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No guarantee for discovery
• neither at the LHC 

• nor at any future collider

A demonstrated capability to cope with a large and diverse set of experimental signatures is a key item in the wishlist 
of features fro any future collider project

Sensitivity to a broad spectrum of signatures is a key asset, that will survive changes in the theory knowledge/prejudice
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Challenges for detectors
S U B T L E  I S  T H E  L O R DLong-Lived Signatures

9

so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs

displaced 
multitrack vertices

multitrack vertices in the 
muon spectrometer

quasi-stable 
charged particles

trackless, 
low-EMF jets

emerging jets

non-pointing 
(converted) photons

disappearing or 
kinked tracks

Growing effort at LHC, where detectors are fixed; almost no study yet 
for future colliders*, where detectors are malleable. Now is the time!

*Fantastic exception: CLIC [Kucharczyk & Wojton ’18]  5

Current “general purpose” experiments were 
really designed for pretty standard signals, e.g. 
H→ γ γ or jets+mET

• Now is the time to think about what can be 
done in future detectors.  

• CLIC (and ILC) can exploit full detector 
simulation

Please note these signals are not necessarily a 
way to “jump off the ship”. Most of them, if not 
all(!), can arise in the MSSM if one relaxes some 
(motivated?) UV assumptions.
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… plenty of other options. A white 
paper is coming from the Long Lived 
Forum to summarize.
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Three generic reasons why this can happen

π → ℓν n → peν̄ π → γγ

small coupling  
from symmetry breaking

small phase-space  
from symmetry

heavy mediator  
from a hierarchical larger mass scale

• it happens in QCD (!) 

• the necessary ingredients are just the same as for the formulation of any model of 
particle physics (mass scales and their hierarchies, symmetries and their breaking, … )
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Many generic BSM reasons why this can happen

λ̃0
i → qq̃* → qq̄q h̃+ → h̃0 W+* N0 → ℓ+W−

small coupling  
from symmetry breaking

small phase-space  
from symmetry

heavy mediator  
from a hierarchical larger mass scale

• it happens in QCD (!) 

• the necessary ingredients are just the same as for the formulation of any model of 
particle physics (mass scales and their hierarchies, symmetries and their breaking, … )
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from symmetry

heavy mediator  
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• it happens in QCD (!) 

• the necessary ingredients are just the same as for the formulation of any model of 
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long life-time may be dictated by other physics requirements as well

late-time decay in the Early 
Universe to fulfill out-of-

equilibrium condition for baryon 
number generation

relic abundance Ω~MDM/g  
so g≪1 for light particles

γD → ℓ+ℓ−
Dark Matter candidate



Direct searches



Dark Matter
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Soft-objects + missing momentumCo-annihilation

Mono-photonDM SM singlet
e+e- → Z’ → χ χ

Short (disappearing) tracksWIMP-like multiplet
Accidental Dark Matter

Generic leptons+missing momentumWide open spectra

Electroweak 
Precision 
Tests}

Δm

GeV

0

Electroweak Dark Matter: LSP (+NLSP)
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Short (disappearing) tracks
Alipour-Fard, Craig 

O ( C M )  D I S A P P E A R I N G  T R A C K SH I G G S I N O  D M
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1 of 14 TeV
proton-proton collision data as a function of the �̃±

1 mass and lifetime. Simplified models including both chargino
pair production and associated production �̃±

1 �̃0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run 2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) =
1

2
(m(�̃0

1) + m(�̃0

2)). The theory curve is a prediction from a pure higgsino scenario.

neutralino production (both �̃±
1 �̃0

1 and �̃±
1 �̃0

2. The potential for the full HL-LHC dataset is expected to
exclude at the 95% C.L. chargino lifetimes, assuming a wino-like (higgsino-like) LSP, of between 7 ps
(10 ps) and 4 µs (1.5 µs) for light charginos with a mass of 100 GeV. Heavier wino-like (higgsino-like)
charginos are excluded up to m(�̃±

1 ) = 1100 GeV (750 GeV) for lifetimes of 1 ns. The discovery potential
of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass 100 GeV
with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would allow the
discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% expected exclusion limits in the �̃0

1, �m(�̃±
1 , �̃0

1) mass plane,
from both the disappearing track and dilepton searches. The yellow contour shows the expected exclu-
sion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV for
�m(�̃±

1 , �̃0

1) < 0.2 GeV, and could exclude up to �m(�̃±
1 , �̃0

1) = 0.4 GeV for m(�̃±
1 ) = 100 GeV.

The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: O. Fischer, from [322] with J. Zurita, D. Curtin, K. Deshpande

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes for

105

1812.07831

HL-LHC up to 300 GeV
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Short (disappearing) tracks
Alipour-Fard, Craig 

O ( C M )  D I S A P P E A R I N G  T R A C K SH I G G S I N O  D M
Clean experimental environment: 
• No trigger 
• No QCD background 
• Tracker is closer to the beam

Challenges: 
• boost cannot make h̃ tracks longer

HL-LHC can put bounds on Higgsino up to ~300 GeV 

Exponential rate gain when cτ < 10 cm

LHC Efficient at d≳ 10 cmCLIC Efficient at d≳ 4 cm

Assume track is seen when 
cτ > 4.4 cm/sinθ (19° < θ < 90°) 
cτ > 22 cm/cosθ (13° < θ < 19°) 
cτ > 29 cm/cosθ (0° < θ < 13°)
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3 Discussion & Conclusions
Assuming a given set of selection requirements is su�cient to attain zero expected back-
ground in the signal region, the 95% exclusion limit can be obtained for each analysis by
requiring Nevts = 3. The corresponding 95% exclusion reach is illustrated in Figure 3 for
each of the eight analysis strategies discussed above, at each of the three CLIC operating
configurations.

