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Abstract: We illustrate the potential of a very high energy lepton collider (from 10 to
30 TeV center of mass energy) to explore new physics indirectly in the vector boson fusion
double Higgs production process and in direct diboson production at high energy. Double
Higgs production is found to be sensitive to the anomalous Higgs trilinear coupling at
the percent level, and to the Higgs compositeness ξ parameter at the per mille or sub-per
mille level thanks to the measurement of the cross-section in the di-Higgs high invariant
mass tail. High energy diboson (and tri-boson) production is sensitive to Higgs-lepton
contact interaction operators at a scale of several tens or hundred TeV, corresponding to
a reach on the Higgs compositeness scale well above the one of any other future collider
project currently under discussion. This result follows from the unique capability of the
very high energy lepton collider to measure Electroweak cross-sections at 10 TeV energy
or more, where the effect of new physics at even higher energy is amplified. The general
lesson is that the standard path towards precision physics, based on measurements of highstatistics processes such as single and double Higgs production, is accompanied at the very
high energy lepton collider by a second strategy based on measurements at the highest
available energy.
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1

Introduction

A lepton collider operating at a center of mass energy of 10 TeV or more is currently not
technologically feasible. However, such machine might exist in the future in the form of a
circular µ+ µ− [1] or of a linear e+ e− collider based on plasma wake field acceleration [2]. It
is not our purpose to discuss the technological virtues and the limitations of the different
proposals. It suffices here to say that an intense R&D activity is foreseen in the next few
years to assess their viability. For the muon collider, this will be performed in the context of
the newly-formed international muon collider collaboration [3]. A first look at the physics
potential of this hypothetical machine is required already at this preliminary stage in order
to motivate the R&D effort, and to orient it according to the physics needs.
Basic considerations [1, 2] lead to a preliminary target for the total integrated
luminosity


Ecm 2
−1
b
L = 10 ab
,
(1.1)
10 TeV
which we consider as the baseline for our studies. Notice that the luminosity scales like
2 scaling of the
the square of the energy, in order to compensate for the geometric 1/Ecm
2 → 2 cross-section. Three energy benchmarks are considered: Ecm = 10, 14 and 30 TeV.
The energies and luminosities above define the Very High Energy Lepton collider (VHEL)
which is the subject of the present paper.
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2 High-energy diboson production
2.1 High-energy Zh
2.2 High-energy W + W −
2.2.1 Fiducial cross-section
2.2.2 Differential analysis
2.3 High-energy tri-bosons
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Our results will be independent of the nature of the colliding leptons, because they are
based on simple leading-order predictions without Initial State QED Radiation (ISR) and
with monochromatic beams. However it should be emphasized that the effect of ISR and the
departure from beam monochromaticity (due to Beamstrahlung) are expected to be very
significant in the case of electrons and to be small or negligible for muons. The reduction of
the luminosity that is effectively available for collisions at the nominal collider energy, which
is impossible to quantify at the current stage, should be taken into account at an e+ e−
VHEL. Beam-Induced Background (BIB) is the other important aspect in which e+ e− and
µ+ µ− colliders differ significantly. Based on the studies performed for CLIC (see [4], and
references therein, for a recent summary), at an e+ e− VHEL it should be possible to cope
with the BIB and to obtain good detector performances on high-level objects, superior or
comparable with those of current LHC experiments. The situation is less clear for a muon
collider, where the BIB emerging from the decay of the muons is copious and requires new
mitigation strategies. Being able to deal with the BIB is a pre-requisite for the feasibility
of the project, and preliminary results are encouraging [5, 6]. Therefore, in what follows we
assume CLIC-like detector performances in our estimates. However some elements that are
specific of the muon collider detector and that are different from CLIC, such as a reduction
of the acceptance along the beam axis and a possible degradation of the reconstruction
performances for low-pT objects, will be taken into account when relevant.
The direct observation of new heavy particles is one of the main physics drivers of
the VHEL. While only few concrete reach projections are available (see ref.s [7–11]), the
case for direct searches is straightforward and it can be illustrated by simple plots like
the ones in figure 1. The figure shows the number of pair-produced hypothetical new
particles “P ” as a function of the mass, for the baseline VHEL energies and luminosities.
All the pair-production processes induced by Electroweak (EW) interactions are considered
in the figure. Namely, the plots include s-channel `+ `− → P P production plus charged
(W + W − → P P ) and neutral (Z/γ Z/γ → P P ) Vector-Boson Fusion (VBF) production.
The particles are labeled with a standard Beyond-the-SM (BSM) terminology, however
only gauge interactions are taken into account in the cross-section calculation. Specifically,
the “left-handed stop” t̃L is modeled as a scalar degenerate doublet of SU(2)L with 1/6
Hypercharge (and in the 3 of SU(3)c ), and similarly for the other particles. The VBF
cross-section is relevant only at very low masses, but it can be enhanced by other (nongauge) interactions that might be present in specific BSM models [12]. We see that the
statistics is sufficient to discover all particles up around the collider mass-threshold Ecm /2,
provided they decay to energetic and easily detectable SM particles. By comparing with the
reach projections of other future collider projects (see [13]), this simple plot is sufficient to
qualify as striking the direct discovery potential of the VHEL, especially for Ecm ≥ 14 TeV.
On the other hand, detailed detector-level studies including BIB mitigation strategies are
compulsory to assess the observability of BSM particles decaying to soft objects (because
of, e.g., a compressed spectrum), or displaying disappearing tracks signatures like the
e W
f ) Minimal Dark Matter candidates. ref. [14] studied the possibility
Higgsino/Wino (h/
of observing these candidates indirectly through their radiative effects, bypassing these
complications and in some case extending the reach above the mass-threshold. The reach
of mono-photon searches has been also studied [9].

The VHEL potential for indirect new physics discoveries is equally or perhaps even
more striking that the direct one, but it is slightly less trivial to assess and to illustrate.
The present paper aims at outlining the elements for this assessment, based on selected
sensitivity estimates.
The indirect physics potential emerges from the combination of two items. The first
one is that indirect effects of heavy new physics effects are generically more pronounced on
processes that take place at higher energy, i.e. closer to the new physics scale. In the Effective Field Theory (EFT) description this is merely the observation that the corrections from
operators of dimension larger than 4 can grow polynomially with the energy. The luminosity benchmark in eq. (1.1) generically allows for measurements of 2 → 2 short-distance
electroweak scattering processes with percent or few-percent (i.e., moderate) precision.
Still, a dimension-6 EFT operator displaying quadratic energy growth, inducing relative
2 /Λ2 , could be probed at the VHEL with E
corrections to the SM of order Ecm
cm ≥ 10 TeV
for an effective interaction scale Λ in the ballpark of 100 TeV (see also [16, 17]). On a
process occurring at the EW scale, of 100 GeV, Λ ∼ 100 TeV would instead contribute
as an unobservable O(10−6 ) relative correction. The power of precision probes based on
high-energy cross-section measurements has been outlined extensively in the context of
CLIC studies [18, 19]. They make, for instance, the highest energy stage of CLIC superior
or comparable to the other future colliders project on physics targets such as Higgs and
Top compositeness [13]. By rescaling the highest CLIC available energy, of 3 TeV, to the
lowest VHEL energy of 10 TeV, we immediately conclude that the VHEL performances are
expected to be vastly superior to those of any other project currently under discussion.
High-energy probes are the first of the two paths towards precision to be explored
for the assessment of the VHEL physics potential. It is unique of the VHEL, because of
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Figure 1. Number of EW pair-production events, computed with MadGraph [15], using the
Effective Photon Approximation for the calculation of the neutral VBF production cross-section.
+ −
+
−
Namely, neutral
p VBF is evaluated as the sum of the 4 subprocess initiated by ` ` , ` γ, γ` , and
γγ, with a −Q2 > 30 GeV cut on the virtual photons and the corresponding Qmax = 30 GeV
cutoff in the photon distribution function. The photon distribution function is the one for muons.
The neutral VBF cross-section would thus be larger than what shown in the figure at the e+ e−
VHEL because of the smaller electron mass.

the high collider energy and because the nominal collider energy is entirely available to
produce short-distance reactions, unlike for hadron colliders due to the shape of the parton
distribution functions. The second path is the more standard approach to precision, based
on very accurate measurements of processes with high statistics. There are several highrate processes at the VHEL, eminently those that proceed through ` → `0 V collinear
splittings, with V = W, Z, γ a SM vector boson, followed by a scattering or production
process V V → X occurring at the EW scale. Relevant examples are the VBF production
of a single Higgs or of a pair of Higgs bosons. Since all the reactions involved take place
at a fixed scale (the EW one) which is much smaller than the collider energy Ecm , the
cross-section for the VBF processes is very large and nearly constant with energy up to a
mild logarithmic growth. The total number of collected events thus grows quadratically
with Ecm following the luminosity, as figure 2 shows.
It should be emphasized that there is no direct competition between the high-energy
and the high-rate paths towards new physics. Namely, any new physics effect (or, EFT
operator) that grows with the energy in a measurable 2 → 2 process is unmistakably probed
way more effectively at high energy than in any high-rate VBF process. This is because, as
previously mentioned, the reach of the high-energy probes corresponds to O(10−6 ) effect
at the EW scale, which is where the high-rate VBF processes take place. On the other
hand, not all the EFT operators induce measurable growing-with-energy effects. High-rate
probes are thus sensitive to other operators and complementary to the high-energy ones.
Furthermore the sensitivity of the high-energy probes is quantified under the assumption
that the new physics scale (i.e., the EFT cutoff) is above the collider energy, while the highrate probes only rely on the EFT validity at or slightly above the EW scale. If the new
physics scale is in between, high-rate probes will play a crucial role in the characterization
of new physics, together with the high-energy ones and with the direct production of the
new states.
The general considerations above are illustrated in the rest of the paper through examples. The pair production of vector or Higgs bosons is studied in section 2 as a high-energy
probe for two EFT operators (OW and OB ) that grow quadratically with the energy in
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Figure 2. Cross-sections and total number of expected events, using eq. (1.1), for selected SM
processes.

