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Why a High Energy Lepton Collider?

�2

✦ Recent progress on the feasibility of a high-energy lepton collider: 
MAP, MICE, LEMMA, Muon Collider coll. @ CERN, PWFA, …


✦ Colliders are expensive: need a big improvement in as many as possible 
different directions. A Very High Energy Lepton Collider can do that!


✦ Need for physics potential evaluation (to define energy, luminosity and 
detector performance goals). Strong interest in the high-energy community:


✦ Most considerations here apply equally well to a Muon Collider, to a High-
Energy upgrade of a Linear Collider, or any other type of VHELC.


✦ Luminosity benchmark:  

necessary to perform SM measurements with ~ % precision
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Physics cases for a High Energy Lepton Collider
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From a theorist’s point of view: Energy AND Precision!
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High-energy probes

✦ NP effects are more important at high energies


✦ As simple as this:


✦ Effective at LHC, FCC-hh, CLIC: “energy helps precision”


… taken to the extreme at a VHELC with 10’s of TeV!
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High-energy di-bosons

✦ Longitudinal 2 → 2 scattering amplitudes at high energy:


✦ In flavor-universal theories, they are 
generated by SILH operators (via e.o.m.):
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Table 1: Left: BSM contributions to diboson production amplitudes that grow with energy. The
center of mass energy and scattering angle are denoted as

p
s and ✓?. Right: the relevant SILH

basis operators.

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

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

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

G3L =
g2

4
(CW + CHW ) , G1L =

g02

4
(CB + CHB) =

1

2
GlR , (3)

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

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

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

W, 1�
= 1/(6.7TeV)2 at the HL-LHC,

CFCC

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

W, 1�
= 1/(26TeV)2 at CLIC. The CLIC

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

W, 1�
= 1/(17TeV)2.

It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative
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Determined by 3 fermion/scalar 
current-current interactions (Warsaw):

“high-energy primary effects”

In light of Figure 2, it is tempting to consider VBF single-Higgs production, and the cor-
responding 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 e↵ects that do not induce any growth in 2 ! 2 processes, hence it does
not compete with high-energy probes. One such e↵ect is the anomalous trilinear Higgs coupling
�3, which is a standard target for future colliders. The VHEL sensitivity to �3 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 Sec-
tion 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.

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 e↵ects that grow quadratically with the energy in the zero-helicity
(longitudinal polarization) scattering amplitudes.1 Following [22], these e↵ects are fully char-
acterized by three “high-energy primary” parameters, which are in one-to-one correspondence
with the Warsaw-basis [23] operator coe�cients G3L, G1L and GlR. The growing-with-energy
BSM contributions to the di↵erent amplitudes are reported in Table 1, for operators defined as

O3L =
�
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�
(iH†�a

$
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�
L̄L�µLL

�
(iH†
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�
(iH†

$
DµH) . (2)

Strictly speaking, the only processes reported in the table that can be measured at the VHEL
at the highest available energy

p
s = Ecm are the ones initiated by charged leptons ` = µ, e.

However, neutrino-initiated processes can also be e↵ectively probed, at a comparable energy,
through the IR-enhanced emission of soft W bosons from the charged initial leptons. The
charged-current `⌫ ! Wh process is discussed in Section 2.3 as an illustration of this mechanism.

1
Quadratic energy growth in the transverse polarizations could be also studied. However the e↵ects 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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to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
motion of the W and B gauge fields), out of operators that do not contain lepton fields. Since
the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR

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

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

G3L =
g2

4
(CW + CHW ) , G1L =

g02

4
(CB + CHB) =

1

2
GlR , (3)

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

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

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

W, 1�
= 1/(6.7TeV)2 at the HL-LHC,

CFCC

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

W, 1�
= 1/(26TeV)2 at CLIC. The CLIC

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

W, 1�
= 1/(17TeV)2.

It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative
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Determined by 3 fermion/scalar 
current-current interactions (Warsaw):

“high-energy primary effects”

In light of Figure 2, it is tempting to consider VBF single-Higgs production, and the cor-
responding 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 e↵ects that do not induce any growth in 2 ! 2 processes, hence it does
not compete with high-energy probes. One such e↵ect is the anomalous trilinear Higgs coupling
�3, which is a standard target for future colliders. The VHEL sensitivity to �3 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 Sec-
tion 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.

