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Collider physics in 2021: a theorist’s view
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Collider physics after 2021

Independently of LHC results, a future collider will be necessary to make 
advancements in fundamental high-energy physics.


✦ No guaranteed discoveries: exploration of new domains


✦ No single experiment can explore all possible directions


✦ High-energy collider has guaranteed science output: possibility to 
perform physics measurements in unknown energy domain. 
Either validation of SM, or groundbreaking discovery.


✦ Expensive  ⟹  need a big improvement in as many as possible 

different directions (bonus: could be built with new technology)


Muon collider is an interesting possibility!
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Why muons?

✦ Hadron colliders: only small fraction of total energy available for hard scattering 
(hadrons are composite)


✦ Lepton colliders:


‣ no energy lost in PDFs: ideal probes of 
short-distance physics


‣ clean environment (no strong interactions)


✦ Electrons radiate too much when accelerated


‣ Circular collider: energy limited by size 
& power consumption


‣ Linear collider: beam not recycled 
⇒  low luminosity, high power consumption


✦ Muons: elementary and heavy, perfect candidate! 
But they decay…
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ℒ ∼ PradE−3.5

ℒ ∼ PRF

Colored physics

EW physics

Energy at which σpp = σμμ

Delahaye et al. 2019

ℒ/P ∼ γ ∼ E



Why now?
✦ Recent progress on muon acceleration & cooling:


‣ MAP: muon collider feasibility design study                     RAST 10, No.01 (2019) 189


‣ MICE: first demonstration of ionization muon cooling               Nature 578 (2020) 53


‣ LEMMA: low-emittance beams from e+e- → µ+µ- (too low luminosity)    1905.05747


✦ Muon Collider Collaboration @ CERN: assess whether the investment into full 
CDR and demonstrator is scientifically justified, in time for next ES update.
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Why now?
✦ Recent progress on muon acceleration & cooling:


‣ MAP: muon collider feasibility design study                     RAST 10, No.01 (2019) 189


‣ MICE: first demonstration of ionization muon cooling               Nature 578 (2020) 53


‣ LEMMA: low-emittance beams from e+e- → µ+µ- (too low luminosity)    1905.05747


✦ Muon Collider Collaboration @ CERN: assess whether the investment into full 
CDR and demonstrator is scientifically justified, in time for next ES update.


It’s clearly the right time to start planning the next large collider! 

‣ European Strategy for Particle Physics


‣ Snowmass in the USA


✦ On the theory side: need for physics potential evaluation (to define energy, 
luminosity and detector performance goals).

Strong interest in the theory community:
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The muon collider in a nutshell
MÜONN
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Delahaye et al. 2019

≳
5 years

time (
s

10 TeV )
2

2 ⋅ 1035 cm−2 s−1 ≈ 10 ab−1 (
s

10 TeV )
2

𝜈

✦ Technological challenges: muon cooling, acceleration, …


✦ Detectors: large beam-induced bakground from decaying muons


✦ Neutrino radiation: ν flux from decaying muons so intense that can pose radiation 
hazard at large distances! (ν-matter xsec grows with energy)


✦ Luminosity  
 
necessary to perform SM measurements with ~ % precision (10k events)



Physics cases for a High Energy Lepton Collider
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From a theorist’s point of view: Energy AND Precision!

Direct Searches

High-energy 
probes

High-rate 
measurements

Muon-specific  
physics

Muon colliderHigh Energy 
Lepton Collider



The most obvious physics case: direct searches

✦ The most striking advantage of a muon collider is the ability 
to collide particles at very high center-of-mass energies 
⟹  directly explore physics at the shortest distances


✦ EW pair-produced particles up to kinematical threshold:
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Colored particles: 
14 TeV µµ ~ 100 TeV pp

X5/3

T2/3

h~W~

tL
~

tR
~

EW particles: 
14 TeV µµ >>> 100 TeV pp



Abundances

S. Bottaro, M. Costa, L. Vittorio, "Second Muon Collider Physics Potential Meeting" (https://indico.cern.ch/event/969897/)

Fermion quintuplet

WIMP Dark Matter
✦ Weakly Interacting Massive Particle in the purest sense: 

most general EW multiplet with DM candidate that is


(a) stable,


(b) without coupling to Z & 𝛾,


(c) calculable (perturbative).


✦ Mass can be large: Muon-collider-energies 
crucial to probe some candidates!


✦ Collider searches: mono-𝛾/W/Z signals 
double emission (𝛾𝛾, WW) also important
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Cirelli, Sala, Taoso 1407.7058
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see also

work in progress with

S. Bottaro, M. Costa, L. Vittorio 
Franceschini, Panci, Redigolo preliminary!𝜇 𝜒

𝜇 𝜒



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
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ŝ
log

s

ŝ

�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. 2103.14043

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]
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Example: scalar singlet

Compare direct and indirect reach of different colliders

sin2 � ⇡ �µh/µ
SM
h ⇡ �V V!�/�

SM
V V!h

For this class of models, a high-energy µ+µ- collider has an amazing reach 
if compared to single Higgs meas. or direct searches at a 100 TeV pp collider

B, Redigolo, Sala, Tesi  1807.04743

update for the “Muons Smasher’s guide” 2103.14043
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Example: scalar singlet

Compare direct and indirect reach of different colliders

sin2 � ⇡ �µh/µ
SM
h ⇡ �V V!�/�

SM
V V!h

For this class of models, a high-energy µ+µ- collider has an amazing reach 
if compared to single Higgs meas. or direct searches at a 100 TeV pp collider

can be probed by single Higgs

B, Redigolo, Sala, Tesi  1807.04743

update for the “Muons Smasher’s guide” 2103.14043
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A High Energy Lepton Collider 
is a “vector boson collider”

High rate probes: Higgs physics
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✦ 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



A High Energy Lepton Collider 
is a “vector boson collider”

High rate probes: Higgs physics

�15

CV V ⇡ s

ŝ
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Double Higgs production

✦ Reach on Higgs trilinear coupling:


✦ 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
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‣ Weak dependence on angular acceptance 
(signal is in the central region)


‣ Some dependence on detector resolution 
(to remove backgrounds)

see also CLIC study 1901.05897



High-energy probes
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✦ NP effects are more important at high energies


✦ Effective Field Theory description: ℒ = ℒSM +
1

Λ2 ∑ Ci𝒪i + ⋯

the “multipole expansion” of high-energy physics



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 µ-collider with 10’s of TeV!
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High-energy di-bosons

✦ Longitudinal 2 → 2 scattering amplitudes at high energy:
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Process BSM Amplitude
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+

L
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0
Z0 /W

+

0
h

SILH Operators

OW =
ig

2

✓
H†�a

$
DµH

◆
D⌫W a

µ⌫

OB =
ig0

2

✓
H†

$
DµH

◆
@⌫Bµ⌫

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫

OHB = ig0(DµH)†(D⌫H)Bµ⌫

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

p
s and ✓?. Right: the relevant SILH

basis operators.