2

High-energy diboson production

We consider the direct 2 → 2 production of a pair of SM (vector or Higgs) bosons, and we
restrict our attention to BSM effects that grow quadratically with the energy in the zero-

–5–

JHEP05(2021)219

the diboson processes. We also consider the production of three bosons, which is found to
contribute significantly owing to the IR enhancement of soft-collinear massive vector boson
emissions. The sensitivity of diboson (and tri-boson) measurements to the operators Wilson coefficients is quantified and compared with the one of other future collider projects.
The projected sensitivity is also employed for a first assessment of the VHEL reach on
Higgs compositeness.
In light of figure 2, it is tempting to consider VBF single-Higgs production, and the
corresponding projections on precision Higgs couplings measurements, as an illustration of
the high-rate potential. However the single-Higgs statistics is so high (even after acceptance
and selection cuts [20]) that systematic and theoretical uncertainties definitely play the
dominant role in the assessment of the anomalous Higgs couplings sensitivity. No conclusive
evaluation of the experimental systematic uncertainties is currently possible, and a careful
investigation of the theoretical uncertainties in the SM predictions and of their impact
goes beyond the scope of the present paper. At present we can only conclude that the
high single-Higgs statistics enables, in principle, VHEL Higgs coupling measurements at
or below the per mille level. Such per mille accuracy, which matches the projections of
proposed future Higgs factory, will be taken as reference for semi-quantitative comparisons.
On the other hand, for the determination of small couplings such as the one to muons, or
for the search of exotic Higgs decays, systematic uncertainties play a minor role and the
sensitivity could be realistically estimated on purely statistical bases.
Rather than single Higgs, we consider VBF double Higgs production as an illustration
of the high-rate path towards new physics. This process is a good target because the number
of events is considerable, but not so large to invalidate statistical sensitivity estimates.
Furthermore it is sensitive to new physics effects that do not induce any growth in 2 → 2
processes, hence it does not compete with high-energy probes. One such effect is the
anomalous trilinear Higgs coupling δκ3 , which is a standard target for future colliders.
The VHEL sensitivity to δκ3 is estimated in section 3 and compared with other projects.
See [12, 20, 21] for recent VHEL studies.
While it is useful to distinguish high-energy from high-rate probes, the separation
between the two categories is not sharp. Moreover, processes occurring at moderately high
energy and with moderately high rate can be also powerful probes of new physics. This is
shown in section 3.2 by studying double-Higgs production in the high (TeV-scale) di-Higgs
invariant mass tail, which is sensitive to a contact interaction (the OH operator) that grows
with the energy in the V V → hh amplitude. The sensitivity to OH is compared with the
one of single Higgs couplings measurements at Higgs factories, and its impact on Higgs
compositeness quantified.
Finally, a summary of our results, a first assessment of the VHEL potential on precision
physics, and future directions of investigation, are discussed in section 4.

helicity (longitudinal polarization) scattering amplitudes. 1 Following [22], these effects are
fully characterized by three “high-energy primary” parameters, which are in one-to-one
correspondence with the Warsaw-basis [23] operator coefficients G3L , G1L and GlR . The
growing-with-energy BSM contributions to the different amplitudes are reported in table 1,
for operators defined as


µ a

O3L = L̄L γ σ LL


OlR = ¯lR γ µ lR





† a

↔

iH σ Dµ H
↔

iH † Dµ H



,



µ

O1L = L̄L γ LL



†

↔

iH Dµ H



,



.

(2.1)

G3L =

g2
(CW + CHW ) ,
4

G1L =

g 02
1
(CB + CHB ) = GlR ,
4
2

(2.2)

where C(H)W,B are the (dimensionful) coefficients of the O(H)W,B operators defined as
in table 1. Our analysis of growing-with-energy effects 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. (2.1) but
involving quarks rather than leptons. The latter interactions induce growing-with-energy
effects 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.
1

Quadratic energy growth in the transverse polarizations could be also studied. However the effects on
the longitudinal vectors (and Higgs) amplitudes are directly connected with the Higgs sector, and thus more
relevant to probe BSM scenarios such as Composite Higgs.
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Strictly speaking, the only processes reported in the table that can be measured at the
√
VHEL at the highest available energy s = Ecm are the ones initiated by charged leptons
` = µ, e. However, neutrino-initiated processes can also be effectively probed, at a comparable energy, through the IR-enhanced emission of soft W bosons from the charged initial
leptons. The charged-current `ν → W h process is discussed in section 2.3 as an illustration
of this mechanism.
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. (2.1) 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 coefficient is related to the one of O1L by
GlR = 2 G1L .
There are four Universal SILH-basis [25] operators, namely OW , OB , OHW and OHB ,
that generate the operators in eq. (2.1) by the equations of motion. The Warsaw-basis
coefficients read

Process
→ Z0 h
ν̄L νL → W0+ W0−
−
−
+
`+
L ` L → W0 W0
ν̄L νL → Z0 h
+ −
`R `R → W0+ W0− , Z0 h
−
−
ν̄L `−
L → W 0 Z 0 / W0 h
+
+
νL `+
L → W 0 Z 0 / W0 h
−
`+
L `L

SILH Operators

BSM Amplitude

↔
ig
a
H † σ a Dµ H Dν Wµν
2



s (G3L + G1L ) sin θ?
s (G3L − G1L ) sin θ?
s GlR sin θ?
√
2 s G3L sin θ?

OW =



↔
ig 0
OB =
H † Dµ H ∂ ν Bµν
2





a
OHW = ig(Dµ H)† σ a (Dν H)Wµν

OHB = ig 0 (Dµ H)† (Dν H)Bµν

Let us consider for definiteness the single-operator reach on CW . The 1σ sensitivity is
HL-LHC = 1/(6.7 TeV)2 at the HL-LHC, C FCC = 1/(19 TeV)2 after the full FCC program,
CW,
1σ
W, 1σ
CLIC = 1/(26 TeV)2 at CLIC. The CLIC sensitivity is driven by high-energy diboson
and CW,
1σ
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
FCCee = 1/(17 TeV)2 .
observables. The reach of FCC-ee alone is CW,
1σ
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 effects due to CW . For EW-scale observables,
the relative magnitude of these effects is quantified by the “hatted” S parameter [27]2
Sb = m2W (CW + CB ) .

(2.3)

FCC = 2.2 × 10−5 , i.e. to
The FCC reach on CW corresponds (for CB = 0) to Sb = Sb1σ
measurements and theoretical predictions at the level of 10−5 . This level of accuracy can
be considered as the ultimate accuracy for EW-scale measurements. Correspondingly, the
FCC reach on CW can be regarded as the ultimate sensitivity to this operator that can
be obtained by high-rate probes at low energy with high precision. High energy probes
performed at the VHEL will easily pass this threshold.

2.1

High-energy Zh

We consider the direct 2 → 2 “Higgs-strahlung” Zh production. At the high VHEL energies, the process is conveniently described, using the Goldstone Boson Equivalence Theorem, as the production of one Higgs and of one neutral Goldstone boson that corresponds
to the longitudinally polarized Z boson. The process is mediated in the SM by a virtual
Z or photon, that couples to the Higgs doublet via the regular gauge interaction vertex.
2

b given below receives large radiative RG-running correction if the EFT
The tree-level expression for S
scale is as high as tents of TeVs. Nevertheless, it is a valid semi-quantitative estimate of the size of the
correction to SM observables at the EW scale.
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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 s and θ? . Right: the relevant SILH
basis operators.

"
+ −

σ(` ` → Zh) = 1220 1 +



Ecm
0.78

2



CW +

Ecm
0.96

#

4

CW

2



×

10 TeV
Ecm

2

0.1 ab ,

(2.4)

and it corresponds to 1220 Zh SM events with the baseline integrated luminosity in
eq. (1.1). Notice that the number of expected events is independent of the VHEL en2 scaling of the baseline luminosity compensates the 1/E 2 of the
ergy because the Ecm
cm
SM cross-section. The relative effect of CW grows instead with the energy. The growth
is quadratic in the interference (linear in CW ) term, owing to the amplitudes defined in
2 contribution.
table 1, and quartic in the CW
3

The largest cross-section in this regime, which constitutes a background for fully-hadronic Zh, is the
one for `+ `− → qq. Summing over all quarks, this is only 60 times larger than the signal and it can be
vastly reduced by b-tagging, jet masses and substructure cuts [28].
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The SM amplitude, as well as the BSM contribution in table 1, is proportional to the sine
of the scattering angle θ? . The amplitude for producing a Z boson with transverse polarization is suppressed by mZ /Ecm , and thus completely negligible at the VHEL energies.
Similarly, the EFT operators we are studying do not produce growing-with-energy effects
in the transverse Z boson production amplitudes.
The considerations above make the phenomenological analysis of growing-with energy
effects in Zh a rather trivial task. The dependence on θ? is the same for the SM and for the
BSM contributions, therefore measuring θ? does not bring any additional discriminating
power between the SM and the BSM hypotheses. Since the only non-vanishing amplitude
is for longitudinal Z bosons, the angular distributions of the Z (and h) decay products are
also identical and not worth measuring. All the information about the presence of the BSM
effects is thus captured by the measurement of the total high-energy cross-section. Performing such measurement is not extremely challenging because the final states are central
and the Zh invariant mass is close to the collider center of mass energy. The background
in this kinematical regime emerges from EW 2 → 2 (central) production processes, whose
typical cross-section is comparable to the one of the signal.3
The perspectives for measuring the high-energy Zh cross-section at the 3 TeV CLIC,
based on CLICdp full detector simulation, has been studied in [28] for hadronically decaying
Z and h → bb. Based on this study we expect that it should be possible to eliminate
the backgrounds with selection cuts that preserve a considerable fraction of the signal.
A total signal efficiency Zh = 26%, including decay branching ratios, is considered in
what follows for the estimate of the statistical accuracy of the measurement. Provided
the VHEL detector performances are as good as the ones of CLIC, ours is most likely a
conservative estimate. Other Higgs decay final states could indeed be included, as well
as the channels with leptonically-decaying Z (where the background is lower), with the
potential of improving Zh significantly. In the Conclusions we further comment on the
additional studies that are required for a conclusive assessment of the VHEL measurement
potential. We will see that they also include an assessment of the impact of soft vector
bosons emissions that is more relevant at the VHEL than at CLIC.
For a first illustration of the VHEL sensitivity we focus on the CW operator, setting
2 , the cross-section reads
CB = 0. Up to negligible corrections of order m2Z /Ecm

VHEL
CW,
1σ

−4

= 3.4 × 10

TeV

−2



b
L/L

1/2  10 TeV 2

Ecm

.

