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Do you see my second slide? my 
pointer? and do  you hear me well?
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We got it!
• The Higgs boson is part of the SM since long 

before it was discovered 

• Tons of BSM was based on 
  via a simple 

scalar VEV well before the Higgs boson was 
discovered 

• We could have got the interesting puzzle to 
figure out a “higgsless” world. We got instead 
the puzzle of figuring out the a “BSMless” 
Higgs.

SU(2)W × U(1)Y → U(1)e



Roberto Franceschini - PLANCK2021 - https://conference.ippp.dur.ac.uk/event/999/

We got it!
• The Higgs boson is part of the SM since long 

before it was discovered 

• Tons of BSM was based on 
  via a simple 

scalar VEV well before the Higgs boson was 
discovered 

• We could have got the interesting puzzle to 
figure out a “higgsless” world. We got instead 
the puzzle of figuring out the a “BSMless” 
Higgs.

SU(2)W × U(1)Y → U(1)e



Roberto Franceschini - PLANCK2021 - https://conference.ippp.dur.ac.uk/event/999/

SSB and Higgs/Amplitude modes

• Goldstone bosons from SSB are well visible in 
many physical phenomena (pions, lots of 
condensed matter systems, …) 

• Higgs/Amplitudes modes are far less obvious 
to arise  “We don’t live in a crappy metal!” 

• “How special is our metal?” 

⇒
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SSB and Higgs/Amplitude modes
★ New heavy degrees of freedom can in principle affect , still they do not: 

• either because they do not exist at all (SM up to the highest energy) 

• or they are “magical”

mh

★ The task we have with the Higgs boson has to do with  

• either finding out the magic trick (new physics and its screening dynamics)  

• or convincing ourselves that the Higgs boson of the EW theory is truly 
special as a narrow and isolated resonance “in the desert” 

★ Both these efforts require to probe the Higgs boson harder
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S =
4s2

W

αem
⋅ ̂S ≃ 119 ⋅ ̂S < O(0.1)

MNP > O(30 ⋅ mW)

What is the scale we need to reach?
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FIG. 15. Contours of the likelihood function of S and T corresponding to 68% and 90% probability, computed from the measure-
ments listed in Table I. The long notches at the bottom of the figure correspond to the 90% and 95% confidence upper limits on S in
an unbiased analysis. The shorter notches show the locations of these limits if one imposes a priori that S )0.

mH =1 TeV. For di6'erent values of m, and mH, the posi-
tion of the likelihood contours on the S-T plane will be
different. However, the shapes and sizes of these con-
tours would be the same. This gives a convenient way to
plot the inhuence of the reference m, and mH on the S-T
analysis: We simply hold the position of the likelihood

contours fixed and plot the relative position of the origin
with respect to these contours. As we vary m„ this rela-
tive position then sweeps out a contour in the S-T plane
which roughly follows the displacements (4.4) but gives a
more accurate accounting for small values of m, . In
Figs. 15 and 16, we have plotted the contours corre-
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FIG. 16. Enlarged version of Fig. 15, showing the comparison of the region preferred by the fit with the predictions of the minimal
standard model and two technicolor models. The values of S and T for the minimal standard model are computed as described in the
text, for Higgs-boson masses for 100 GeV and 1 TeV, as a function of the top-quark mass. The stars denote values of m, from 75 to
250 GeV in 25 GeV steps. The values of S in technicolor models are the values for ETC=4 from Sec. VII. The values of T due to
technicolor are computed from (8.2), as an indication of the possible size of this effect. Again, the stars denote values of m, increasing
from 75 GeV in steps of 25 GeV.
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mt = 150 GeV, mh = 1 TeV

S < O(1)

MNP > O(10 ⋅ mW)
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Figure 1: Allowed values at 90, 99% C.L. of (Ŝ, T̂ ) (for generic W,Y ) and of (W,Y ) (for generic Ŝ, T̂ )
with mh = 115 GeV. The dashed lines show the weaker constraints obtained by the EWPT alone.

a finite or an infinite dimensional (Kaluza-Klein) problem. Instead it is often more efficient to find a
convenient set of interpolating fields for the light states and integrate out all the others. It should be
stressed that the fields we integrate out are also not exact mass eigenstates in general, as they mix with
the chosen interpolating fields. But this does not matter as long as the mass matrix reduced to the
fields we integrate out is non singular. When fermions couple to vector bosons like in eq. (2), taking
W̄ , B̄ as the low energy fields is the most convenient choice. With this choice, new physics effects are
fully parametrized by vector boson vacuum polarizations. Using the freedom of choosing the appropriate
fields one can drastically simplify the computations and focus directly on the relevant quantities. For
example one immediately sees the equivalence of the 4-fermion interactions mediated by heavy gauge
bosons with a suitable “universal” effect.

5.1 Gauge bosons in 5 dimensions

As a first example we will consider a model where the SM gauge bosons propagate in a flat extra
dimension assumed to be a S1/Z2 orbifold of length L = πR (0 ≤ y ≤ L). The SM fermions and the
Higgs are assumed to be confined on the same 4 dimensional boundary, say, at y = 0.

Previous analyses obtained the following low-energy effective Lagrangian that describes how heavy
KK excitations affect the low-energy interactions of the SM fields:

Leff = LSM − R2π
2

6
(Ja

µJa
µ + JB

µ JB
µ + JG

µ JG
µ ) + O(R4) , (14)

where J are the matter currents (fermions plus Higgs) of the three gauge factors of the SM gauge group,
normalized as in [9]. The various observables can then be computed by combining corrections to gauge
boson propagators, to their vertices and to four-fermion operators. By appropriately using the tree-
level equations of motion, it was recognized in [9] that these corrections are “universal” and can be
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Adimensional form factors operators custodial SU(2)L
g−2Ŝ = Π′

W3B(0) OWB = (H†τaH)W a
µνBµν/gg′ + −

g−2M2
W T̂ = ΠW3W3

(0) − ΠW+W−(0) OH = |H†DµH|2 − −
−g−2Û = Π′

W3W3
(0) − Π′

W+W−(0) − − −
2g−2M−2

W V = Π′′
W3W3

(0) − Π′′
W+W−(0) − − −

2g−1g′−1M−2
W X = Π′′

W3B(0) − + −
2g′−2M−2

W Y = Π′′
BB(0) OBB = (∂ρBµν)2/2g′2 + +

2g−2M−2
W W = Π′′

W3W3
(0) OWW = (DρW a

µν)2/2g2 + +

2g−2
s M−2

W Z = Π′′
GG(0) OGG = (DρGA

µν)2/2g2
s + +

Table 1: The first column defines the adimensional form factors. The second column defines the SU(2)L-
invariant universal dimension-6 operators, which contribute to the form-factors on the same row. We
use non canonically normalized fields and Π, see eq. (3). The Ŝ, T̂ , Û are related to the usual S, T,U
parameters [5] as: S = 4s2

WŜ/α ≈ 119 Ŝ, T = T̂ /α ≈ 129 T̂ , U = −4s2
WÛ/α. The last row defines one

additional form-factor in the QCD sector.

zeroth order coefficients ΠV (0). Altogether this leaves 7 undetermined parameters, Ŝ, T̂ , Û , V,X, Y,W ,
defined in Table 1. The notation for the 3 residual coefficients up to order q2 makes clear reference
to the traditional ones, S, T,U [5]: the actual relation is S = 4s2

WŜ/α ≈ 119 Ŝ, T = T̂ /α ≈ 129 T̂ ,
U = −4s2

WÛ/α. As a natural extension of this formalism, Table 1 also includes an additional form
factor in the QCD sector, which is not related to EWSB and which we will henceforth neglect.

As we shall now explain, the subset Ŝ, T̂ , Y,W represents the most general parametrization of new
physics effects in Electroweak Precision Tests (EWPT). Notice that we can group the various form factors
in 3 different classes according to their symmetry properties. The first class is given by T̂ , Û and V as
they have the same custodial and weak isospin breaking quantum numbers. The second class is given
by Ŝ and X, which are custodially symmetric but weak isospin breaking (and odd under the spurionic
symmetry which reverses the sign of Bµ and of the hypercharges of matter fields). Finally W and Y ,
which preserve both custodial and weak isospin, make up the third class. By going to O(q6) and higher
there would arise no new class but only higher derivative terms in each of the above 3 classes. It is
reasonable to expect that coefficients with the same symmetry properties will be related to each other
up to trivial factors associated to the number of derivatives: in a model where the new physics comes
in at a scale Λ we expect Û ∼ (MW /Λ)2T̂ , V ∼ (MW /Λ)4T̂ . Similarly we expect X ∼ (MW /Λ)2Ŝ.
On the other hand, W and Y are the lowest in their class.1 As soon as the gap between MW and Λ
is big enough, it should be reasonable to retain only the lowest derivative term in each class: Ŝ, T̂ ,
W and Y . Neglecting Û , V,X when they are parametrically suppressed also makes sense because the
experimental sensitivity on them is not higher than for the other four. Of course one can imagine fine-
tuned situations where this reasoning fails. On the contrary, although Ŝ, T̂ and W , Y have a different
number of derivatives there is no deep physical reason, in general, to expect T̂ to be bigger than Ŝ and
in turn Ŝ to be bigger than W,Y . Indeed there are several explicit models where these 4 quantities
give comparable effects. Basically we can associate Ŝ and T̂ to new physics in the electroweak breaking
sector (both effects break weak isospin), which is the case of technicolor. On the other hand W and
Y are associated to new structure in the vector channels, like for instance vector compositeness or new
gauge bosons. To conclude, we stress, as is made evident from our discussion, that no additional relevant

1The leading term in their class is truly represented by the SM gauge kinetic coefficients 1/g2 and 1/g′2.
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effects are expected by considering terms with more than 4 powers of momentum.
Our conclusions are not entirely new. The same line of reasoning, applied to ordinary technicolor

models, rightly selects just Ŝ and T̂ as relevant parameters [4]. In addition, keeping the light Higgs
field and parametrizing new physics effects by higher dimensional operators, one finds that the leading
effects, associated to dimension 6 operators [7],2

L = LSM +
1

v2

[
cWBOWB + cHOH + cWWOWW + cBBOBB

]
, (4)

correspond precisely to Ŝ, T̂ , W and Y :

Ŝ = 2
cW

sW
cWB , T̂ = −cH , W = −g2cWW , Y = −g2cBB . (5)

However we find it useful to emphasize that this parametrization is general. Indeed our simple reasoning
did not require the presence of a Higgs field in the low energy effective theory. Note in particular that
we did not require 〈H〉/Λ to be a small parameter of our expansion.

EWPT listed in Table 2 (and measured mainly at the Z-peak by LEP1 experiments, but also in-
cluding the W and top masses and other measurements) correspond to 3 “universal” observables only,
usually named ε1, ε2, ε3 [6], and therefore cannot fix the 4 (or more) form factors possibly generated by
“universal” new physics. We will show that LEP2 data give 3 additional independent observables, here
named εZZ , εZγ , εγγ , that constrain mostly Y,W (or X,Y,W , if X is included) as strongly as EWPT. A
combined analysis is thus needed to properly bound “universal” new physics scenarios. These include a
subset of extra dimensional models, little Higgs models or Higgsless theories.

The rest of the paper is organized as follows. In section 2 we express the dependence of the physical
observables at the Z-pole on the coefficients of Table 1 and we summarize the experimental constraints.
We also give there the dependence of the low-energy precision data on the coefficients of Table 1 .
Similarly in section 3 we consider the information available from LEP2. In section 4 we show the global
constraints on the 4 parameters Ŝ, T̂ , Y,W including both EWPT and LEP2. In section 5 we present
examples of “universal”theories and calculate their predictions for Ŝ, T̂ , Y,W .

2 Electroweak precision observables before LEP2

As mentioned, the effect of “universal” theories of EWSB on the EWPT listed in table 2 can be encap-
sulated in 3 dimensionless quantities. Here we stick to the parameters ε1, ε2, ε3, as defined in [6], which
are linearly related to the various observables by universal coefficients only dependent on αs(MZ) and
α(MZ). The ε’s are defined in such a way as to account also for the electroweak radiative correction
effects. As such, they are not vanishing even in absence of any deviation from the SM.

From the dependence of the ε’s on the vacuum polarization amplitudes of the vector bosons [12], it
is immediate to express their dependence on the parameters of Table 1 as

ε1 = (+6.0 − 0.86 ln
mh

MZ
)10−3 + T̂ − W + 2X

sW

cW
− Y

s2
W

c2
W

, (6a)

2In [8] a complete list of the dimension-6 operators affecting precision electroweak data is given. In the same list only two
of the four operators in Table 1 are present. OBB and OWW are not included. As shown in [9], these operators are equivalent
to proper combinations of the operators involving fermions and appearing in the list of [8]. Names and normalizations of
the operators used here agree with [8, 9], after taking into account that they are here written in terms of non-canonically
normalized gauge bosons. Imposing supersymmetry does not reduce the number of independent “universal” dimension-6
operators [10].
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2 Electroweak precision observables before LEP2

As mentioned, the effect of “universal” theories of EWSB on the EWPT listed in table 2 can be encap-
sulated in 3 dimensionless quantities. Here we stick to the parameters ε1, ε2, ε3, as defined in [6], which
are linearly related to the various observables by universal coefficients only dependent on αs(MZ) and
α(MZ). The ε’s are defined in such a way as to account also for the electroweak radiative correction
effects. As such, they are not vanishing even in absence of any deviation from the SM.

From the dependence of the ε’s on the vacuum polarization amplitudes of the vector bosons [12], it
is immediate to express their dependence on the parameters of Table 1 as

ε1 = (+6.0 − 0.86 ln
mh

MZ
)10−3 + T̂ − W + 2X

sW

cW
− Y

s2
W

c2
W

, (6a)

2In [8] a complete list of the dimension-6 operators affecting precision electroweak data is given. In the same list only two
of the four operators in Table 1 are present. OBB and OWW are not included. As shown in [9], these operators are equivalent
to proper combinations of the operators involving fermions and appearing in the list of [8]. Names and normalizations of
the operators used here agree with [8, 9], after taking into account that they are here written in terms of non-canonically
normalized gauge bosons. Imposing supersymmetry does not reduce the number of independent “universal” dimension-6
operators [10].