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

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

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

G3L =
g2

4
(CW + CHW ) , G1L =

g02

4
(CB + CHB) =

1

2
GlR , (3)

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

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

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

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

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

W, 1�
= 1/(6.7TeV)2 at the HL-LHC,

CFCC

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

W, 1�
= 1/(26TeV)2 at CLIC. The CLIC

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

W, 1�
= 1/(17TeV)2.

It should be emphasized that FCC-ee can be sensitive to such small values of CW only
because of the extreme accuracy of its measurements and of the SM theoretical predictions that
are needed to identify the tiny BSM e↵ects due to CW . For EW-scale observables, the relative
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as reference for semi-quantitative comparisons. On the other hand, for the determination of
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is considerable, but not so large to invalidate statistical sensitivity estimates. Furthermore it is
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While it is useful to distinguish high-energy from high-rate probes, the separation between
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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-
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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

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.
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Table 1: Left: BSM contributions to diboson production amplitudes that grow with energy. The
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A particularly interesting two-dimensional slice of the high-energy primaries parameter space
is the one populated by Universal [24] BSM models, in which the heavy particles couple only
to the SM Higgs and vector bosons. The lepton currents appearing in the operators of eq. (2)
are thus generated “indirectly”, through the SM gauge couplings (i.e., by using the equations of
motion of the W and B gauge fields), out of operators that do not contain lepton fields. Since
the B field coupling to right-handed leptons is twice the one to left-handed leptons, the OlR

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

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

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

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

W, 1�
= 1/(6.7TeV)2 at the HL-LHC,

CFCC

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

W, 1�
= 1/(26TeV)2 at CLIC. The CLIC

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

W, 1�
= 1/(17TeV)2.

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

1.17 )
4
C2

B − ( Ecm

1.09 )
4
CW CB]

10 TeVWW

ZH

✦ Fully differential WW cross-section 
in scattering and decay angles: 
can exploit the interference with 
transverse polarization amplitude

independent 
measure of G3L

𝜇

𝜇

𝜈

W

ℓ±ν → W±Z, W±H

✦ Gauge boson radiation important 
at high energies: allows to access 
the charged processes

“effective neutrino approximation”

WWh

B, Franceschini, Wulzer 2012.11555



Double Higgs at high mass
✦ Double Higgs production is affected by two operators in SM EFT: 

 
 

✦ OH contribution grows as E2: high mass tail gives 
a direct measurement of CH (WWhh coupling)

�22

OH =
1

2

�
@µ|H|

2
�2

O6 = ��|H|
6 κ3 = 1 + v2(C6 −

3
2

CH)
cH can be constrained from Higgs couplings (but indirect measurement)
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High-energy WW → hh more sensitive 
than pole physics at energies ≳ 10 TeV

S/B

𝜉 ≡ CHv2

low-precision measurement

(see also Contino et al. 1309.7038)
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Double Higgs at high mass
✦ Double Higgs production is affected by two operators in SM EFT:


✦ Fully differential analysis in pT and invariant mass to optimize combined 
sensitivity to CH and C6
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High-energy probes: EW & Higgs physics

✦ A muon collider is able to probe 
new physics scales > 100 TeV
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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



The muon g-2

✦ Status of the muon aµ = (g-2)/2 until April 2020:

�25

𝛿aµ exp.
63

EW  1

LbL  18

HVP  40

QED  0.1

9
>>>>>>>>>>>=

>>>>>>>>>>>;
<latexit sha1_base64="rQurIiwI0RGj/qWFStDlpMP0fpM=">AAACS3iclVBNS8NAEN1Uq7V+VT16CRbBU0mkoMeCF48V7Ac0pWw2k3TpZhN3J0IJ/X9evHjzT3jxoIgHtx+gtl58MOzjvZnd2eengmt0nGersLZe3NgsbZW3d3b39isHh22dZIpBiyUiUV2fahBcQgs5CuimCmjsC+j4o6up37kHpXkib3GcQj+mkeQhZxSNNKj4noAQa54PEZc5FTySEEy8u4wGnlf+9wky+L5E8WiI3mRQqTo1ZwZ7lbgLUiULNAeVJy9IWBaDRCao1j3XSbGfU4WcCZiUvUxDStmIRtAzVNIYdD+fZTGxT40S2GGiTEm0Z+rPiZzGWo9j33TGFId62ZuKf3m9DMPLfs5lmiFINn8ozISNiT0N1g64AoZibAhliptdbTakijI08ZdNCO7yl1dJ+7zmOjX3pl5t1BdxlMgxOSFnxCUXpEGuSZO0CCMP5IW8kXfr0Xq1PqzPeWvBWswckV8oFL8AJ4W0BQ==</latexit><latexit sha1_base64="rQurIiwI0RGj/qWFStDlpMP0fpM=">AAACS3iclVBNS8NAEN1Uq7V+VT16CRbBU0mkoMeCF48V7Ac0pWw2k3TpZhN3J0IJ/X9evHjzT3jxoIgHtx+gtl58MOzjvZnd2eengmt0nGersLZe3NgsbZW3d3b39isHh22dZIpBiyUiUV2fahBcQgs5CuimCmjsC+j4o6up37kHpXkib3GcQj+mkeQhZxSNNKj4noAQa54PEZc5FTySEEy8u4wGnlf+9wky+L5E8WiI3mRQqTo1ZwZ7lbgLUiULNAeVJy9IWBaDRCao1j3XSbGfU4WcCZiUvUxDStmIRtAzVNIYdD+fZTGxT40S2GGiTEm0Z+rPiZzGWo9j33TGFId62ZuKf3m9DMPLfs5lmiFINn8ozISNiT0N1g64AoZibAhliptdbTakijI08ZdNCO7yl1dJ+7zmOjX3pl5t1BdxlMgxOSFnxCUXpEGuSZO0CCMP5IW8kXfr0Xq1PqzPeWvBWswckV8oFL8AJ4W0BQ==</latexit><latexit sha1_base64="rQurIiwI0RGj/qWFStDlpMP0fpM=">AAACS3iclVBNS8NAEN1Uq7V+VT16CRbBU0mkoMeCF48V7Ac0pWw2k3TpZhN3J0IJ/X9evHjzT3jxoIgHtx+gtl58MOzjvZnd2eengmt0nGersLZe3NgsbZW3d3b39isHh22dZIpBiyUiUV2fahBcQgs5CuimCmjsC+j4o6up37kHpXkib3GcQj+mkeQhZxSNNKj4noAQa54PEZc5FTySEEy8u4wGnlf+9wky+L5E8WiI3mRQqTo1ZwZ7lbgLUiULNAeVJy9IWBaDRCao1j3XSbGfU4WcCZiUvUxDStmIRtAzVNIYdD+fZTGxT40S2GGiTEm0Z+rPiZzGWo9j33TGFId62ZuKf3m9DMPLfs5lmiFINn8ozISNiT0N1g64AoZibAhliptdbTakijI08ZdNCO7yl1dJ+7zmOjX3pl5t1BdxlMgxOSFnxCUXpEGuSZO0CCMP5IW8kXfr0Xq1PqzPeWvBWswckV8oFL8AJ4W0BQ==</latexit><latexit sha1_base64="rQurIiwI0RGj/qWFStDlpMP0fpM=">AAACS3iclVBNS8NAEN1Uq7V+VT16CRbBU0mkoMeCF48V7Ac0pWw2k3TpZhN3J0IJ/X9evHjzT3jxoIgHtx+gtl58MOzjvZnd2eengmt0nGersLZe3NgsbZW3d3b39isHh22dZIpBiyUiUV2fahBcQgs5CuimCmjsC+j4o6up37kHpXkib3GcQj+mkeQhZxSNNKj4noAQa54PEZc5FTySEEy8u4wGnlf+9wky+L5E8WiI3mRQqTo1ZwZ7lbgLUiULNAeVJy9IWBaDRCao1j3XSbGfU4WcCZiUvUxDStmIRtAzVNIYdD+fZTGxT40S2GGiTEm0Z+rPiZzGWo9j33TGFId62ZuKf3m9DMPLfs5lmiFINn8ozISNiT0N1g64AoZibAhliptdbTakijI08ZdNCO7yl1dJ+7zmOjX3pl5t1BdxlMgxOSFnxCUXpEGuSZO0CCMP5IW8kXfr0Xq1PqzPeWvBWswckV8oFL8AJ4W0BQ==</latexit>