All analysis strategies are capable of covering a significant range of higgsino masses,
well in excess of current collider limits. The most optimistic analysis strategies – namely,
those requiring at least one charged stub, or at least one charged stub in conjunction
with an ISR photon of energy > 50 GeV or > 100 GeV – are capable of covering higgsino
masses up to the thermal dark matter target of m‰ ƒ 1.1 TeV. This demonstrates the
potential for CLIC to cover a highly motivated range of supersymmetric parameter space
using a search for charged stubs, though detailed study of backgrounds is required in
order to determine whether the zero-background assumption is justified in each analysis
strategy.
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Figure 3: The 95% CLIC exclusion reach for pure higgsinos in each of the eight analysis
strategies, assuming zero background in each analysis.
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Fig. 75: Contours in the place lifetime-mass for N=3 (solid) and N=30 (dashed) higgsino events in the
acceptance defined by Eq. (224) at the three stages of CLIC: 380 GeV 0.5 ab�1 (blue), 1.5 TeV 1.5 ab�1

(yellow), and 3.0 TeV 3 ab�1 (green).

5.3.1 Minimal (milli-charged) dark matter
The idea behind Minimal Dark Matter (MDM) [528] is to introduce a single EW multiplet � which is
accidentally stable at the renormalizable level due to the SM gauge symmetry. One further assumes
Y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest particle (LP) in the
multiplet is neutral. This is actually a prediction if the mass splitting is purely radiative as in the case
of fermions, while scalars can receive a tree-level splitting from the scalar potential which is assumed
to be sub-leading. The contribution to the relic density is then completely fixed by known EW gauge
interactions and the mass of the new state m�, thus making the framework extremely predictive. If
one further requires that the theory remains weakly coupled up to the Planck scale and that d < 6 �-
decay operators are not allowed (otherwise they would lead to a too fast � decay, even with a Planck
scale cutoff), this leads to one single option: the Majorana fermion representation (1, 5, 0)MF.68 In the
following, we use the labels RS, CS, MF, and DF to denote a real scalar, complex scalar, Majorana
fermion, and Dirac fermion representation, respectively.

The MDM framework was extended in [530] to contemplate the possibility of a milli-charge ✏ ⌧

1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no bearing on collider
physics, but it ensures the (exact) stability of the LP in the EW multiplet. The various MDM candidates

68Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in [529] that a
previously overlooked d = 5 operator leads to a loop-induced decay of the neutral component in �, whose lifetime is shorter
that the age of the Universe.
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3 Discussion & Conclusions
Assuming a given set of selection requirements is su�cient to attain zero expected back-
ground in the signal region, the 95% exclusion limit can be obtained for each analysis by
requiring Nevts = 3. The corresponding 95% exclusion reach is illustrated in Figure 3 for
each of the eight analysis strategies discussed above, at each of the three CLIC operating
configurations.

All analysis strategies are capable of covering a significant range of higgsino masses,
well in excess of current collider limits. The most optimistic analysis strategies – namely,
those requiring at least one charged stub, or at least one charged stub in conjunction
with an ISR photon of energy > 50 GeV or > 100 GeV – are capable of covering higgsino
masses up to the thermal dark matter target of m‰ ƒ 1.1 TeV. This demonstrates the
potential for CLIC to cover a highly motivated range of supersymmetric parameter space
using a search for charged stubs, though detailed study of backgrounds is required in
order to determine whether the zero-background assumption is justified in each analysis
strategy.
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accidentally stable at the renormalizable level due to the SM gauge symmetry. One further assumes
Y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest particle (LP) in the
multiplet is neutral. This is actually a prediction if the mass splitting is purely radiative as in the case
of fermions, while scalars can receive a tree-level splitting from the scalar potential which is assumed
to be sub-leading. The contribution to the relic density is then completely fixed by known EW gauge
interactions and the mass of the new state m�, thus making the framework extremely predictive. If
one further requires that the theory remains weakly coupled up to the Planck scale and that d < 6 �-
decay operators are not allowed (otherwise they would lead to a too fast � decay, even with a Planck
scale cutoff), this leads to one single option: the Majorana fermion representation (1, 5, 0)MF.68 In the
following, we use the labels RS, CS, MF, and DF to denote a real scalar, complex scalar, Majorana
fermion, and Dirac fermion representation, respectively.
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2 Event selection

simulated energy deposits into detector signals, and the event reconstruction are performed using the
MARLIN software package [16].

