIES, especially if one has the time to “fish” the rare 
events in which constituent quarks collide with large fraction of 

the proton energy. This is where High-Lumi is crucial(!)
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Figure 1. Bounds from LEP [15], run-1 LHC (which includes 20 fb−1 at 8TeV and 3 fb−1 at
13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy primary
parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a detailed description
of the figure.

cross-section and in the theoretical prediction of the SM contribution. The “δsyst = 100%”

curve corresponds to an inaccurate determination of the cross-section, which is only sensi-

tive to order one departures from the SM. In the figure, the reach on a(3)q is compared with

theoretical expectations on the relation between a(3)q and M . The line “Fully Strong” cor-

responds to the rather implausible (although, strictly speaking, allowed) physical situation

where all the particles involved in the scattering (i.e., the bosons and the light quarks) have

maximal couplings, ∼ 4π, to the new physics sector at the scale M . This line is then given

by a(3)q = 16π2/M2, and the dark region above it is excluded by perturbative unitarity.

The line “Weak” corresponds to a(3)q = g2/M2, where g is the SU(2)L SM coupling, and

it is around this line where the most interesting BSM scenarios live. These are scenarios

where the SM gauge bosons and the light quarks are “elementary”, i.e. they are coupled

only through gauge interactions to the BSM particles at the scale M .2 In these cases, the

BSM amplitude is always smaller than the SM one (which is of order g2) in the whole range

of validity of the EFT E ! M . Therefore the BSM corrections to the cross-section never

overcome the SM expectation, and we cannot probe these scenarios through inaccurate

measurements, as the δsyst = 100% curve shows. The “Strong TGC” line (TGC standing

for Triple Gauge Couplings) is a(3)q = 4πg/M2, and it corresponds to a limiting case of

the “Remedios” scenario of ref. [14], where the quarks are elementary while the transverse

gauge fields are strongly interacting and partially composite. Notice that there are also

many interesting scenarios, such as supersymmetric theories, where the contributions to

a(3)q arise at the one-loop level, a(3)q ∼ g2/(16π2M2), predicting a line in the plane, not

shown in the figure, much below the “Weak” one. None of the indirect bounds we are

2Other SM particles, such as the Higgs, could very well be “composite”, i.e. strongly coupled, in these

scenarios. Composite Higgs models are indeed examples of theories that lie around the “Weak” line.
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In the age of EFTs this is as good as doing LEP-like INTENSITY  
studies of EW properties.
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Beyond HL-LHC capabilities at pp

pp → Wh

pp → Zh
pp → WW

2004.06122

1712.01310
1707.08060pp → ZW

1708.07823

1807.01796

7

Discussion

Considering only the SM-BSM interference term, we
find the per-mille level bounds,

g
h

Zp 2 [�0.003, 0.003] (300 fb�1)

g
h

Zp 2 [�0.001, 0.001] (3000 fb�1). (11)

Using Eq. (10) the above bounds can be translated to
a lower bound on the scale of new physics given by 2.4
TeV (4.4 TeV) at 300 fb�1 (3000 fb�1). One can now
compare the above projections with existing LEP bounds
by turning on the LEP observables contributing to g

h

Zp in
Eq. (8) one by one. This is equivalent to assuming that
there are no large cancellations in Eq. (8) so that each
individual term is bounded by Eq. (11). The results are
shown in Tab. IV. We see that our projections are much
stronger than the LEP bounds for the TGCs �g

Z

1 and
�� and comparable in the case of the Z-pole observables
�g

Z

f
, that parametrize the deviations of the Z coupling

to quarks.
For the universal case, the EFT directions presented in

Table II can be visualized in the ��� Ŝ vs. �gZ1 plane as
shown in Fig. 2 for the interesting class of models where
W = Y = 0 [18]. The flat direction related to the pp !