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 e↵ects that grow quadratically with the energy in the zero-helicity
(longitudinal polarization) scattering amplitudes.1 Following [22], these e↵ects are fully char-
acterized by three “high-energy primary” parameters, which are in one-to-one correspondence
with the Warsaw-basis [23] operator coe�cients G3L, G1L and GlR. The growing-with-energy
BSM contributions to the di↵erent amplitudes are reported in Table 1, for operators defined as

O3L =
�
L̄L�µ�aLL

�
(iH†�a

$
DµH) , O1L =

�
L̄L�µLL

�
(iH†

$
DµH) ,

OlR =
�
l̄R�µlR

�
(iH†

$
DµH) . (2)

Strictly speaking, the only processes reported in the table that can be measured at the VHEL
at the highest available energy

p
s = Ecm are the ones initiated by charged leptons ` = µ, e.

However, neutrino-initiated processes can also be e↵ectively probed, at a comparable energy,
through the IR-enhanced emission of soft W bosons from the charged initial leptons. The
charged-current `⌫ ! Wh process is discussed in Section 2.3 as an illustration of this mechanism.

1
Quadratic energy growth in the transverse polarizations could be also studied. However the e↵ects 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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High-energy di-bosons

�6

✦ CW and CB determined from high-energy µ+µ- → ZH, W+W- cross-sections


✦ In universal theories, CW,B related with 
EW observables

σμμ→ZH = 122 ab × (10 TeV
Ecm

)
2

[1 + ( Ecm

0.78 )
2
CW + ( Ecm

1.64 )
2
CB

+( Ecm

0.96 )
4
C2

W + ( Ecm

1.17 )
4
C2

B − ( Ecm

1.09 )
4
CW CB]

̂S = m2
W(CW + CB)

Limits on CW,B scale as E2

LEP : ̂S ≲ 10−3

FCC : ̂S ≲ 10−5
ultimate precision 
at Z pole

10 TeV : CW ≲ (40 TeV)−2, ̂S ≲ 10−6

30 TeV : CW ≲ (120 TeV)−2, ̂S ≲ 10−7

Muon collider:

S/B

µ collider

FCC-ee

FCC-ee+hh

B, Franceschini, Wulzer 2012.11555
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High-energy tri-bosons

✦ Gauge boson radiation becomes important at high energies 
(Sudakov double-log enhancement of soft-collinear emissions) 

µ+µ- → VVV not much suppressed w.r.t. µ+µ- → VV  (V = W±, Z, H)


✦ This allows to access the charged processes 
“effective neutrino approximation”

�7

ℓ±ν → W±Z, W±H

‣ NB: also 2 → 2 scatterings receive 
large radiative corrections: 
“soft” EW radiation must be taken 
into account properly…


➡ Inclusive NLO study of VV and VVV

independent 
measure of G3L

𝜇

𝜇

𝜈

W
B, Franceschini, Wulzer 2012.11555



High-energy probes: summary

✦ A muon collider is able to probe 
new physics scales > 100 TeV
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✦ Example: Composite Higgs 
 
Almost order of magnitude 
improvement w.r.t. FCC / CLIC!

‣  


‣  

ℓ+ℓ− → VV : ̂S ∼ m2
W /m2

⋆ ≲ 10−7

VV → HH : ξ ∼ v2/f 2 ≲ 10−3
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A High Energy Lepton Collider 
is a “vector boson collider”

High rate probes: Higgs physics

�9

CV V ⇡ s

ŝ
log

s

ŝ
For “soft” final state
cross-section is enhanced

̂s ∼ m2
EW

✦ Very large single Higgs VBF rate 
(107–108 Higgs bosons)


‣ Precision on Higgs couplings 
driven by systematics: 
~ Higgs factory, maybe 1‰


‣ Rare/Exotic Higgs decays!