The samples of e+e� collisions at
p

s = 3 TeV for the signal of h0 ! p0
v p0

v with p0
v lifetimes from 1 to

300 ps, masses between 25 and 50 GeV/c2, and parent Higgs mass of 126 GeV/c2 are generated, together
with the samples of the main sources of background, i.e. e+e� ! qq̄, e+e� ! qq̄nn̄ , e+e� ! qq̄qq̄ and
e+e� ! qq̄qq̄nn̄ . In each case beam induced gg ! hadrons interactions are overlaid for each event. The
effect of beamstrahlung and initial state radiation (ISR) results in a tail in the distribution of the effective
centre-of-mass energy. The impact of beamstrahlung on the expected numbers of events is found to be
small.

The statistics and key parameters used in the generation are summarized in Table 1.

Table 1: Parameters of the simulated signal and background samples.

Process p0
v lifetime [ps] p0

v mass [GeV/c2] cross section [pb] events generated
h0 ! p0

v p0
v 1 25 0.42 ⇠200 K

h0 ! p0
v p0

v 10 25 0.42 ⇠200 K
h0 ! p0

v p0
v 100 25 0.42 ⇠200 K

h0 ! p0
v p0

v 300 25 0.42 ⇠200 K
h0 ! p0

v p0
v 1 35 0.42 ⇠200 K

h0 ! p0
v p0

v 10 35 0.42 ⇠200 K
h0 ! p0

v p0
v 100 35 0.42 ⇠200 K

h0 ! p0
v p0

v 300 35 0.42 ⇠200 K
h0 ! p0

v p0
v 1 50 0.42 ⇠200 K

h0 ! p0
v p0

v 10 50 0.42 ⇠200 K
h0 ! p0

v p0
v 100 50 0.42 ⇠200 K

h0 ! p0
v p0

v 300 50 0.42 ⇠200 K
e+e� ! qq̄ - - 2.95 ⇠200 K
e+e� ! qq̄nn̄ - - 0.55 ⇠200 K
e+e� ! qq̄qq̄ - - 1.32 ⇠750 K
e+e� ! qq̄qq̄nn̄ - - 0.07 ⇠300 K

In order to optimize the selection, additional signal samples of ⇠200 K events with p0
v lifetimes of 1, 10,

100, 300 ps, and a mass of 50 GeV/c2, are generated without the pile-up of gg ! hadrons. The processes
e+e� ! qq̄ln , e+e� ! qq̄ll, e+e� ! qq̄qq̄ln , e+e� ! qq̄qq̄ll are not considered as such a background
can be strongly suppressed by applying a veto for a high-pT lepton.

Distributions of generated momentum, transverse momentum as well as azimuthal and polar angles of
the parent Higgs boson and the outgoing p0

v with a lifetime of 1 ps and mass of 50 GeV/c2, are shown in
Fig. 1 and Fig. 2, respectively.

As the generated p0
v ’s are assumed to have non-zero lifetime, the displaced vertices they produce are

expected to be distant from the primary vertex (PV) and the beam axis. Distributions of the distance of
the generated p0

v to the PV as well as its radial distance to the beam axis are shown in Fig. 3. It may be
observed that slopes on both distributions depend on the p0

v lifetime. Thus, the present analysis is based
on the reconstruction of secondary vertices (SV) displaced from PV and the beam axis.
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Figure 1: Generated (a) momentum, (b) transverse momentum, (c) azimuthal and (d) polar angles of the
Higgs boson decaying into p0
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Figure 3: Distance of the generated p0
v to (a) the PV and (b) its radial distance to the beam axis for p0

v ’s
generated with a mass of 50 GeV/c2 and with four different lifetimes: 1 ps (red line), 10 ps
(blue line), 100 ps (green line) and 300 ps (yellow line).

2.2 Track reconstruction

The particles are reconstructed using the PANDORA Particle Flow Analysis (PFA) package with a tight
configuration of requirements on the timing and track transverse momentum [17]. There are three selec-
tions of particles available in each event (loose, default and tight) which correspond to different timing
and momentum requirements used to suppress beam induced backgrounds.

As the present analysis concerns displaced vertices, the crucial issue is to reconstruct efficiently the
tracks with a large impact parameter (IP) with respect to the primary interaction. Therefore, the require-
ments on the impact parameter components along the beam axis (Z0) and in the xy plane (D0) have to
be optimized. Five different values of the requirements on Z0 and D0 are investigated according to the
number of reconstructed secondary vertices in the event and their distance to the primary interaction.
Secondary vertices are reconstructed using the LCFI+ (Linear Collider Flavour Identification) pack-
age [18]. An additional requirement on the reconstructed track to have at least one hit in the vertex
detector is also imposed.