LEP

WZ

Zh

-0.04 -0.02 0.00 0.02 0.04

-0.10

-0.05

0.00

0.05

0.10

�gZ1

��
�
-S�

FIG. 2: We show in light blue (dark blue) the projection
for the allowed region with 300 fb�1 (3 ab�1) data from the
pp ! Zh process for universal models in the �� � Ŝ vs �g

Z

1

plane. The allowed region after LEP bounds are imposed is
shown in grey. The pink (dark pink) region corresponds to the
projection from the WZ process with 300 fb�1 (3 ab�1) data
derived in Ref. [18] and the purple (green) region shows the
region that survives after our projection from the Zh process
is combined with the above WZ projections with 300 fb�1 (3
ab�1) data.

Zh interference term, i.e., gh
Zp = 0, Eq. (7), is shown by

the dashed blue line, where the direction g
h

Zp is now given
by the second line of Eq. (8). The grey shaded area shows
the allowed region after the LEP II bounds [53] from the
e
+
e
�

! W
+
W

� process are imposed. The results of
this work are shown in blue (light (dark) blue for results
at 300 (3000) fb�1). To understand the shape of the
blue bands, note that along the dashed line, the SM-BSM
interference term vanishes. If the interference was the
only dominant e↵ect, the projected allowed region would
be a band along this direction. The BSM squared term
thus plays a role in determining the shape of the blue
region. To the left of the dashed blue line, the squared
and the interference terms have the same sign while there
is a partial cancellation between these two terms on the
right hand side of the dashed line. This results in the
curvature of the blue band with stronger bounds to the
left of the dashed line and weaker bounds to its right.
We see that, as we move further from the origin, the

e↵ect of the squared term becomes more pronounced.
This is expected, as along the dashed line, the interfer-
ence term is accidentally zero, even for energies below
the cut-o↵, and thus, the parametrically sub-dominant
squared term is larger. To achieve a partial cancellation
between these two terms one needs to deviate more and
more from the dashed line. While EFT validity has been
carefully imposed to derive our bounds, the fact that the
interference term vanishes along the flat direction and
the squared term becomes important, does imply that for
weakly coupled UV completions our bounds are suscep-
tible to O(1) dimension 8 deformations in this direction.
In the orthogonal direction shown by the dotted line, on
the other hand, our projections are more robust and not
sensitive to such e↵ects.
As we have emphasized already, V V production con-

strains the same set of operators as the V h production.
In Fig. 2, we also show the projected bound from the
WZ process at 300 fb�1 obtained in Ref. [18]. When
both these bounds are combined, only the purple region
remains. At 3000 fb�1, this region shrinks further to
the green region shown in Fig. 2. Thus, we see a dras-
tic reduction in the allowed LEP region is possible by
investigating pp ! Zh at high energies.

Conclusions

As hints for new physics beyond the SM remain elusive
with the LHC entering a new energy territory, model-
independent approaches based on the assumption of no
additional light propagating degrees of freedom are gain-
ing ground. The power of e↵ective field theory is that the-
oretical correlations between independent measurements
can be exploited to formulate tight constraints on the
presence of new physics, solely based on the SM symme-
tries and matter content.
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Figure 7. Comparison of the bounds obtained from LEP with those from our analysis based on
the WZ channel at the LHC. Left: universal theories with W,Y ! 1. Right: theories characterized
by W,Y, δκγ ,λγ ! 1. See main text for details.

for the HL-LHC (5% systematics) and assuming a new physics scale above 3TeV. Pro-

cesses with other diboson final states, test complementary directions in the δgZ1 and δκγ−Ŝ

plane, as we illustrate in the left panel of figure 7. The colored lines indicate the directions

around which constraints from different processes will converge, (constraints will correspond

to bands around these lines, which eventually indicate the “flat direction” of a given pro-

cess). In particular, dashed lines correspond to parton-level processes q̄q → WLWL/ZLh, as

derived from table. 2. These are weighted over the corresponding parton distribution func-

tions of the incoming uu and dd quark pairs, to produce the solid red lines corresponding

to pp → WLWL/ZLh, for invariant-mass values of 200, 400, 600 and 1000GeV respectively.

The gray shaded area in figure 7 shows bounds from LEP2 [15]. These bounds depend

also on the parameter λγ , which for simplicity we have taken to zero, a conservative choice

in our comparison. Our analysis is instead insensitive to (small values of) λγ , because of

the non-interference rules discussed before. This comparison allows us to conclude that,

in the context of universal theories, LEP2 bounds will be order-of-magnitude improved by

the HL-LHC, at least in the δgZ1 direction.