3

unanswerable 



Roberto Franceschini - PLANCK2021 - https://conference.ippp.dur.ac.uk/event/999/

S =
4s2

W

αem
⋅ ̂S ≃ 119 ⋅ ̂S < O(0.1)

MNP > O(30 ⋅ mW)

What is the scale we need to reach?
2.2 Results 13

0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4 0.5
S

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5T

 = 172.5 GeV)t = 125 GeV, mH: M
ref

Fit contours for U = 0 (SM
68% and 95% CL for full fit

eff
lθ295% CL for asymmetries & sin

95% CL for Z widths

WΓ & W95% CL for M

SM Prediction

Figure 7: Constraints in the oblique parameters S and T , with the U parameter fixed to zero, using all
observables (blue). Individual constraints are shown from the asymmetry and direct sin2✓`e↵ measurements
(yellow), the Z partial and total widths (green) and W mass and width (red), with confidence levels drawn
for one degree of freedom.

0.1209± 0.0049 (�Z) and 0.1078± 0.0076 (�0

had
). A fit to all three measurements results in a value

of 0.1203 ± 0.0030, which is only slightly less precise than the result of the full fit. The results
obtained for ↵S(M2

Z
) are stable with respect to additional invisible beyond-the-standard-model

contributions to �Z .

No significant deviation from the direct measurements is observed in any of these predictions. The
indirect determinations of MW and sin2✓`

e↵
outperform the direct measurements in precision while

the indirect determinations of mt and ↵S(M2

Z
) are competitive to other experimental results.

Oblique parameters

Using the updated SM reference values MH,ref = 125 GeV and mt,ref = 172.5 GeV we obtain for
the oblique parameters denoted S, T , U [90, 91] the following values:

S = 0.04± 0.11 , T = 0.09± 0.14 , U = �0.02± 0.11 , (6)

with correlation coe�cients of +0.92 between S and T , �0.68 (�0.87) between S and U (T and
U). Fixing U = 0 one obtains S|U=0 = 0.04 ± 0.08 and T |U=0 = 0.08 ± 0.07, with a correlation
coe�cient of +0.92. The constraints on S and T for a fixed value of U = 0 are shown in Fig. 7.
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ments listed in Table I. The long notches at the bottom of the figure correspond to the 90% and 95% confidence upper limits on S in
an unbiased analysis. The shorter notches show the locations of these limits if one imposes a priori that S )0.

mH =1 TeV. For di6'erent values of m, and mH, the posi-
tion of the likelihood contours on the S-T plane will be
different. However, the shapes and sizes of these con-
tours would be the same. This gives a convenient way to
plot the inhuence of the reference m, and mH on the S-T
analysis: We simply hold the position of the likelihood

contours fixed and plot the relative position of the origin
with respect to these contours. As we vary m„ this rela-
tive position then sweeps out a contour in the S-T plane
which roughly follows the displacements (4.4) but gives a
more accurate accounting for small values of m, . In
Figs. 15 and 16, we have plotted the contours corre-
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FIG. 16. Enlarged version of Fig. 15, showing the comparison of the region preferred by the fit with the predictions of the minimal
standard model and two technicolor models. The values of S and T for the minimal standard model are computed as described in the
text, for Higgs-boson masses for 100 GeV and 1 TeV, as a function of the top-quark mass. The stars denote values of m, from 75 to
250 GeV in 25 GeV steps. The values of S in technicolor models are the values for ETC=4 from Sec. VII. The values of T due to
technicolor are computed from (8.2), as an indication of the possible size of this effect. Again, the stars denote values of m, increasing
from 75 GeV in steps of 25 GeV.
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mt = 150 GeV, mh = 1 TeV

S < O(1)

MNP > O(10 ⋅ mW)

unanswerable 
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S =
4s2

W

αem
⋅ ̂S ≃ 119 ⋅ ̂S < O(0.1)

MNP > O(30 ⋅ mW)

What is the scale we need to reach?

For “finding the Higgs boson” we knew there was a 
maximum scale to find it or find its substitute

I T  U S E D  T O  B E  E A S Y:

At the same time we had hints there was little new physics 
in the EWSB until few TeV 

Once the Higgs was discovered we had to (hopefully) look 
at its properties, as some largish deviation was still possible

E L E C T R O W E A K  S Y M M E T RY  B R E A K I N G  W E L L  T E S T E D  
B E F O R E  T H E  H I G G S  WA S  D I S C O V E R E D  
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mt = 150 GeV, mh = 1 TeV

S < O(1)

MNP > O(10 ⋅ mW)

unanswerable 



Hints were for new physics 
above TeV
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We had great hopes nevertheless



Higgs boson @h
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D ATA S E T  AT  Z H  T H R E S H O L DL A R G E

Pole, pole, pole
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Table 1 Leading-order, unpolarised cross sections for Higgsstrahlung,
WW-fusion, and ZZ-fusion processes for mH = 126 GeV at the three
centre-of-mass energies discussed in this paper.

√
s′ is the effective

centre-of-mass energy of the e+e− collision. The presented cross sec-
tions include the effects of ISR but exclude the effects of beamstrahlung.
Also given are numbers of expected events, including the effects of
ISR and the CLIC beamstrahlung spectrum. The presented cross sec-
tions and event numbers do not include possible enhancements from
polarised beams
√
s = 350 GeV 1.4 TeV 3 TeV

∫ dL
ds′ ds

′ 500 fb−1 1.5 ab−1 2 ab−1

σ (e+e− → ZH) 133 fb 8 fb 2 fb

σ (e+e− → Hνeν̄e) 34 fb 276 fb 477 fb

σ (e+e− → He+e−) 7 fb 28 fb 48 fb

No. ZH events 68,000 20,000 11,000

No. Hνeν̄e events 17,000 370,000 830,000

No. He+e− events 3700 37,000 84,000
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Fig. 3 Cross section as a function of centre-of-mass energy for the
main Higgs production processes at an e+e− collider for a Higgs mass
of mH = 126 GeV. The values shown correspond to unpolarised beams
and do not include the effect of beamstrahlung

has the largest cross section, but the WW-fusion process
(e+e− → Hνeν̄e) is also significant. The combined study of
these two processes probes the Higgs boson properties (width
and branching ratios) in a model-independent manner. In the
higher energy stages of CLIC operation (

√
s = 1.4 TeV and

3 TeV), Higgs production is dominated by the WW-fusion
process, with the ZZ-fusion process (e+e− → He+e−) also
becoming significant. Here the increased WW-fusion cross
section, combined with the high luminosity of CLIC, results
in large data samples, allowing precise O(1%) measure-
ments of the couplings of the Higgs boson to both fermions
and gauge bosons. In addition to the main Higgs produc-
tion channels, rarer processes such as e+e− → tt̄H and
e+e− → HHνeν̄e, provide access to the top Yukawa coupling
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Fig. 4 Leading-order Feynman diagrams of the highest cross section
Higgs production processes at CLIC; Higgsstrahlung (a), WW-fusion
(b) and ZZ-fusion (c)
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Fig. 5 Feynman diagrams of the leading-order processes at CLIC
involving (a) the top Yukawa coupling gHtt , and (b) the Higgs boson
trilinear self-coupling λ

and the Higgs trilinear self-coupling. Feynman diagrams for
these processes are shown in Fig. 5. In all cases, the Higgs
production cross sections can be increased with polarised
electron (and positron) beams as discussed in Sect. 3.2.

Table 1 lists the expected numbers of ZH, Hνeν̄e and
He+e− events for the three main CLIC centre-of-mass energy
stages. These numbers account for the effect of beam-
strahlung and initial state radiation (ISR), which result in a
tail in the distribution of the effective centre-of-mass energy√
s′. The impact of beamstrahlung on the expected num-

bers of events is mostly small. For example, it results in an
approximately 10% reduction in the numbers of Hνeν̄e events
at

√
s > 1 TeV (compared to the beam spectrum with ISR

alone), because the cross section rises relatively slowly with√
s. The reduction of the effective centre-of-mass energies

due to ISR and beamstrahlung increases the ZH cross section
at

√
s = 1.4 and 3 TeV.

The polar angle distributions for single Higgs production
obtained using Whizard 1.95 [20] for the CLIC centre-of-

123
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Table 2. Basic parameters and performance of the CEPC-v1 detector. The radiation length (X0) and the nuclear
interaction length (�) are measured at the normal incidence. The cell sizes are for transverse readout sensors and
the layer numbers are for longitudinal active readouts. The ✓ is the track polar angle.

Tracking system

Vertex detector 6 pixel layers

Silicon tracker 3 barrel layers, 6 forward disks on each side

Time projection chamber 220 radial readouts

Calorimetry

ECAL W/Si, 24X0, 5⇥5 mm2 cell with 30 layers

HCAL Fe/RPC, 6�, 10⇥10 mm2 cell with 40 layers

Performance

Track momentum resolution �(1/pT )⇠ 2⇥10�5 (1/GeV)

Impact parameter resolution 5µm�10µm/[(p/GeV)(sin✓)3/2]

ECAL energy resolution �E/E ⇠ 16%/
p
E/GeV�1%

HCAL energy resolution �E/E ⇠ 60%/
p
E/GeV�1%

fraction of Higgs bosons decay into final states with lep-
tons indirectly through the leptonic decays of the W or
Z bosons as well as the ⌧ leptons. These leptons serve
as signatures for identifying di↵erent Higgs boson decay
modes.

Fig. 3. A simulated e
+
e
�

! ZH ! qq̄ bb̄ event
reconstructed with the Arbor algorithm. Di↵er-
ent types of reconstructed final state particles are
represented in di↵erent colors.

A lepton identification algorithm, LICH [26], has
been developed and integrated into Arbor. E�cien-
cies close to 99.9% for identifying electrons and muons
with energies above 2 GeV have been achieved while the
mis-identification probabilities from hadrons are limited
to be less than 1%. The CEPC-v1 tracking system pro-
vides an excellent momentum resolution that is about

ten times better than those of the LEP and LHC detec-
tors. The good resolution is illustrated in the narrow
invariant mass distribution of the muon pairs from the
H !µ+µ� decays as shown in Fig. 4(a).

Photons are essential for the studies of H ! �� and
H !Z� decays. They are also important for the recon-
struction and measurements of ⌧ leptons and jets. The
H ! �� decay is an ideal process to characterize the
photon performance of the CEPC-v1. Figure 4(b) shows
the invariant mass distribution of the photon pairs from
the H ! �� decays.

2.3.2 Jets

Approximately 70% of Higgs bosons decay directly
into jets (bb̄, cc̄,gg) and an additional 22% decay in-
directly into final states with jets through the H !

WW ⇤,ZZ⇤ cascades. Therefore, e�cient jet reconstruc-
tion and precise measurements of their momenta are
pre-requisite for a precision Higgs physics program. In
Arbor, jets are reconstructed using the Durham algo-
rithm [27]. As a demonstration of the CEPC-v1 jet per-
formance, Fig. 5 shows the reconstructed dijet invari-
ant mass distributions of the W ! qq̄, Z ! qq̄ and
H ! bb̄/cc̄/gg decays from the ZZ ! ⌫⌫̄ qq̄, WW ! `⌫ qq̄
and ZH ! ⌫⌫̄(bb̄/cc̄/gg) processes, respectively. Com-
pared with W ! qq̄, the Z ! qq̄ and H ! bb̄/cc̄/gg dis-
tributions have long low-mass tails, resulting from the
heavy-flavor jets in these decays. The jet energy resolu-
tion is expected to be between 3–5% for the jet energy
range relevant at the CEPC. This resolution is approxi-
mately 2–4 times better than those of the LHC experi-
ments [28, 29]. The dijet mass resolution for the W and
Z bosons is approximately 4.4%, which allows for an av-
erage separation of 2� or better of the the hadronically

043002-5

⇒ roughly 1M Higgs bosons ⇒  measurements at 10−3 precision are "possible"
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Bottlenecks in sight
σ(ZH)Z→ℓℓ,H→untagged = BR(Z → ℓℓ) ⋅ σZH ⇒ g2

HZZ@0.4% ⋅
106

Nhiggs

σ(ZH)Z→anything,H→XX = σZH ⋅ BR(h → XX) ⇒
g2

hXX ⋅ g2
HZZ

Γtot
@0.13% ⋅

BR(h → XX)
0.5

⋅
106

Nhiggs

σ(ZH)Z→anything,H→YY
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=
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hYY
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{
δ Γ
Γ

=
δNZZ

NZZ
⊕

NZH,recoil

δNZH,recoil



Roberto Franceschini - PLANCK2021 - https://conference.ippp.dur.ac.uk/event/999/

Bottlenecks in sight
σ(ZH)Z→ℓℓ,H→untagged = BR(Z → ℓℓ) ⋅ σZH ⇒ g2

HZZ@0.4% ⋅
106

Nhiggs

σ(ZH)Z→anything,H→XX = σZH ⋅ BR(h → XX) ⇒
g2

hXX ⋅ g2
HZZ

Γtot
@0.13% ⋅

BR(h → XX)
0.5

⋅
106

Nhiggs

σ(ZH)Z→anything,H→YY

σ(ZH)Z→anything,H→XX
=

g2
hYY

g2
hXX

=
NYY

NXX

g2
hYY =

NYY

NXX
⋅ #

NZH,recoil

ℒ

δg2
hYY

g2
hYY

=
δNYY

NYY
⊕

δNXX

NXX
⊕

δNZH,recoil

NZH,recoil
⊕

δℒ
ℒ

A B S O L U T E  R AT E  M E A S U R E M E N T

{

HIGGS MEASUREMENTS

-� -� -� -� 0 � � � �-�

-�

-�

-�

0

�

�

�

�

Y�	N


Z�	N


M�

M

Figure 4.2: Left: A schematic view, transverse to the detector axis, of an e
+
e
� ! HZ event with

Z! µ+µ� and with the Higgs boson decaying hadronically. The two muons from the Z decay are
indicated. Right: Distribution of the mass recoiling against the muon pair, determined from the total
energy-momentum conservation, with an integrated luminosity of 5 ab

�1 and the CLD detector design.
The peak around 125 GeV (in red) consists of HZ events. The rest of the distribution (in blue and pink)
originate from ZZ and WW production.

the Higgs boson at the loop level. Under the assumption that the coupling structure is identical in form
to the SM, this cross section is proportional to the square of the Higgs boson coupling to the Z, gHZZ.