In Fig. 4 the multiplicity of reconstructed secondary vertices is shown for the signal sample of p0
v with

a mass of 50 GeV/c2 and with four different lifetimes. One can observe that for the two loosest sets of
requirements on Z0 and D0 the distributions start to saturate. This is especially visible for the larger p0

v
lifetimes. On the other hand, due to the limitted detector acceptance, much looser cuts cannot increase
significantly the efficiency in the track reconstruction. The same may be observed in Fig. 5, where
the distance of the reconstructed secondary vertex to the primary interaction is plotted for different p0

v
lifetimes. Therefore, requirements of Z0 < 250 mm and D0 < 200 mm are chosen for further analysis.
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7 Conclusions

A sensitivity study of the CLIC_ILD detector for a Higgs boson decaying to a pair of long-lived particles
is performed on e+e� event samples, simulated at

p
s = 3 TeV, corresponding to an integrated luminosity

of 3 ab�1.
The event selection is optimized to reduce the main components of the background, which comes in

general from 2- or 4-quark production events. It has been demonstrated that a Hidden Valley signal can
be clearly seen over the large Standard Model background using a multivariate analysis approach.

The upper limits for the branching ratio times cross section are calculated using CL(s) methods, largely
exceeding those of the currently operating detectors.

Similar studies for different collision energies and a modified CLIC detector and software are planned,
together with the testing of new theoretical models which provide similar topologies.
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Figure 11: Number of tracks assigned to the reconstructed DV for signal samples of p0
v with a mass of (a)

25 GeV/c2, (b) 35 GeV/c2 and (c) 50 GeV/c2, and with a lifetime of 10 ps (black) compared
to qq̄ (red), qq̄nn̄ (blue), qq̄qq̄ (green) and qq̄qq̄nn̄ (yellow) background events.
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Figure 12: Number of reconstructed DVs in the event for signal samples of p0
v with a mass of (a)

25 GeV/c2, (b) 35 GeV/c2 and (c) 50 GeV/c2, and with a lifetime of 10 ps (black) compared
to qq̄ (red), qq̄nn̄ (blue), qq̄qq̄ (green) and qq̄qq̄nn̄ (yellow) background events.
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Figure 13: Displaced vertex invariant mass for signal samples of p0
v with a mass of (a) 25 GeV/c2, (b)

35 GeV/c2 and (c) 50 GeV/c2, and with a lifetime of 10 ps (black) compared to qq̄ (red), qq̄nn̄
(blue), qq̄qq̄ (green) and qq̄qq̄nn̄ (yellow) background events.
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Figure 14: Di-jet invariant mass for signal samples of p0
v with a mass of (a) 25 GeV/c2, (b) 35 GeV/c2

and (c) 50 GeV/c2, and with a lifetime of 10 ps (black) compared to qq̄ (red), qq̄nn̄ (blue),
qq̄qq̄ (green) and qq̄qq̄nn̄ (yellow) background events background events.
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Figure 15: Four-jet invariant mass for signal samples of p0
v with a mass of (a) 25 GeV/c2, (b) 35 GeV/c2

and (c) 50 GeV/c2, and with a lifetime of 10 ps (black) compared to qq̄ (red), qq̄nn̄ (blue),
qq̄qq̄ (green) and qq̄qq̄nn̄ (yellow) background events.
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Figure 16: The distance yn+1,n for signal samples of p0
v with a mass of (a) 25 GeV/c2, (b) 35 GeV/c2 and

(c) 50 GeV/c2, and with a lifetime of 10 ps (black) compared to qq̄ (red), qq̄nn̄ (blue), qq̄qq̄
(green) and qq̄qq̄nn̄ (yellow) background events. In this case n = 4.

20

qq qqvv qqqqvvqqqq

Mass of jj

Mass of 4j

Jets y34 and y23

N=4 exclusive kT jets

}
Boosted Decision Tree: εS≳0.1

Hidden Valley Displaced Vertex
CLICdp Full Simulation

https://cds.cern.ch/record/2625054
https://cds.cern.ch/record/2625054


re-use of simplified 
models



Roberto Franceschini

e+e- → H ννB A S E D  O N  C L I C D P - N O T E - 2 0 1 8 - 0 0 1 H → LLP LLP LLP → bb
cβγτ0

Heavy Higgs Displaced Decay
Alipour-Fard, Craig 

“Neutral Naturalness” scenarios: Folded SUSY, fraternal Twin Higgs, … 

Our analysis

CLICdp study

0.01 0.10 1 10 100 1000
0.001

0.005
0.010

0.050
0.100

0.500
1

cτ [cm]

σ·
B
r[
fb
]

mH=125 GeV,mX=50 GeV

mH=125, 200, 400, 600, 800, 1000 GeV

Validation of the simplified analysis

• Interaction point Significance > 16 
• “Loose” 90% b-tag efficiency 
• ΔRbb >0.5 for isolation 
• 0.5 efficiency for Ntrack>5

CLIC 3 TeV simplified analysis:

In general conservative good agreement

https://cds.cern.ch/record/2625054
https://cds.cern.ch/record/2625054


Roberto Franceschini

e+e- → H ννB A S E D  O N  C L I C D P - N O T E - 2 0 1 8 - 0 0 1 H → LLP LLP LLP → bb
cβγτ0

Heavy Higgs Displaced Decay
Alipour-Fard, Craig 

mX=25 GeV
mX=50 GeV
mX=100 GeV

0.01 0.10 1 10 100 1000
0.001

0.010

0.100

1

10

cτ [cm]

σ·
B
r[
fb
]

mH=600 GeV1DV

mX=25 GeV
mX=50 GeV
mX=100 GeV

0.01 0.10 1 10 100 1000
0.001

0.010

0.100

1

10

cτ [cm]

σ·
B
r[
fb
]

mH=1000 GeV1DV
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Figure 1: Schematic diagram showing the pair-production at the LHC of (a) dark matter in stable WIMP dark
matter searches, with associated initial state radiation (ISR); (b) the analogous production of the meta-stable
WIMP triggering baryogenesis, which decays at a displaced vertex to jets, leptons, and/or missing transverse
energy.

the creation of a baryon asymmetry. The key stages of WIMP baryogenesis are summarized in Fig. 2. Since
� decays far out of equilibrium, WIMP baryogenesis automatically implies c⌧� & mm, while the reverse of
the annihilation processes responsible for freeze-out can give a portal for producing the long-lived WIMPs at
colliders.