(2.5)

The reach iso-contours are shown in figure 3 in terms of Sb in the luminosity-energy plane.
The contour associated with the FCCee reach is outlined with a black dashed line, showing
the superiority of the VHEL sensitivity. The orange line represents the baseline energyluminosity relation in eq. (1.1). The black lines are instead the contours of the statistical
1/2 with δ = 5.6% being the
b
uncertainties of the measurement, which is equal to δ × (L/L)
uncertainty on the baseline luminosity line. Increasing the luminosity would be beneficial
for the reach until the statistical uncertainty reaches the threshold of the systematic and
theoretical uncertainties. If we tentatively set this floor to 1%, the sensitivity could improve
by a factor up to 5 with a 25 times larger luminosity.
The sensitivity would still be way better than the one of the FCCee if the luminosity
was significantly smaller than the baseline. However our results should not be applied
blindly if the luminosity is small. At the purely technical level, this is because they neglect
2 term in the cross-section prediction (2.4). This is a good approximation
the quadratic CW
only if the uncertainty of the cross-section measurement is low such that the reach on CW
2 . Otherwise, as eq. (2.4) shows, the quadratic term becomes
is significantly below 1/Ecm
competitive with the linear one and affects the reach significantly.
Physically, the problem with extremely inaccurate measurements (as they would result
from a very low VHEL luminosity) is that they cannot be interpreted consistently in
the EFT language in the case of underlying BSM theories, like Composite Higgs, where
CW = 1/m2∗ is directly related to the mass m∗ of new BSM particles. An order-one
measurement uncertainty would indeed result in a sensitivity m∗ ∼ Ecm , while the validity
of the EFT for the VHEL cross-section prediction relies on a scale separation between
the EFT cutoff m∗ and the center of mass energy Ecm . In this situation, the prediction
should be performed in the underlying BSM model and not in the EFT, duly taking into
account the detailed short-distance dynamics of the BSM particles and including potentially
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In the vicinity of the SM point, the number of observable Zh events is 1220×Zh = 317,
which corresponds to a statistical relative uncertainty δ = 5.6% in the Zh cross-section
measurement. This is a good estimate of the total error in the reasonable assumption
that the experimental systematic uncertainties could be brought at or below the percent.
Assuming that the theoretical errors in the SM prediction will be also irrelevant, and
retaining only the interference term in the BSM contribution, we estimate the 1σ sensitivity
VHEL = δ × 0.782 /E 2 = 1/(5.4 E )2 . The sensitivity is much better than the
reach as CW,
cm
cm
1σ
one of the other future colliders already at the lowest VHEL energy Ecm = 10 TeV. In terms
VHEL10
of the low-energy Sb parameter in eq. (2.4), the 10 TeV VHEL sensitivity is Sb1σ
=
−6
2.2 × 10 , way below what the FCC-ee or any other future project could conceivably
achieve with accurate measurements of EW-scale observables. In the Composite Higgs
scenario [25], CW is of order 1/m2∗ , where m∗ is the Higgs compositeness scale (i.e., the
inverse of the Higgs boson geometric size). The VHEL can thus reach m∗ = 5.4 Ecm at one
σ, m∗ = 3.8 Ecm for a 2σ exclusion and m∗ = 2.4 Ecm for a discovery.
b the sensitivity scales as
If the integrated luminosity L is varied around the baseline L,

prominent effects associated with the direct production of the new particles. In theories
unlike Composite Higgs, where CW is potentially enhanced by a strong coupling relative
to 1/m∗ , the EFT analysis would instead be justified even at low luminosity, provided of
course the quadratic term is duly included in the cross-section prediction.
It is worth stressing again that the VHEL sensitivity to such high m∗ scales emerges
from the measurement of the high-energy (Higgs-strahlung) Zh cross-section, not from the
measurement of the total Zh production cross-section. The latter is dominated by the
VBF process V V → hZ. Considering Ecm = 30 TeV for definiteness, the cross-section of
the latter process is
σ(V V → Zh)

Ecm =30 TeV

=

h

i

5.8×106 1 − (0.5 TeV)2 CW + (1.44 TeV)4 CW 2 ×

1
ab ,
90

(2.6)

where the sensitivity to the OW operator does not come from the contact interactions
in eq. (2.1), but rather from the interactions between pairs of Higgs field currents that
emerge from OW using the equations of motion. The SM V V → Zh is more than 3 orders
of magnitude larger than the one of the `+ `− → Zh, but its dependence on CW is much
weaker. The linear CW term is few times the EW scale (squared) in eq. (2.6) and of order
2 in eq. (2.4). Correspondingly, the sensitivity to C
2
Ecm
W is of order (1/25 TeV) even in
the unrealistic assumption that the experimental and theoretical uncertainties were so low
that the statistical potential (corresponding to a relative uncertainty of 4 × 10−4 ) of the
measurement could be entirely exploited. This should be compared with the (1/162 TeV)2
reach of the Higgs-strahlung measurement at the 30 TeV VHEL. The comparison is even
less favorable for VBF at lower VHEL energies.
We discussed in the Introduction that this behavior was expected on general grounds.
The V V → Zh takes place at EW-scale energies. On one hand, this is what makes its crosssection large. On the other hand, it makes its dependence on new physics weak because it
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Figure 3. Iso-contours (blue shades) of the 1σ sensitivity to CW , in terms of the Sb parameter in
eq. (2.3), in the luminosity-energy plane. The FCC reach is also indicated, as well as (solid black)
the iso-contours of the relative statistical uncertainty of the cross-section measurement.

σ(`+ `− → Zh)/ab

(P`− , P`+ )
(0%, 0%)

122 ×
+

(−30%, +30%)

0.96

E

Ecm

0.87

+

E

2
CW

1.17

E

Ecm


cm 4

1.15

2
CW
+

E

−

2
CB
−

E

1.3


cm 2

CB

(4.0 Ecm )−2



CW CB

E


cm 4

(3.8 Ecm )−2

CW CB

1.69

0.99

CB


E


cm 4

CW +

cm

2

1.64


cm 4

CW −

E


cm 2

1.12

CW +

E

1.09


cm 2

2
CB

E


cm 4

1.07

−

95% C.L. CW

E

0.65

1.31

× 1+

2
CB

E


cm 4

 10 TeV 2 

cm

2

0.78


cm 4

× 1+

+

E


cm 2

0.91

CB

(2.2 Ecm )−2



CW CB

Table 2. Total `+ `− → Zh cross-section in ab, as a function of the collider energy Ecm and the
Wilson coefficients CW , CB , for different beam polarizations (polarization −100% means fully lefthanded (right-handed) particles (antiparticles)). The 95% C.L. symmetrized individual constraint
on CW is also given, as obtained from inclusive `+ `− → Zh with CB = 0.

probes interactions at the EW scale rather than at the VHEL energy Ecm . The VBF Higgs
production process is thus irrelevant as a probe of the CW (and CB ) operator. It does
not even constitute a relevant background because it produces the Zh system with low
invariant mass and is efficiently eliminated with a lower cut. Of course the conclusion only
holds for the specific operators we are considering (notice that we are setting CHW,B = 0).
The V V → Zh potential to probe other EFT operators should be investigated.
We now discuss the impact of the Higgs-strahlung cross-section measurement in the 2parameters fit of CB and CW . The cross-section is reported in table 2 and the measurement
produces (assuming that the SM is observed) the red elliptical strip displayed in figure 4
(panel (a)). The degeneracy along the strip cannot be eliminated by more exclusive or
differential cross-section measurements because the sensitivity to new physics is entirely
captured by the total cross-section as explained at the beginning of this section. The
degeneracy could however be easily lifted (up to a four-fold ambiguity) if some degree
of polarization of the VHEL lepton beams could be engineered. We cannot comment on
the actual technical feasibility of polarized beams. However we notice (see table 4 and
figure 4, panel (b)) that a reasonably modest degree of polarization of ±30 %, with nonoptimized splitting (half-and-half) of the total luminosity, would be sufficient to obtain
a rather satisfactory simultaneous determination of CW and CB . If beam polarization is
not available (or to get rid the four-fold ambiguity), the degeneracy will be removed by
combining with the W + W − measurements, to be discussed below.
2.2

High-energy W + W −

The phenomenology of the high-energy W + W − production process, `+ `− → W + W − ,
is slightly more complex than the one of Higgs-strahlung. Like for Higgs-strahlung, the
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E

2
CW

× 1+

 10 TeV 2 


cm 4

123 ×
+

Ecm


cm 4

142 ×
+

(30%, −30%)

E

 10 TeV 2 

2.2.1

Fiducial cross-section

With θ? defined as the angle between the incoming `+ and the outgoing W + , the t-channel
enhancement of the transverse amplitude shows up in the forward (small θ? ) region. We
eliminate it by an asymmetric cut on cos θ? , which after optimization was set to
cos θ? ∈ [−0.98, 0.17] .

(2.7)

This cut defines the fiducial `+ `− → W + W − cross-section to be measured at the VHEL.
Notice that the lower cut cos θ? > −0.98 was not optimized. Rather, it corresponds to a
detector coverage limited to 10 degrees along the beam axis. Our results are very weakly
sensitive to this lower cut, which could be raised to 15 or 20 degree without significant
sensitivity loss. Similar considerations hold for Higgs-strahlung process discussed in the
previous section.
The fiducial cross-section prediction is reported in table 3 for unpolarized and for polar2 , owing to the energyized beams. As expected CW and CB enter in combination with Ecm
growing nature of their effect on the longitudinal cross-section. The SM cross-section is
somewhat higher than the one of Higgs-strahlung. Around 7000 events are expected with
the baseline luminosity, which would correspond to a 1 % statistical uncertainty in the
fiducial cross-section measurement. Taking also into account that only a fraction of these
events will be actually useful for the measurement, it is reasonable to ignore systematical
and theoretical uncertainties in the projection of the VHEL sensitivity. In order to measure the fiducial cross-section as defined with the asymmetric cut in eq. (2.7), the final
state must include at least one faithful tracker of the W boson charges. We consider the
semi-leptonic decay channel, with total branching fraction W W = 2 × 0.33 × 0.67 = 40 %
including decays to electrons, muons and taus.
In order to measure θ? (and the W W invariant mass), the leptonic W momentum needs
to be reconstructed. This can be achieved by first reconstructing the neutrino momentum
imposing the on-shell W boson condition like at hadron colliders, using the measurement of
the missing transverse energy. In spite of the fact that the on-shell condition has 2 solutions
for the neutrino, the W momentum reconstructed with this method becomes exact (see
e.g. [29]) if the W is boosted in the transverse plane. At the high VHEL energy we can

– 12 –

JHEP05(2021)219

amplitude for longitudinally-polarized W bosons (i.e., charged Goldstone bosons) is central
(proportional to sin θ? ) both for the SM and in the EFT as in table 1. However unlike
Higgs-strahlung the amplitude for producing transversely-polarized W bosons is sizable in
the SM and furthermore it is enhanced in the forward region by the singularity (cut off by
the W boson mass) associated with the neutrino exchange in the t-channel. The transverse
amplitudes are sensitive to CW and CB only through negligible mW /Ecm -suppressed effects.
Therefore, in first approximation, the transverse vector bosons production process can be
treated like a background, as we will do in section 2.2.1. However one can also exploit the
SM transverse amplitude to enhance the sensitivity by exploiting the quantum-mechanical
interference between the transverse and the longitudinal production amplitudes. We discuss
this possibility in section 2.2.2, following ref. [29].