✦ Large double Higgs VBF rate


‣ Higgs 3-linear coupling



Double Higgs production
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★SM
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Number of events ∼ s log(s/m2
h) ≈ 105 at 14 TeV

Naïve estimate of the reach: δσ ∼ (N × ϵ)−1/2 ≈ 1 % ⇒ δκ3 ≈ 3 %

✦ Acceptance cuts in polar angle θ and pT of jets:


‣ hh signal is strongly peaked in forward region

0 30 ° 60 ° 90 ° 120 ° 150 ° 180 °
Polar angle of jets

δλ3 = 10%

SM

s = 10 TeV
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‣ Contribution from trilinear coupling 
is more central: loss due to 
angular cut is less important

reconstruction eff. ∼ 30 %
BR(hh → 4b) = 34 % } ϵ ∼ 10 %

B, Franceschini, Wulzer 2012.11555



Double Higgs production

✦ Backgrounds are important and cannot be neglected 
(see also CLIC study 1901.05897)


‣ Mainly VBF di-boson production: 
Zh & ZZ, but also WW, Wh, WZ…


‣ Precise invariant mass reconstruction 
is crucial to isolate signal 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NB: (Very!) simplified background 
analysis (at parton level!) 

All this should be done properly with 
a detector simulation 
(as has been done for CLIC).


However, perfect agreement with 
1901.05897!

B, Franceschini, Wulzer 2012.11555



Double Higgs production

✦ Reach on Higgs trilinear coupling:


‣ Weak dependence on detector acceptance


‣ Some dependence on detector energy resolution (to remove bkg)


✦ For comparison, reach of FCC-hh is 𝛿𝜅3 ~ 3.5% – 8% depending on 
systematics assumptions
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E [TeV] ℒ [ab-1] Nrec

3 5 170 ~ 7.5%
10 10 620 ~ 4%
14 20 1340 ~ 2.7%
30 90 6,300 ~ 1.2%

δσ ∼ N−1/2
rec 𝛿𝜅3

~ 10%
~ 5%

~ 3.5%
~ 1.5%

B, Franceschini, Wulzer 2012.11555
see also 2005.12204, 2008.10289



Two-parameter EFT fit
✦ SM Effective Theory:


✦ Trilinear coupling is affected by two operators: 

OH also affects single Higgs couplings universally:

large degeneracy in total cross-section: 
coefficients not determined in general
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cH can be constrained from Higgs 
couplings (but indirect measurement)

ΔκV ∼ CHv2 ≲ few × 10−3
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Double Higgs at high mass

⇡ CV V

contribution from OH grows as E2

High invariant-mass tail gives a direct 
measurement of CH (WWhh coupling)
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Double Higgs at high mass

⇡ CV V

contribution from OH grows as E2

High invariant-mass tail gives a direct 
measurement of CH (WWhh coupling)
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High-energy WW → hh becomes 
more sensitive than Higgs pole 
physics at energies ≳ 10 TeV

S/B
⇠ / 1

E2

1p
Nbkg

/ 1

E2

1p
L/E2

=
1

E
p
L

𝜉 ≡ CHv2 composite Higgs v/f

low-precision measurement

(see also Contino et al. 1309.7038 for CLIC)



Double Higgs at high mass
✦ Fully differential analysis in pT and Mhh to 

optimize combined sensitivity to CH and C6


✦ Very boosted Higgs bosons: treat them as a 
single h-jet, without reconstructing the 4 b’s. 
We assume a boosted-H tagging efficiency ~ 50%

1911.02523

�15
-��� -��� ��� ��� ���

-����

-����

����

����

����

�� ⨯ ��

�
�
⨯
��

���� � ���

� ���

�� ���

�� ��� �� ���

��% �� ��������

-��� -��� ��� ��� ���
-����

-����

����

����

����

�� ⨯ ��

�
�
⨯
��

��%� ��% ���� ��������

� = �� ���

��������� ��

����� ������������ ��

B, Franceschini, Wulzer 2012.11555



Summary
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High-energy WW: angular analysis
✦ OW,B contribute to longitudinal scattering amplitudes:


✦ In the SM, large contribution to µ+µ- → W+W- 
from transverse polarizations.