Building upon this powerful measurement, the Higgs boson width can then be inferred by counting
the number of HZ events in which the Higgs boson decays into a pair of Z bosons. Under the same
coupling assumption, this number is proportional to the ratio �HZ⇥�(H ! ZZ)/�H, hence to g4

HZZ/�H.
The measurement of gHZZ described above thus allows �H to be extracted. The numbers of events with
exclusive decays of the Higgs boson into bb̄, cc̄, gg, t+t�, µ+µ�, W

+
W

�, gg, Zg, and invisible Higgs
boson decays (tagged with the presence of just one Z boson and missing mass in the event) measure
�HZ ⇥ �(H ! XX)/�H with precisions indicated in Table 4.1.

With �HZ and �H known, the numbers of events are proportional to the square of the gHXX cou-
pling involved. In practice, the width and the couplings are determined with a global fit, which closely
follows the logic of Ref. [75]. The results of this fit are summarised in Table 4.2 and are compared to
the same fit applied to HL-LHC projections [72] and to those of other e

+
e
� colliders [76–78] exploring

the 240-to-380 GeV centre-of-mass energy range. Table 4.2 also shows that the extractions of �H and
of gHWW from the global fit are significantly improved by the addition of the WW-fusion process atp

s = 365 GeV, as a result of the correlation between the HZ and nn H processes.
In addition to the unique electroweak precision measurement programme presented earlier, the

FCC-ee provides the best model-independent precisions for all couplings accessible from Higgs boson
decays among the e

+
e
� collider projects at the EW scale. With larger luminosities delivered to sev-

eral detectors at several centre-of-mass energies (240, 350, and 365 GeV), the FCC-ee improves on the
model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is there-
fore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e

+
e
�

centre-of-mass energy upgrade. The FCC-ee also determines the Higgs boson width with a precision of
1.6%, which in turn allows the HL-LHC measurements to be interpreted in a model-independent way

PREPRINT submitted to Eur. Phys. J. C
33
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Takes a lot of understanding … 
A B S O L U T E  W I D T H  M E A S U R E M E N T

hep-ex/0509008, 1912.02067

Nν = 2.9840 ± 0.0082 = 2.984(8) = 3 − 0.016(8) hep-ex/0509008

Nν = 2.9975 ± 0.0074 = 2.997(7) = 3 − 0.003(7) 1912.02067
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
The curves indicate the predicted cross-section for two, three and four neutrino species with
SM couplings and negligible mass.

Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can
be expected to exhibit a net polarisation along the beam axis even when the colliding electrons
and positrons which produce them are unpolarised. Similarly, when such a polarised Z decays,
parity non-conservation implies not only that the resulting fermions will have net helicity, but
that their angular distribution will also be forward-backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Z-
pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,
2As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary

parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.

36
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Systematics in sight
FCC Physics Opportunities

Table 4.1: Relative statistical uncertainty on the measurements of event rates, providing �HZ ⇥
BR(H ! XX) and �⌫⌫̄H ⇥ BR(H ! XX), as expected from the FCC-ee data. This is obtained from a
fast simulation of the CLD detector and consolidated with extrapolations from full simulations of similar
linear-collider detectors (SiD and CLIC). All numbers indicate 68% C.L. intervals, except for the 95%
C.L. sensitivity in the last line. The accuracies expected with 5 ab

�1 at 240 GeV are given in the middle
columns, and those expected with 1.5 ab

�1 at
p

s = 365 GeV are displayed in the last columns.
p

s (GeV) 240 365

Luminosity (ab
�1) 5 1.5

�(�BR)/�BR (%) HZ nn H HZ nn H
H ! any ±0.5 ±0.9

H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9

H ! cc̄ ±2.2 ±6.5 ±10

H ! gg ±1.9 ±3.5 ±4.5

H ! W
+
W

� ±1.2 ±2.6 ±3.0

H ! ZZ ±4.4 ±12 ±10

H ! tt ±0.9 ±1.8 ±8

H ! gg ±9.0 ±18 ±22

H ! µ+µ� ±19 ±40

H ! invis. < 0.3 < 0.6

as well. Other e
+
e
� colliders at the EW scale are limited by the precision with which the HZ or the

WW fusion cross sections can be measured, i.e., by the luminosity delivered either at 240-250 GeV, or
at 365-380 GeV, or both.

4.2.2 The Top Yukawa Coupling and the Higgs Self-Coupling
Several Higgs boson couplings are not directly accessible from its decays, either because the masses
involved, and therefore the decay branching ratios, are too small to allow for an observation within 10

6

events – as is the case for the couplings to the particles of the first SM family: electron, up quark,
down quark – or because the masses involved are too large for the decay to be kinematically open –
as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling. Traditionally,
bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-
mass energy, either in e

+
e
� or in proton-proton collisions. The tt̄H production has already been detected

at the LHC with a significance larger than 5� by both the ATLAS [79] and CMS [80] collaborations,
corresponding to a combined precision of the order of 20% on the cross section and which constitutes
the first observation of the top-quark Yukawa coupling. The role FCC-ee can play in measuring the Higgs
self-coupling is discussed in detail in Section 10.

The precise determination of the top Yukawa coupling to ±5% is often used as another argument
for e

+
e
� collisions at a centre-of-mass energy of 500 GeV or above. This coupling will, however, be

determined with a similar or better precision already by the HL-LHC (±4.2%, model dependent), and
constrained to ±3.3% through a combined model-independent fit with FCC-ee data (Table 4.2). The
FCC-ee also has access to this coupling on its own, through its effect at quantum level on the tt̄ cross
section just above production threshold,

p
s = 350 GeV. Here too, the FCC-ee measurements at lower

energies are important to fix the value of the strong coupling constant ↵S (Section 3.2). This precise
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Table 4.2: Precision determined in the  framework of the Higgs boson couplings and total decay width,
as expected from the FCC-ee data, and compared to those from HL-LHC and other e

+
e
� colliders

exploring the 240-to-380 GeV centre-of-mass energy range. All numbers indicate 68% CL sensitivities,
except for the last line which gives the 95% CL sensitivity on the "exotic" branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accuracies are subdivided in three
categories: the first sub-column give the results of the model-independent fit expected with 5 ab

�1 at
240 GeV, the second sub-column in bold – directly comparable to the other collider fits – includes the
additional 1.5 ab

�1 at
p

s = 365 GeV, and the last sub-column shows the result of the combined fit with
HL-LHC. The fit to the HL-LHC projections alone (first column) requires two additional assumptions to
be made: here, the branching ratios into cc̄ and into exotic particles are set to their SM values. These HL-
LHC estimates were obtained by combining the ATLAS and the CMS projected sensitivities for Higgs
signal strength measurements, presented in Ref. [17]. We show the results assuming the systematic and
theory uncertainties from the S2 scenario described in that reference. Since H ! Zg projections from
CMS were not available, we assume the same precision as ATLAS. Finally, the correlations between
the ATLAS and CMS sets of projections were not available at the time this fit was performed and were
therefore neglected. We note that the absence of that information can result, in some cases, in somewhat
optimistic bounds. In particular, this happens for those couplings whose uncertainty is dominated by
theoretical errors (e.g. gHtt).

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab
�1) 3 2 1 3 5 5240 +1.5365 + HL-LHC

Years 25 15 8 6 7 3 +4
��H/�H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1
�gHZZ/gHZZ (%) 1.3 0.3 0.60 0.32 0.25 0.2 0.17 0.16
�gHWW/gHWW (%) 1.4 1.7 1.0 1.7 1.4 1.3 0.43 0.40
�gHbb/gHbb (%) 2.9 1.7 2.1 1.8 1.3 1.3 0.61 0.55
�gHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18
�gHgg/gHgg (%) 1.8 2.2 2.6 2.1 1.5 1.6 1.01 0.83
�gHtt/gHtt (%) 1.8 1.9 3.1 1.9 1.5 1.4 0.74 0.64
�gHµµ/gHµµ (%) 4.4 14.1 n.a. 12 8.7 10.1 9.0 3.9
�gHgg/gHgg (%) 1.6 6.4 n.a. 6.1 3.7 4.8 3.9 1.1
�gHtt/gHtt (%) 2.5 – – – – – – 2.4
BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

measurement allows the QCD effects to be disentangled from those of the top Yukawa coupling at the
tt̄ vertex. A precision of ±10% is achievable at the FCC-ee on the top Yukawa coupling. A very high
energy machine, such as the FCC-hh, has the potential to reach a precision better than ±1% with the
measurement of the ratio of the ttH to the ttZ cross sections, when combined with the top EW couplings
precisely measured at the FCC-ee (Section 6.2).

The electron Yukawa coupling

The measurement of the electron Yukawa coupling is challenging due to the small size of the electron
mass. If, for a variety of reasons, the FCC schedule called for a prolongation of the FCC-ee operation,
a few additional years spent at centre-of-mass energy in the immediate vicinity of the Higgs boson pole
mass,

p
s ' 125.09 GeV, would be an interesting option. At this energy, the resonant production of

the Higgs boson in the s channel, e
+
e
� ! H, has a tree-level cross section of 1.64 fb, reduced to 0.6 fb
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Table 4.1: Relative statistical uncertainty on the measurements of event rates, providing �HZ ⇥
BR(H ! XX) and �⌫⌫̄H ⇥ BR(H ! XX), as expected from the FCC-ee data. This is obtained from a
fast simulation of the CLD detector and consolidated with extrapolations from full simulations of similar
linear-collider detectors (SiD and CLIC). All numbers indicate 68% C.L. intervals, except for the 95%
C.L. sensitivity in the last line. The accuracies expected with 5 ab

�1 at 240 GeV are given in the middle
columns, and those expected with 1.5 ab

�1 at
p

s = 365 GeV are displayed in the last columns.
p

s (GeV) 240 365

Luminosity (ab
�1) 5 1.5

�(�BR)/�BR (%) HZ nn H HZ nn H
H ! any ±0.5 ±0.9

H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9

H ! cc̄ ±2.2 ±6.5 ±10

H ! gg ±1.9 ±3.5 ±4.5

H ! W
+
W

� ±1.2 ±2.6 ±3.0

H ! ZZ ±4.4 ±12 ±10

H ! tt ±0.9 ±1.8 ±8

H ! gg ±9.0 ±18 ±22

H ! µ+µ� ±19 ±40

H ! invis. < 0.3 < 0.6

as well. Other e
+
e
� colliders at the EW scale are limited by the precision with which the HZ or the

WW fusion cross sections can be measured, i.e., by the luminosity delivered either at 240-250 GeV, or
at 365-380 GeV, or both.

4.2.2 The Top Yukawa Coupling and the Higgs Self-Coupling
Several Higgs boson couplings are not directly accessible from its decays, either because the masses
involved, and therefore the decay branching ratios, are too small to allow for an observation within 10

6

events – as is the case for the couplings to the particles of the first SM family: electron, up quark,
down quark – or because the masses involved are too large for the decay to be kinematically open –
as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling. Traditionally,
bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-
mass energy, either in e

+
e
� or in proton-proton collisions. The tt̄H production has already been detected

at the LHC with a significance larger than 5� by both the ATLAS [79] and CMS [80] collaborations,
corresponding to a combined precision of the order of 20% on the cross section and which constitutes
the first observation of the top-quark Yukawa coupling. The role FCC-ee can play in measuring the Higgs
self-coupling is discussed in detail in Section 10.

The precise determination of the top Yukawa coupling to ±5% is often used as another argument
for e

+
e
� collisions at a centre-of-mass energy of 500 GeV or above. This coupling will, however, be

determined with a similar or better precision already by the HL-LHC (±4.2%, model dependent), and
constrained to ±3.3% through a combined model-independent fit with FCC-ee data (Table 4.2). The
FCC-ee also has access to this coupling on its own, through its effect at quantum level on the tt̄ cross
section just above production threshold,

p
s = 350 GeV. Here too, the FCC-ee measurements at lower

energies are important to fix the value of the strong coupling constant ↵S (Section 3.2). This precise
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Table 4.2: Precision determined in the  framework of the Higgs boson couplings and total decay width,
as expected from the FCC-ee data, and compared to those from HL-LHC and other e

+
e
� colliders

exploring the 240-to-380 GeV centre-of-mass energy range. All numbers indicate 68% CL sensitivities,
except for the last line which gives the 95% CL sensitivity on the "exotic" branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accuracies are subdivided in three
categories: the first sub-column give the results of the model-independent fit expected with 5 ab

�1 at
240 GeV, the second sub-column in bold – directly comparable to the other collider fits – includes the
additional 1.5 ab

�1 at
p

s = 365 GeV, and the last sub-column shows the result of the combined fit with
HL-LHC. The fit to the HL-LHC projections alone (first column) requires two additional assumptions to
be made: here, the branching ratios into cc̄ and into exotic particles are set to their SM values. These HL-
LHC estimates were obtained by combining the ATLAS and the CMS projected sensitivities for Higgs
signal strength measurements, presented in Ref. [17]. We show the results assuming the systematic and
theory uncertainties from the S2 scenario described in that reference. Since H ! Zg projections from
CMS were not available, we assume the same precision as ATLAS. Finally, the correlations between
the ATLAS and CMS sets of projections were not available at the time this fit was performed and were
therefore neglected. We note that the absence of that information can result, in some cases, in somewhat
optimistic bounds. In particular, this happens for those couplings whose uncertainty is dominated by
theoretical errors (e.g. gHtt).

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab
�1) 3 2 1 3 5 5240 +1.5365 + HL-LHC

Years 25 15 8 6 7 3 +4
��H/�H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1
�gHZZ/gHZZ (%) 1.3 0.3 0.60 0.32 0.25 0.2 0.17 0.16
�gHWW/gHWW (%) 1.4 1.7 1.0 1.7 1.4 1.3 0.43 0.40
�gHbb/gHbb (%) 2.9 1.7 2.1 1.8 1.3 1.3 0.61 0.55
�gHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18
�gHgg/gHgg (%) 1.8 2.2 2.6 2.1 1.5 1.6 1.01 0.83
�gHtt/gHtt (%) 1.8 1.9 3.1 1.9 1.5 1.4 0.74 0.64
�gHµµ/gHµµ (%) 4.4 14.1 n.a. 12 8.7 10.1 9.0 3.9
�gHgg/gHgg (%) 1.6 6.4 n.a. 6.1 3.7 4.8 3.9 1.1
�gHtt/gHtt (%) 2.5 – – – – – – 2.4
BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

measurement allows the QCD effects to be disentangled from those of the top Yukawa coupling at the
tt̄ vertex. A precision of ±10% is achievable at the FCC-ee on the top Yukawa coupling. A very high
energy machine, such as the FCC-hh, has the potential to reach a precision better than ±1% with the
measurement of the ratio of the ttH to the ttZ cross sections, when combined with the top EW couplings
precisely measured at the FCC-ee (Section 6.2).