σ(`+ `− → W + W − )/ab

(P`− , P`+ )
(0%, 0%)

736 ×
+

(−30%, +30%)

Ecm


cm 4

1.69

1204 ×
+

E

+

1.67

E

+

E

Ecm
2
CW

2.06
× 1+


cm 4

1.73

2
CB

E

+

CW +

E

95% C.L. CW
E

2.32


cm 4

1.91


cm 2

× 1+

2
CW
+

E

1.74

cm

2

CW +

CB

E

1.87


cm 4

1.61


cm 2

2
CB
+

CW +

E

CW CB

E

E


cm 4

1.97

(3.0 Ecm )−2




cm 2

CB

(2.9 Ecm )−2

CB

(2.1 Ecm )−2

2.81 
 E 4
 E 4
cm
cm
2
+
CB +
CW CB
2.52
1.90

 10 TeV 2 

Ecm

cm

2

1.77


cm 4

 10 TeV 2 


cm 4

401 ×

2
CW

× 1+

E


cm 2

1.65



CW CB

Table 3. Fiducial `+ `− → W + W − cross-section in ab, as a function of the collider energy Ecm
and the Wilson coefficients CW , CB , for different beam polarizations. The 95% C.L. symmetrized
individual constraint on CW is also given, as obtained from `+ `− → W + W − alone, with CB = 0.

thus rely on an essentially perfect reconstruction (up to detector effects) of the leptonic
W . In principle at lepton colliders the neutrino momentum could also be reconstructed by
exploiting the knowledge of the initial energy. However this is hardly an option at the VHEL
because of the potentially large undetected energy in the forward and backward directions.
Notice that the process of interest is central in angle, and the invariant mass for the
W W pair is of order Ecm . Background processes with one physical lepton or W boson
are tiny in this kinematical regime. Therefore for our sensitivity estimate we ignore the
backgrounds and set W W = 40 %, purely coming from the branching ratios, as total
signal efficiency. In spite of this, we believe that our results are most likely conservative
estimates of the sensitivity. Indeed, while the asymmetric cuts in eq. (2.7) are found
√
to produce better S/ B after optimization, a symmetric cut on | cos θ? | would produce a
√
comparable optimized S/ B. The fiducial cross-section defined with a symmetric cut could
be measured in the fully hadronic channel and benefit from its higher branching fraction.
The measurement of the unpolarized fiducial cross-section in the (CB , CW ) plane corresponds to the blue elliptical shape in panel (a) of figure 4. The combination with the
Zh measurement, also shown in the figure, does not allow for a satisfactory simultaneous
determination of CB and CW . This is not a problem for the single-operator sensitivity
on CW (see table 4), nor for the reach in the special direction CW = CB , which is populated by Composite Higgs models with PLR “custodial” symmetry [30]. It is more of
an issue for CB and for the marginalized bounds. In order to improve, one option is to
measure polarized cross-sections. If this is possible, a significant improvement could be
achieved as shown in panel (b) and in table 4. We also see in panel (a) that the unpolarized cross-section measurements do not resolve the ambiguity between the SM-like region
and a second solution with large negative values of CW and CB . This is arguably not a
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(30%, −30%)

E

 10 TeV 2 

2.2.2

Differential analysis

The design of observables that are sensitive to the interference between different diboson
helicity amplitudes has been discussed in ref. [29] (see also [31–33]) in the context of
hadron colliders, with the purpose of enhancing the sensitivity to those EFT operators
that mostly contribute to helicity amplitudes where the SM is small. The sensitivity
improvement associated with measuring such observables is instead expectedly moderate
in processes, like the one at hand, where the EFT contributes to an helicity channel that
is large also in the SM. This was recently verified for high-energy W Z production at
the LHC [34]. However these measurements could play an important role in our analysis,
because of the stretched shape of the likelihood contours in figure 4 panel (a) and of the
unresolved degeneracy.
The relevant observables are readily identified as follows (see [34] for additional details).
In the narrow-width approximation the 2 → 4 differential cross-section including the W
bosons decays can be written as
dσ =

X

dρhard
h h

0 0
+ − h+ h−

+

−

+ +

− −

W
dρW
h h0 dρh h0 ,

(2.8)

where the sum runs over two pairs of helicity indexes h± and h0± , associated with the
intermediate W ± vector boson helicities, each ranging in {+, 0, −}.
The hard density matrix dρhard contains the helicity amplitude of the `+ `− → W + W −
process with on-shell W bosons. Up to an irrelevant flux factor, it reads
dρhard
h h

0 0
+ − h+ h−

∝ Mh+ h− (Mh0+ h0− )∗ dΦWW ,

(2.9)

where dΦWW is the phase space for the on-shell diboson production. The helicity amplitudes M contain both SM and EFT contributions, and they take a very simple form in
the high-energy limit. The only relevant (quadratically enhanced with energy) EFT contribution is in the longitudinal amplitude M00 , as in table 1, both for Right-handed and
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relevant issue because these large values most likely emerge only in BSM scenarios with
relatively light new particles, to be probed directly at the VHEL. On the other hand, it
is worth asking if the degeneracy can be eliminated by additional diboson measurements.
Notice that the four polarized cross-section measurements are unable to resolve this ambiguity. This fact is readily understood as follows. By setting CW = CB in eq. (2.2), and
comparing with eq. (2.1), we see that the total EFT interaction in this special direction is
proportional to g 2 J2, l · J2, H + g 0 2 J1, l · J1, H where J2,1 denote, respectively, the SU(2)L and
U(1)Y currents of the leptons and of the Higgs field. This is the exact same structure we
have in the SM contribution to the amplitudes for longitudinally polarized W and Z (and
2 from the gauge field propagators. If we pick
Higgs) bosons, apart from the factor 1/Ecm
2 we can thus set all the longitudinal diboson amplitudes to be equal
CW = CB = −2/Ecm
and opposite to the SM ones, and obtain the SM cross-section. The only way to resolve
the ambiguity is to measure a quantity that is sensitive to the sign of the longitudinal amplitudes. In turn, this requires observables that are sensitive to the interference between
the longitudinal and the transverse helicity amplitudes.

for Left-handed initial-state leptons. If the initial leptons are Right-handed, all the helicity
amplitudes vanish in the SM apart from the longitudinal one. Consequently, there is no
interference contribution.
If instead the initial leptons are Left-handed, also the SM transverse amplitudes are
non-vanishing in the (±, ∓) helicity channels. Explicitly
M−+ = −

g2
sin θ? ,
2

M+− = g 2 cos2

θ?
θ?
cot2
,
2
2

(2.10)

dσint ∝ M00 M+− cos(ϕ+ − ϕ− ) sin θ+ (1 + cos θ+ ) sin θ− (1 − cos θ− )
+ M00 M−+ cos(ϕ+ − ϕ− ) sin θ+ (1 − cos θ+ ) sin θ− (1 + cos θ− ) ,

(2.11)

having exploited the fact that all the hard amplitudes are real.
We can now turn to the definition of the relevant observables. The θ± and ϕ± angles
are not directly observable, for the following reasons. Consider for definiteness the case
¯ and W − → `− ν̄. The fermion with helicity
in which the W + decays hadronically, to ud,
+1/2 in the W + decay is the d¯ quark, so that θ+ and ϕ+ are defined as the angles of
¯ However it is very difficult or impossible to tell the d¯ from the u quark, therefore
the d.
the best we can do is to choose at random one of the two jets from the decay, interpret
it as the d¯ and measure its angles θd¯ and ϕd¯.4 These angles are either equal to θ+ and
ϕ+ , or to π − θ+ and ϕ+ + π with the same probability. The differential cross-section
for the θd¯ and ϕd¯ variables defined in this way is thus the average of eq. (2.11) evaluated
at (θ+ , ϕ+ ) = (θd¯, ϕd¯) and at (θ+ , ϕ+ ) = (π − θd¯, ϕd¯ + π). The W − decay angles should
instead be defined as those of the ν̄. However the neutrino momentum is reconstructed
imposing the on-shell condition of the W boson, which produces two distinct solutions.
The 4-momenta obtained on two solutions approach each other when the W is boosted in
the transverse plane, so that the reconstructed W boson momentum is nearly the same on
the two solutions as previously mentioned. The polar angle of the neutrino in the W rest
frame also coincides on the two solutions, while the two determinations of the azimuthal
angle instead do not coincide, but are related to each other by ϕ1 = π − ϕ2 [29]. If we pick
one of the two solutions at random and interpret its angles as θν̄ and ϕν̄ , the distribution
for these variables is obtained by further averaging eq. (2.11) over (θ− , ϕ− ) = (θν̄ , ϕν̄ ) and
4

Equivalently, we might also retain both jets and have two measurements of the angles for each event.
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where g is the SU(2)L coupling. The longitudinal amplitudes, both in the SM and in the
EFT, are proportional to sin θ? . The only relevant interference term in the whole process
thus emerges (with Left-handed initial leptons) from the ± ∓ 0 0 and 0 0 ± ∓ terms in the
sum of eq. (2.8).
±
The density matrices dρW are instead EFT-independent factors that account for the
decay of the W bosons. As in [29, 34], we parametrize them in terms of the polar and
azimuthal angles (θ± and ϕ± ) of the helicity-plus fermion or anti-fermion, in the rest
frame of the decaying boson. The decay density matrices are readily computed, and the
interference due to the ± ∓ 0 0 and 0 0 ± ∓ terms in eq. (2.8) is found to be

Single-operator

Single-operator

Marginalized
CW

CB

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

[-0.48, 0.46]

[-6.1, 1.1]

[-3.8, 6.9]

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

[-0.46, 0.44]

[-0.73, 0.66]

[-1.4, 1.3]

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

[-0.46, 0.44]

[-4.4, 1.1]

[-3.5, 6.1]

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

[-0.41, 0.40]

[-1.9, 0.96]

[-3.8, 4.30]

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

[-0.39, 0.38]

[-1.7, 0.95]

[-3.5, 3.9]

[-0.66, 0.61] [-1.9, 1.6]

[-0.58, 0.54] [-1.1, 1.0]

[-0.62, 0.58] [-1.7, 1.5]

[-0.52, 0.51] [-1.8, 1.5]

[-0.51, 0.49] [-1.6, 1.4]

Table 4. 95% C.L. constraints on CW and CB , expressed in units of (100 TeV)−2 , for the benchmark
VHEL energies and luminosities. The first two columns show the constraints on one coefficient
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.

at (θ− , ϕ− ) = (θν̄ , π − ϕν̄ ). After both averages, eq. (2.11) becomes
dσ int ∝ M00 M+− sin ϕd¯ sin ϕν̄ cos θd¯ sin θd¯ sin θν̄ (1 − cos θν̄ )
− M00 M−+ sin ϕd¯ sin ϕν̄ cos θd¯ sin θd¯ sin θν̄ (1 + cos θν̄ ) .

(2.12)

Since this is non-vanishing, we can access the interference term experimentally by the
measurable variables θν̄,d¯ and ϕν̄,d¯.
In light of eq. (2.12), our differential analysis is defined as follows. Both ϕν̄ and ϕd¯
should be measured, because the interference vanishes if integrated over any of them. We
thus consider a doubly-differential cross-section in 25 equally-spaced bins in the (ϕν̄ , ϕd¯)
plane. It is also necessary to measure θd¯ because the interference is odd under cos θd¯ →
− cos θd¯. We thus bin cos θd¯ at [−1, −0.66, 0, 0.66, 1]. It is not strictly necessary to measure
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Inclusive

CW = CB

Polarized

CB

Differential

CW

Tri-boson

L/ab

Combined

Ecm

2.3

High-energy tri-bosons

We have seen above that a differential analysis of the W + W − process can resolve the
degeneracy between CW and CB and improve their global determination. However, it is
important to highlight that at the high energies that are available at the VHEL a novel
approach to the problem becomes viable. Table 1 suggests that we might probe a new
direction in the (CB , CW ) plane if we could measure charged-current processes such as
`± ν → W ± h/W ± Z .