Interference between ±∓ and 00 helicity amplitudes cancels in the total 
cross-section ⇒ signal suppressed!


✦ Can exploit the SM/BSM interference by 
looking at fully differential WW cross- 
section in scattering and decay angles!

�18

𝒜(NP)
00 = s (G1L − G3L) sin θ⋆

𝒜−+ = −
g2

2
sin θ⋆

𝒜+− = g2 cos2 θ⋆

2
cot2

θ⋆

2

𝒜(NP)
00 = − 2𝒜(SM)

00

where the sum runs over two pairs of helicity indices h± and h0± associated with the intermediate
W± vector bosons helicities.

The hard density matrix d⇢hard contains the helicity amplitude of the `+`� ! W+W�

process with on-shell W bosons. Up to an irrelevant flux factor, it reads

d⇢hard
h+h�h

0
+h

0
�
/ Mh+h�

(Mh
0
+h

0
�
)⇤ d�WW , (10)

where d�WW 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 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

2
sin ✓? , M+� = g2 cos2

✓?
2
cot2

✓?
2
, (11)

where g is the SU(2)L coupling. The longitudinal amplitudes, both in the SM and in the EFT,
are proportional to sin ✓?. The only relevant interference term in the whole process thus emerges
(with Left-handed initial leptons) from the ±⌥ 00 and 00±⌥ terms in the sum of eq. (9).

The density matrices d⇢W
±
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
(✓± and '±) 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 ± ⌥ 00 and
00±⌥ terms in eq. (9) is found to be

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

+M00M�+ cos('+ � '�) sin ✓+(1� cos ✓+) sin ✓�(1 + cos ✓�) , (12)

having exploited the fact that all the hard amplitudes are real.
We can now turn to the definition of the relevant observables. The ✓± and '± angles are

not directly observable, for the following reasons. Consider for definiteness the case in which
the W+ decays hadronically, to ud̄, and W�

! `�⌫̄. The fermion with helicity +1/2 in the W+

decay is the d̄ quark, so that ✓+ and '+ are defined as the angles of the d̄. However it is very
di�cult or impossible to tell the d̄ from the u quark, therefore the best we can do is to choose
at random one of the two jets from the decay, interpret it as the d̄ and measure its angles ✓

d̄

and '
d̄
.4 These angles are either equal to ✓+ and '+, or to ⇡ � ✓+ and '+ + ⇡ with the same

probability. The di↵erential cross-section for the ✓
d̄
and '

d̄
variables defined in this way is thus

the average of eq. (12) evaluated at (✓+,'+) = (✓
d̄
,'

d̄
) and at (✓+,'+) = (⇡� ✓

d̄
,'

d̄
+ ⇡). The

W� decay angles should instead be defined as those of the ⌫̄. 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 theW 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 '1 = ⇡ � '2 [29]. If we pick one of the two
solutions at random and interpret its angles as ✓⌫̄ and '⌫̄ , the distribution for these variables is
obtained by further averaging eq. (12) over (✓�,'�) = (✓⌫̄ ,'⌫̄) and at (✓�,'�) = (✓⌫̄ ,⇡ � '⌫̄).

4
Equivalently, we might also retain both jets and have two measurements of the angles for each event.
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see also Panico et al. 1708.07823, 2007.10356
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00±⌥ terms in eq. (9) is found to be
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having exploited the fact that all the hard amplitudes are real.
We can now turn to the definition of the relevant observables. The ✓± and '± angles are

not directly observable, for the following reasons. Consider for definiteness the case in which
the W+ decays hadronically, to ud̄, and W�

! `�⌫̄. The fermion with helicity +1/2 in the W+

decay is the d̄ quark, so that ✓+ and '+ are defined as the angles of the d̄. However it is very
di�cult or impossible to tell the d̄ from the u quark, therefore the best we can do is to choose
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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 theW 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 '1 = ⇡ � '2 [29]. If we pick one of the two
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obtained by further averaging eq. (12) over (✓�,'�) = (✓⌫̄ ,'⌫̄) and at (✓�,'�) = (✓⌫̄ ,⇡ � '⌫̄).