The electron Yukawa coupling

The measurement of the electron Yukawa coupling is challenging due to the small size of the electron
mass. If, for a variety of reasons, the FCC schedule called for a prolongation of the FCC-ee operation,
a few additional years spent at centre-of-mass energy in the immediate vicinity of the Higgs boson pole
mass,

p
s ' 125.09 GeV, would be an interesting option. At this energy, the resonant production of

the Higgs boson in the s channel, e
+
e
� ! H, has a tree-level cross section of 1.64 fb, reduced to 0.6 fb
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Table 4.2: Precision determined in the  framework of the Higgs boson couplings and total decay width,
as expected from the FCC-ee data, and compared to those from HL-LHC and other e

+
e
� colliders

exploring the 240-to-380 GeV centre-of-mass energy range. All numbers indicate 68% CL sensitivities,
except for the last line which gives the 95% CL sensitivity on the "exotic" branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accuracies are subdivided in three
categories: the first sub-column give the results of the model-independent fit expected with 5 ab

�1 at
240 GeV, the second sub-column in bold – directly comparable to the other collider fits – includes the
additional 1.5 ab

�1 at
p

s = 365 GeV, and the last sub-column shows the result of the combined fit with
HL-LHC. The fit to the HL-LHC projections alone (first column) requires two additional assumptions to
be made: here, the branching ratios into cc̄ and into exotic particles are set to their SM values. These HL-
LHC estimates were obtained by combining the ATLAS and the CMS projected sensitivities for Higgs
signal strength measurements, presented in Ref. [17]. We show the results assuming the systematic and
theory uncertainties from the S2 scenario described in that reference. Since H ! Zg projections from
CMS were not available, we assume the same precision as ATLAS. Finally, the correlations between
the ATLAS and CMS sets of projections were not available at the time this fit was performed and were
therefore neglected. We note that the absence of that information can result, in some cases, in somewhat
optimistic bounds. In particular, this happens for those couplings whose uncertainty is dominated by
theoretical errors (e.g. gHtt).

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab
�1) 3 2 1 3 5 5240 +1.5365 + HL-LHC

Years 25 15 8 6 7 3 +4
��H/�H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1
�gHZZ/gHZZ (%) 1.3 0.3 0.60 0.32 0.25 0.2 0.17 0.16
�gHWW/gHWW (%) 1.4 1.7 1.0 1.7 1.4 1.3 0.43 0.40
�gHbb/gHbb (%) 2.9 1.7 2.1 1.8 1.3 1.3 0.61 0.55
�gHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18
�gHgg/gHgg (%) 1.8 2.2 2.6 2.1 1.5 1.6 1.01 0.83
�gHtt/gHtt (%) 1.8 1.9 3.1 1.9 1.5 1.4 0.74 0.64
�gHµµ/gHµµ (%) 4.4 14.1 n.a. 12 8.7 10.1 9.0 3.9
�gHgg/gHgg (%) 1.6 6.4 n.a. 6.1 3.7 4.8 3.9 1.1
�gHtt/gHtt (%) 2.5 – – – – – – 2.4
BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

measurement allows the QCD effects to be disentangled from those of the top Yukawa coupling at the
tt̄ vertex. A precision of ±10% is achievable at the FCC-ee on the top Yukawa coupling. A very high
energy machine, such as the FCC-hh, has the potential to reach a precision better than ±1% with the
measurement of the ratio of the ttH to the ttZ cross sections, when combined with the top EW couplings
precisely measured at the FCC-ee (Section 6.2).

The electron Yukawa coupling

The measurement of the electron Yukawa coupling is challenging due to the small size of the electron
mass. If, for a variety of reasons, the FCC schedule called for a prolongation of the FCC-ee operation,
a few additional years spent at centre-of-mass energy in the immediate vicinity of the Higgs boson pole
mass,

p
s ' 125.09 GeV, would be an interesting option. At this energy, the resonant production of

the Higgs boson in the s channel, e
+
e
� ! H, has a tree-level cross section of 1.64 fb, reduced to 0.6 fb
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Table 4.1: Relative statistical uncertainty on the measurements of event rates, providing �HZ ⇥
BR(H ! XX) and �⌫⌫̄H ⇥ BR(H ! XX), as expected from the FCC-ee data. This is obtained from a
fast simulation of the CLD detector and consolidated with extrapolations from full simulations of similar
linear-collider detectors (SiD and CLIC). All numbers indicate 68% C.L. intervals, except for the 95%
C.L. sensitivity in the last line. The accuracies expected with 5 ab

�1 at 240 GeV are given in the middle
columns, and those expected with 1.5 ab

�1 at
p

s = 365 GeV are displayed in the last columns.
p

s (GeV) 240 365

Luminosity (ab
�1) 5 1.5

�(�BR)/�BR (%) HZ nn H HZ nn H
H ! any ±0.5 ±0.9

H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9

H ! cc̄ ±2.2 ±6.5 ±10

H ! gg ±1.9 ±3.5 ±4.5

H ! W
+
W

� ±1.2 ±2.6 ±3.0

H ! ZZ ±4.4 ±12 ±10

H ! tt ±0.9 ±1.8 ±8

H ! gg ±9.0 ±18 ±22

H ! µ+µ� ±19 ±40

H ! invis. < 0.3 < 0.6

as well. Other e
+
e
� colliders at the EW scale are limited by the precision with which the HZ or the

WW fusion cross sections can be measured, i.e., by the luminosity delivered either at 240-250 GeV, or
at 365-380 GeV, or both.

4.2.2 The Top Yukawa Coupling and the Higgs Self-Coupling
Several Higgs boson couplings are not directly accessible from its decays, either because the masses
involved, and therefore the decay branching ratios, are too small to allow for an observation within 10

6

events – as is the case for the couplings to the particles of the first SM family: electron, up quark,
down quark – or because the masses involved are too large for the decay to be kinematically open –
as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling. Traditionally,
bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-
mass energy, either in e

+
e
� or in proton-proton collisions. The tt̄H production has already been detected

at the LHC with a significance larger than 5� by both the ATLAS [79] and CMS [80] collaborations,
corresponding to a combined precision of the order of 20% on the cross section and which constitutes
the first observation of the top-quark Yukawa coupling. The role FCC-ee can play in measuring the Higgs
self-coupling is discussed in detail in Section 10.

The precise determination of the top Yukawa coupling to ±5% is often used as another argument
for e

+
e
� collisions at a centre-of-mass energy of 500 GeV or above. This coupling will, however, be

determined with a similar or better precision already by the HL-LHC (±4.2%, model dependent), and
constrained to ±3.3% through a combined model-independent fit with FCC-ee data (Table 4.2). The
FCC-ee also has access to this coupling on its own, through its effect at quantum level on the tt̄ cross
section just above production threshold,

p
s = 350 GeV. Here too, the FCC-ee measurements at lower

energies are important to fix the value of the strong coupling constant ↵S (Section 3.2). This precise
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Table 4.2: Precision determined in the  framework of the Higgs boson couplings and total decay width,
as expected from the FCC-ee data, and compared to those from HL-LHC and other e

+
e
� colliders

exploring the 240-to-380 GeV centre-of-mass energy range. All numbers indicate 68% CL sensitivities,
except for the last line which gives the 95% CL sensitivity on the "exotic" branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accuracies are subdivided in three
categories: the first sub-column give the results of the model-independent fit expected with 5 ab

�1 at
240 GeV, the second sub-column in bold – directly comparable to the other collider fits – includes the
additional 1.5 ab

�1 at
p

s = 365 GeV, and the last sub-column shows the result of the combined fit with
HL-LHC. The fit to the HL-LHC projections alone (first column) requires two additional assumptions to
be made: here, the branching ratios into cc̄ and into exotic particles are set to their SM values. These HL-
LHC estimates were obtained by combining the ATLAS and the CMS projected sensitivities for Higgs
signal strength measurements, presented in Ref. [17]. We show the results assuming the systematic and
theory uncertainties from the S2 scenario described in that reference. Since H ! Zg projections from
CMS were not available, we assume the same precision as ATLAS. Finally, the correlations between
the ATLAS and CMS sets of projections were not available at the time this fit was performed and were
therefore neglected. We note that the absence of that information can result, in some cases, in somewhat
optimistic bounds. In particular, this happens for those couplings whose uncertainty is dominated by
theoretical errors (e.g. gHtt).

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab
�1) 3 2 1 3 5 5240 +1.5365 + HL-LHC

Years 25 15 8 6 7 3 +4
��H/�H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1
�gHZZ/gHZZ (%) 1.3 0.3 0.60 0.32 0.25 0.2 0.17 0.16
�gHWW/gHWW (%) 1.4 1.7 1.0 1.7 1.4 1.3 0.43 0.40
�gHbb/gHbb (%) 2.9 1.7 2.1 1.8 1.3 1.3 0.61 0.55
�gHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18
�gHgg/gHgg (%) 1.8 2.2 2.6 2.1 1.5 1.6 1.01 0.83
�gHtt/gHtt (%) 1.8 1.9 3.1 1.9 1.5 1.4 0.74 0.64
�gHµµ/gHµµ (%) 4.4 14.1 n.a. 12 8.7 10.1 9.0 3.9
�gHgg/gHgg (%) 1.6 6.4 n.a. 6.1 3.7 4.8 3.9 1.1
�gHtt/gHtt (%) 2.5 – – – – – – 2.4
BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

measurement allows the QCD effects to be disentangled from those of the top Yukawa coupling at the
tt̄ vertex. A precision of ±10% is achievable at the FCC-ee on the top Yukawa coupling. A very high
energy machine, such as the FCC-hh, has the potential to reach a precision better than ±1% with the
measurement of the ratio of the ttH to the ttZ cross sections, when combined with the top EW couplings
precisely measured at the FCC-ee (Section 6.2).

The electron Yukawa coupling

The measurement of the electron Yukawa coupling is challenging due to the small size of the electron
mass. If, for a variety of reasons, the FCC schedule called for a prolongation of the FCC-ee operation,
a few additional years spent at centre-of-mass energy in the immediate vicinity of the Higgs boson pole
mass,

p
s ' 125.09 GeV, would be an interesting option. At this energy, the resonant production of

the Higgs boson in the s channel, e
+
e
� ! H, has a tree-level cross section of 1.64 fb, reduced to 0.6 fb
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Table 4.1: Relative statistical uncertainty on the measurements of event rates, providing �HZ ⇥
BR(H ! XX) and �⌫⌫̄H ⇥ BR(H ! XX), as expected from the FCC-ee data. This is obtained from a
fast simulation of the CLD detector and consolidated with extrapolations from full simulations of similar
linear-collider detectors (SiD and CLIC). All numbers indicate 68% C.L. intervals, except for the 95%
C.L. sensitivity in the last line. The accuracies expected with 5 ab

�1 at 240 GeV are given in the middle
columns, and those expected with 1.5 ab

�1 at
p

s = 365 GeV are displayed in the last columns.
p

s (GeV) 240 365

Luminosity (ab
�1) 5 1.5

�(�BR)/�BR (%) HZ nn H HZ nn H
H ! any ±0.5 ±0.9

H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9

H ! cc̄ ±2.2 ±6.5 ±10

H ! gg ±1.9 ±3.5 ±4.5

H ! W
+
W

� ±1.2 ±2.6 ±3.0

H ! ZZ ±4.4 ±12 ±10

H ! tt ±0.9 ±1.8 ±8

H ! gg ±9.0 ±18 ±22

H ! µ+µ� ±19 ±40

H ! invis. < 0.3 < 0.6

as well. Other e
+
e
� colliders at the EW scale are limited by the precision with which the HZ or the

WW fusion cross sections can be measured, i.e., by the luminosity delivered either at 240-250 GeV, or
at 365-380 GeV, or both.

4.2.2 The Top Yukawa Coupling and the Higgs Self-Coupling
Several Higgs boson couplings are not directly accessible from its decays, either because the masses
involved, and therefore the decay branching ratios, are too small to allow for an observation within 10

6

events – as is the case for the couplings to the particles of the first SM family: electron, up quark,
down quark – or because the masses involved are too large for the decay to be kinematically open –
as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling. Traditionally,
bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
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mass energy, either in e

+
e
� or in proton-proton collisions. The tt̄H production has already been detected
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corresponding to a combined precision of the order of 20% on the cross section and which constitutes
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The precise determination of the top Yukawa coupling to ±5% is often used as another argument
for e

+
e
� collisions at a centre-of-mass energy of 500 GeV or above. This coupling will, however, be

determined with a similar or better precision already by the HL-LHC (±4.2%, model dependent), and
constrained to ±3.3% through a combined model-independent fit with FCC-ee data (Table 4.2). The
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section just above production threshold,

p
s = 350 GeV. Here too, the FCC-ee measurements at lower

energies are important to fix the value of the strong coupling constant ↵S (Section 3.2). This precise
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Table 4.2: Precision determined in the  framework of the Higgs boson couplings and total decay width,
as expected from the FCC-ee data, and compared to those from HL-LHC and other e

+
e
� colliders

exploring the 240-to-380 GeV centre-of-mass energy range. All numbers indicate 68% CL sensitivities,
except for the last line which gives the 95% CL sensitivity on the "exotic" branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accuracies are subdivided in three
categories: the first sub-column give the results of the model-independent fit expected with 5 ab

�1 at
240 GeV, the second sub-column in bold – directly comparable to the other collider fits – includes the
additional 1.5 ab

�1 at
p

s = 365 GeV, and the last sub-column shows the result of the combined fit with
HL-LHC. The fit to the HL-LHC projections alone (first column) requires two additional assumptions to
be made: here, the branching ratios into cc̄ and into exotic particles are set to their SM values. These HL-
LHC estimates were obtained by combining the ATLAS and the CMS projected sensitivities for Higgs
signal strength measurements, presented in Ref. [17]. We show the results assuming the systematic and
theory uncertainties from the S2 scenario described in that reference. Since H ! Zg projections from
CMS were not available, we assume the same precision as ATLAS. Finally, the correlations between
the ATLAS and CMS sets of projections were not available at the time this fit was performed and were
therefore neglected. We note that the absence of that information can result, in some cases, in somewhat
optimistic bounds. In particular, this happens for those couplings whose uncertainty is dominated by
theoretical errors (e.g. gHtt).