(2.13)

This is possible at the VHEL thanks to the flux of “effective” neutrino beams originating
from the emission of a charged W of (relatively) low energy from one of the initial leptons.
2 /m2 , hence it acquires
This emission is enhanced by a Sudakov double logarithm of Ecm
W
growing importance at the highest center of mass energies. Notice that the charged W
emission is enhanced (though only by a single log) also in the collinear regime where the
W is emitted parallel to the beam axis and carries an order-one fraction of the lepton
beam energy. The latter kinematical regime could be described in terms of the neutrino
Parton Distribution Function (PDF) [36], but it is less relevant for our analysis than the
soft (or soft-collinear) regime, which is doubly log-enhanced and maximally benefits from
the quadratic energy growth of the EFT contribution because the center of mass energy
√
s of the `ν scattering essentially coincides with Ecm .
We focus on the W h process, rather than on W Z, in order to avoid a contamination
from SM transverse gauge bosons production, which is negligible for W h and sizable for
W Z. The complete 2 → 3 scattering
`+ `− → W + W − h ,
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θν̄ , however the peculiar distribution of this variable can improve the sensitivity. We thus
bin | cos θν̄ | at [0, 0.66, 1], for a total of 8 regions in the (θν̄ , θd¯) plane. Binning over the W W
center of mass scattering angle θ? could also bring some advantage in terms of sensitivity,
because the hard amplitude terms in eq. (2.12) possess a distinctive angular dependence.
We do not consider this possibility for simplicity, and we merely restrict θ? to the “fiducial”
region in eq. (2.7). Our analysis, in a total of 200 bins, is probably close to the statistical
optimal analysis that can be achieved with the available statistics, for which a handful of
events are found in each bin. Unbinned techniques such as the Matrix Element method
could be studied to assess the optimality.
The fully differential cross-section of the process could be obtained analytically by
exploiting the narrow-width approximation and the high-energy (Ecm  mW ) limit. While
these are excellent approximations, we instead employed exact tree-level predictions for
the cross-section in the bins as a function of CW and CB . They have been obtained using
MadGraph [15], with the EFT operators in eq. (2.1) implemented via FeynRules [35].
The result is shown in panel (c) of figure 4, for unpolarized beams. After combining
with the Zh cross-section measurement, the differential analysis eliminates the second
solution and allows for a better simultaneous determination of CW and CB as reported in
table 4.

(b) Polarized inclusive Zh (L: red, R: orange)
and fiducial W W (L: blue, R: purple);

(c) Same as panel (a), but with differential W W
rate (blue) for unpolarized beams.

(d) Same as panel (a), combined with fiducial
W W h (green) for unpolarized beams;

√
Figure 4. χ2 profiles in the (CB , CW ) plane at a s = 10 TeV muon collider. The four panels
combine different inclusive and differential measurements with polarized and unpolarized beams.
Solid filled contours are for the combination of the χ2 relevant for each panel. The iso-lines are for
∆χ2 values equivalent to 67%, 95%, and 99% confidence level. For completeness of display, we add
the inset in the lower-left corner to show the same quantities on a bigger scale.

is simulated with MadGraph. The relevant kinematical region is characterized by a hard
W and a hard Higgs boson in the central region, with an additional soft or forward W . This
region is selected by a lower cut on the pT of the Higgs and of the hardest W boson. The
cut is optimized to maximize the significance of the signal over the SM background, with
the results reported in table 5 together with the corresponding cross-sections for different
VHEL energies. Notice that the soft or forward W , which could be difficult to see, does
not need to be detected. The high-pT Higgs and W should instead be relatively easy to
detect, with an efficiency in the fully-hadronic channel comparable to the one of the Zh
final state discussed in section 2.1. For our sensitivity projection estimate we thus set
W h = Zh = 26%.
A few comments on the cross-sections in table 5 are in order. First of all we remark
that in addition to the charged current hard diboson production in (2.13), also `+ `− → Zh
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(a) Inclusive Zh (red) and fiducial W W (blue)
rates for unpolarized beams;

√

s/TeV L/ab−1

σ(`+ `− → W + W − h)/ab

0.9

493 ·

10

10

82.6 ·

14

20

48.4 ·

30

90

14.7 ·

4

0.6 TeV

(7.0 TeV)−2

2.2 TeV

(29.4 TeV)−2

3.2 TeV

(43.6 TeV)−2

6.9 TeV

(103 TeV)−2

Table 5. Fiducial `+ `− → W + W − h cross-section at high energy lepton colliders. The fiducial
phase-space is defined by the cuts on the pT of the Higgs and hardest W specified in the fourth
column. We also show the 95% C.L. symmetrized bound on CW , from this measurement alone.

and `+ `− → W + W − with a Z → W W or W → W h splitting from one of the heavy final
states contribute to the W + W − h final state. These contributions are responsible for the
CB dependence of the cross-section (notice that the `± ν → W ± h amplitude depends only
on CW ), and they tend to align the flat direction of the W W h cross-section in the (CW , CB )
plane with the one of the inclusive Zh and W W measurements. One could in principle
isolate the genuine `ν → W h contribution imposing additional cuts on the final state.
The contribution from `+ `− → Z ∗ h → W + W − h can e.g. be reduced requiring the two W
bosons to be back-to-back, or requiring one of them to have a low pT . This is however
obtained at the expense of rate and might require further luminosity to be exploited.
Figure 4, panel (d) shows the χ2 profile for the W W h analysis as a function of CB and
CW for Ecm = 10 TeV, also in combination with the unpolarized and inclusive W W and
Zh measurements. Adding the three-body process eliminates the second solution at large
negative couplings and improves the determination of the couplings around the SM point.
The results at higher VHEL energies are reported in figures 10 and 11 in appendix B.
As expected, the impact of the W W h process becomes more pronounced as the energy
increases, due to the soft-collinear logarithm. The 2σ sensitivity contours in the (CW , CB )
plane, obtained from the combination of inclusive Zh, differential W W and fiducial W W h,
with unpolarized beams, are summarized for the different VHEL energies in figure 12 in
the appendix B.
The tri-boson W W h process illustrates an important aspect of the VHEL phenomenology. The real emission of soft or collinear massive vector bosons is IR-enhanced owing to
the large scale separation Ecm  mW . Indeed the fiducial tri-boson cross-section in table 5
is close to the diboson Zh cross-section 2.4 and only a factor few smaller than the fiducial
W W cross-section (see table 3). It is thus mandatory to take these emissions into account,
for an accurate estimate both of the SM background and of the EFT signal, even in total or
fiducial cross-section studies. Furthermore, since the emissions mix up the different 2 → 2
diboson subprocesses, a combined study of all “hard” (Zh, W W , W h and W Z) final states
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3

2

pT cut 95% C.L. CW

2
1 + (3.09 TeV) CW + (2.36 TeV) CW
2
+ (1.30 TeV)2 CB + (1.68 TeV)4 CB

2
1 + (11.1 TeV)2 CW + (8.43 TeV)4 CW
2
+ (4.68 TeV)2 CB + (5.79 TeV)4 CB

2
1 + (15.8 TeV)2 CW + (12.0 TeV)4 CW
2
+ (6.64 TeV)2 CB + (8.17 TeV)4 CB

2
1 + (34.4 TeV)2 CW + (26.0 TeV)4 CW
2
+ (14.4 TeV)2 CB + (17.6 TeV)4 CB



Ecm /TeV
3
10
14
30

L/ab−1
5
10
20
90

σ(`+ `− → hhν ν̄)/fb

Nevents




2

0.82 · 1 − 0.63 δκ3 + 0.48 δκ3

4k




2

33k




2

88k




2

660k

3.3 · 1 − 0.38 δκ3 + 0.27 δκ3

4.4 · 1 − 0.34 δκ3 + 0.23 δκ3

7.4 · 1 − 0.27 δκ3 + 0.18 δκ3

Table 6. Total di-Higgs production cross-section from charged VBF, with its dependence on the
trilinear coupling modification δκ3 , and total number of events at different collider energies.

3

Double Higgs production

The second way to probe new physics with high precision at the VHEL is to exploit the
large number of events produced in vector boson fusion (or scattering) processes. The
cross-sections for such processes grow logarithmically with the collider energy, and with
the luminosity scaling of eq. (1.1), the total number of SM VBF events thus grows as
2 log E
Ecm
cm for large energies as in figure 2. A clear example of this enhancement is the high
rate of single Higgs production attainable at a VHEL, which e.g. allows to produce ∼ 108
Higgs bosons at the 30 TeV collider. With such a huge number of events, the precision of
single Higgs measurements is realistically going to be dominated by systematic uncertainties
— both experimental and theoretical — which at present can not be quantified. On the
other hand, rarer VBF processes like double Higgs production will still be statistically
limited, so that a simple estimate of the reach is possible, and might profit fully from the
large available rate without hitting the floor of systematic and theoretical uncertainties.
In this section we study the potential of the VBF double Higgs production process as
a probe of two different new physics effects. The first one is an anomalous triple Higgs coupling, which can be tested through the measurement of the total (or fiducial, in the central
angular region) double Higgs production cross-section. The second is the OH SILH-basis
operator, which can be related to the parameter ξ = v 2 /f 2 of Higgs compositeness [25].
This effect can be probed by the measurement of the differential double Higgs production
cross-section in the tail of the di-Higgs invariant mass distribution [37] (see also [20] for a
recent analysis at the VHEL).
3.1

Total cross-section and triple Higgs coupling

Double Higgs production receives a diagrammatic tree-level contribution that depends on
the trilinear Higgs coupling. Therefore it provides a so-called “direct” measurement of the
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will be necessary. The exclusive approach we adopted here can be only regarded as a first
2 /m2 ) enestimate of the VHEL sensitivity. Finally, we notice that the Sudakov log2 (Ecm
W
hancement of the real emissions also controls the enhancement of the virtual corrections to
the exclusive diboson cross-sections. Our tree-level predictions are thus expected to receive
large NLO EW corrections that will have to be included. We will return to these important
methodological considerations in the Conclusions.

parameter δκ3 in the Higgs potential
V (h) =

m2h 2 m2h
m2
h +
(1 + δκ3 ) h3 + h2 (1 + δκ4 ) h4 + . . . ,
2
2v
8v

(3.1)

m2
O6 = − h2
2v

v2
H †H −
2

!3

,

OH =

2
1
∂µ (H † H) .
2

(3.2)

The coefficients of these operators, C6 and CH , are related to triple Higgs coupling modifications


3
2
δκ3 = v C6 − CH .
(3.3)
2
The quartic coupling δκ4 , studied at VHEL in [21], is correlated with δκ3 in the EFT. Additionally, the OH operator also induces a universal rescaling of the single Higgs couplings
to vectors and fermions
CH v 2
κ = κV = κ f = 1 −
.
(3.4)
2
The total SM cross-sections for double Higgs production, along with those for several
other VBF processes, have been presented in [12] for different multi-TeV collider energies.
In table 6 we report the cross-sections for the dominant charged VBF W + W − → hh process, which are of the order of a few fb at the various VHEL under consideration, together
with their dependence on the anomalous trilinear δκ3 . With the baseline luminosity of
eq. (1.1), around 104 (few 105 ) events are expected at the 10 TeV (30 TeV) VHEL. Note that
the contamination from invisible Z decays to the complete 2 → 4 process, `+ `− → hhν ν̄,
is very small at these energies, with the `+ `− → Zhh cross-section being of the order of a
few ab.
From these numbers one can derive a first rough estimate of the precision attainable
on the triple Higgs coupling. For simplicity we consider only the hh → 4b channel, keeping
in mind that a complete analysis could include several other decay channels. Taking into
account the branching ratio BR(h → bb̄) = 0.58 for both Higgs bosons, and assuming
an overall reconstruction efficiency of ≈ 30% (see the CLIC analysis [40]), one gets 3300
5