4
Equivalently, we might also retain both jets and have two measurements of the angles for each event.
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✦ Acceptance cuts in polar angle θ and pT of b-jets. 

E.g. for pT > 10 GeV,  θ > 10º:


✦ Neglect backgrounds (for the moment)


✦ Assume signal reconstruction efficiency ε ~ 25% as CLIC [1901.05897]: 
mainly from invariant-mass cuts and b-tag

hh → 4b signal

L [ab-1] σ [fb] Nrec

3 5 0.13 170 ~ 7.5%

10 10 0.24 630 ~ 4%

30 90 0.74 6,300 ~ 1.2%

δσ ∼ N−1/2
recs [TeV]

~ 10%

~ 5%

~ 1.5%

δλ

factor 10 loss

in xsec at 30 TeV

BR(hh → 4b) = 34%�cut(3TeV) = 0.13
⇥
1� 0.87(��) + 0.74(��)2

⇤
fb,

�cut(10TeV) = 0.24
⇥
1� 0.81(��) + 0.71(��)2

⇤
fb,

�cut(30TeV) = 0.27
⇥
1� 0.79(��) + 0.78(��)2

⇤
fb.
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‣ hh signal is strongly peaked 

in the forward region


‣ Contribution from trilinear 

coupling is more central: 

loss due to angular cut is 

less important

Sensitivity to angular acceptance

0 30 ° 60 ° 90 ° 120 ° 150 ° 180 °
Polar angle of jets

δλ3 = 10%

SM

s = 3 TeV

0 30 ° 60 ° 90 ° 120 ° 150 ° 180 °
Polar angle of jets

δλ3 = 10%

SM

s = 10 TeV

� �� �� �� ��
�

�

��

��

���������� ��� �� θ [�]

δλ
[%

]

�σ ������� ϵ������ = �� %

� ���� � ��-�

�� ���� �� ��-�

�� ���� �� ��-�
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✦ Jets come from Higgs decays: 

typical momentum ~ mh/2

Sensitivity to jet pT threshold

�� �� �� �� �� ��

-��

-��

�

��

��

������� �� ��� ����

δλ
[%

]

�σ ������� ϵ������ = �� %
� ���� � ��-�

�� ���� �� ��-�

�� ���� �� ��-�

0 50 100 150 200 250
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0.05

pT of jets [GeV]

✦ No significant impact if 

pTmin ≲ 40–50 GeV

higher thresholds start to 

reduce the sensitivity
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Backgrounds for HH

✦ Backgrounds are important and cannot be neglected 
(see also CLIC study [1901.05897])


✦ Mainly VBF di-boson production: Zh & ZZ, but also WW, Wh, WZ… 
other backgrounds are easily rejected with cut on tot. inv. mass


✦ Precise invariant mass reconstruction is crucial to isolate signal


‣ resolution on Z inv. mass ~ 6–7% 
at 3 TeV [CLICdp-Note-2018-004]


‣ for Higgs energy resolution is worse: 
10% on jet energy, ~ 15% on inv. mass 
(neutrinos in semi-leptonic b decay, 
too forward tracks missed) 

Eur. Phys. J. C (2018) 78:144

�22
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Backgrounds for HH

(Very!) simplified background analysis (at parton level!)


‣ Include all VV →  VV processes (Zhνν, ZZνν, WWνν, Whν, WZν)


‣ Apply gaussian smearing to jets, assuming 15% energy resolution


‣ Reconstruct bosons by pairing jets with minimal |m(j1j2) - m(j3j4)|

NB: all this should be done properly (and has been done, for CLIC), 
with a detector simulation

60 80 100 120 140 160
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

M jj [GeV]

h

Z
‣ Optimize cuts to reject bkg: 

dijet inv. mass, n. of b-tags


Mhh > 105 GeV,


nb = 3.2


εsig = 27%
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Backgrounds for HH

One can now repeat the analysis for different jet energy resolutions:


 
… and different energies:

CLICdp-Note-2018-004

� � �� �� �� �� �� ��
�
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��

��
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ϵ
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]