In addition to its role as a concrete implementation of a weak-scale baryogenesis model giving rise to
displaced vertices, WIMP baryogenesis is a unique baryogenesis mechanism that naturally gives a robust
prediction for the baryon abundance around the observed value, based on a generalized “WIMP miracle”.
As a low-scale mechanism, it o↵ers a viable path for baryogenesis in scenarios where a high-scale baryon
asymmetry would be diluted [40] or washed out [38]. We can compactly estimate the present-day baryon
abundance ⌦�B with a just few parameters: ⌦�B = ✏CP ⌦1

�
, where ✏CP is the baryon asymmetry produced

per decay, and ⌦1
�

would be the � relic abundance if it were a stable WIMP. The baryon asymmetry therefore
has a WIMP-miracle-like abundance. Assuming DM is a di↵erent WIMP that is stable WIMP, this mechanism
can naturally address the similarity between the present-day DM and baryon abundances based on a shared
WIMP miracle, while intrinsically including a mechanism for generating a baryon asymmetry. There have been
several concrete implementations of WIMP baryogenesis, including in minimal, mini-split SUSY models [41],
where the bino is the meta-stable WIMP responsible for baryogenesis, as well as extended natural SUSY
models [39] and other examples [42, 43].

A review of the DV search status at LEP, the Tevatron, and earlier LHC runs can be found in [34]. Both
ATLAS and CMS have excellent tracker resolution and have recently made impressive progress on improving
DV search sensitivities in various channels3. The exclusion limits placed in the DV search channels by the LHC
analysis have surpassed any previous searches for particle masses &100 GeV for pair production, and these are
expected to improve in future runs. The LEP2 searches may have competitive sensitivity to particles within its
kinematically accessible range (below 100 GeV each for pair-produced particles), but are limited by the total
luminosity, 0.6 fb�1. Furthermore, one of the most sensitive searches, which is by ALEPH [44], requires events

3For instance, significant improvement in limits and sensitivities have been achieved in the past two years since the publication
of Ref. [34].
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Figure 2: Illustration of the key processes in WIMP baryogenesis via the out-of-equilibrium decay of a meta-
stable WIMP �. The dashed double arrow indicates the arrow of time, along which the temperature decreases.

the meta-stable WIMP abundance after freeze-out; nevertheless, Tfo is always around the weak scale. Note
that even in the case where the proper decay length is larger than the detector scale and predominantly gives
a missing energy signature, there can still be a fraction of � decaying inside the detector. Since most DV
signatures have no irreducible SM backgrounds, unlike missing energy searches, the DV decay modes can still
be a useful search channel, even when it is not the leading mode in terms of signal rate.

We have argued that the baron parent, �, has a long lifetime. There are, however, typically other particles
in the spectrum at a comparable mass to � which can also be long-lived. When a baryon asymmetry results
from the decay of an out-of-equilibrium particle, the requisite CP asymmetry arises from the interference of tree
and loop diagrams; in particular, the physical CP phase and additional B-violating source beyond tree-level
required for baryogenesis by the Nanopoulos-Weinberg theorem [47] necessitates other states that can appear
on-shell in the loop. These states are typically also charged under the approximate Z2 symmetry with a long
lifetime, and can also be produced at colliders. As an example, the mini-split SUSY model of [41] predicts a
long-lived wino or gluino in the spectrum that is lighter than the baryon parent, which is the bino, in order to
generate a CP asymmetry. Therefore, the out-of-equilibrium Sakharov condition predicts a variety of possible
long-lived states giving rise to displaced vertices. As further speculation, an exciting yet very challenging
next step would be to measure the CP-violating e↵ect responsible for baryogenesis directly from the charge
asymmetry in the final-state system. This would demand very high luminosity and dedicated search strategies,
and is beyond the scope of this work.

2.2 Simplified models for collider studies

The models of WIMP baryogenesis proposed to-date [39, 41–43] share some common features, such as the
long lifetime of the particle(s) responsible for baryogenesis leading to displaced vertices and/or missing energy
signatures, although they di↵er in model details. While there are many potentially interesting avenues to
pursue in building viable models of WIMP baryogenesis, the resulting LHC phenomenology is insensitive to
all but a few parameters: the production mechanisms or gauge charges of the meta-stable WIMPs, their
decay channels, and the proper lifetime set by the approximate breaking of the Z2 symmetry. Other details
of the baryogenesis model, such as the precise CP asymmetry, appear as higher-order corrections to WIMP
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Figure 9: Luminosity required at 13 TeV for a 2� limit on wino pair production decaying to three

displaced jets each, requiring 1 DV tag.
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Figure 10: Luminosity required at 13 TeV for a 2� limit on singlet pair production through the Higgs

portal decaying to three displaced jets each, requiring 1 DV tag (m� = 150 GeV). hLxyi = 300 cm
cannot be constrained.