𝛿aµ th.  43

Δaμ = a(exp)
μ − a(th)

μ = 279(76) × 10−11

a(exp)
μ = 116592089(63) × 10−11 a(th)

μ = 116591810(43) × 10−11

3.7 σ discrepancy



The muon g-2

✦ Status of the muon aµ = (g-2)/2: exp. result confirmed by Fermilab!


✦ Theoretical uncertainty can hardly be 
reduced further…       lattice results?


✦ E989 Muon g-2 experiment:


✦ Theoretical / systematic errors need to be controlled at the level of ∆aµ ~ 10-9


➡ An independent test of ∆aµ is desirable (possibly with different systematic 
& theoretical errors)
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𝛿aµ th.  43

a(th)
μ = 116591810(43) × 10−11

4.2 σ discrepancy

δa(exp)
μ < 20 × 10−11 in a few years

Muon collider can give the first model-independent high-energy test of ∆aµ

a(exp)
μ = 116592061(41) × 10−11

Δaμ = a(exp)
μ − a(th)

μ = 251(59) × 10−11



The muon g-2

✦ Status of the muon aµ = (g-2)/2: exp. result confirmed by Fermilab!


✦ Theoretical uncertainty can hardly be 
reduced further…       lattice results?


✦ E989 Muon g-2 experiment:


✦ Theoretical / systematic errors need to be controlled at the level of ∆aµ ~ 10-9


➡ An independent test of ∆aµ is desirable (possibly with different systematic 
& theoretical errors)

�26

𝛿aµ exp.
63

EW  1

LbL  18

HVP  40

QED  0.1

9
>>>>>>>>>>>=

>>>>>>>>>>>;
<latexit sha1_base64="rQurIiwI0RGj/qWFStDlpMP0fpM=">AAACS3iclVBNS8NAEN1Uq7V+VT16CRbBU0mkoMeCF48V7Ac0pWw2k3TpZhN3J0IJ/X9evHjzT3jxoIgHtx+gtl58MOzjvZnd2eengmt0nGersLZe3NgsbZW3d3b39isHh22dZIpBiyUiUV2fahBcQgs5CuimCmjsC+j4o6up37kHpXkib3GcQj+mkeQhZxSNNKj4noAQa54PEZc5FTySEEy8u4wGnlf+9wky+L5E8WiI3mRQqTo1ZwZ7lbgLUiULNAeVJy9IWBaDRCao1j3XSbGfU4WcCZiUvUxDStmIRtAzVNIYdD+fZTGxT40S2GGiTEm0Z+rPiZzGWo9j33TGFId62ZuKf3m9DMPLfs5lmiFINn8ozISNiT0N1g64AoZibAhliptdbTakijI08ZdNCO7yl1dJ+7zmOjX3pl5t1BdxlMgxOSFnxCUXpEGuSZO0CCMP5IW8kXfr0Xq1PqzPeWvBWswckV8oFL8AJ4W0BQ==</latexit><latexit sha1_base64="rQurIiwI0RGj/qWFStDlpMP0fpM=">AAACS3iclVBNS8NAEN1Uq7V+VT16CRbBU0mkoMeCF48V7Ac0pWw2k3TpZhN3J0IJ/X9evHjzT3jxoIgHtx+gtl58MOzjvZnd2eengmt0nGersLZe3NgsbZW3d3b39isHh22dZIpBiyUiUV2fahBcQgs5CuimCmjsC+j4o6up37kHpXkib3GcQj+mkeQhZxSNNKj4noAQa54PEZc5FTySEEy8u4wGnlf+9wky+L5E8WiI3mRQqTo1ZwZ7lbgLUiULNAeVJy9IWBaDRCao1j3XSbGfU4WcCZiUvUxDStmIRtAzVNIYdD+fZTGxT40S2GGiTEm0Z+rPiZzGWo9j33TGFId62ZuKf3m9DMPLfs5lmiFINn8ozISNiT0N1g64AoZibAhliptdbTakijI08ZdNCO7yl1dJ+7zmOjX3pl5t1BdxlMgxOSFnxCUXpEGuSZO0CCMP5IW8kXfr0Xq1PqzPeWvBWswckV8oFL8AJ4W0BQ==</latexit><latexit sha1_base64="rQurIiwI0RGj/qWFStDlpMP0fpM=">AAACS3iclVBNS8NAEN1Uq7V+VT16CRbBU0mkoMeCF48V7Ac0pWw2k3TpZhN3J0IJ/X9evHjzT3jxoIgHtx+gtl58MOzjvZnd2eengmt0nGersLZe3NgsbZW3d3b39isHh22dZIpBiyUiUV2fahBcQgs5CuimCmjsC+j4o6up37kHpXkib3GcQj+mkeQhZxSNNKj4noAQa54PEZc5FTySEEy8u4wGnlf+9wky+L5E8WiI3mRQqTo1ZwZ7lbgLUiULNAeVJy9IWBaDRCao1j3XSbGfU4WcCZiUvUxDStmIRtAzVNIYdD+fZTGxT40S2GGiTEm0Z+rPiZzGWo9j33TGFId62ZuKf3m9DMPLfs5lmiFINn8ozISNiT0N1g64AoZibAhliptdbTakijI08ZdNCO7yl1dJ+7zmOjX3pl5t1BdxlMgxOSFnxCUXpEGuSZO0CCMP5IW8kXfr0Xq1PqzPeWvBWswckV8oFL8AJ4W0BQ==</latexit><latexit sha1_base64="rQurIiwI0RGj/qWFStDlpMP0fpM=">AAACS3iclVBNS8NAEN1Uq7V+VT16CRbBU0mkoMeCF48V7Ac0pWw2k3TpZhN3J0IJ/X9evHjzT3jxoIgHtx+gtl58MOzjvZnd2eengmt0nGersLZe3NgsbZW3d3b39isHh22dZIpBiyUiUV2fahBcQgs5CuimCmjsC+j4o6up37kHpXkib3GcQj+mkeQhZxSNNKj4noAQa54PEZc5FTySEEy8u4wGnlf+9wky+L5E8WiI3mRQqTo1ZwZ7lbgLUiULNAeVJy9IWBaDRCao1j3XSbGfU4WcCZiUvUxDStmIRtAzVNIYdD+fZTGxT40S2GGiTEm0Z+rPiZzGWo9j33TGFId62ZuKf3m9DMPLfs5lmiFINn8ozISNiT0N1g64AoZibAhliptdbTakijI08ZdNCO7yl1dJ+7zmOjX3pl5t1BdxlMgxOSFnxCUXpEGuSZO0CCMP5IW8kXfr0Xq1PqzPeWvBWswckV8oFL8AJ4W0BQ==</latexit>