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab
�1) 3 2 1 3 5 5240 +1.5365 + HL-LHC

Years 25 15 8 6 7 3 +4
��H/�H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1
�gHZZ/gHZZ (%) 1.3 0.3 0.60 0.32 0.25 0.2 0.17 0.16
�gHWW/gHWW (%) 1.4 1.7 1.0 1.7 1.4 1.3 0.43 0.40
�gHbb/gHbb (%) 2.9 1.7 2.1 1.8 1.3 1.3 0.61 0.55
�gHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18
�gHgg/gHgg (%) 1.8 2.2 2.6 2.1 1.5 1.6 1.01 0.83
�gHtt/gHtt (%) 1.8 1.9 3.1 1.9 1.5 1.4 0.74 0.64
�gHµµ/gHµµ (%) 4.4 14.1 n.a. 12 8.7 10.1 9.0 3.9
�gHgg/gHgg (%) 1.6 6.4 n.a. 6.1 3.7 4.8 3.9 1.1
�gHtt/gHtt (%) 2.5 – – – – – – 2.4
BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

measurement allows the QCD effects to be disentangled from those of the top Yukawa coupling at the
tt̄ vertex. A precision of ±10% is achievable at the FCC-ee on the top Yukawa coupling. A very high
energy machine, such as the FCC-hh, has the potential to reach a precision better than ±1% with the
measurement of the ratio of the ttH to the ttZ cross sections, when combined with the top EW couplings
precisely measured at the FCC-ee (Section 6.2).

The electron Yukawa coupling

The measurement of the electron Yukawa coupling is challenging due to the small size of the electron
mass. If, for a variety of reasons, the FCC schedule called for a prolongation of the FCC-ee operation,
a few additional years spent at centre-of-mass energy in the immediate vicinity of the Higgs boson pole
mass,

p
s ' 125.09 GeV, would be an interesting option. At this energy, the resonant production of

the Higgs boson in the s channel, e
+
e
� ! H, has a tree-level cross section of 1.64 fb, reduced to 0.6 fb
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T O U C H I N G  T H E  %  P R E C I S I O NH L - L H C

Table 4. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2 for the HL-LHC,
LHeC, and HE-LHC. A bound on |kV | 1 is applied since no direct access to the Higgs width is possible, thus the uncertainty
on kW and kZ is one-sided. For the remaining kappa parameters one standard deviation is provided in ±. The corresponding
95%CL upper limit on BRinv is also given. In this kappa-4 scenario BRunt is a floating parameter in the fit, to propagate the
effect of an assumed uncertain total width on the measurement of the other ki. Based on this constraint the reported values on
BRunt are inferred. Cases in which a particular parameter has been fixed to the SM value due to lack of sensitivity are shown
with a dash (�). An asterisk (*) indicates the cases in which there is no analysis input in the reference documentation, and
HL-LHC dominates the combination. In the case of kt sensitivity at the LHeC, note that the framework relies as input on µttH ,
and does not take into consideration µtH . The integrated luminosity and running conditions considered for each collider in this
comparison are described in Table 1.

kappa-3 scenario HL-LHC HL-LHC + LHeC HL-LHC + HE-LHC
kW (%,  1) �1.7 �0.3 �0.8
kZ (%,  1) �1.3 �0.7 �0.7

kg (%) ±2.2 ±1.6 ±1.1
kg (%) ±1.7 ±1.5 ±0.82
kZg (%) ±10. ±11. ⇤ ±3.7
kc (%) � ±3.7 �
kt (%) ±2.8 ±2.7 ⇤ ±1.6
kb (%) ±2.6 ±1.2 ±1.4
kµ (%) ±4.4 ±4.4 ⇤ ±1.7
kt (%) ±1.6 ±1.3 ±0.87

BRinv (<%, 95% CL) 1.9 1.1 1.5 ⇤

BRunt (<%, 95% CL) inferred using constraint |kV | 1
4.1 1.3 2.2

Table 5. Expected relative precision (%) of the k parameters in the kappa-3 (combined with HL-LHC) scenario described in
Section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. No requirement on kV is applied in the combination with HL-LHC,
since the lepton colliders provide the necessary access to the Higgs width. Cases in which a particular parameter has been fixed
to the SM value due to lack of sensitivity are shown with a dash (�). An asterisk (⇤) indicates the cases in which there is no
analysis input in the reference documentation, and HL-LHC dominates the combination. The integrated luminosity and running
conditions considered for each collider in this comparison are described in Table 1. Both the initial stage and the full program
of the colliders is considered, with "ILC500" corresponding to ILC250+ILC350+ILC500, "CLIC3000" to
CLIC380+CLIC1500+CLIC3000, and "FCC-ee365" to FCC-ee240+FCC-ee365. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-3 scenario HL-LHC+
ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh

kW (%) 1.1 0.29 0.75 0.4 0.38 0.95 0.95 0.41 0.2
kZ(%) 0.29 0.23 0.44 0.39 0.39 0.18 0.19 0.17 0.17
kg(%) 1.4 0.84 1.5 1.1 0.86 1.1 1.2 0.89 0.53
kg (%) 1.3 1.2 1.5⇤ 1.3 1.1 1.2 1.3 1.2 0.36
kZg (%) 11.⇤ 11.⇤ 11.⇤ 8.4 5.7 6.3 11.⇤ 10.⇤ 0.7
kc (%) 2. 1.2 4.1 1.9 1.4 2. 1.6 1.3 0.97
kt (%) 2.7 2.4 2.7 1.9 1.9 2.6 2.6 2.6 0.95
kb (%) 1.2 0.57 1.2 0.61 0.53 0.92 1. 0.64 0.48
kµ (%) 4.2 3.9 4.4⇤ 4.1 3.5 3.9 4. 3.9 0.44
kt (%) 1.1 0.64 1.4 0.99 0.82 0.96 0.98 0.66 0.49

BRinv (<%, 95% CL) 0.26 0.22 0.63 0.62 0.61 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.
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Competition from “current” experiments
Table 3. Expected relative precision (%) of the k parameters in the kappa-0 scenario described in Section 2 for future
accelerators. Colliders are considered independently, not in combination with the HL-LHC. No BSM width is allowed in the fit:
both BRunt and BRinv are set to 0, and therefore kV is not constrained. Cases in which a particular parameter has been fixed to
the SM value due to lack of sensitivity are shown with a dash (-). A star (?) indicates the cases in which a parameter has been
left free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions
considered for each collider in this comparison are described in Table 1. Both the initial stage and the full program of the
colliders is considered, with "ILC500" corresponding to ILC250+ILC350+ILC500, "CLIC3000" to CLIC380+CLIC1500+CLIC3000,
and "FCC-ee365" to FCC-ee240+FCC-ee365. FCC-ee/eh/hh corresponds to the combined performance of FCC-ee240+FCC-ee365,
FCC-eh and FCC-hh.

kappa-0 HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh
kW (%) 1.2 0.75 0.66 1.8 0.29 0.86 0.17 0.11 1.3 1.3 0.43 0.15
kZ (%) 1.0 1.2 0.6 0.29 0.23 0.5 0.26 0.23 0.13 0.2 0.17 0.12
kg (%) 2.2 3.6 1.4 2.3 0.97 2.5 1.3 0.9 1.5 1.7 1.0 0.52
kg (%) 1.7 7.5 0.98 6.7 3.4 98? 5.0 2.2 3.7 4.7 3.9 0.35
kZg (%) 10 � 4.0 99? 86? 120? 15 6.9 8.2 81? 75? 0.7
kc (%) � 4.0 � 2.5 1.3 4.3 1.8 1.4 2.2 1.8 1.3 0.95
kt (%) 2.8 � 2.0 � 6.9 � � 2.6 � � � 1.0
kb (%) 2.7 2.1 1.7 1.8 0.58 1.9 0.48 0.38 1.2 1.3 0.67 0.45
kµ (%) 4.4 � 1.8 15 9.4 320? 13 5.8 8.9 10 8.9 0.42
kt (%) 1.6 3.3 1.1 1.9 0.7 3.0 1.3 0.89 1.3 1.4 0.73 0.49

Section 7. In this case when HL-LHC is combined with a lepton collider the assumption |kV |1 is not longer necessary, and
therefore it is not used as a constrain in these kappa-3 fits. For those particular analyses not reported in the original reference
documentation listed in Table 1 (e.g. kZg ) the HL-LHC prospects drive the combination. They are indicated with ⇤ in the tables.

We have examined the correlations of the lepton collider kappa-3 fits. In the initial stage of ILC (ILC250), kW , kg, kb, kt and
ktau show sizeable correlations (> 70%), with the largest corresponding to kb and kt (93%). There is practically no correlation
between kW and kZ (8%). The untagged branching fraction is not particularly correlated with the couplings, with the largest
correlation corresponding to kZ (50%), and an anti correlation (-20%) seen for kZg where the only information comes from
the HL-LHC data. In the case of FCC-ee365, we see a slight correlation between kZ and kW (30%), and a similar correlation
between these and the untagged branching fraction (30-50%). The correlations between kb, kt , kg and kW are mild, with the
largest value corresponding once again to kb and kt (74%). In this case there is also no strong correlation between the untagged
branching fraction and the couplings, with the largest correlation corresponding to kZ (50%), followed by kb (30%). Again an
anti correlation (-20%) is seen for kZg . For CLIC3000 the situation is markedly different, with large correlations between kZ and
kW (80%), and between the untagged branching fraction and kZ , kW and kb (90%, 80%, 70% respectively). The correlations
between kb, kZ , kt , kg and kW are not negligible, with the highest corresponding to kb and kW (70%). In this case, kb and
kt are correlated to 45%. Further studies of the correlations will be pursed to gain a more global view of the Higgs precision
programme.

The results of the kappa-3 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders
and lepton colliders are shown together, the caveat that a bound on |kV | 1 is required for HL-LHC, HE-LHC and LHeC still
applies. Parameters fixed to the Standard Model value are not displayed.

Intrinsic theoretical uncertainties for future lepton colliders are omitted in Tables 3, 4 and 5. Their effect is discussed in
detail in Section 3.5.
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 ℓ⁺ℓ⁻→ hν ν
Buttazzo, RF, Wulzer

6 Future opportunities

that follows focuses on the motivation for a 10 TeV electron-positron collider.
The centre-of-mass energy dependence in the range up to 30 TeV for many important Standard

Model processes in electron-positron collisions is shown in Figure 57. Above the kinematic threshold,
the cross sections for Higgsstrahlung and two-fermion production (e.g. e+e� ! tt) scale as 1/s. A
similar energy dependence is visible for W-boson pair production. This is a first indication that the
desired integrated luminosities at 10 TeV would exceed those for the baseline CLIC energy stages.
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Figure 57: Cross section as a function of centre-of-mass energy for the main Standard Model processes
at a very high-energy e+e� collider. The values shown correspond to unpolarised beams and
include the effect of Initial State Radiation (ISR). (image credit: CLICdp)

On the other hand, the rate of events with final states produced in WW or ZZ boson fusion rises
approximately as log(s). For example, the cross section of the dominant contribution to double-Higgs
production, e+e� ! HHnene , is about a factor 4 larger at 10 TeV compared to 3 TeV. Although the
dependence of the cross section on the Higgs self-coupling decreases somewhat with energy, a significant
improvement of the knowledge of the Higgs self-coupling is expected for an integrated luminosity of a
few ab�1 at 10 TeV. Even higher centre-of-mass energies of a few tens of TeV would also give access to
triple Higgs production.

The indirect sensitivity to New Physics of Higgs and W+W� production is illustrated using Stand-
ard Model effective field theory (see also Section 2.4). In Figure 58(a) the sensitivities of the three
baseline energy stages of CLIC are compared to 4 ab�1 collected at a 10 TeV e+e� collider. The sens-
itivies to the scales of four dimension-6 operator coefficients, defined as L/

p
c, are shown. The results

are based on the fit described in [159], with the linear dependence on the coefficients now computed
more accurately. The projections used as input are largely obtained from benchmark analyses based
on full detector simulations [15]. The projections for 3 TeV are extrapolated to 10 TeV assuming that
the shape of the beamstrahlung spectrum is the same for both energies. Generally, new physics scales
well beyond the centre-of-mass energy of the collider can be probed. The 10 TeV stage enhances the
reach for some operators by almost a factor 2 compared with 3 TeV. In particular, the measurement of
the Higgsstrahlung cross section at the highest possible energy is important for the reach on c̄W � c̄B,
c̄HW and c̄HB. The reach on c̄3W shown here decreases at higher energy due to helicity suppression of
the linear interference term, but will also grow with energy at the quadratic level or if the interference is
recovered by suitable differential measurements.

75

ℒ ∼ E2σ ∼ log(s) ≃ const

σ ⋅ ℒ ⇒ 108 h

• ultra-rare Higgs decays 

• differential distribution 

• off-shell Higgs bosons 

• rare production modes

s = 30 TeV

the high intensity way 
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production, e+e� ! HHnene , is about a factor 4 larger at 10 TeV compared to 3 TeV. Although the
dependence of the cross section on the Higgs self-coupling decreases somewhat with energy, a significant
improvement of the knowledge of the Higgs self-coupling is expected for an integrated luminosity of a
few ab�1 at 10 TeV. Even higher centre-of-mass energies of a few tens of TeV would also give access to
triple Higgs production.
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more accurately. The projections used as input are largely obtained from benchmark analyses based
on full detector simulations [15]. The projections for 3 TeV are extrapolated to 10 TeV assuming that
the shape of the beamstrahlung spectrum is the same for both energies. Generally, new physics scales
well beyond the centre-of-mass energy of the collider can be probed. The 10 TeV stage enhances the
reach for some operators by almost a factor 2 compared with 3 TeV. In particular, the measurement of
the Higgsstrahlung cross section at the highest possible energy is important for the reach on c̄W � c̄B,
c̄HW and c̄HB. The reach on c̄3W shown here decreases at higher energy due to helicity suppression of
the linear interference term, but will also grow with energy at the quadratic level or if the interference is
recovered by suitable differential measurements.
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• most Higgs decays in acceptance 

• O(10⁴)   H→μ+μ- decays! 