Large values of the coupling and mixing angle (& 1) can be probed with 50 fb�1. A sharp fall-o↵ of the
sensitivity at smaller couplings and mixings occurs due to the signal rate becoming smaller than the systematic
uncertainty. Smaller products of coupling and mixing angle can only be probed at high luminosity if the
background can be suppressed using the same techniques as we propose for the wino model.

5.1.2 ATLAS displaced muon+tracks analysis

The 8 TeV ATLAS analysis for DVs with a muon and tracks is essentially background free: they expect
0.08 ± 0.08 events without requiring that the muon be associated with the displaced vertex (they do impose
this requirement for the signal). By imposing a muon and other displaced tracks to be at the same vertex,
the analysis can remain background-free throughout the 13 TeV running of the LHC [68]. Furthermore, the 8
TeV analysis uses a 50 GeV muon trigger; this is not expected to rise substantially at 13 TeV [78], so we keep
all kinematic thresholds the same for the 13 TeV analysis.

Because the significance of any observed signal depends on the precise background estimate, which we
cannot do in a realistic way, we instead take as our benchmark the observation of 3 signal events. This is

20

baryogenesis processes at the LHC and are challenging to probe. Therefore, phenomenological studies of
baryogenesis at the LHC are well-suited to the simplified model approach [48] which is now in common use
for supersymmetric and dark matter constraints at the LHC. We employ this simplified models approach,
assuming that any given WIMP baryogenesis model is most easily probed via a single long-lived particle �,
and we classify its phenomenology according to its production, decay, and lifetime.

We focus on new Majorana fermions as the long-lived states responsible for baryogenesis, which allows a
simple realization of CP- and B/L-number violation. There are also typically other light Majorana fermions
in the spectrum as described in Section 2.1. For phenomenology studies here, we focus on this set of new
long-lived states predicted by WIMP baryogenesis, and single out the most interesting field, namely the state
� with the largest LHC production cross section. All other particles in the spectrum are assumed to be de-
coupled; their presence is only a minor perturbation on the simplified model.

Production: The � production mechanism must respect the Z2 (or larger) symmetry that makes it meta-
stable, which implies that � should be produced in pairs at the LHC. We expect at least one relatively large
coupling to allow � to thermally freeze out with a (near) DM abundance, which can give a sizeable production
rate at colliders by reversing the annihilation diagram. As a Majorana fermion, � is either a SM singlet or in
a real representation of the SM gauge group. The two simplest possibilities we consider in our paper are:

1. New meta-stable states in adjoint representation of SM gauge group

� can be directly pair-produced via s-channel exchange of a SM gauge boson, and its production cross
section is fixed by its mass and SM gauge coupling. The production part of its Lagrangian is

L
adjoint
prod � i�†�̄µDµ�, (2)

where Dµ is the relevant gauge covariant derivative. This is similar to the production of gluinos and
winos in SUSY models, and a WIMP baryogenesis model with such light Majorana adjoint fermions is
realized in the mini-split SUSY model with decoupled sfermions and Higgsinos [41]. Due to the sizeable
� pair-production cross section through gauge interactions, we expect that the LHC has sensitivity to
large � masses in this scenario.

2. Meta-stable new states that are singlets

The production of gauge-singlet states is highly model-dependent. We proceed by analogy with DM
searches, in which it is common to classify � production by its e↵ective interactions with the SM. The
lowest-dimension operators are of the form:

L
singlet
prod �

cH

⇤H

�2
|H|

2 +
cq

⇤2
q

(�̄��)(q̄�0q) +
cg

⇤3
g

�2(Gµ⌫)2 + . . . , (3)

where the first term is the Higgs portal, the second term shows a schematic coupling to quarks via
Dirac matrix structures �, �0, and the third term is the gluon portal. Singlets can also be produced
from decays of heavier particles; in the spirit of the simplified model, however, we only consider direct
production, remarking that � production via cascade decays will have stronger bounds than we present.
For concreteness we focus on the lowest-dimensional, Higgs-portal coupling. Other operators lead to
similar collider phenomenology, but with di↵erent production rates.