� �
��
/�

��

no real gain using 
only central events…

Mhh > 105 GeV,


nb = 2.8


εsig = 32%
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M jj [GeV]

h

Z
10 TeV ‣ Optimize cuts to reject bkg:

result very similar

to 3 TeV
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The µ-collider is a “vector boson collider”

Resonances in VBF

‣ Example: singlet scalar production

cross-section grows at high energy

due to longitudinal W-fusion

µ+µ� ! �⌫⌫, � ! hh,W+W�, ZZ

It's like a heavy Higgs with

narrow width + hh decay

�25
� � �� �� �� �� ��

�����

�����

�����

�

��

���

����

�ϕ [���]

σ
(μ

+
μ-

→
ϕ)
/�
��
� γ

[��
]

�
���

��
���

��
���

��
���

�µµ!�⌫⌫ ⇡
g4 s2�

256⇡3v2
log

s

m2
�

≈
E2

m2
ϕ

log
E2

m2
ϕ

enhanced if the 
resonance is “light”
mϕ ≪ E

Dawson 1985

B, Redigolo, Sala, Tesi  1807.04743

Costantini et al. 2005.10289

see also the “Muon Smasher’s guide” 
Arkani-Hamed, Craig et al. to appear soon!



A simple example: scalar singlet

L = LSM +
1

2
(@µS)

2 � 1

2
m

2
S
S
2 � aHS |H|2S � �HS

2
|H|2S2 � V (S)

controls Higgs-singlet

mixing ~ sin γ

portal coupling triple couplings: 
BR(φ → hh),  ghhh

mass eigenstates:sin � ⇠ aHSv

m2
S

h = cos �H0 + sin � S

� = �sin �H0 + cos � S
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A simple example: scalar singlet

L = LSM +
1

2
(@µS)

2 � 1

2
m

2
S
S
2 � aHS |H|2S � �HS

2
|H|2S2 � V (S)

controls Higgs-singlet

mixing ~ sin γ

portal coupling triple couplings: 
BR(φ → hh),  ghhh

mass eigenstates:

φ is like a heavy SM Higgs with narrow width + hh channel

Hunting the singlet Higgs bosons

Higgs couplings

h

cos �

universal tree-level shift

Direct searches

⇥

sin �

same h-BR (below 2mh)

Parametrization is simple enough to make simple ”projections”:
sin � and m�

[in EFT approach the comparison with direct searches is lost]

µh = µSM ⇥ cos2 �

‣ Higgs signal strengths:

Hunting the singlet Higgs bosons

Higgs couplings

h

cos �

universal tree-level shift

Direct searches

⇥

sin �

same h-BR (below 2mh)

Parametrization is simple enough to make simple ”projections”:
sin � and m�

[in EFT approach the comparison with direct searches is lost]

�� = �SM(m�)⇥ sin2 �

BR�!V V,ff = BRSM(m�)
⇥
1� BR�!hh

⇤

‣ φ can be singly produced:

‣ φ decays to SM:

sin � ⇠ aHSv

m2
S

h = cos �H0 + sin � S

� = �sin �H0 + cos � S
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hh(4b) decay channel

�27

Figure 2. Left: single production via WW -fusion of a singlet. Right: pair production induced via WW -fusion
of singlets, assuming sin2 � = 0.

should be understood in all our sensitivities.2 This is safely below the 3% level even at the 14 TeV
stage of future µ-colliders.

3 Single production

In this section we assess the capabilities of HELCs to test the existence of new scalar particles by means
of their single production in W-fusion. The total production rate as a function of the mass of the scalar
has been computed in the previous section, and is displayed in the left panel of Figure 2. The dominant
decay channels of � are into pairs of vector bosons and Higgs bosons, as given in Eq. (9). We are going
to study resonant production modes, in narrow-width approximation and with only visible final states,
and thus we perform our analyses in the “cut-and-count” scheme. The significance of a given number
of signal events Nsig around the resonance peak, against a background Nbkg, is defined as

significance =
Nsigq

(Nsig +Nbkg) + ↵2
sysN

2
bkg

, (18)

where ↵sys are the systematic and theoretical uncertainties on the SM rates. For definiteness, in what
follows we always set ↵sys = 2%. As we will show, all our results are dominated by statistics up to
systematic errors of 10% or larger. We refer to Appendix B for a precise assessment of the impact of
di↵erent choices for ↵sys.