The third operator that contributes at tree level (called OT the SILH basis) is neglected because it
breaks Custodial Symmetry and is strongly bounded by LEP, at the level CT v 2 . 10−3 . We estimate that
the VHEL sensitivity to this operator could become comparable to the one of LEP only at Ecm = 14 TeV
and Ecm = 30 TeV.
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where v ' 246 GeV is the Higgs VEV and mh is the physical Higgs boson mass. The
trilinear coupling measurement, which is difficult to achieve at the LHC [38] at a satisfactory
level of accuracy, is a standard reference target for future colliders. A 100 TeV hadron
collider is expected to be able to measure modifications in the trilinear coupling δκFCC
≈
3
3.5% – 8%, depending on the assumptions on detector performance [39]. At lepton colliders,
high energies are needed to produce a significant amount of Higgs boson pairs in VBF. The
3 TeV CLIC can reach a precision δκCLIC
≈ 10% [40]. Here we will estimate the sensitivity
3
to δκ3 at the VHEL.
In the absence of BSM light degrees of freedom, and assuming Custodial Symmetry,
double Higgs production is affected by new physics through the following two interactions 5

√

s/TeV L/ab−1
3

5

σ(`+ `− → hh(4b)ν ν̄)/ab


132 · 1 + (3.85 CH − 0.87 C6 ) v

NSM events 68% C.L. δκ3

2





4



4



4

2
+ 0.74 C62 − 5.52 CH C6 v
+ 26.8 CH

10

10

239 · 1 + (7.25 CH − 0.80 C6 ) v 2




2
+ 196 CH
+ 0.71 C62 − 8.40 CH C6 v

14

20

257 · 1 + (8.43 CH − 0.79 C6 ) v 2


+
90

2
300 CH

+

0.68 C62

− 9.28 CH C6 v

271 · 1 + (12.8 CH − 0.79 C6 ) v 2




[-8.5, 9.9] %

621

[-4.9, 5.3] %

1336

[-3.4, 3.6] %

6341

[-1.6, 1.6] %



2
+ 1389 CH
+ 0.78 C62 − 13.8 CH C6 v 4

Table 7. Fiducial σ(`+ `− → hh(4b)νν) in ab at various high energy lepton colliders as a function
of the new physics couplings CH and C6 , normalized with v = 246 GeV. The cross-sections are
calculated in the fiducial region 10◦ < θb < 170◦ , pT,b > 10 GeV. We also report the number of SM
events, and the corresponding 68% C.L. bound on the modified trilinear coupling δκ3 , calculated
neglecting backgrounds and assuming a selection efficiency sig = 26% on the signal.

reconstructed di-Higgs events at the 10 TeV collider. Neglecting backgrounds, the statistical
precision on the cross-section is therefore expected to be around 1.7%. With the sensitivity
to δκ3 reported in the table, this corresponds to a 4% precision on the trilinear coupling.
At a 30 TeV collider, instead, one expects around 600’000 events, which correspond to a
percent precision on δκ3 . These numbers are in agreement with those of [12, 20], which
however do not include reconstruction efficiencies.
These order-of-magnitude estimates could be significantly affected by backgrounds, but
even more significantly by detector acceptance. VBF Higgs pair production is a soft process,
meaning that the Higgs bosons do not have large transverse momentum. However, they can
have considerable longitudinal boost if the collider energy is large. A very large fraction
of the Higgs bosons is thus produced in the forward (and backward) region, beyond the
detector coverage. The problem could be particularly severe at a µ+µ− VHEL because the
radiation-absorbing nozzles might reduce the angular coverage significantly. In addition,
soft beam-induced background might affect the ability to reconstruct low-pT objects from
the decay of low-pT Higgs bosons.
On the other hand, the contribution of the trilinear coupling to the double Higgs
cross-section only comes from the Feynman diagram with a virtual Higgs boson in the
s-channel, and therefore it is independent of the scattering angle in the hh rest frame.
The SM total cross-section instead gets a large contribution from the t-channel exchange
of a virtual W , which is enhanced in the kinematical region where the Higgs bosons are
produced at small angle in the hh frame. This contribution, however, is insensitive to δκ3
and it can be regarded as a “background” to the δκ3 determination. The presence of an
enhanced signal-free kinematical region explains the relatively low sensitivity of the total
cross-section to δκ3 that we found in table 6. The sensitivity decreases with Ecm as the tchannel enhancement of the background gets more significant at higher energy. The Higgs
bosons produced by the “background” SM diagrams are forward (and backward) already in
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the hh rest frame. After the longitudinal boost, they will thus move almost parallel to the
beam axis. The δκ3 contribution instead is central in the hh frame, producing relatively
more central Higgs bosons in the lab frame. Being obliged to restrict the measurement of
the cross-section to the central region because of the detector acceptance, eliminating the
enhanced background component, could thus even be beneficial for the measurement of the
triple coupling, in spite of the radical reduction of the total rate.
We shall now quantify the competing aspects described above by performing a simulation of double Higgs production in the hh → 4b channel. We compute the total and
differential cross-section using MadGraph [15]. We impose basic detector acceptance cuts,
requiring that the b quarks have a transverse momentum larger than 10 GeV, and exclude a
region of 10◦ around the beam axis. The new physics effects are modeled by implementing
the O6 and OH operators in eq. (3.2) using FeynRules [35]. The resulting fiducial crosssections, for various collider energies, are reported in table 7 as functions of the new physics
couplings C6 and CH . We first consider new physics that only affects the trilinear Higgs
couplings, leaving the single Higgs couplings at their SM values. This corresponds to the
configuration CH = 0 and C6 = δκ3 /v 2 owing to eq. (3.3). We will discuss later how to
deal with the degeneracy that emerges in the combined determination of C6 and CH from
the measurement of the fiducial cross-section.
One immediately notices that the fiducial SM cross-sections in table 7 do not grow
with Ecm as fast as the total cross-sections of table 6. This is due to the enhancements
of the cross-section in the forward/backward region discussed before, which become more
prominent at higher Ecm , producing a larger total rate but also a larger fraction of Higgs
bosons (and, in turn, of b-quarks) outside the detector acceptance. This enhancement is
clearly visible in the distributions of the left panel of figure 5. The plot also shows that the
contribution from the anomalous trilinear Higgs coupling (defined as the correction to the
cross-section in absolute value for δκ3 = 10 %) is less peaked in the forward detector region,
since it lacks the t-channel enhancement of the SM part, and is thus less affected by the
acceptance cuts. As a result, the sensitivity of the cross-sections in table 7 to δκ3 = C6 v 2
is larger and roughly constant for all center of mass energies, as opposed to what we see in
table 6 for the total cross-section.
Backgrounds are potentially large and need to be taken into account. The most important source of background is VBF diboson production — mainly Zh, but also ZZ, W W ,
or W h, W Z produced in association with a collinear lepton — where one or two vector
bosons are incorrectly reconstructed as a Higgs. Hard `+ `− → V V diboson processes are
easily removed as the diboson invariant mass peaks at Ecm while the di-Higgs invariant
mass distribution is much softer. The key factor to isolate the hh signal is thus the ability to distinguish h → bb̄ from hadronic Z and W decays. We simulate all these VBF
diboson processes in the SM with MadGraph, requiring the four jets to be in the same
acceptance region in θ and pT defined above. In order to assess the background contamination, we apply a gaussian smearing on the jet energy, assuming an energy resolution
∆Ejet /Ejet = 10%. Then, we reconstruct the Higgs bosons of the signal pairing the four
jets by minimizing |Mj1 j2 − mh | + |Mj3 j4 − mh |, where Mjj is the invariant mass of two jets
and mh is the Higgs mass. Finally, we select the signal events requiring that for the Higgs

�� ϵ������ = �� %
��% �� ����� �� δκ � [%]

� = �� ���

������ [����]

��

[δκ� = ��%] ⨯ ��

-�
�� � ���� � ��

-�

�� °

-�

��� °

��� °

�

��
��
��
���������� ��� �� θ ��� [�]

��

√
Figure 5. Left: jet polar angle distribution of `+ `− → hhνν events at s = 10 TeV in the SM
(gray) and with δκ3 = 10% (red). Right: reach on δκ3 at 68% C.L. as a function of the acceptance
cut on the jet polar angle at muon colliders with different center of mass energies.

candidates the dijet invariant mass Mjj > Mcut , and that at least Nb jets out of four are
tagged as b-jets (we assume a b-tag efficiency of 70% and a misidentification probability as
given in [41]). We optimize the significance of the hh cross-section measurement varying
Mcut and Nb . At 3 TeV center of mass energy we find the optimal values Mcut = 105 GeV,
Nb = 3, with a corresponding signal selection efficiency sig = 25%. This result is in perfect
agreement with the results of ref. [40], based on a full detector simulation and a BDT
selection, which quote sig = 26%. At 10 TeV we find a very similar result, with sig = 32%.
The number of background events that pass the selection cuts is of the same order as the
number of signal events. We have also checked that varying the energy resolution on the
diboson invariant mass by ±50% has a minor impact on the optimal efficiency, although
increasing the background contamination. More details are reported in appendix A.
Given these considerations, we simply estimate the error on the cross-section as ∆σ ∼
p
L · sig · σ, using the value sig = 26% for all collider energies, but keeping in mind
√
that with a different efficiency the result scales as sig . In appendix A we compute
the actual size of the background for different detector resolutions and we find that the
background rate gets smaller for increased detector resolution. For detector performances
in the considered range the background rate is comparable to the signal, therefore its effect
on the bound is small. For simplicity in our estimates we will neglect the background,
leading to slightly optimistic results. We leave a more precise determination of the reach
to future work based on future more well established detector performances. The final
precision on the modified trilinear coupling is given in the last column in table 7.6 A
10 TeV muon collider could reach a 5% precision, while a 1.5% precision can be reached at
a 30 TeV collider. The results are in agreement with the previous rough estimates based
on the total number of events, but this is purely accidental. Indeed, the acceptance cuts
reduce the cross-section by a very large factor (almost 300 at 30 TeV), but the reduced
number of events is compensated by a stronger sensitivity to δκ3 .
Since the detector specifications for a VHEL are not known at present, it is interesting
to assess the dependence of our results on the assumptions about acceptance and efficiency.
6

For a 3 TeV collider we use a luminosity of 5 ab−1 , for ease of comparison with the CLIC studies.
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Figure 6. Constraints on the Wilson coefficients C6 and CH of eq. (3.2) from the inclusive hh →
4b cross-section measurement (blue), and from its differential distribution in di-Higgs invariant
mass Mhh and Higgs transverse momentum pT,h (red). The contours indicate 68% and 95% C.L.
constraints (2 d.o.f.). Left: Ecm = 10 TeV. Right: Ecm = 30 TeV.