Decay: In contrast with the production of the meta-stable state �, which is dominated by Z2-preserving
interactions, the decay of � is mediated by Z2-breaking interactions. The decay modes of � should also violate
baryon and/or lepton number because it is responsible for baryogenesis. The lowest-dimensional interactions
of this type allow � to decay into three SM fermions. We classify all SM fermion trilinear operators that
can couple to � in either the adjoint or singlet representation of the SM gauge groups. Our notation is
as follows: operators labelled by “q” contain at least two baryons/quarks; operators labelled by “`” contain
only leptons; operators labelled by “L” signals that the operator contains two left-handed doublet fields; “R”
operators contain only singlets under SU(2)L. The e↵ective Lagrangian for � decay is:

Ldecay � �(O, O
†) + h.c, , (4)

where the possible operators O are
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Figure 12: Luminosity required at 13 TeV for three signal events for singlet pair production through the

Higgs portal decaying to a displaced muon+tracks each, requiring 1 DV tag (m� = 150 GeV). We
use the three-event benchmark because the search is background-free and assume 100% branching fraction to
muons.

when the production of � proceeds through an o↵-shell Higgs. In this section, we demonstrate that requiring
two DVs completely removes any background without significantly reducing the signal, enhancing some of the
search prospects for WIMP baryogenesis. Eliminating the possibility of backgrounds also allows the lowering of
kinematic thresholds as much as possible to further enhance signal e�ciencies, particularly for WIMP masses
very close to the weak scale.

The argument for requiring two DVs per event follows from the symmetry structure of WIMP baryogenesis
theories. The long lifetime of the particle(s) responsible for baryogenesis results from the tiny breaking of a
Z2 (or larger) symmetry. The production of � is therefore suppressed unless it proceeds through interactions
that respect the Z2-symmetry; in other words, � is always pair-produced at the LHC so that the final state
is neutral under the stabilizing symmetry. Consequently, the DVs naturally come in pairs as well; since it is
exceedingly rare to find even a single fake DV in a background event (with cross sections in the O(100) ab
range), the probability of finding two is, for practical purposes, zero. For a more detailed estimate, see the
Appendix.

According to the above arguments, the background rate should also remain zero for a 2 DV analysis even
if we relax some of the selection cuts. The dijet DV search by CMS [45] requires HT > 300 GeV and only
one DV with two pT > 60 GeV jets. Signals with m� . 150 GeV, as in the Higgs portal models, have a
very low e�ciency of passing these cuts; consequently, these models are di�cult to constrain even at high
luminosity, as we showed in Section 5.1. To improve the LHC sensitivity to low-mass long-lived particles,
we consider relaxing the kinematic selection cuts. The CMS trigger threshold is 500 GeV, and so far we are
unaware of a plan by CMS to significantly lower the HT or pT level-1 thresholds at 13 TeV. However, ATLAS
already has plans for a level-1 4-jet trigger with pT > 20 GeV [78, 79]. This is significantly lower than the
current thresholds; if at higher levels, selections are made on displaced tracks, then the events with such low
thresholds could be retained even at 13 TeV! We implement this trigger in our analysis, and do not require any
further kinematic cuts apart from the vertex mass, pT, and multivariable discriminant from before. A concrete
proposal for lowering the kinematic threshold of displaced vertex searches was made in [80]. We emphasize
that a 2 DV trigger should be complementary to a 1 DV trigger, which is useful in scenarios where the WIMPs
are so long-lived that only one decays inside the detector volume; it should not be a problem to maintain both
triggers, since already both a 4-jet trigger and an HT trigger are used together at level-1.
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Possible e+e- → νν + 2 DV signal
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WIMP Baryogenesis
Cui, Joglekar, Liu, and Shuve 

e+e- → χχ νν → νν + 2 (DV → jjj)χ
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P R E C I S I O N  A N D  M A S S  R E A C HC O N C L U S I O N S

• Standard “targets” such as vanilla SUSY, compositeness 

of  Higgs and other states,  sub-TeV WIMPs are all being 

probed and are under a fair amount of  pressure 

• Motivations for new physics to be out there are stronger 

than ever
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P R E C I S I O N  A N D  M A S S  R E A C HC O N C L U S I O N S

★ next generation of  new physics exploration 

has to be necessarily “broad-band”

• New physics can be accessible at future colliders, but no “no-loose 

theorem” as for LHC

★ macro/meso-scopic life-times are possible 

and motivated from several standpoints
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W O R K  D O N EC O N C L U S I O N S

• long-lived decays of  a 125 GeV Higgs (CLICdp) 

• long-lived decays of  a Heavy Higgs (pheno-level Yellow Report) 

• long-lived decays of  a “baryo-genitor” (pheno-level Yellow Report) 

• short-tracks from a Higgsino DM candidate (pheno-level Yellow 
Report)
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A C T I O N  I T E M SC O N C L U S I O N S

• short-tracks from a Higgsino DM candidate (CLICdp inputs, especially on 
background) 

• long-lived decays of  a Heavy Higgs (CLICdp validation of recast) 

• long-lived decays of  a “baryo-genitor” (CLICdp input and effort for the 3j DV) 

• long-lived decays of  a Heavy Neutrino (open chapter) 

• long-lived decays of  a dark photons and dark Z’ (open chapter)
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M O R E  S I G N AT U R E S  O N  T H E  TA B L E *C O N C L U S I O N S

Long-Lived Signatures

9

so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs

displaced 
multitrack vertices

multitrack vertices in the 
muon spectrometer

quasi-stable 
charged particles

trackless, 
low-EMF jets

emerging jets

non-pointing 
(converted) photons

disappearing or 
kinked tracks

Growing effort at LHC, where detectors are fixed; almost no study yet 
for future colliders*, where detectors are malleable. Now is the time!