Before entering into the details of the analysis, to set a reference for the sensitivities, we compute
the best possible reach that one would achieve in the case of negligible background. We define it as
the signal cross section that results in 3 signal events

�(e+e� ! �⌫⌫̄)⇥ BR(� ! f) ' 3/L, (19)

2
The production of the new singlet is driven by its couplings to the longitudinal components of SM vectors thus it has

only one logarithm from the collinear singularity. This is not true for the background, but its impact on the uncertainty

of the sensitivities would be subleading because it is dominated by statistics. See also Ref. [40].

8

↵sys = 2% (but it has no impact)

Cut & count experiment around the resonance peak:


✦ For BR(φ → hh) ~ 0.25, most sensitive 
channel is φ → hh(4b) 

‣ φ → VV less sensitive, but 
complementary if BR(φ → hh) small

Figure 2. Left: single production via WW -fusion of a singlet. Right: pair production induced via WW -fusion
of singlets, assuming sin2 � = 0.

should be understood in all our sensitivities.2 This is safely below the 3% level even at the 14 TeV
stage of future µ-colliders.

3 Single production

In this section we assess the capabilities of HELCs to test the existence of new scalar particles by means
of their single production in W-fusion. The total production rate as a function of the mass of the scalar
has been computed in the previous section, and is displayed in the left panel of Figure 2. The dominant
decay channels of � are into pairs of vector bosons and Higgs bosons, as given in Eq. (9). We are going
to study resonant production modes, in narrow-width approximation and with only visible final states,
and thus we perform our analyses in the “cut-and-count” scheme. The significance of a given number
of signal events Nsig around the resonance peak, against a background Nbkg, is defined as

significance =
Nsigq

(Nsig +Nbkg) + ↵2
sysN

2
bkg

, (18)

where ↵sys are the systematic and theoretical uncertainties on the SM rates. For definiteness, in what
follows we always set ↵sys = 2%. As we will show, all our results are dominated by statistics up to
systematic errors of 10% or larger. We refer to Appendix B for a precise assessment of the impact of
di↵erent choices for ↵sys.

Before entering into the details of the analysis, to set a reference for the sensitivities, we compute
the best possible reach that one would achieve in the case of negligible background. We define it as
the signal cross section that results in 3 signal events

�(e+e� ! �⌫⌫̄)⇥ BR(� ! f) ' 3/L, (19)

2
The production of the new singlet is driven by its couplings to the longitudinal components of SM vectors thus it has

only one logarithm from the collinear singularity. This is not true for the background, but its impact on the uncertainty

of the sensitivities would be subleading because it is dominated by statistics. See also Ref. [40].

8

✦ Small background at high invariant-mass:


‣ error is dominated by statistics


‣ limits depend weakly on φ mass 
and collider energy

� � �� �� �� �� ��
��-�

��-�

��-�

��-�

�ϕ [���]

��
%
���
��
��

σ
μμ

→
ϕ

[��
]

� ���

�� ���

�� ���

�� ���

� � �� �� �� �� ��
���

�

��

���

����

���

���

��� [���]

��
��
��
/�
��
�
��

�� ����������

�ϕ = � ���� �γ� = ��-�

�ϕ = �� ���� �γ� = ��-�

30 TeV

� ! hh
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hh(4b) decay channel

• Detector simulation with CLICdp Delphes card


• VLC exclusive jet reconstruction, N = 4, R = 0.7 
+ 4 b-tags (loose tagging algorithm)


• h reconstruction: select the b pairs that give 
the best fit to two 125 GeV Higgs bosons, 
90 GeV < mbb < 130 GeV


• φ reconstruction: 0.75 mφ < m4b < 1.05 mφ


• Other cuts: pT > 20 GeV, |cos θh| < 0.9


Signal efficiency εsig ~ 25 – 30%


Background reduced by εbkg ~ 10-3 – 10-4

Main backgrounds: hh, Zh, ZZ.   We simulate the full process e+e- → 4b + 2ν

��� ��� ��� ��� ���� ���� ����
�����
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�����
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�

����� [���]

�
��
�
σ
/�
�

���� ����� ���� �ϕ = � ���

�������� �
ϕ → �� → ��

� �-����� ��� ∈ [��� ���] ���
�������� � + ������ � + ������� �

4b signal1807.04743
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10 TeV

3 TeV CLIC

Checked (at parton level) that 
results still hold at 10 TeV: εsig ~ 30% 
assuming similar detector performance



More details on the hh(4b) analysis

Cut ✏sig ✏4b2⌫bkg

Emiss > 30 GeV 90% 95%

4 b-tags 50% 35%

mbb 2 [88, 129] GeV 64% 23%

| cos ✓| < 0.94 96% 63%

m4b 2 [770, 1070] GeV 98% 2.8%

Total e�ciency 27% 1.3⇥ 10�3

(a) CLIC 1.5 TeV, m� = 1 TeV

Cut ✏sig ✏4b2⌫bkg

Emiss > 30 GeV 94% 96%

4 b-tags 51% 33%

mbb 2 [88, 137] GeV 60% 15%

| cos ✓| < 0.95 97% 58%

m4b 2 [1.5, 2.04] TeV 91% 0.7%

Total e�ciency 26% 2⇥ 10�4

(b) CLIC 3 TeV, m� = 2 TeV

Table 1. E�ciencies for signal and background in e+e� ! 4b 2⌫, for each individual cut applied in the analysis.
The two cases m� = 1 TeV and m� = 2 TeV are shown, respectively, for CLIC Stage II and Stage III.

approximation for the singlet, and retaining the subdominant contribution from � ! ZZ. We use
Pythia8 [43] for showering and Delphes3 [44] for detector simulation, using the configuration of the
CLIC cards of Ref. [45]. We apply the VLC exclusive jet reconstruction algorithm [46] with working
point R = 0.7 and N = 4 (see also Ref. [47]): this allows us to reconstruct b-jets with �R as small as
about 0.1, well below the standard isolation cut, compatibly with the detector resolution expected at
CLIC (see Appendix A for more details).

In order to select the events we proceed with the following steps:

1. We impose a cut on the transverse momentum of the jets pT > 20 GeV and on the missing energy
Emiss > 30 GeV in order to select events coming from W -fusion.

2. b-tagging: we require the presence of four jets tagged as b, using the loose selection criterion as
implemented in Ref. [45] in order not to excessively reduce the signal e�ciency.

3. h reconstruction: we identify the candidate Higgs bosons by choosing the pairing of the four b-
jets that gives reconstructed invariant masses of the two Higgses closest to 125 GeV, i.e. the one
that minimises the quantity (mb1b2 � 125GeV)2+(mb3b4 � 125GeV)2. We then retain the events
having two distinct b-pairs with m

bb̄
in a window of about [90, 130] GeV. The exact boundaries

of the invariant-mass window are chosen di↵erently for each m� hypothesis, in order to maximise
the significance of the signal.

4. We apply a cut on the polar angle | cos ✓| . 0.9 of the two Higgs bosons, in order to reduce the
contribution from the forward region, where the background is enhanced. The precise value of
the cut is chosen for each value of the mass in order to maximise the significance.

5. � reconstruction: we select the events with a total invariant mass of the 4b system in a window
of about 0.75m� . m4b . 1.05m� around the resonance peak, again optimising the cut for each
signal hypothesis.

Figure 3 (left) shows the invariant-mass distribution of the 4 b quarks for the signal, comparing the result
of the detector simulation, including b and h identification cuts, with the output of the Monte Carlo
generator for � ! hh(4b) before parton showering. The e�ciencies ✏sig,bkg for signal and background of
each step of the cut-flow are given in Table 1 for two benchmark cases. We verified that these numbers
do not vary substantially changing the R parameter of the jet reconstruction algorithm, and changing
the exact values of the kinematical cuts. For the signal, the most important e↵ects come from b-tagging
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