• clean decays where systematic may be 
small will be a key. E.g. 4ℓ, ℓℓ Z, γγ, Zγ 

σ(ℓ+ℓ− → νν(h → bb)) = 1 pb at 30 TeV

ℒ ≃ 90 ⋅ (
s

30 TeV )
2

ab−1
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SM works wonderfully!
T H E  H I G H  I N T E N S I T Y  WAY  &  T H E  “ L E V E R A G I N G  E N E R G Y ”  WAY  
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“EFT epoch”
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New Physics may fit well in a EFT (new contact interactions)
• effects grow at larger energies like νe-→νe- in Fermi Theory
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New Physics may fit well in a EFT (new contact interactions)
• effects grow at larger energies like νe-→νe- in Fermi Theory

H I G H - L U M I  P R O B E S H I G H - E N E R G Y  P R O B E S

• dominant energy scale is low 
• measurement is simple to grasp 
• progress is easy to measure (in)significant digits

mW, mZ, sin θW, Awhatever
FB , h → Zγ, h → ZZ, t → bτν, σtot(ℓℓ → hh)

measurements dominated by a single mass scale

fight against systematics

NP effects may show up in the combination 
of many precise measurements

T H E  H I G H  I N T E N S I T Y  WAY  &  T H E  “ L E V E R A G I N G  E N E R G Y ”  WAY  

“EFT epoch”
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New Physics may fit well in a EFT (new contact interactions)
• effects grow at larger energies like νe-→νe- in Fermi Theory

H I G H - L U M I  P R O B E S H I G H - E N E R G Y  P R O B E S

dσ
dpT

measurements sensitive to a range of mass scales

• sensitive to a range of energy scales 
• measurement of a spectrum (not so?!?) simple to grasp 
• progress is easy to measure: bounds on new Fermi constants

1% at mZ is worse than 10% at 1 TeV

as NP effects may grow quadratically with energy 

ΔO = ONP − OSM ∼ ( E
v )

2

• dominant energy scale is low 
• measurement is simple to grasp 
• progress is easy to measure (in)significant digits

mW, mZ, sin θW, Awhatever
FB , h → Zγ, h → ZZ, t → bτν, σtot(ℓℓ → hh)

measurements dominated by a single mass scale

fight against systematics

NP effects may show up in the combination 
of many precise measurements

T H E  H I G H  I N T E N S I T Y  WAY  &  T H E  “ L E V E R A G I N G  E N E R G Y ”  WAY  

“EFT epoch”
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“The size of the Higgs boson”
it matters because being “point-like” is the source of all the theoretical questions on the Higgs boson and weak scale 

… and if it is not … well, that is physics beyond the Standard Model!
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S T R O N G LY  I N T E R A C T I N G  L I G H T  H I G G Sh ~π

Effects of the size of the Higgs boson
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749
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dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762
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Table 1: Left: BSM contributions to diboson production amplitudes that grow with energy. The
center of mass energy and scattering angle are denoted as

p
s and ✓?. Right: the relevant SILH

basis operators.

A particularly interesting two-dimensional slice of the high-energy primaries parameter space
is the one populated by Universal [24] BSM models, in which the heavy particles couple only
to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
motion of the W and B gauge fields), out of operators that do not contain lepton fields. Since
the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR

operator coe�cient is related to the one of O1L by GlR = 2G1L.
There are four Universal SILH-basis [25] operators, namely OW , OB, OHW and OHB, that

generate the operators in eq. (2) by the equations of motion. The Warsaw-basis coe�cients read
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where C(H)W,B are the (dimensionful) coe�cients of the O(H)W,B operators defined as in Table 1.
Our analysis of growing-with-energy e↵ects in dibosons will thus be sensitive only to two linear
combinations of the four SILH operators. However since CHW,HB are small in Composite Higgs
models, in what follows we set them to zero and illustrate the sensitivity in terms of the CW

and CB parameters.
In Universal theories, the two parameters combinations CW + CHW and CB + CHB also

control other interactions, generated by equations of motion, analog to eq. (2) but involving
quarks rather than leptons. The latter interactions induce growing-with-energy e↵ects in diboson
production at hadron colliders, that can be probed at the HL-LHC and at the FCC-hh [22].
This enables a comprehensive comparison of the VHEL sensitivity with the reach (see [26]) of
all the other (hadronic or leptonic) future collider projects. Let us consider for definiteness the
single-operator reach on CW . The 1� sensitivity is CHL-LHC

W, 1�
= 1/(6.7TeV)2 at the HL-LHC,
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= 1/(19TeV)2 after the full FCC program, and CCLIC

W, 1�
= 1/(26TeV)2 at CLIC. The CLIC

sensitivity is driven by high-energy diboson measurements performed at the highest available
CLIC center of mass energy of 3 TeV [18]. The FCC reach benefits from high-energy probes in
the diboson final state at the FCC-hh, but it is dominated by the FCC-ee accurate measurements
of Z pole and other EW-scale observables. The reach of FCC-ee alone is CFCCee

W, 1�
= 1/(17TeV)2.

It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative
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Table 2. Parameter combinations (in the high- and in the low-energy primary bases) that control
E2-enhanced effects in each polarized longitudinal diboson production process. Here, T f

Z = T f
3 −

Qfs2θW and YL,fR is the hypercharge of the left-handed and right-handed quark (e.g., YL = 1/6).
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Figure 3. Contributions to longitudinal diboson processes from different BSM scenarios: strongly-
coupled quarks and Higgs (a), strongly-coupled Higgs and transverse vectors (b), and “Weak” type
models (c,d).

scales as a ∼ (coupling)2/M2. As we have seen in the introduction, the actual product of

couplings entering this relation depends on the particular BSM scenario we have in mind.

We now discuss this aspect in more detail.

In BSM scenarios where some or all the SM particles are strongly coupled to the

new dynamics (for instance because they are composite objects), the relevant couplings

can be large. This implies that the relative departures from the SM, which are roughly

controlled by ABSM/ASM ∼ aE2/g2 ∼ (coupling/g)2 (E/M)2, can be larger than one, even

for E % M . The coexistence of the weakly coupled SM with a strongly-coupled BSM at

the scale M , can be natural if we postulate the presence of approximate global symmetries

in the BSM sector, weakly broken by the SM couplings. Explicit examples include models

of fermions compositeness (standard [32] or pseudo-Goldstini [14, 34]), or models where

the gauge bosons have strong multipolar interactions (called Remedios) [14].

Among these classes, models where both fermions and the Higgs are strongly coupled

generate large HEP, a ∼ g2∗/M
2 (illustrated in figure 3a), where g∗ > g is the coupling

associated with the new dynamics. If g∗ is maximal, g∗ ∼ 4π, we obtain the scenario de-

noted “Fully Strong” in the introduction. Such a scenario, where light quarks are strongly

coupled, is however of limited interest in light of strong constraints on light-quark compos-

iteness from di-jet measurements [33–35].

In Remedios models [14], the transverse polarizations of the SM gauge bosons can

have strong interactions, generating large Wilson coefficients in operators involving the
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A particularly interesting two-dimensional slice of the high-energy primaries parameter space
is the one populated by Universal [24] BSM models, in which the heavy particles couple only
to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
motion of the W and B gauge fields), out of operators that do not contain lepton fields. Since
the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR

operator coe�cient is related to the one of O1L by GlR = 2G1L.
There are four Universal SILH-basis [25] operators, namely OW , OB, OHW and OHB, that

generate the operators in eq. (2) by the equations of motion. The Warsaw-basis coe�cients read
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where C(H)W,B are the (dimensionful) coe�cients of the O(H)W,B operators defined as in Table 1.
Our analysis of growing-with-energy e↵ects in dibosons will thus be sensitive only to two linear
combinations of the four SILH operators. However since CHW,HB are small in Composite Higgs
models, in what follows we set them to zero and illustrate the sensitivity in terms of the CW

and CB parameters.
In Universal theories, the two parameters combinations CW + CHW and CB + CHB also

control other interactions, generated by equations of motion, analog to eq. (2) but involving
quarks rather than leptons. The latter interactions induce growing-with-energy e↵ects in diboson
production at hadron colliders, that can be probed at the HL-LHC and at the FCC-hh [22].
This enables a comprehensive comparison of the VHEL sensitivity with the reach (see [26]) of
all the other (hadronic or leptonic) future collider projects. Let us consider for definiteness the
single-operator reach on CW . The 1� sensitivity is CHL-LHC

W, 1�
= 1/(6.7TeV)2 at the HL-LHC,

CFCC

W, 1�
= 1/(19TeV)2 after the full FCC program, and CCLIC

W, 1�
= 1/(26TeV)2 at CLIC. The CLIC

sensitivity is driven by high-energy diboson measurements performed at the highest available
CLIC center of mass energy of 3 TeV [18]. The FCC reach benefits from high-energy probes in
the diboson final state at the FCC-hh, but it is dominated by the FCC-ee accurate measurements
of Z pole and other EW-scale observables. The reach of FCC-ee alone is CFCCee

W, 1�
= 1/(17TeV)2.

It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative
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to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
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the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR

operator coe�cient is related to the one of O1L by GlR = 2G1L.
There are four Universal SILH-basis [25] operators, namely OW , OB, OHW and OHB, that

generate the operators in eq. (2) by the equations of motion. The Warsaw-basis coe�cients read

G3L =
g2

4
(CW + CHW ) , G1L =

g02

4
(CB + CHB) =

1

2
GlR , (3)

where C(H)W,B are the (dimensionful) coe�cients of the O(H)W,B operators defined as in Table 1.
Our analysis of growing-with-energy e↵ects in dibosons will thus be sensitive only to two linear
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models, in what follows we set them to zero and illustrate the sensitivity in terms of the CW
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control other interactions, generated by equations of motion, analog to eq. (2) but involving
quarks rather than leptons. The latter interactions induce growing-with-energy e↵ects in diboson
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Figure 3. Contributions to longitudinal diboson processes from different BSM scenarios: strongly-
coupled quarks and Higgs (a), strongly-coupled Higgs and transverse vectors (b), and “Weak” type
models (c,d).

scales as a ∼ (coupling)2/M2. As we have seen in the introduction, the actual product of

couplings entering this relation depends on the particular BSM scenario we have in mind.

We now discuss this aspect in more detail.

In BSM scenarios where some or all the SM particles are strongly coupled to the

new dynamics (for instance because they are composite objects), the relevant couplings

can be large. This implies that the relative departures from the SM, which are roughly

controlled by ABSM/ASM ∼ aE2/g2 ∼ (coupling/g)2 (E/M)2, can be larger than one, even

for E % M . The coexistence of the weakly coupled SM with a strongly-coupled BSM at

the scale M , can be natural if we postulate the presence of approximate global symmetries

in the BSM sector, weakly broken by the SM couplings. Explicit examples include models

of fermions compositeness (standard [32] or pseudo-Goldstini [14, 34]), or models where

the gauge bosons have strong multipolar interactions (called Remedios) [14].
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associated with the new dynamics. If g∗ is maximal, g∗ ∼ 4π, we obtain the scenario de-

noted “Fully Strong” in the introduction. Such a scenario, where light quarks are strongly

coupled, is however of limited interest in light of strong constraints on light-quark compos-

iteness from di-jet measurements [33–35].

In Remedios models [14], the transverse polarizations of the SM gauge bosons can
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quarks rather than leptons. The latter interactions induce growing-with-energy e↵ects in diboson
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A particularly interesting two-dimensional slice of the high-energy primaries parameter space
is the one populated by Universal [24] BSM models, in which the heavy particles couple only
to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
motion of the W and B gauge fields), out of operators that do not contain lepton fields. Since
the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR

operator coe�cient is related to the one of O1L by GlR = 2G1L.
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where C(H)W,B are the (dimensionful) coe�cients of the O(H)W,B operators defined as in Table 1.
Our analysis of growing-with-energy e↵ects in dibosons will thus be sensitive only to two linear
combinations of the four SILH operators. However since CHW,HB are small in Composite Higgs
models, in what follows we set them to zero and illustrate the sensitivity in terms of the CW

and CB parameters.
In Universal theories, the two parameters combinations CW + CHW and CB + CHB also

control other interactions, generated by equations of motion, analog to eq. (2) but involving
quarks rather than leptons. The latter interactions induce growing-with-energy e↵ects in diboson
production at hadron colliders, that can be probed at the HL-LHC and at the FCC-hh [22].
This enables a comprehensive comparison of the VHEL sensitivity with the reach (see [26]) of
all the other (hadronic or leptonic) future collider projects. Let us consider for definiteness the
single-operator reach on CW . The 1� sensitivity is CHL-LHC
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sensitivity is driven by high-energy diboson measurements performed at the highest available
CLIC center of mass energy of 3 TeV [18]. The FCC reach benefits from high-energy probes in
the diboson final state at the FCC-hh, but it is dominated by the FCC-ee accurate measurements
of Z pole and other EW-scale observables. The reach of FCC-ee alone is CFCCee

W, 1�
= 1/(17TeV)2.

It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative
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ūLdL → WLZL,WLh
√
2a(3)q

√
2

g2

m2
W

[
cθW (δgZuL − δgZdL)/g − c2θW δgZ1

]
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Table 2. Parameter combinations (in the high- and in the low-energy primary bases) that control
E2-enhanced effects in each polarized longitudinal diboson production process. Here, T f

Z = T f
3 −

Qfs2θW and YL,fR is the hypercharge of the left-handed and right-handed quark (e.g., YL = 1/6).
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Figure 3. Contributions to longitudinal diboson processes from different BSM scenarios: strongly-
coupled quarks and Higgs (a), strongly-coupled Higgs and transverse vectors (b), and “Weak” type
models (c,d).

scales as a ∼ (coupling)2/M2. As we have seen in the introduction, the actual product of

couplings entering this relation depends on the particular BSM scenario we have in mind.

We now discuss this aspect in more detail.

In BSM scenarios where some or all the SM particles are strongly coupled to the

new dynamics (for instance because they are composite objects), the relevant couplings

can be large. This implies that the relative departures from the SM, which are roughly

controlled by ABSM/ASM ∼ aE2/g2 ∼ (coupling/g)2 (E/M)2, can be larger than one, even

for E % M . The coexistence of the weakly coupled SM with a strongly-coupled BSM at

the scale M , can be natural if we postulate the presence of approximate global symmetries

in the BSM sector, weakly broken by the SM couplings. Explicit examples include models

of fermions compositeness (standard [32] or pseudo-Goldstini [14, 34]), or models where

the gauge bosons have strong multipolar interactions (called Remedios) [14].