𝛿aµ th.  43

a(th)
μ = 116591810(43) × 10−11

4.2 σ discrepancy

δa(exp)
μ < 20 × 10−11 in a few years

Muon collider can give the first model-independent high-energy test of ∆aµ

a(exp)
μ = 116592061(41) × 10−11

Δaμ = a(exp)
μ − a(th)

μ = 251(59) × 10−11



New physics in the muon g-2

✦ The g-2 is generated by the dipole operator


‣ Λ ~ TeV, weak coupling 
(favored by naturalness arguments, but challenged by LEP, LHC…)


‣ Λ ≲ TeV, NP is light and feebly coupled to the SM 
(e.g. axion-like particles, dark sectors, light scalars, …)


‣ Λ ≫ TeV, heavy NP with O(1) couplings to the SM


In the SM EFT one dim. 6 operator 
contributes at tree-level:
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cμ

Λμ
e(μ̄LσμνμR)Fμν

Δaμ ≈ a(EW)
μ ≈

m2
μ

16π2v2
≈ 2 × 10−9 tiny effect: not directly testable 

at colliders until now

ℒg−2 =
Ceγ

Λ2
H (ℓ̄LσμνeR) eFμν + h.c.
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Muon g-2 @ muon collider

✦ If new physics is light enough (i.e. weakly coupled, m★ ~ Λ∙g★/4π), 
a Muon Collider can directly produce the new particles 
☛  direct searches: model-dependent


✦ If new physics is heavy: EFT
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Curtin et al. 2006.16277

Δaμ =
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At low energy
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At high energy

σμ+μ−→hγ =
s

48π

|Ceγ |2

Λ4
≈ 0.7 ab( s

30 TeV )
2

(
Δaμ

3 × 10−9 )
2

Nhγ = σ ⋅ ℒ ≈ ( s
10 TeV )

4

(
Δaμ

3 × 10−9 )
2

need E > 10 TeV

Dipole operator generates both ∆aµ and µµ → h𝛾
B, Paradisi 2012.02769



Muon g-2 @ muon collider

✦ SM irreducible background is small:


tree-level is suppressed by muon mass; loop contribution dominant


✦ Main background from µµ → Z𝛾 (where Z is mistaken for H) 
(large due to transverse Z polarizations) 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σ(SM)
μ+μ−→hγ ≈ 10−2 ab ( 30 TeV

s )
2

3

FIG. 2. 95% C.L. reach on the muon anomalous magnetic
moment �aµ, as well as on the muon EDM dµ, as a function
of the collider center-of-mass energy

p
s, from the processes

µ+µ� ! h� (black), µ+µ� ! hZ (blue), µ+µ� ! tt̄ (red),
and µ+µ� ! cc̄ (orange).

III. High-energy probes of the muon g-2. The main
contribution to �aµ comes from the dipole operator
Oe� =

�
¯̀
L�µ⌫eR

�
HFµ⌫ when after electroweak symme-

try breaking H ! v. The same operator also induces
a contribution to the process µ+µ�

! h� that grows
with energy (see figure 1), and thus can become dom-
inant over the SM cross-section at a very high-energy
collider. Assuming that mh ⌧

p
s, which is an excellent

approximation at a MC, we find the following di↵erential
cross-section

d�µµ!h�

d cos ✓
=

|Cµ
e�(⇤)|

2

⇤4

s

64⇡
(1� cos2 ✓) (5)

where cos ✓ is the photon scattering angle. Notice that
there is an identical contribution also to the process
µ+µ�

!Z� since H contains the longitudinal polariza-
tions of the Z. The total µ+µ�

! h� cross-section is

�µµ!h� =
s

48⇡

|Cµ
e�(⇤)|

2

⇤4

⇡ 0.7 ab

✓ p
s

30TeV

◆2✓
�aµ

3⇥ 10�9

◆2

, (6)

where in the last equation we assumed no contribution to
�aµ other than the one from Cµ

e� . Moreover, we included
running e↵ects for Cµ

e� , see eq. (4), from a scale ⇤ ⇡

100 TeV. Given the scaling with energy of the reference
integrated luminosity [7]

L =

✓ p
s

10TeV

◆2

⇥ 10 ab�1 (7)

one gets about 60 total h� events at
p
s = 30 TeV.