In section 2.2, we have further discussed explicit realizations of universal theories,

which we can refer to as “general SILH theories” and include e.g. theories with extra gauge

bosons or extra-dimensions, holographic versions of composite Higgs or little Higgs models.

In these theories δκγ (and λγ) arise only at the one-loop level, and are therefore expected

to be small. Similarly, for large g∗, W and Y are small, see for instance eq. (2.8). As

a result, the only relevant parameters are Ŝ and δgZ1 , that can be induced at tree-level.

These parameters enter in the HEPs, eq. (2.6), and provide then a strong motivation for

our analysis. The results are shown in the right panel of figure 7. Present limits on Ŝ come

from LEP measurements on the Z-pole, and we do not expect that the LHC will improve

them any further (such an improvement would require very accurate measurements of the

WLWL/ZLh channels).
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Figure 6. Expected 95% CL bounds from fully leptonic WZ on the high-energy primary parameter
a(3)q as a function of the new physics scale M . The plots reports the results for the HL-LHC
(orange lines), HE-LHC (green lines) and FCC-hh (brown lines) for different values of the systematic
uncertainties.

quantify how large M concretely needs to be for our results to hold by studying [10, 64, 65]

how the limit deteriorates if only events with low WZ invariant mass, mwz < mmax
wz are

employed. This obviously ensures that the limit is consistently set within the range of

validity of the EFT provided the EFT cutoff M is below mmax
wz .14 The results are reported

in figure 1 for the LHC and the HL-LHC and in figure 6 for the higher energy future

collider options. Since the 95% CL interval is nearly symmetric around the origin (with

the exception of the LHC one), only the upper limit is reported in the figure for shortness.

Several conclusions can be drawn from figures 1 and 6. First of all we see that the

reach saturates for mmax
wz below around 1.5TeV at the LHC and at the HL-LHC if the

systematic uncertainties are low, meaning that the limits obtained without mwz cut apply

to theories with cutoff M above that threshold. The threshold grows to around 3 and

4TeV at the HE-LHC and at the FCC-hh, respectively. The curve with δsyst = 100%

in figure 1 outlines the crucial role played by accuracy in this analysis. An inaccurate

determination of the cross-section would not only weaken by a factor ∼ 4 the asymptotic

reach at mmax
wz → ∞, but it would also raise above 2TeV the energy scale that is relevant

for the limit. This makes that on one hand we would be only sensitive to theories with a

lower M , since a(3)q ∼ 1/M2, while on the other hand we would need theories with larger

M for our limit to hold. The combination of these two effects would drastically reduce the

set of BSM theories that we would be able to probe. This is illustrated in the figures by

overlying to the reach the theoretical estimates of a(3)q , as a function of M $ mmax
wz , in the

14The choice of the kinematical variable that best characterizes the hardness of the event, to be compared

with M in order to ensure the EFT validity, is ambiguous to some extent. One choice could be the total

invariant mass of all the final state hard objects [65], which in our case would include extra hard jets.

The diboson mass mwz that we employ here is also a reasonable choice, in light of the cut on pT,V V that

effectively vetoes hard QCD radiation.
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Figure 1. Bounds from LEP [15], run-1 LHC (which includes 20 fb−1 at 8TeV and 3 fb−1 at
13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy primary
parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a detailed description
of the figure.

cross-section and in the theoretical prediction of the SM contribution. The “δsyst = 100%”

curve corresponds to an inaccurate determination of the cross-section, which is only sensi-

tive to order one departures from the SM. In the figure, the reach on a(3)q is compared with

theoretical expectations on the relation between a(3)q and M . The line “Fully Strong” cor-

responds to the rather implausible (although, strictly speaking, allowed) physical situation

where all the particles involved in the scattering (i.e., the bosons and the light quarks) have

maximal couplings, ∼ 4π, to the new physics sector at the scale M . This line is then given

by a(3)q = 16π2/M2, and the dark region above it is excluded by perturbative unitarity.