Among these classes, models where both fermions and the Higgs are strongly coupled

generate large HEP, a ∼ g2∗/M
2 (illustrated in figure 3a), where g∗ > g is the coupling

associated with the new dynamics. If g∗ is maximal, g∗ ∼ 4π, we obtain the scenario de-

noted “Fully Strong” in the introduction. Such a scenario, where light quarks are strongly

coupled, is however of limited interest in light of strong constraints on light-quark compos-

iteness from di-jet measurements [33–35].

In Remedios models [14], the transverse polarizations of the SM gauge bosons can

have strong interactions, generating large Wilson coefficients in operators involving the
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is the one populated by Universal [24] BSM models, in which the heavy particles couple only
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are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
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where C(H)W,B are the (dimensionful) coe�cients of the O(H)W,B operators defined as in Table 1.
Our analysis of growing-with-energy e↵ects in dibosons will thus be sensitive only to two linear
combinations of the four SILH operators. However since CHW,HB are small in Composite Higgs
models, in what follows we set them to zero and illustrate the sensitivity in terms of the CW

and CB parameters.
In Universal theories, the two parameters combinations CW + CHW and CB + CHB also

control other interactions, generated by equations of motion, analog to eq. (2) but involving
quarks rather than leptons. The latter interactions induce growing-with-energy e↵ects in diboson
production at hadron colliders, that can be probed at the HL-LHC and at the FCC-hh [22].
This enables a comprehensive comparison of the VHEL sensitivity with the reach (see [26]) of
all the other (hadronic or leptonic) future collider projects. Let us consider for definiteness the
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sensitivity is driven by high-energy diboson measurements performed at the highest available
CLIC center of mass energy of 3 TeV [18]. The FCC reach benefits from high-energy probes in
the diboson final state at the FCC-hh, but it is dominated by the FCC-ee accurate measurements
of Z pole and other EW-scale observables. The reach of FCC-ee alone is CFCCee

W, 1�
= 1/(17TeV)2.

It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative

6

Process BSM Amplitude

`+
L
`�
L
! Z0h s (G3L +G1L) sin ✓?

⌫̄L⌫L ! W+

0
W�

0

`+
L
`�
L
! W+

0
W�

0 s (G3L �G1L) sin ✓?
⌫̄L⌫L ! Z0h

`+
R
`�
R
! W+

0
W�

0
, Z0h sGlR sin ✓?

⌫̄L`
�
L
! W�

0
Z0 /W

�
0
h p

2 sG3L sin ✓?
⌫L`

+

L
! W+

0
Z0 /W

+

0
h

SILH Operators

OW =
ig

2

✓
H†�a

$
DµH

◆
D⌫W a

µ⌫

OB =
ig0

2

✓
H†

$
DµH

◆
@⌫Bµ⌫

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫

OHB = ig0(DµH)†(D⌫H)Bµ⌫

Table 1: Left: BSM contributions to diboson production amplitudes that grow with energy. The
center of mass energy and scattering angle are denoted as

p
s and ✓?. Right: the relevant SILH

basis operators.

A particularly interesting two-dimensional slice of the high-energy primaries parameter space
is the one populated by Universal [24] BSM models, in which the heavy particles couple only
to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
motion of the W and B gauge fields), out of operators that do not contain lepton fields. Since
the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR

operator coe�cient is related to the one of O1L by GlR = 2G1L.
There are four Universal SILH-basis [25] operators, namely OW , OB, OHW and OHB, that

generate the operators in eq. (2) by the equations of motion. The Warsaw-basis coe�cients read

G3L =
g2

4
(CW + CHW ) , G1L =

g02

4
(CB + CHB) =

1

2
GlR , (3)

where C(H)W,B are the (dimensionful) coe�cients of the O(H)W,B operators defined as in Table 1.
Our analysis of growing-with-energy e↵ects in dibosons will thus be sensitive only to two linear
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and CB parameters.
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control other interactions, generated by equations of motion, analog to eq. (2) but involving
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Figure 3. Contributions to longitudinal diboson processes from different BSM scenarios: strongly-
coupled quarks and Higgs (a), strongly-coupled Higgs and transverse vectors (b), and “Weak” type
models (c,d).

scales as a ∼ (coupling)2/M2. As we have seen in the introduction, the actual product of

couplings entering this relation depends on the particular BSM scenario we have in mind.

We now discuss this aspect in more detail.

In BSM scenarios where some or all the SM particles are strongly coupled to the

new dynamics (for instance because they are composite objects), the relevant couplings

can be large. This implies that the relative departures from the SM, which are roughly

controlled by ABSM/ASM ∼ aE2/g2 ∼ (coupling/g)2 (E/M)2, can be larger than one, even

for E % M . The coexistence of the weakly coupled SM with a strongly-coupled BSM at

the scale M , can be natural if we postulate the presence of approximate global symmetries

in the BSM sector, weakly broken by the SM couplings. Explicit examples include models

of fermions compositeness (standard [32] or pseudo-Goldstini [14, 34]), or models where

the gauge bosons have strong multipolar interactions (called Remedios) [14].
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2 (illustrated in figure 3a), where g∗ > g is the coupling

associated with the new dynamics. If g∗ is maximal, g∗ ∼ 4π, we obtain the scenario de-

noted “Fully Strong” in the introduction. Such a scenario, where light quarks are strongly

coupled, is however of limited interest in light of strong constraints on light-quark compos-

iteness from di-jet measurements [33–35].

In Remedios models [14], the transverse polarizations of the SM gauge bosons can
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A particularly interesting two-dimensional slice of the high-energy primaries parameter space
is the one populated by Universal [24] BSM models, in which the heavy particles couple only
to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
motion of the W and B gauge fields), out of operators that do not contain lepton fields. Since
the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR
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where C(H)W,B are the (dimensionful) coe�cients of the O(H)W,B operators defined as in Table 1.
Our analysis of growing-with-energy e↵ects in dibosons will thus be sensitive only to two linear
combinations of the four SILH operators. However since CHW,HB are small in Composite Higgs
models, in what follows we set them to zero and illustrate the sensitivity in terms of the CW

and CB parameters.
In Universal theories, the two parameters combinations CW + CHW and CB + CHB also

control other interactions, generated by equations of motion, analog to eq. (2) but involving
quarks rather than leptons. The latter interactions induce growing-with-energy e↵ects in diboson
production at hadron colliders, that can be probed at the HL-LHC and at the FCC-hh [22].
This enables a comprehensive comparison of the VHEL sensitivity with the reach (see [26]) of
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of Z pole and other EW-scale observables. The reach of FCC-ee alone is CFCCee
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It should be emphasized that FCC-ee can be sensitive to such small values of CW only
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It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative
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W
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Z δgZ1 + cθW δgZfR/g
]

Table 2. Parameter combinations (in the high- and in the low-energy primary bases) that control
E2-enhanced effects in each polarized longitudinal diboson production process. Here, T f

Z = T f
3 −

Qfs2θW and YL,fR is the hypercharge of the left-handed and right-handed quark (e.g., YL = 1/6).
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Figure 3. Contributions to longitudinal diboson processes from different BSM scenarios: strongly-
coupled quarks and Higgs (a), strongly-coupled Higgs and transverse vectors (b), and “Weak” type
models (c,d).

scales as a ∼ (coupling)2/M2. As we have seen in the introduction, the actual product of

couplings entering this relation depends on the particular BSM scenario we have in mind.

We now discuss this aspect in more detail.

In BSM scenarios where some or all the SM particles are strongly coupled to the

new dynamics (for instance because they are composite objects), the relevant couplings

can be large. This implies that the relative departures from the SM, which are roughly

controlled by ABSM/ASM ∼ aE2/g2 ∼ (coupling/g)2 (E/M)2, can be larger than one, even

for E % M . The coexistence of the weakly coupled SM with a strongly-coupled BSM at

the scale M , can be natural if we postulate the presence of approximate global symmetries

in the BSM sector, weakly broken by the SM couplings. Explicit examples include models

of fermions compositeness (standard [32] or pseudo-Goldstini [14, 34]), or models where

the gauge bosons have strong multipolar interactions (called Remedios) [14].

Among these classes, models where both fermions and the Higgs are strongly coupled

generate large HEP, a ∼ g2∗/M
2 (illustrated in figure 3a), where g∗ > g is the coupling

associated with the new dynamics. If g∗ is maximal, g∗ ∼ 4π, we obtain the scenario de-

noted “Fully Strong” in the introduction. Such a scenario, where light quarks are strongly

coupled, is however of limited interest in light of strong constraints on light-quark compos-

iteness from di-jet measurements [33–35].

In Remedios models [14], the transverse polarizations of the SM gauge bosons can

have strong interactions, generating large Wilson coefficients in operators involving the
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A particularly interesting two-dimensional slice of the high-energy primaries parameter space
is the one populated by Universal [24] BSM models, in which the heavy particles couple only
to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
motion of the W and B gauge fields), out of operators that do not contain lepton fields. Since
the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR

operator coe�cient is related to the one of O1L by GlR = 2G1L.
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generate the operators in eq. (2) by the equations of motion. The Warsaw-basis coe�cients read

G3L =
g2

4
(CW + CHW ) , G1L =

g02

4
(CB + CHB) =

1

2
GlR , (3)

where C(H)W,B are the (dimensionful) coe�cients of the O(H)W,B operators defined as in Table 1.
Our analysis of growing-with-energy e↵ects in dibosons will thus be sensitive only to two linear
combinations of the four SILH operators. However since CHW,HB are small in Composite Higgs
models, in what follows we set them to zero and illustrate the sensitivity in terms of the CW

and CB parameters.
In Universal theories, the two parameters combinations CW + CHW and CB + CHB also

control other interactions, generated by equations of motion, analog to eq. (2) but involving
quarks rather than leptons. The latter interactions induce growing-with-energy e↵ects in diboson
production at hadron colliders, that can be probed at the HL-LHC and at the FCC-hh [22].
This enables a comprehensive comparison of the VHEL sensitivity with the reach (see [26]) of
all the other (hadronic or leptonic) future collider projects. Let us consider for definiteness the
single-operator reach on CW . The 1� sensitivity is CHL-LHC
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CFCC

W, 1�
= 1/(19TeV)2 after the full FCC program, and CCLIC
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= 1/(26TeV)2 at CLIC. The CLIC

sensitivity is driven by high-energy diboson measurements performed at the highest available
CLIC center of mass energy of 3 TeV [18]. The FCC reach benefits from high-energy probes in
the diboson final state at the FCC-hh, but it is dominated by the FCC-ee accurate measurements
of Z pole and other EW-scale observables. The reach of FCC-ee alone is CFCCee

W, 1�
= 1/(17TeV)2.

It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative
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Table 2. Parameter combinations (in the high- and in the low-energy primary bases) that control
E2-enhanced effects in each polarized longitudinal diboson production process. Here, T f

Z = T f
3 −

Qfs2θW and YL,fR is the hypercharge of the left-handed and right-handed quark (e.g., YL = 1/6).
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Figure 3. Contributions to longitudinal diboson processes from different BSM scenarios: strongly-
coupled quarks and Higgs (a), strongly-coupled Higgs and transverse vectors (b), and “Weak” type
models (c,d).

scales as a ∼ (coupling)2/M2. As we have seen in the introduction, the actual product of

couplings entering this relation depends on the particular BSM scenario we have in mind.

We now discuss this aspect in more detail.

In BSM scenarios where some or all the SM particles are strongly coupled to the

new dynamics (for instance because they are composite objects), the relevant couplings

can be large. This implies that the relative departures from the SM, which are roughly

controlled by ABSM/ASM ∼ aE2/g2 ∼ (coupling/g)2 (E/M)2, can be larger than one, even

for E % M . The coexistence of the weakly coupled SM with a strongly-coupled BSM at

the scale M , can be natural if we postulate the presence of approximate global symmetries

in the BSM sector, weakly broken by the SM couplings. Explicit examples include models

of fermions compositeness (standard [32] or pseudo-Goldstini [14, 34]), or models where

the gauge bosons have strong multipolar interactions (called Remedios) [14].

Among these classes, models where both fermions and the Higgs are strongly coupled

generate large HEP, a ∼ g2∗/M
2 (illustrated in figure 3a), where g∗ > g is the coupling

associated with the new dynamics. If g∗ is maximal, g∗ ∼ 4π, we obtain the scenario de-

noted “Fully Strong” in the introduction. Such a scenario, where light quarks are strongly

coupled, is however of limited interest in light of strong constraints on light-quark compos-

iteness from di-jet measurements [33–35].

In Remedios models [14], the transverse polarizations of the SM gauge bosons can

have strong interactions, generating large Wilson coefficients in operators involving the
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 ℓ⁺ℓ⁻→ Zh
Buttazzo, RF, Wulzer -  2012.11555

BSM and SM amplitudes have the same angular dependences, so the most powerful analysis is a simple cut-and-count.