The SM irreducible µ+µ�
! h� background is small,

due to the muon Yukawa coupling suppression,

�SM
µµ!h� ⇡ 3.7⇥10�3 ab

✓
30TeV
p
s

◆2

, (8)

and can be neglected for
p
s � TeV. The main source of

background comes from Z� events, where the Z boson is
incorrectly reconstructed as a Higgs. This cross-section
is large, due to the contribution from transverse polar-
izations,

d�µµ!Z�

d cos ✓
=

⇡↵2

4s

1 + cos2 ✓

sin2 ✓

1� 4s2W + 8s4W
s2W c2W

. (9)

There are two ways to isolate the h� signal from the back-
ground: by means of the di↵erent angular distributions
of the two processes – the SM Z� peaks in the forward
region, while the signal is central – and by accurately dis-
tinguishing h and Z bosons from their decay products,
e.g. by precisely reconstructing their invariant mass.

To estimate the reach on �aµ we consider a cut-and-
count experiment in the bb̄ final state, which has the high-
est signal yield (with branching ratios B(h ! bb̄) = 0.58,
B(Z ! bb̄) = 0.15). The significance of the signal – de-
fined as NS/

p
NB +NS , with NS,B the number of signal

and background events – is maximized in the central re-
gion |cos ✓| . 0.6. At 30 TeV one gets

�cut
µµ!h� ⇡ 0.53 ab

✓
�aµ

3⇥10�9

◆2

, �cut
µµ!Z� ⇡ 82 ab. (10)

Requiring at least one jet to be tagged as a b, and as-
suming a b-tagging e�ciency ✏b = 80%, we find that a
value �aµ = 3⇥10�9 can be tested at 95% C.L. at a
30 TeV collider if the probability of reconstructing a Z
boson as a Higgs is less than 10%. The resulting num-
ber of signal events is NS = 22, and NS/NB = 0.25.
In figure 2 we show as a black line the 95% C.L. reach
from µ+µ�

! h� on the anomalous magnetic moment
as a function of the collider energy. Note that since the
number of signal events scales as the fourth power of the
center-of-mass energy, only a collider with

p
s & 30 TeV

will have the sensitivity to test the g-2 anomaly.
The analysis above assumed a tree-level contribution

from the operator Oe� alone. We will now show that the
other relevant contributions can be constrained indepen-
dently at a MC already at lower center-of-mass energies.

The Z-dipole operator OeZ =
�
¯̀
L�µ⌫eR

�
HZµ⌫ con-

tributes to �aµ at one loop, and generates also the pro-
cess µ+µ�

! Zh (see figure 1) with the same cross-
section of eq. (5) with � $ Z, so that

�µµ!Zh ⇡ 38 ab

✓ p
s

10TeV

◆2✓
�aµ

3⇥ 10�9

◆2

. (11)

As before, we assume that only OeZ contributes to the
�aµ anomaly: it should be stressed that here this cor-
responds to a very unnatural scenario, where the coe�-
cients CeB and CeW conspire to cancel out the tree-level
contribution from Oe� . It is nevertheless meaningful to
derive the constraint from high-energy scattering on the
Z-dipole contribution to the g-2. The cross-section in
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value �aµ = 3⇥10�9 can be tested at 95% C.L. at a
30 TeV collider if the probability of reconstructing a Z
boson as a Higgs is less than 10%. The resulting num-
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as a function of the collider energy. Note that since the
number of signal events scales as the fourth power of the
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dently at a MC already at lower center-of-mass energies.

The Z-dipole operator OeZ =
�
¯̀
L�µ⌫eR

�
HZµ⌫ con-

tributes to �aµ at one loop, and generates also the pro-
cess µ+µ�

! Zh (see figure 1) with the same cross-
section of eq. (5) with � $ Z, so that

�µµ!Zh ⇡ 38 ab

✓ p
s

10TeV

◆2✓
�aµ

3⇥ 10�9

◆2

. (11)

As before, we assume that only OeZ contributes to the
�aµ anomaly: it should be stressed that here this cor-
responds to a very unnatural scenario, where the coe�-
cients CeB and CeW conspire to cancel out the tree-level
contribution from Oe� . It is nevertheless meaningful to
derive the constraint from high-energy scattering on the
Z-dipole contribution to the g-2. The cross-section in

-��� -��� ��� ��� ���
���

���

���

���

���

��� θ

�σ
/�
(�
��

θ)

μ+μ- → �γ

(μ+μ- → �γ) ⨯ ��-�

At 30 TeV, 90 ab−1,  for Δaμ = 3 × 10−9 :

NS = 22, NB = 886 × pZ→h

∆aµ can be tested at 95% CL at a 30 TeV 
collider if Z￫h mistag probability < 10-15%

ϵb ≈ 80 % |cos θcut | < 0.6 BRh→bb̄ = 58 %
Search in h → bb channel:

1911.0252



Beyond tree-level
✦ Other operators contribute to g-2 at one loop:

�30

ℒ =
CeB

Λ2
(ℓ̄LσμνeR) H Bμν +

CeW

Λ2
(ℓ̄LσμνeR)τI H WI

μν +
CqT

Λ2
(ℓ̄LσμνeR) ϵ (q̄LσμνuR)

(+ other effects suppressed by yµ)

Δaμ ≃
4mμv

eΛ2 (Ceγ(mμ) −
3α
2π

c2
W − s2

W

sWcW
CeZ log

Λ
mZ

) − ∑
q=c,t

4mμmq

π2

CTq

Λ2
log

Λ
mq

≈ (250 TeV
Λ2 )

2
(Ceγ − 0.2CTt − 0.001CTc − 0.05CeZ)

Including 1-loop running:
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ColliderFull set of operators 
can be probed 
at high energy

μ+μ− → hγ
μ+μ− → hZ
μ+μ− → qq̄

B, Paradisi 2012.02769



Muon g-2 @ muon collider

✦ Full set of operators with Λ ≳ 100 TeV can 
be probed at a high energy muon collider
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Collider constrains  |Ceγ |2 ⇒ dμ ≲ 10−22 e ⋅ cm
3 o.o.m. stronger than present bound!

Muon EDM for free!

B, Paradisi 2012.02769



Lepton g-2 from rare Higgs decays

✦ Dipole operator contributes also to h → 𝓁𝓁𝛾 decays!
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Γ(int)
h→ℓ+ℓ−γ =

αmℓRe(Ceγ)m3
h

16π2v
Γ(NP)

h→ℓ+ℓ−γ =
α |Ceγ |2 m5

h

192π2

Γ(SM)
h→ℓ+ℓ−γ = Γ(SM)

tree + Γ(SM)
loop (tree-level is suppressed by lepton mass)

BR(SM)
h→μ+μ−γ ≈ 10−4

BR(NP)
h→μ+μ−γ ≈ 5 × 10−10(

Δaμ

3 × 10−9 )
BR(SM)

h→τ+τ−γ ≈ 10−3

⇒ Δaτ ≲ few × 10−5

BR(NP)
h→τ+τ−γ ≈ 0.2 × Δaτ

too small :(

3 o.o.m. improvement!