The line “Weak” corresponds to a(3)q = g2/M2, where g is the SU(2)L SM coupling, and

it is around this line where the most interesting BSM scenarios live. These are scenarios

where the SM gauge bosons and the light quarks are “elementary”, i.e. they are coupled

only through gauge interactions to the BSM particles at the scale M .2 In these cases, the

BSM amplitude is always smaller than the SM one (which is of order g2) in the whole range

of validity of the EFT E ! M . Therefore the BSM corrections to the cross-section never

overcome the SM expectation, and we cannot probe these scenarios through inaccurate

measurements, as the δsyst = 100% curve shows. The “Strong TGC” line (TGC standing

for Triple Gauge Couplings) is a(3)q = 4πg/M2, and it corresponds to a limiting case of

the “Remedios” scenario of ref. [14], where the quarks are elementary while the transverse

gauge fields are strongly interacting and partially composite. Notice that there are also

many interesting scenarios, such as supersymmetric theories, where the contributions to

a(3)q arise at the one-loop level, a(3)q ∼ g2/(16π2M2), predicting a line in the plane, not

shown in the figure, much below the “Weak” one. None of the indirect bounds we are

2Other SM particles, such as the Higgs, could very well be “composite”, i.e. strongly coupled, in these

scenarios. Composite Higgs models are indeed examples of theories that lie around the “Weak” line.
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Figure 5. Expected bounds on c
(3)
'q , setting ⇤ = 1TeV, at the FCC-hh with 30 ab�1 as a function

of the maximal invariant mass cut M . The bounds correspond to ��
2 = 3.84 (' 95% C.L.)

and are obtained from a single parameter fit to the O
(3)
'q operator. The dashed, solid and dotted

blue lines show the bounds for 1%, 5% and 10% systematics. The orange shaded area shows
the expected bound from a global fit at FCC-ee [21], while the shaded red area delimited by a
solid (dashed) line corresponds to the HL-LHC with 3 ab�1 (LHC run 1) bounds from leptonically
decaying WZ [12]. The light blue shaded are corresponds to the bound obtained by LEP [55]. The
diagonal dashed and solid gray lines show the values of the Wilson coe�cient expected in weakly-
coupled (c(3)'q ⇠ g

2
/(4M2)) and strongly-coupled (c(3)'q ⇠ (4⇡)2/(4M2)) new physics models [12].

(with ⇤ = 1TeV) are:

c
(3)
'q 2 [�2.3, 2.1]⇥ 10�3 1% syst.,

c
(3)
'q 2 [�2.8, 2.5]⇥ 10�3 5% syst.,

c
(3)
'q 2 [�3.4, 2.9]⇥ 10�3 10% syst.

(4.1)

The symmetry between the positive and negative bounds on the Wilson coe�cients in-

dicates that either the linear interference term between the SM and BSM dominates the

bound or that the squared BSM one does. One can check that in fact it is the linear

term that dominates by comparing the quadratic and linear terms in Table 5 setting

c
(3)
'q ⇠ few ⇥ 10�3 .

The diagonal dashed and solid gray lines show the values of the Wilson coe�cient

that are expected in weakly-coupled new physics models (labeled ‘Weak’ in the plot), with

c
(3)
'q ⇠ g

2
/(4M2), and strongly-coupled ones (labeled ‘Strong’), with c

(3)
'q ⇠ (4⇡)2/(4M2);

see discussion in Section 2.2. The extra factor of 1/4 is included to match the conventions

of Ref. [12]; it also arises in the matching of vector-like-quark extensions of the SM, see

Ref. [43].

For comparison, the projections obtained for the leptonicWZ at the FCC-hh, assuming
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Conclusions
• Full program HTE factory can bring very good progress on the EW properties 

• -pole has still a key role if   
• Processes are simple   (  final states) 
• Higher energies in principle can do without much improvement from -pole  
• High partonic energy makes  colliders are competitive (challenge of low 

systematics, high-luminosity needed) 
• Very similar arguments can be used for    (   final states) 

• Same types of observables: 
• fiducial rates, simple distributions usually capture the BSM effects

Z s ≤ 500 GeV
2 → 2 Zh, WW

Z
pp

2 → 2 ff̄



Thank you!
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