Zh

Zh

s = 10 TeV

ZH: elliptical belt in 2D BSM coupling space
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 ℓ⁺ℓ⁻→ VV+X
Buttazzo, RF, Wulzer -  2012.11555

multi-body can contain hard sub-scattering with net electric charge, e.g.  with new BSM couplings dependenceeν → Wh, WZ

Zh

W W

WW

s = 10 TeV

Zh

W W h

WWh

ZH: elliptical belt in 2D BSM coupling space

WW: basin in 2D BSM coupling space

⊕  M U LT I - B O S O ND I - B O S O N

WWh: elliptical belt in 2D BSM coupling space

WW: BSM and SM amplitudes do not have the same angular dependences, so the most powerful analysis is differential!
ZH: BSM and SM amplitudes have the same angular dependences, so the most powerful analysis is a simple cut-and-count.
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High-Energy lepton collider has large flux of “partonic” W bosons

s = 3 TeV ξ =
v2

f 2
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ξ < 2 ⋅ 10−4 at s = 30 TeV
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less powerful than  because  CoM energy is smaller than ℓℓℓℓ → VV WW → anything

��-�

����-�

��-�

����-�

��-�

����-�

��-� ����

����

���

���

�

� � � �� �� �� ��� ���
�

�

�

��

��

��

���

� [��-� ]

� �
�

[�
��

]

�

�
�

�

�
�-�

�����
��

��	�

Buttazzo, RF, Wulzer -  2012.11555

-���� -���� -���� ���� ���� ���� ����
-�����

-�����

�����

�����

�����

�� � ��

�
�
�
��

��%� ��% ���� ��	
���

� = �� ���

���	
��� ��

�
		� �����������	 ��

-��� -��� ��� ��� ���
-����

-����

����

����

����

�� � ��

�
�
�
��

��%� ��% ���� ��	
���

� = �� ���

���	
��� ��

�
		� �����������	 ��

the high intensity way & the “leveraging energy” way 



Roberto Franceschini - PLANCK2021 - https://conference.ippp.dur.ac.uk/event/999/

C O L L I D E RW  B O S O N

 ℓ⁺ℓ⁻→ hh
High-Energy lepton collider has large flux of “partonic” W bosons

s = 3 TeV ξ =
v2

f 2
< 0.01ℒ = 3 ab−1

ξ < 2 ⋅ 10−4 at s = 30 TeV

need large pT Higgs bosons

⇒ upper bound on ξ ∼
1

E ℒ

less powerful than  because  CoM energy is smaller than ℓℓℓℓ → VV WW → anything

��-�

����-�

��-�

����-�

��-�

����-�

��-� ����

����

���

���

�

� � � �� �� �� ��� ���
�

�

�

��

��

��

���

� [��-� ]

� �
�

[�
��

]

�

�
�

�

�
�-�

�����
��

��	�

Buttazzo, RF, Wulzer -  2012.11555

-���� -���� -���� ���� ���� ���� ����
-�����

-�����

�����

�����

�����

�� � ��

�
�
�
��

��%� ��% ���� ��	
���

� = �� ���

���	
��� ��

�
		� �����������	 ��

the high intensity way & the “leveraging energy” way 



Roberto Franceschini - PLANCK2021 - https://conference.ippp.dur.ac.uk/event/999/

S T R O N G LY  I N T E R A C T I N G  L I G H T  H I G G Sh ~π
Effects of the size of the Higgs boson

1/f ∼ g⋆/m⋆

1/(g⋆ f ) ∼ 1/m⋆

gSM /(g⋆ f ) ∼ gSM /m⋆

effects and purely gluonic operators):1729
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751
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Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759

yt ' ✏q✏tg⇤ (67)

where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760
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1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763
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OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755

1756

Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759

yt ' ✏q✏tg⇤ (67)

where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763

66

the high intensity way & the “leveraging energy” way 
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SM works wonderfully!

mW, mZ, sin θW, Awhatever
FB , h → Zγ, h → ZZ, t → bτν, σtot(ℓℓ → hh)

dσ
dpT

measurements dominated by a single mass scale measurements sensitive to a range of mass scales

New Physics may fit well in a EFT (new contact interactions)
• effects grow at larger energies like νe-→νe- in Fermi Theory

• dominant energy scale is low 
• measurement is simple to grasp 
• progress is easy to measure (in)significant digits

• sensitive to a range of energy scales 
• measurement of a spectrum (not so?!?) simple to grasp 
• progress is easy to measure: bounds on new Fermi constants

H I G H - L U M I  P R O B E S H I G H - E N E R G Y  P R O B E S

1% at mZ is worse than 10% at 1 TeV

as NP effects may grow quadratically with energy 

ΔO = ONP − OSM ∼ ( E
v )

2

fight against systematics

NP effects may show up in the combination 
of many precise measurements

T H E  H I G H  I N T E N S I T Y  WAY  &  T H E  “ L E V E R A G I N G  E N E R G Y ”  WAY  
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Looking ahead
The size of the Higgs boson
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Composite Higgs
m

*
: mass scale

g
*
: coupling

ILC at 250 GeV and CLIC at 380 GeV 
already significantly better than HL-LHC

FCC-all and 3 TeV CLIC similar
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��
�-
��/
��/
��(
��)

���-��(�����	)

��
�-
��
/�
�(
�
�
)

���-��(�
�� )

��
�-
��
(�

�
)

��
�-
��(
��
)

��������

��
���

���

��-���

� �� �� �� ��

�

�

�

�

��

�* [�	
]

�*

�������	 ������ ��

���
���
�

��
��

���
���

���
��
�

��
��
��
�

��
-�
��

��-���

� �� �� �� ��

�

�

�

�

��

�* [�	
]

�*

�������	 ������ ��

Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

compositeness at 
100 TeV-200 TeV

compositeness at 
10 TeV-20 TeV

Buttazzo, RF, Wulzer -  2012.11555
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• A tentative measure of progress: 
Λ2 ∼ (16π2)α ⋅ m2

h

• We need ambitious plans to thoroughly  probe the Higgs boson

{ •  is feasible with 
“established” Higgs factories 

•  requires a new approach

α = 1

α > 1

• When is it enough to be satisfied and call the Higgs an elementary scalar?

Conclusion
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I N  A  V E RY  H I G H  E N E R G Y  L E P T O N  C O L L I D E R  “ T W O ”  C O L L I D E R S  AT  O N C E

Conclusion
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ℓℓ → hh + X

10 TeV

14 TeV

30 TeV

unpolarized

polarized

ℓℓ → VV

Energy Intensity

Buttazzo, RF, Wulzer -  2012.11555
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“ PA RT O N S ”  
L U M I N O S I T Y  

H H  P R O D U C T I O N

W W→X X  ( PA RT O N I C  W )

V V  P R O D U C T I O NF E R M I O N  D R E L L - YA N

S I N G L E  H I G G S

H I G G S  F O R C E

H I G H  E N E R G Y  

108 HIGGS BOSONS

106  TOP QUARKS

>104  TOP QUARKS >104  WEAK BOSON PAIRS

SM “high energy” and “intensity” studies at  collidersℓ+ℓ−



Thank you!



Roberto Franceschini - PLANCK2021 - https://conference.ippp.dur.ac.uk/event/999/

B L E S S I N G  A N D  C U R S EM A S S  A N D  L I F E T I M E
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Luminosity Comparison

D. Schulte Muon Colliders, EPS, July 2019 7

The luminosity per beam 
power is about constant in 
linear colliders

It can increase in proton-
based muon colliders
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Strategy CLIC:
Keep all parameters at IP constant
(charge, norm. emittances, betafunctions, bunch length)
� Linear increase of luminosity with energy (beam size reduction)

Strategy muon collider:
Keep all parameters at IP constant
With exception of bunch length and betafunction
� Quadratic increase of luminosity with energy (beam size reduction)

https://indico.cern.ch/event/577856/contributions/3420383/
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→H A D R O N S ,  →  L E P T O N SW± W∓D I B O S O N

 ℓ⁺ℓ⁻→ WW
Buttazzo, RF, Wulzer -  2012.11555

BSM and SM amplitudes do not have the same angular dependences, so the most powerful analysis is differential!

Zh

Zh

WW

W W

s = 10 TeV

ZH: elliptical belt in 2D BSM coupling space

WW: (simplest) inclusive cut-and-count → elliptical belt 
in 2D BSM coupling space

SM
SM-like rate, but large BSM couplings 
(destructive interference)

the “leveraging energy” way 
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L E S S O N  F R O M  L H CE F T  E P O C H

 ℓ⁺ℓ⁻→ WW
Buttazzo, RF, Wulzer -  2012.11555

BSM and SM amplitudes do not have the same angular dependences, so the most powerful analysis is differential!

Zh

Zh

WW

W W

s = 10 TeV ZH: elliptical belt in 2D BSM coupling space

WW: (most useful) differential analysis tracking 

SM
SM-like rate, but large BSM couplings 
(destructive interference)

r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V

1

direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
duced exactly parallel to the z-axis.

x

z

y

r̂

V1

V2

f 2
+

f 1
+

f 1
�

f 2
�

✓1✓2

'2

'1

⇥

Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations

cos ✓1 = tanh
⌘
s(f1

+)� ⌘
s(f1

�)

2
,

cos ✓2 = tanh
⌘
s(f2

�)� ⌘
s(f2

+)

2
, (2)

where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
s(f1

�) + ⇡ ,

'2 = ��
s(f2

+) = ⇡ � �
s(f2

�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [18] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [20, 21]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [19] are employed here.

2

1708.07823

2→ 2 polar scattering angle
W decay polar angles
W decay azimuthal angles 1708.07823

the “leveraging energy” way 
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Sharpening the result

• Beam polarization 

• Multi-body processes

Two less standard way

the “leveraging energy” way 
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B E A M SP O L A R I Z E D

 ℓ⁺ℓ⁻→ WW
Buttazzo, RF, Wulzer -  2012.11555

polarized BSM and SM amplitudes have each a different dependence on BSM couplings

Zh

Zh

WW
W W

s = 10 TeVWW

Zh

Zh

W W

ZH: elliptical belt in 2D BSM coupling space

SM

SM-like rate, but very large BSM couplings 
which correspond to new physics directly 
accessible at the same collider

WW: elliptical belt in 2D BSM coupling space

Beams mostly
RH LH

“mostly”: 30% polarization in our analysis (exact 
value depends on unknown machine parameters)

the “leveraging energy” way 
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 ℓ⁺ℓ⁻→ WWh
Buttazzo, RF, Wulzer -  2012.11555

multi-body can contain hard sub-scattering with net electric charge, e.g.  with new BSM couplings dependenceeν → Wh, WZ

Zh
W W

WW
s = 10 TeV

Zh

W W h

WWh

ZH: elliptical belt in 2D BSM coupling space

SM

SM-like rate, but very large BSM couplings 
which correspond to new physics directly 
accessible at the same collider

WW: elliptical belt in 2D BSM coupling space

W E A K  R A D I AT I O NM U LT I - B O D Y

WWh: elliptical belt in 2D BSM coupling space

the “leveraging energy” way 
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D I B O S O NV E RY  H I G H  E N E R G Y  L E P T O N  C O L L I D E R

Full set of results
Ecm L/ab

Single-operator Single-operator Marginalized

CW CB CW = CB CW CB

In
cl
u
si
ve 10 TeV 10 [-5.9, 5.5] [-17, 14] [-4.3, 4.2] [-55, 10] [-35, 62]

14 TeV 20 [-3.0, 2.8] [-8.9, 7.3] [-2.2, 2.1] [-28, 5.1] [-18, 31]

30 TeV 90 [-0.66 , 0.61] [-1.9, 1.6] [-0.48, 0.46] [-6.1, 1.1] [-3.8, 6.9]

P
ol
ar
iz
ed 10 TeV 10 [-5.2, 4.9] [-10 , 9.2] [-4.1, 4.0] [-6.9, 6.2] [-13, 12]

14 TeV 20 [-2.7, 2.5] [-5.1, 4.7] [-2.1, 2.0] [-3.5, 3.2] [-6.6, 6.1]

30 TeV 90 [-0.58 , 0.54] [-1.1, 1.0] [-0.46, 0.44] [-0.73, 0.66] [-1.4, 1.3]

D
i↵
er
en
ti
al 10 TeV 10 [-5.6, 5.3] [-16, 13] [-4.1, 3.9] [-40, 9.9] [-32, 55]

14 TeV 20 [-2.9, 2.7] [-8.0, 6.8] [-2.1, 2.0] [-20, 5.0] [-16, 28]

30 TeV 90 [-0.62, 0.58] [-1.7, 1.5] [-0.46, 0.44] [-4.4, 1.1] [-3.5, 6.1]

T
ri
-b
os
on 10 TeV 10 [-5.2, 4.9] [-17, 14] [-3.9, 3.8] [-23, 9.2] [-34, 44]

14 TeV 20 [-2.6, 2.5] [-8.5, 7.1] [-2.0, 1.9] [-11, 4.6] [-18, 22]

30 TeV 90 [-0.52, 0.51] [-1.8, 1.5] [-0.41, 0.40] [-1.9, 0.96] [-3.8, 4.30]

C
om

b
in
ed 10 TeV 10 [-4.9, 4.7] [-15, 13] [-3.7, 3.6] [-20, 9.1] [-32, 40]

14 TeV 20 [-2.5, 2.4] [-7.7, 6.6] [-1.9, 1.8] [-9.3, 4.6] [-16, 19]

30 TeV 90 [-0.51, 0.49] [-1.6, 1.4] [-0.39, 0.38] [-1.7, 0.95] [-3.5, 3.9]

Table 4: 95% C.L. constraints on CW and CB, expressed in units of (100TeV)�2, for the
benchmark VHEL energies and luminosities. The first two columns show the constraints on one
coe�cient setting the other to zero, the third one is the constraint in the direction CW = CB.
The last two columns show the constraints marginalized in the (CW , CB) plane.

After both averages, eq. (12) becomes

d�int / M00M+� sin'
d̄
sin'⌫̄ cos ✓d̄ sin ✓d̄ sin ✓⌫̄(1� cos ✓⌫̄)

�M00M�+ sin'
d̄
sin'⌫̄ cos ✓d̄ sin ✓d̄ sin ✓⌫̄(1 + cos ✓⌫̄) . (13)

Since this is non-vanishing, we can access the interference term experimentally by the measurable
variables ✓

⌫̄,d̄
and '

⌫̄,d̄
.

In light of eq. (13), our di↵erential analysis is defined as follows. Both '⌫̄ and '
d̄
should be

measured, because the interference vanishes if integrated over any of them. We thus consider
a doubly-di↵erential cross-section in 25 equally-spaced bins in the ('⌫̄ ,'d̄

) plane. It is also
necessary to measure ✓

d̄
because the interference is odd under cos ✓

d̄
! � cos ✓

d̄
. We thus bin

cos ✓
d̄
at [�1,�0.66, 0, 0.66, 1]. It is not strictly necessary to measure ✓⌫̄ , however the peculiar

distribution of this variable can improve the sensitivity. We thus bin | cos ✓⌫̄ | at [0, 0.66, 1], for
a total of 8 regions in the (✓⌫̄ , ✓d̄) plane. Binning over the WW center of mass scattering angle
✓? could also bring some advantage in terms of sensitivity, because the hard amplitude terms
in eq. (13) possess a distinctive angular dependence. We do not consider this possibility for
simplicity, and we merely restrict ✓? to the “fiducial” region in eq. (8). Our analysis, in a total
of 200 bins, is probably close to the statistical optimal analysis that can be achieved with the
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