‣ Muon: ‣ Tau:

1704.00790

✦ Very large single Higgs VBF rate @ µ-collider (107–108 Higgs bosons)



Lepton g-2 from rare Higgs decays

�33

Further possibilities to measure ∆a𝜏 precisely from high-energy probes


✦ Pair production


✦ Vector boson fusion:

work in progress with P. Paradisi
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Summary
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High-rate precision

High-energy probes

Direct searches

Muon physics



Title Text

Fermi, 1954

3 TeV center-of-mass

?? ?
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Double Higgs production
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λ

σ(
μ+

μ-
→
hh

νν
)
[fb

]

★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

‣ 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
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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

Number of events:  N ~ s log(s/mh2)

� = �SM + a1(��) + a2(��)
2
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λ

σ(
μ+

μ-
→
hh

νν
)
[fb

]

★SM

L [ab-1] σ [fb] NSM

3 1 0.82 800 ~ 10%
10 10 3.1 31,000 ~ 1.8%
14 20 4.4 88,000 ~ 1%
30 90 7.4 660,000 ~ 0.4%

δσ ∼ (NSM * eff)−1/2s [TeV]
Naïve estimate of the reach:

~ 15%
~ 4%
~ 3%

~ 1.5%

δλ

assume overall efficiency ~ 10%

Cross-section dependence on δλ
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N ∼ s log(s/m2
h) ≈ 105÷6



✦ 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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✦ Jets come from Higgs decays: 

typical momentum ~ mh/2

Sensitivity to jet pT threshold

0 50 100 150 200 250
0.00

0.01

0.02
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✦ No significant impact if 

pTmin ≲ 40–50 GeV

higher thresholds start to 

reduce the sensitivity
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Backgrounds

✦ 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
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what happens at muon collider?



Backgrounds

(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
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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

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


 
… and different energies:

CLICdp-Note-2018-004

� � �� �� �� �� �� ��
�

��

��

��

��

��

�

�

�

�

�

�

���� ���������� Δ�/� [%]

��
��
��
��
��
��
��
�
ϵ
[%

]

� �
��
/�

��

no real gain using 
only central events…

Mhh > 105 GeV,


nb = 2.8


εsig = 32%
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10 TeV ‣ Optimize cuts to reject bkg:

result very similar

to 3 TeV
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Double Higgs production: 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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1

2

�
@µ|H|

2
�2

O6 = ��|H|
6
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σ = σSM + a1C6 + b1CH

+a2C2
6 + b2C2

H + d2CHC6

cH can be constrained from Higgs 
couplings (but indirect measurement)

ΔκV ∼ CHv2 ≲ few × 10−3

κ3 = 1 + v2(C6 −
3
2

CH)

κV, f = 1 − v2CH /2

ℒEFT = ℒSM + ∑
i

Ci𝒪(6)
i + ⋯



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:

“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
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�
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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 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!
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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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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!
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2
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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.
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M�+ = �
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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
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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.
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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 ✓
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and '
d̄
.4 These angles are either equal to ✓+ and '+, or to ⇡ � ✓+ and '+ + ⇡ with the same

probability. The di↵erential cross-section for the ✓
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+ ⇡). 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
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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- → VV not much suppressed w.r.t. µ+µ- → VVV  (V = W±, Z, H)


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

�48

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



Scalar singlets at a HELC

‣ φ is like a heavy SM Higgs with narrow width: Dominant decay modes are 
into (longitudinal) bosons.
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Decays of �

At high mass the equivalence theorem relates the decay widths

BR�!hh = BR�!ZZ =
1

2
BR�!WW '

1

4
, m� � mh

(these are the dominant channels, fermionic modes suppressed)

I Phenomenology roughly determined just by m� and Mhh!
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� is like a heavy SM Higgs + BR�!hh

m� � mh

Goldstone boson equivalence theorem: 

‣ Golden channels:


• φ → ZZ(4l,2l2j): very clean, 
some EW background; 
most sensitive channel at LHC.


• φ → hh(4b): also clean and very 
sensitive at l+l- collider; 
more challenging at LHC 
due to QCD background -��� -��� ��� ��� ���

���
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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:sin � ⇠ aHSv

m2
S

h = cos �H0 + sin � S

� = �sin �H0 + cos � S

�50



A simple example: scalar singlet

L = LSM +
1

2
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2 � 1

2
m
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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

�50



hh(4b) decay channel

�51

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].
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✦ Small background at high invariant-mass:


‣ error is dominated by statistics


‣ limits depend weakly on φ mass 
and collider energy
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Goldstone bosons (Twin Higgs)

‣ Higgs mass is protected from 
radiative corrections without 
new light colored states


‣ Two copies of the SM, with 
approximate Z2 symmetry, 
coupled through Higgs portal


‣ Higgs is a pseudo-Goldstone 

‣ Model-independent tests:


✓ Higgs couplings


✓ Search for the singlet
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If φ heavy, no resonance 
search but EFT applies

µµ → hh still useful



SUSY: the NMSSMSUSY: the NMSSM

W = WMSSM + �SHuHd + f(S) Fayet ’75

⇧ Extra tree-level contribution to the Higgs mass

M
2
hh

= m
2
Zc

2
2� + �

2
v
2
s
2
2� + �

2

⇧ Alleviates fine-tuning in v for � & 1 and moderate tan �

�v
2
��
NMSSM

⇠
cot 2�

�3
⇥ m̃

2
�v

2
��
MSSM

⇠
4

g2
⇥ m̃

2

allows for smaller soft masses compared to the MSSM
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the lightest new state 
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loop correction 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Axion-like particles (ALPs)

‣ EW ALP: 
 
SSB of a U(1) at scale ƒa (not the QCD axion),  physical cut-off at g*ƒa

‣ In general, a → γγ is a golden 
channel, but could be suppressed 
for particular values of c1, c2 
(photophobic ALP) 500 1000 1500
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Figure 10. Left: single production via WW -fusion of a photophobic ALP c1 = �3/5c2. Right: Reach of
CLIC at 1.5 TeV (green ) and 3 TeV (blue) in the photophobic ALP parameter space for g⇤ = 4 (c2 = 16⇡2/g2⇤).
In grey we show the region where ma & g⇤f and the EFT in Eq. (29) ceases to be justified. Dashed lines indicate
the scale of the EW states which could be within the reach of CLIC at 1.5 TeV (green) and at 3 TeV (blue).

region where the impact of ⇢hard 6= 0 is most visible is the one where m� is small. In particular we see
that a non-zero ⇢hard allows the Higgs mass constraint to be satisfied at large f and small m�. In this
region the Higgs mass is mostly achieved via ⇢hard. However, in the same region the fine tuning gain
of the TH is limited because �⇤ . 0.1 [69].

