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Higgs physics vs. High Energy searches

A Higgs factory will be able to measure 
couplings with a precision of few 10-3


 

If in the few TeV range, it is possible to 
directly produce the new particles.

I. Assess the reach of a HELC for new particles coupled to Higgs/EW 

II. How do direct searches for the new states compare 
with the sensitivity in Higgs physics?
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Reference model: scalar singlet

At the risk of being trivial…  take just the SM + real scalar singlet


• Very simple model: easy enough to test capabilities of a collider 
with just a few meaningful parameters


• Nevertheless, appears in several motivated physics scenarios


‣ Low energy effective theory of Mirror/Twin Higgs models,


‣ Realised in the NMSSM,


‣ Paradigm for 1st order ElectroWeak phase transition,


‣ Non-minimal composite Higgs,


‣ More general dark sectors…


• Large (tree-level) Higgs couplings modifications, easily related to direct 
singlet production cross-section
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Scalar singlet phenomenology
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Scalar singlet phenomenology

controls Higgs-singlet

mixing ~ sin γ portal coupling

enters 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
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Parametrization is simple enough to make simple ”projections”:
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[in EFT approach the comparison with direct searches is lost]
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‣ Higgs signal strengths:
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Direct vs indirect searches

Very easy to relate direct searches and Higgs couplings: [see also 1505.05488]
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limits at LHC & various hadron colliders

What about a Muon Collider?

CLIC,

direct searches win 
at lower masses



Scalar singlets at a HELC
‣ φ is like a heavy SM Higgs with narrow width:  

At a High Energy Lepton Collider, 
the dominant production mode is VBF

the µ-collider is a “vector boson collider”
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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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At high mass the equivalence theorem relates the decay widths
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(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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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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Checked (at parton level) that 
results still hold at 10 TeV: εsig ~ 30% 
assuming similar detector performance

(see also my talk of last month)



hh(4b) decay channel
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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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↵sys = 2% (but it has no impact)

Cut & count experiment around the resonance peak:
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✦ 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



hh(4b) decay channel
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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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High Energy Lepton colliders

Compare the reach of very high energy lepton & hadron colliders  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High Energy Lepton colliders

Compare the reach of very high energy lepton & hadron colliders  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High Energy Lepton colliders

Compare the reach of very high energy lepton & hadron colliders  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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



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



Summary
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hh resonances at µ collider

Singlet

Goldstone bosons

A high-energy µ collider

is simply amazing!



Backup



SUSY: the NMSSMSUSY: the NMSSM

W = WMSSM + �SHuHd + f(S) Fayet ’75

⇧ Extra tree-level contribution to the Higgs mass
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The singlet can be 
the lightest new state 
of the Higgs sector

Weakly coupled: direct searches powerful
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loop correction 
to Higgs mass

from top-stop
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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 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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


‣ 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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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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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

�22

thanks to Philipp 
for discussion

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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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
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Double Higgs at high mass

⇡ CV V

contribution from OH 
grows with s

� � � � � �
��� [���]

��
��
��

μ+μ- → ��νν� � = �� ���

𝒜NP ~ cH*sHigh invariant-mass tail gives

a direct measurement of cH

(WWhh coupling)

High energy VV → hh at 3 TeV CLIC:

Contino et al. 1309.7038⇠ = cHv2 . 0.01

not able to compete with single Higgs, ξ ~ few*10-3
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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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(assumption: cuts rescaled with E, and bkg composition unchanged)

⇠ < 10�3

p
s = 14TeV, L = 20 fb�1

⇠ = cHv2 . 0.01

p
s = 30TeV, L = 90 fb�1

⇠ < 2⇥ 10�4

c�1/2
H

> 8TeV

c�1/2
H

> 17TeV
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hh at high mass
✦ Simulate hh events in high-pT / high-mass region


✦ Choose pT and Mhh cuts to optimize sensitivity to cH


✦ Very boosted Higgses: tag them as a single h-jet, 

  without reconstructing the 4 b’s. 

We assume a boosted-H tagging efficiency ~ 50%
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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 AS3 + 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

d�
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where we defined the e↵ective parton luminosities CViVj
in terms of the splitting functions fVi

(x). These
can be computed analytically in the regime M2

V
/ŝ ⌧ 1 [36, 37]. Here we focus on the longitudinal

polarisations, which are the only ones coupled to the extra singlet through the mixing with the SM
Higgs:
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ŝ
+ 2(

ŝ
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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
)

7
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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
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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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