In figure 5 right we show the dependence of the trilinear coupling limit on the acceptance
cuts on the polar angle θjet . We see that the reach is not drastically affected by the angular
cut. This is due to the fact that the trilinear coupling contributes to the cross-section mainly
in the central region, while the forward events come from SM processes. Restricting to a
more central region reduces the total number of events, but increases the sensitivity on δκ3
as previously explained. Similarly, requiring harder jets does not significantly affect the
results, as long as one is able to detect jets with pT & 30–40 GeV (see appendix A).
Finally, we interpret the cross-section measurement as a constraint on the EFT coefficients C6 and CH . The dependence on CH of the total cross-section is due to both the
contribution to δκ3 in eq. (3.3), and the modification of the coupling to vector bosons. The
resulting bounds are shown as blue contours in the (C6 , CH ) plane in figure 6, for collider
energies of 10 TeV and 30 TeV. As is well known, the measurement of the total cross-section
alone is not able to determine the couplings C6 and CH simultaneously.
3.2

High mass tail

The degeneracy between the contributions from O6 and OH to double Higgs production
2 is
can be resolved considering the differential cross-section d2 σ/dŝ dpT,h , where ŝ = Mhh
the di-Higgs invariant mass and pT,h the transverse momentum of the softest Higgs. The
invariant mass is the most important variable to discriminate between C6 and CH . The
low invariant mass region, which dominates in the total cross-section is mostly affected by
the trilinear Higgs coupling, and thus gives a good measurement of only δκ3 in absence
of other new physics effects. However, the W W → hh amplitude also has a contribution
proportional to CH that grows with energy, AW W →hh ≈ CH ŝ for ŝ  m2h . From the
viewpoint of the Goldstone Boson Equivalence Theorem, this energy growth emerges from
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√

s/TeV L/ab−1
3

5

σ(`+ `− → hhν ν̄)/ab


95.6 · 1 + (10.0 CH − 0.87 C6 ) v
+

6

3.6
10

+

0.72 C62



4





4



− 12.7 CH C6 v

45.0 · 1 + (33.1 CH − 0.98 C6 ) v 2


+
10

2
106 CH

cut cut
{Mhh
, pT,h }/GeV NSM 95% C.L. ξ
2

2
986 CH

+

0.63 C62

− 35.8 CH C6 v

21.7 · 1 + (77.1 CH − 0.88 C6 ) v 2


14

20

30

90

100 2.1 × 10−2

{680, 300}

34

1.1 × 10−2

{1130, 500}

46

3.9 × 10−3

{1500, 690}

58

2.0 × 10−3

{2800, 1360}

96

4.7 × 10−4


4

Table 8. High-mass σ(`+ `− → hhνν) in ab at various high energy lepton colliders as a function
of the new physics couplings CH and C6 , normalized with v = 246 GeV. The cross-sections are
calculated in the high invariant mass region defined by the cuts given in the fourth column, and
requiring ηh < 2. We also report the total number of SM h → jj events, and the corresponding 95%
C.L. bound on the parameter ξ ≡ CH v 2 (CH > 0), calculated assuming a di-Higgs reconstruction
efficiency sig = 30% for boosted hadronic Higgs bosons.

the derivatives in the operator OH . The highest sensitivity to the interaction OH therefore
comes from the hard scattering at high di-Higgs invariant masses, while the low invariant
mass region is most sensitive to the trilinear coupling δκ3 .7 A differential measurement of
double Higgs production over the full kinematical range can therefore constrain the two
new physics couplings CH and C6 simultaneously.
The Higgs bosons produced in the hard scattering will be boosted, so a strategy based
on reconstructing the Higgs decay products (e.g., the 4 b-jets, like in the previous section)
individually might not be effective. We therefore estimate the reach in the high invariant
mass kinematical region by simulating `+ `− → hhν ν̄ events without decays, and assigning
an overall efficiency for correctly tagging a pair of boosted Higgs bosons. We consider
the cross-section as a function of Mhh and pT,h , and we perform a differential analysis
dividing the phase space in 9 bins — three bins in each variable — chosen in order to
maximize the sensitivity to the new physics coefficients. Furthermore, we require the
Higgs bosons to be in the central region with rapidity ηh < 2 (i.e., around 15◦ ). The
cuts that define the bin of highest invariant mass and pT are reported in table 8, together
with the corresponding `+ `− → hhν ν̄ cross-sections as functions of CH and C6 , for the
different collider benchmarks. This bin is the one that dominates the single-operator CH
sensitivity for CH > 0. The other bins are important for the global sensitivity in the
(C6 , CH ) plane. Notice that the optimal cuts in (Mhh , pT,h ) scale roughly linearly with the
7

Triple and quadruple Higgs production cross-sections have contributions proportional to C6 that grow
with energy, as pointed out in [42]. However, the reduced rate for these processes makes them less suitable
for a precise determination of the self-coupling. At a 30 TeV collider,
the high-mass cross-section for triple

Higgs production is σhhh = 0.017 ab 1 + 0.06 C6 v 2 + 270 C62 v 4 with Mhh > 1.5 TeV and pT > 500 GeV,
from which we estimate a 1σ sensitivity of about 7% on δκ3 .
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2
+ 5880 CH
+ 0.54 C62 − 81.4 CH C6 v

13.7 · 1 + (131 CH − 0.81 C6 ) v 2 +
 
2
1.86×104 CH
+ 0.51 C62 − 137.9 CH C6 v 4

5.1 · 1 + (409 CH − 0.66 C6 ) v 2 +
 
2
2.36×105 CH
+ 0.41 C62 − 428 CH C6 v 4
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Figure 7. Left: 95% C.L. reach on ξ ≡ CH v 2 (blue contours), and iso-lines of the relative statistical
uncertainty of the measurement as a function of collider luminosity and energy. The baseline
luminosity in eq. (1.1) is highlighted as a white line. Right: combined constraints at 68% C.L. in
the (CH , C6 ) plane from double Higgs production, for Ecm = 3 (gray), 6 (green), 10 (blue) and 14
(orange), and 30 TeV (red).

collider energy, as one would naïvely expect in the very high energy regime where all the
masses can be neglected. Also note that the SM cross-section decreases with increasing Ecm
since no logarithmic enhancement is present in the high-mass region. We then compute the
overall event yield, including the hadronic dijet decay modes h → bb̄, cc̄, gg, that add up to
BRh→jj = 70%. We do not include hadronic W W , ZZ and τ τ modes, but they could also
be considered in order to increase the number of events. The di-Higgs tagging efficiency is
taken to be hh = 30%. The resulting number of reconstructed SM events is reported in
the fifth column of table 8.
The single-operator sensitivity to CH (assuming CH > 0) is given in the last column
of table 8, expressed in terms of the 95% C.L. bound on the parameter ξ ≡ v 2 /f 2 ≡ CH v 2 ,
which is related to the sigma-model scale f in theories where the Higgs is a composite
pseudo-Goldstone boson [25]. The ξ parameter (i.e., CH ) also controls single-Higgs coupling
modifications δκ = −ξ/2 (see eq. (3.4)), that can be probed at the permille level at future
Higgs factories such as CLIC, FCCee and ILC [26]. A similar sensitivity to ξ can be
achieved already at the 10 TeV VHEL by “directly” measuring the effect of OH in double
Higgs production. The 14 and 30 VHEL sensitivity on ξ exceeds the one of Higgs factories.
For instance a the 30 VHEL sensitivity corresponds to Higgs coupling modification of
δκVHEL30
' 2×10−4 , which would require exquisite experimental and theoretical precision
2σ
to be detected. The “direct” VHEL sensitivity is instead obtained from measurements with
O(10%) precision in the di-Higgs high mass tail, thanks to the enhancement of the new
physics effect. The left panel of figure 7 displays the contours of the 95% C.L. (2σ) reach
on ξ as a function of collider luminosity and energy. The reach closely follows the naïve
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Conclusions

We have studied the potential of a Very High Energy Lepton collider (VHEL) to probe
indirectly non-SM phenomena through precision measurements, outlining the coexistence
of two distinct approaches. One is the habitual approach to precision physics, that targets
those observables which can be measured with the highest possible accuracy thanks to the
large available statistics. This is a valid strategy at the VHEL because of the high rate
of VBF processes. The double-Higgs production process was studied in section 3 as an
illustration of the potential of such high-rate probes. The second approach is to select
those observables that are potentially most sensitive to new physics. The high energy
available at the VHEL gives access to a large set of observables with superior sensitivity
to very heavy new physics. Total, fiducial and differential cross-section measurements in
the production of a pair of bosons at the highest available energy was studied in section 2
as an illustration of the high-energy path towards new physics. Other obvious candidate
processes in this class are dilepton, diquark, and ditop high-energy productions.
Our results can be summarized as follows. In section 3.1 we found that the VHEL could
measure the anomalous triple Higgs coupling with an uncertainty δκ1σ
3 = {5%, 3.5%, 1.6%}
for VHEL energies Ecm = {10, 14, 30} TeV, respectively. We consider these projections
rather robust. They are based on the h → 4b decay channel and take into account realistic
detector acceptance and (physics) background mitigation strategies such as b-tagging and
a cut on the reconstructed Higgs bosons invariant mass. CLIC-like detector performances
are assumed for the jet energy resolution and for the b-tagging efficiency/rejection performances. After optimizing the number of b-tags and the invariant mass cut, this simple
strategy has been validated against the corresponding full simulation CLIC study finding
perfect agreement. However it would be interesting to confirm these findings by a more
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−1 L−1/2 , which holds in the high energy regime if the analysis cuts are scaled
scaling Ec.m.
linearly with Ec.m. . We also plot contours of constant S/B, which show that precisions
better than 10% are never required. The contours deviate from straight lines because of
logarithmic corrections in the cross-section, which become more important for low invariant
masses, hence at low collider energy. We did not perform a detailed study of backgrounds.
It is however clear that achieving the precisions quoted here is subject to the ability of
distinguishing boosted Higgs bosons from hadronically decaying Z and W bosons.
The combined constraints on the new physics couplings are shown in figure 6 as red
regions in the (C6 , CH ) plane, for a 10 TeV and a 30 TeV muon collider, together with the
limit from the total cross-section only (blue regions). Thanks to the differential analysis, the
flat direction of the total cross-section is lifted, and the two couplings can be determined
independently. The combined 68% C.L. limits are also given in figure 7 (right) for the
various collider benchmarks under consideration. Notice that at low center of mass energies,
a correlation between CH and C6 remains even with the differential analysis. This is due
to the fact that the high invariant mass tail, most sensitive to CH , is less separated from
the low-mass region, and is therefore more affected by the trilinear coupling, as can also
be seen from the cross-sections in table 8.
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complete analysis and by employing the “target” muon collider DELPHES card [43] for
the detector simulation rather than smearings.
In section 3.2 we studied the physics potential of differential cross-section measurements probing the high energy tail of the di-Higgs distribution. The tail is a powerful probe
of the operator OH in eq. (3.2), whose effect grows quadratically with the center of mass energy of the hh pair. In Composite Higgs theories where C6 is predicted to be negligible and
CH = ξ/v 2 > 0, the measurement can be translated into a 2σ reach ξ2σ = {4h, 2h, 0.5h},
for energies Ecm = {10, 14, 30} TeV, on the Composite Higgs ξ = v 2 /f 2 parameter. A nonvanishing ξ (or, CH ) also induces a universal rescaling of the single Higgs coupling eq. (3.4).
It can thus be probed at future Higgs factories, or potentially also at the VHEL itself, by
very accurate measurements of single-Higgs cross-sections. The sensitivity we have found
FCC = 3.6h), it is also easier to attain, not being
here is not only potentially superior (ξ2σ
extracted from extremely accurate measurements combined with accurate SM theoretical
prediction, but from the relatively inaccurate few-percent level determination of the highmass cross-section. Furthermore, a positive hint for ξ 6= 0 would be more easily turned
into a new physics discovery by exploiting the measurement of the differential di-Higgs
cross-section and the characteristic energy growth of the signal. For the purpose of the
present study, it should also be noted that not relying on extremely accurate measurements
and SM predictions adds robustness to the sensitivity estimates we presented.
The enhanced sensitivity to CH in the high energy di-Higgs measurement can be regarded as toy version of the mechanism we saw at work in the study of diboson processes
in section 2. Di-Higgs invariant masses from 1 to 3 TeV can be probed, depending on the
VHEL energy. This is much above the EW scale and explains the enhanced sensitivity
to CH relative to single-Higgs cross-section measurements. Energies as large as Ecm , i.e.
10 TeV or more, can instead be probed by 2 → 2 direct production processes. The sensitivity to growing-with-energy new physics effects in these processes is thus incomparably
superior to the one of EW-scale high-rate probes. This has been demonstrated in section 2
for the SILH operators OW and OB . Several analysis strategies of increasing level of sophistication have been presented in section 2. The simplest approach, in sections 2.1 and 2.2.1,
is to rely on total or fiducial cross-sections. If it was possible to engineer polarized lepton
beams, we have shown that this would be sufficient to obtain a satisfactory simultaneous
determination of the two operator Wilson coefficients, even with a moderate (30%) degree
of polarization. Otherwise, improvements might come from studying highly differential
cross-sections as in section 2.2.2, or tri-boson processes like in section 2.3.
The relevance of the tri-boson processes outlines an important aspect and marks a
methodological difference between the phenomenology of the VHEL and the one of lepton
colliders of lower energy like CLIC. Even at the highest available CLIC energy of 3 TeV,
there is a considerable gap between the tri-boson and the diboson hard production crosssections. Indeed, while some tri-boson processes have very large total cross-section at
CLIC [19], this is due to “soft” kinematical regions where all bosons are emitted parallel to
the beam axis. This kinematical regime is hardly observable and uninteresting as a probe
of short-distance physics. If restricted to the region where some of the bosons are emitted
with high energy and in the central region, instead, tri-boson production is subdominant
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Figure 8. Left: 2σ sensitivity of future collider projects to Higgs compositeness, from ref. [13].
Right: the VHEL projections based on the sensitivity to CH in table 8 and to CW (single operator
reach) from the “Combined” fit (which excludes polarized measurements) in table 4.