Figure 9 also displays the phenomenological results of Section 3, where we have extended the
framework to include the invisible decays of the radial mode intoW 0W 0, Z 0Z 0 (all with massesmW⇥f/v,
because the U(1)0 could well be not gauged [72, 73]) and t0t̄0 (with massmt⇥f/v). The SO(8) symmetry
implies that the invisible branching ratio asumptotises to 3/7 for m� � m0

t. One learns from Figure 9
that the phenomenology of the twin Higgs � is independent on how the Z2-breaking is achieved, at
least in the region of parameter space where the fine-tuning is ameliorated. HELCs like CLIC are
expected to probe the most natural regions of TH models mainly via their precision in Higgs coupling
measurements. While direct searches for the radial mode would constitute a weaker probe of the
interesting region of the parameter space, they could provide precious complementary information. A
similar conclusion was drawn also in [41], where the hh(4b) signature was studied.

4.3 Comments on heavy electroweak ALPs

Our results can be applied generically also to scalar resonances that are produced singly from the
fusion of transverse W bosons. Resonances of this type are the so-called axion-like particles (ALPs), a
quite generic category of pseudo-scalar particles coupled via ABJ anomalies to the SM gauge bosons.
These arises in many theoretical models related to Dark Matter production [74], Naturalness [75–77]
and vector-like confinement [78].

In this context we consider a somehow heavy ALP a with only electroweak anomalies and mass
ma > 2mW . The e↵ective Lagrangian for an ALP of this type reads

LALP =
1

2
(@µa)

2
�

1

2
m2

aa
2 +

c1↵1

4⇡

a

fa
BB̃ +

c2↵2

4⇡

a

fa
WW̃ , (29)

19‣ Produced in W-fusion 
(but couple to transverse W’s), 
and decay to vectors



Pair production

• In the limit of small mixing angle, the single production rate of φ vanishes


‣ the Lagrangian has an approximate Z2 symmetry φ → –φ 

• Double production rate does not depend on the mixing: 
controlled by the portal coupling λHS S2|H|2
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Pair production

• In the limit of small mixing angle, the single production rate of φ vanishes
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we focus on a region of small non-zero mixing: 
the singlet decays to SM bosons in the detector

φ is invisible: requires 
a different treatment

[see e.g. 1409.0005 and talk by R. Franceschini]
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Electroweak phase transition

‣ In the SM, the EW phase transition is 2nd order (smooth v(T) dependence)


➡ 1ST order PT crucial for (EW) baryogenesis: need to be strongly out-of-equilibrium!


‣ Additional scalar singlets can give a 1st order PT:


1. Phase transition in the singlet potential: 
“light state with large coupling to Higgs” 
 
 
 

2. Singlet induces a negative effective quartic 
coupling for the Higgs

m2
S
= m2

�
� �2

HS
v2/2 < 0

�e↵
h
(m�,�HS) < 0

see talk by G. Panico



Pair production: results

• Final states with 4 Higgs or vector bosons (e.g. e+e- → 8b + Emiss): 
very small backgrounds,  few events are needed to test the model at CLIC


• Even more stringent bounds in the case of displaced decays (smaller mixing): 
virtually all the φ can be identified, no background
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More details on the hh(4b) analysis
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Applications: SUSY (the NMSSM)

Weakly coupled & low mass: 
direct searches very powerful!
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loop correction 
to Higgs mass

from top-stop

sin2 � =
M2

hh �m2
h

m2
� �m2

h

Three Higgs fields: Hu, Hd  doublets + S singlet

SUSY: the NMSSM

W = WMSSM + �SHuHd + f(S) Fayet ’75

⇧ Extra tree-level contribution to the Higgs mass
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Most typical example of direct search: 

heavy s-channel resonance produced in Drell-Yan

More resonances: Z’

If Z’ produced on-shell, very large cross-section

Problem: how do we look for resonances of unknown mass at fixed √s?

preliminary

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

���

���

���

���

���

���

���

��� [���]

� μ
[�
�%

��
��
��
��
��
�]

µ+µ- → µ+µ-
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p
s = 14TeV, L = 20 ab�1

I.  “Radiative return”: produce 
resonance on-shell with ISR

require hard photon
M2 = m2

`` = s� 2
p
sE�

II.  Off-shell Z’ exchange 
     (µµ → ƒƒ cross-section)

QED corrections ⇡ 2↵

⇡
log

s

m2
µ

. 10%

kinematical cuts: pT > 20GeV, |✓| > 5�

µ+µ� ! µ+µ�
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✦ Different signature compared to more “standard” BSM


✦ Interesting: NP coupled to 3rd generation fermions 
(B physics anomalies!)


✦ Can be either scalar or vector


✦ Difficult searches at LHC: High Lumi reach ~ 1.5 TeV


3rd generation LQ production at a lepton collider:


• Pair production: large cross-section when allowed, 
does not depend on coupling to fermions


• Single production: radiation from bb or ττ pair

Coloured resonances: 3rd generation leptoquarks

e−

e+

s∗

s

γ, Z

e−

e+

τ−

b

sγ, Z

τ+

➡ bbττ final state, with mbτ ~ MLQ

B, Greljo, Marzocca, Nardecchia 2018

➡ √s > 3 TeV interesting range for lepton colliders

LQ

q

q l

l
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✦ Search is almost background-free: 
We set a bound simply by 
requiring 10 signal events


✦ The main limitation for CLIC 
is the c.o.m. energy: room for 
huge improvement at a µ-collider

Coloured resonances: Leptoquarks
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✦ E = 3 TeV,  L = 3 ab-1:


✦ Rescale to higher energies:

hh at high mass

★★
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High-energy WW → hh 
becomes more sensitive 
than Higgs pole physics 
at energies > 14 TeV

Contino et al. 1309.7038
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p
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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

10

Efficiencies for signal and background:



WW fusion

• Single and double production cross-sections: 
 
 
 
 
 
 
 
from W-pdf’s


• Approximate limit on mixing angle:

⇧ Models with a weak coupling g⇤, such that � ⇡ g⇤v/M⇤ ⌧ 1 even for light states. This is the
case in the NMSSM, once we identify M⇤ with the SUSY-breaking mass of the singlet (M⇤ = m̃)
and g⇤ with the coupling in superpotential (g⇤ = �). The only way to additionally suppress the
mixing angle is to invoke a tiny s, which is achievable by neglecting the AS3 + h.c. soft term
and by allowing aHS ⌘ A� sin(2�) ⌧ �m̃ (see Section 4.1).