at CLIC. On the contrary, at the VHEL the tri-boson hard cross-section is sizable, due
to the double-logarithmic Sudakov enhancement of soft and soft-collinear vector bosons
emissions from the initial leptons and from the final bosons. In the resulting kinematical
configuration, one boson is soft, potentially close to the beam axis and difficult to detect.
The others are instead central and energetic and they bring valuable information on shortdistance physics. We discussed in section 2.3 how the charged amplitude `ν → W h can
be probed by exploiting this mechanism. This outlines a new handle for new physics
exploration at the VHEL, but also the need of revisiting the analysis of section 2 taking
the massive vector boson radiation fully into account. Indeed since there is no sizable gap in
cross-section, the diboson processes cannot be studied separately from the tri-boson ones.
Tri-boson production should be included for the estimate of both the SM background and
the new physics signal. Furthermore, it should be noted that the Sudakov enhancement of
the real emissions also controls the virtual loop corrections. Therefore EW loop corrections
are expected to be sizable and to affect the tree-level cross-section predictions we relied
on in our study, possibly at order one. Logarithmically enhanced virtual corrections are
known up to two-loops order [44], and it is relatively easy to simulate one (or possibly
two) real emission at tree-level. Including these effects, providing a more refined sensitivity
estimate than the one presented here, is thus possible with current technologies. However
the situation is different if we consider the accuracy of the theoretical predictions that
will be needed in order to concretely exploit the VHEL measurement potential. If NLO
corrections are sizable, even if somewhat smaller than order one, higher order effects are
probably needed to bring the theoretical uncertainties to percent or sub-percent level.
This calls for developing new calculation and simulation tools to model the real and virtual
radiation of massive vector bosons accurately. EW PDFs will definitely play a role in this
context [36], however it should be taken into account that the soft-collinear region that is
most relevant for high-energy tri-boson production is not modeled by PDFs.
We are clearly very far from a complete assessment of the VHEL precision potential
to probe new physics. However some of our findings can already be used to quantify the
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The VHEL can probe Higgs compositeness scales in the ballpark of many tens of TeV.
This might confirm the SM point-like nature of the Higgs way beyond current knowledge,
or it might reveal Higgs compositeness at scales that are way too high to be probed directly.
The evidence for Higgs compositeness in this case will be indirect, but still robust and easy
to interpret. Indeed, its manifestation in high-energy probes will be a sizable correction
to the SM predictions, with several peculiar features among which the quadratic energy
growth that could also be tested with a scan in energy. New physics characterization
would be arguably easier for high-energy probes than for regular precisions tests. Finally,
if the Higgs compositeness scale is 10 TeV or less, its direct signatures will be discovered
at the VHEL and the precision probes described in this paper will provide handles for the
characterization of the newly discovered Composite Sector.
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VHEL reach on Higgs compositeness, as in figure 8. The left panel shows the 2σ reach
on Higgs compositeness at several future collider projects, in the (m∗ , g∗ ) plane [13]. The
parameter m∗ is the Higgs compositeness scale, i.e. the inverse of the geometric size of the
Higgs particle. The parameter g∗ is the typical coupling strength of the composite sector
the Higgs is part of. It ranges from above the Weak coupling to the maximal coupling
∼ 4π. The ξ parameter previously mentioned is ξ = g∗2 v 2 /m2∗ . The plot is obtained by
comparing the future colliders sensitivity to several EFT operators with the estimate of
the size of these operators in terms of m∗ and g∗ . For the OW operator, the estimate
reads CW ' 1/m∗ , while the OH operator scales like CH = ξ/v 2 = g∗2 /m2∗ . The impact of
other operators, as well as of direct searches at the FCChh for the resonances of the new
composite sector, are also reported. The right panel of figure 8 shows the VHEL potential,
based on the sensitivity estimate reported in this paper. The envelop of the reach of the
other future colliders is displayed as a dashed line, while the one of the HL-LHC is in
dark grey. Already at 10 TeV, the VHEL can probe the scale of Higgs compositeness a
factor 2 better than the other colliders at intermediate g∗ . The direct sensitivity to CH
(i.e., ξ) from hh production at 10 TeV is somewhat inferior to the indirect one of Higgs
factories such as CLIC and FCCee. However this little gap could be bridged by accurate
measurements of the Higgs couplings as previously mentioned. At 14 and at 30 TeV, the
VHEL potential on Higgs compositeness exceeds the one of the other future collider projects
even more significantly.
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Nb

cut
Mjj

sig

Nhh

NZh

NZZ

NW h

NW Z

NW W

3

106 GeV

32%

1369

546

451

261

95

1

b

cut
Mjj

sig

Nhh

NZh

NZZ

NW h

NW Z

NW W

87%

106 GeV

55%

2302

1016

933

334

146

10

Table 9. Top: optimal di-jet invariant mass cut and number of b-tags for Ecm = 10 TeV, with
b = 70% and ∆Mjj /Mjj = 10%. Bottom: the same, but requiring Nb = 4 and varying b .

DB is grateful to CERN for hospitality. Computations in this work have been carried out
using free software including [45–49].

A

More details on double Higgs production

In table 9 we show the values of the di-jet invariant mass cut and the number of b-tags
that optimize the significance of the µ+ µ− → hhν ν̄ signal. We assume a b-tag efficiency
b = 70%, with charm- and light-jet rejection as in [41]. We also report the number of
events for the signal and the dominant backgrounds from VBF di-boson productions. The
left panel of figure 9 shows the dependence of the signal efficiency sig and of the ratio
of signal over background events on the di-jet invariant mass resolution ∆Mjj . Notice
that the efficiency depends weakly on the mass resolution. We also repeat the analysis by
allowing the b-tag efficiency to vary, following the curve of ref. [41]. We find that a higher
significance for the hh signal can be attained by choosing a looser b-tag working-point with
b ≈ 90%. At Ecm = 10 TeV the corresponding total signal efficiency is sig ≈ 50%, as
shown in table 9 below.
Finally, the right panel of figure 9 shows how the reach on the trilinear coupling δκ3
depends on the minimum jet pT . The sensitivity to δκ3 is not significantly affected as long
as one is able to reconstruct jets with pT ≈ 30–40 GeV. Notice that for energetic jets the
pT dependence is correlated with the θjet dependence shown in figure 5.
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Figure 9. Left: hh signal efficiency and ratio of signal over background events, as functions of the
di-jet mass resolution, for Ecm = 10 TeV, and b = 70%. Right: 68% C.L. limit on δκ3 as a function
of the acceptance cut on the jet transverse momentum, for different VHEL energies.

B

Diboson likelihood contours at 14 and 30 TeV

(b) Polarized inclusive Zh (L: red, R: orange)
and fiducial W W (L: blue, R: purple);

(c) Same as panel (a), but with differential W W
rate (blue) for unpolarized beams.

(d) Same as panel (a), combined with fiducial
W W h (green) for unpolarized beams;

Figure 10. Same as figure 4, but for Ecm = 14 TeV.
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(a) Inclusive Zh (red) and fiducial W W (blue)
rates for unpolarized beams;

(b) Polarized inclusive Zh (L: red, R: orange)
and fiducial W W (L: blue, R: purple);

(c) Same as panel (a), but with differential W W
rate (blue) for unpolarized beams.

(d) Same as panel (a), combined with fiducial
W W h (green) for unpolarized beams;

Figure 11. Same as figure 4, but for Ecm = 30 TeV.
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(a) Inclusive Zh (red) and fiducial W W (blue)
rates for unpolarized beams;

CW TeV2

0.0005
0.0000
0.0005
0.0010
0.0015
0.0020
0.004

0.002

0.000
CB TeV2

0.002

0.004

Figure 12. Top-Left: constraints at 95% C.L. from diboson and tri-bosons production, for Ecm =
10 TeV (blue), Ecm = 14 TeV (orange), and Ecm = 30 TeV (red), obtained from polarized inclusive
Zh and fiducial W W measurements (dashed lines), and from the combination of inclusive Zh,
differential W W and fiducial W W h rate with unpolarized beams (solid lines). The likelihood
contours and the individual contributions to the likelihood from Zh (red), differential W W (blue)
and W W h (green) are shown for each collider energy in the other panels.
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