Notice also that the bounds obtained at the kinematic edge of the lepton collider, where � quickly
approaches O(1) for large masses, could be interpreted in terms of strongly coupled new physics. This
region however is (and will be) strongly constrained by single Higgs production.

2.2 Vector boson fusion

As discussed in the introduction, the advantage of HELCs is mainly due to the e↵ectiveness of vector
boson fusion as a production mode for scalar particles. Both single and double productions can be
written in terms of the cross-section of the subprocess V V ! � and V V ! �� properly convoluted
with the splitting functions for ` ! V `0. Any di↵erential distribution for the process eē ! ⌫⌫̄X can
be written as a distribution in the invariant mass squared of the subprocesses as
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(x). These
can be computed analytically in the regime M2

V
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polarisations, which are the only ones coupled to the extra singlet through the mixing with the SM
Higgs:
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By inspecting the behaviour at high s, we see that the total rate of WW -fusion does not fall with
energy neither for single nor for double singlet production. The total rates can be computed to be
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where Eq. (17) holds in the limit sin � = 0. The formulas in Eq. (16)–(17) are extremely good approx-
imations as long as the dominant contribution to the rates comes from kinematic configurations where
M2

V
/ŝ ⌧ 1. We checked that they reproduce with excellent accuracy the full result, which we compute

with MadGraph5 [38, 39]. This is shown in Figure 2 and we use it in all our numerical calculations.
Here and in what follows, we assume unpolarised electron beams.

The above expressions for the production rate show explicitly what is well known: WW -fusion
is a powerful production channel for HELCs. At increased center-of-mass energy, other production
mechanisms such as �-strahlung and double �-strahlung are subdominant, because they are suppressed
at large s (see also Ref. [20] for a comparison). Based on these considerations we motivate our approach
of just considering V V -fusion processes for the production of the scalar singlet. In our study we do
not include next-to-leading orders in EW radiation, thus an uncertainty of the order of ↵2

4⇡ log(s/m2
W
)
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ŝ

⇥
(1 +

ŝ
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where Eq. (17) holds in the limit sin � = 0. The formulas in Eq. (16)–(17) are extremely good approx-
imations as long as the dominant contribution to the rates comes from kinematic configurations where
M2

V
/ŝ ⌧ 1. We checked that they reproduce with excellent accuracy the full result, which we compute

with MadGraph5 [38, 39]. This is shown in Figure 2 and we use it in all our numerical calculations.
Here and in what follows, we assume unpolarised electron beams.

The above expressions for the production rate show explicitly what is well known: WW -fusion
is a powerful production channel for HELCs. At increased center-of-mass energy, other production
mechanisms such as �-strahlung and double �-strahlung are subdominant, because they are suppressed
at large s (see also Ref. [20] for a comparison). Based on these considerations we motivate our approach
of just considering V V -fusion processes for the production of the scalar singlet. In our study we do
not include next-to-leading orders in EW radiation, thus an uncertainty of the order of ↵2

4⇡ log(s/m2
W
)

7

Figure 3. Left: invariant mass distribution of the 4 b-quarks in the signal, for m� = 1 TeV at the 3 TeV
CLIC. The blue histogram shows the signal after parton showering, detector simulation, and identification cuts;
the grey line shows the output of the Monte Carlo generator before parton showering. Right: 4b invariant mass
distribution of the SM background, with two examples of signal superimposed.

where L is the integrated luminosity. Using Eq. (16), this limit translates into an approximate sensi-
tivity on the mixing angle

sin2 � ⇥ BR(� ! f) ⇡ 0.02

✓
1/fb

L

◆
⇥

"
log

s

m2
�

� 2 +
m2

�

s

⇣
log

s

m2
�

+ 2
⌘#�1

. (20)

Notice the logarithmic dependence on the particle mass for m2
W

⌧ m2
�

⌧ s, explaining why our
sensitivities are almost flat when compared with those obtained at hadron colliders. The aim of the
following two sections is to determine how much a realistic analysis can approach the sensitivity in
Eq. (20).

We now discuss the reach at di↵erent center-of-mass energies in the dominant decay channels hh,
ZZ, and WW . As we show below, the sensitivities from the hh(4b) decay mode turn out to be very
strong at lepton colliders. For this reason we start performing a detailed simulation of this channel,
while we simply work at parton level (before showering) for the leptonic and semi-leptonic V V decays.

3.1 Decay channel � ! hh

In the model under consideration the largest individual branching fraction of the singlet is � ! hh(4b).
We look for this signal as a narrow resonant contribution over the SM background in the 4b invariant
mass distribution. The same signature has been studied in [41], where the authors discuss the reach of
ILC and CLIC 1.5 TeV. With respect to that work we include a full CLIC detector simulation.

Requiring W -fusion production, the principal background is the irreducible SM contribution to
e+e� ! 2⌫4b, with a dominant component due to hh(4b) and Zh(4b). The total cross-section for
this process is computed with MadGraph to be 1.8 fb (0.6 fb) at the center-of-mass energy of 3 TeV
(1.5 TeV). A potentially large reducible contribution from �� ! 4b is avoided imposing cuts on the
transverse momentum of the b quarks (pT > 20GeV) and on the missing energy (Emiss > 30 GeV),
and turns out to be completely negligible.

We also compute the cross-sections for the signal e+e� ! �(4b)⌫⌫̄ with MadGraph, after im-
plementing the Lagrangian in Eq. (2) in FeynRules 2.0 [42], always working in the narrow-width

9



Invisible singlet

• Double production of singlet in Z-fusion, singlet decays invisibly
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Direct vs indirect searches

Very easy to relate direct searches and Higgs couplings: [see also 1505.05488]

si
n
2
�
=

�
µ
h
/µ

S
M

LHC 8
LHC 14

HL LHC

ILC

FCC-ee

1 2 3 4 5 6

0.001

0.01

0.1

1

mf @TeVD

s
ês
SM

100 TeV, 3 ab-1

33 TeV, 3 ab-1

14 TeV, 3 ab-1

14 TeV, 300 fb-1
13 TeV, 100 fb-1
7+
8 T
eV

limits at LHC & various hadron colliders

What about a Muon Collider?

CLIC,

direct searches win 
at lower masses



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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(see also my talk of last month)



The reach in di-bosons at CLIC

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

• Low backgrounds: limits depend weakly on φ mass and collider energy 

• φ → VV less sensitive, but complementary (BR(φ → hh) can be small)


• φ → VV analysis done at parton-level: ZZ inv. mass in a window around the 
resonance peak… we checked that it reproduces the full result very well
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Direct vs indirect reach
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