*Fantastic exception: CLIC [Kucharczyk & Wojton ’18]  5

D A R K  M AT T E R

N E U T R I N O  M A S S E S

B A RY O N  N U M B E R

W E A K  S C A L E  H I E R A R C H Y

GMSB

Neutral Naturalness

WIM
P BG

Type-3
Type-1

Dark U(1)

Dark QCD

Pure weak multiplets DMRPV

* connections are limited by my representation skills and knowledge
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WIMP: EW-ino as Dark Matter
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Figure 2. Relic neutralino surface with mass splitting between �
0
1 and �

0
2 (left) and between �

0
1 and �

±
1

(right) as indicated. Regions ruled out by LEP are occluded with a white box.

mass, on the other hand, is unaltered by Sommerfeld annihilation enhancement [105]). Edges of

the pure wino plateau fall o↵, at smaller M1 and |µ| respectively, to sloped bino-wino and wino-

higgsino surfaces, with either M1 ⇠ M2 or M2 ⇠ |µ|. On all of these surfaces co-annihilation and

mixing with the wino bolsters the annihilation of the lightest neutralino.

An amusing e↵ect occurs on the bino-wino slope around M1 ⇠ M2 ⇠ 1.7 TeV, where the single

largest annihilation channel is �
±
�
±
! W

±
W

±. Here, the mass di↵erence between the lightest

neutralino and the lightest chargino is so small that the main annihilation process leading to the

observed dark matter relic density involves the chargino and not the actual LSP.

Starting from the pure wino plateaus, the mixed LSP wino-higgsino surface terminates in

a valley against a sheet of pure higgsino relic dark matter at |µ| ' 1.1 TeV. For such a pure

higgsino, chargino co-annihilation is again the leading dark matter annihilation process. On the

diagonal |µ| ⇠ M1 ⇠ M2 this valley opens onto a ridge at the intersection of the wino-higgsino,

bino-wino, and eventually bino-higgsino surfaces. This ridge contains bino-wino-higgsino mixing

with a dominant annihilation to W
+
W

�, both through co-annihilation with the second-lightest

neutralino and through a t-channel chargino with sizable couplings to the weak gauge bosons.

On the bino-higgsino slope, large values of |µ| imply large neutralino masses and hence an

annihilation to heavy fermions tt̄. Usually, this annihilation process proceeds through a heavy

Higgs state in the s-channel. Once we decouple the heavy Higgs states at 8 TeV the same role is

played by the longitudinal modes of the Z-boson. Towards smaller values of |µ| the available energy

in the scattering process drops below the tt̄ threshold and the main annihilation goes into W
+
W

�

pairs, again through a longitudinal Z in the s-channel coupling to the higgsino components of the

lightest neutralino.

Unlike a pure wino LSP and a pure higgsino LSP the relic neutralino surface does not feature

a pure bino LSP, because in the absence of co-annihilating scalars it would not be able to produce

a relic density small enough to fit observation.

In models where the only low-energy part of the supersymmetric spectrum are the elec-

troweakinos, the mass di↵erence between the neutralino LSP and the second-lightest neutralino

– 6 –

1412.47891412.4789

large parts of parameters space have almost degenerate multiplets
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U N D E R  P R E S S U R EW I M P

Direct Searches
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Figure 3. Relic neutralino surface with spin-independent (left) and spin-dependent (right) scattering
cross-sections of the LSP on nucleon. At each point in each plot, the larger of the �-proton and �-neutron
scattering cross-sections is given.

corresponding LSP coupling to the Higgs both decrease, causing a major diminution of both spin-

dependent and independent nucleon cross-sections. Future experiments will also have to contend

with a solar neutrino background that will be relevant for spin-independent cross-sections less than

10�48 cm2, as detailed in the introduction.

To begin addressing the challenge of discovering electroweakino dark matter at a future col-

lider, in Figure 4 we show the 100 TeV hadron collider production rates for electroweakino pair

production, in the direct 2 ! 2 production process (left) and in the weak boson fusion jet-

associated production (right). The direct production rates are computed with Prospino2 [106]

while for the WBF process we rely on Madgraph [96]. All electroweakino pair combinations

are summed. The rates range from 100 pb for low masses down to 0.01 pb. Except along the

bino-wino-higgsino ridge, the cross sections will be dominated by combinations of the lightest

three states, �0
1,2 and �

±
1 . While the neutralino coupling to a Z-boson is driven by the higgsino

content, the chargino coupling to photons and to the Z-boson includes the wino as well as the

higgsino fraction. The mixed neutralino–chargino coupling to a W -boson is diagonal in the gaug-

ino and higgsino fractions, respectively. In the usual bino-LSP scenarios probed at the LHC the

leading production processes are �(�0
2�

±
1 ) > �(�+

1 �
�
1 ). The neutralino rates �(�0

2�
0
2) ⇠ �(�0

1�
0
2)

are typically smaller [106].

If the neutralino LSP and the chargino NLSP are pure winos, as is the case on the wino

LSP plateaus, direct chargino pair production and �
0
1�

±
1 production will have an un-suppressed

rate. Its size is determined by the masses of the lightest neutralinos and charginos. Pure higgsino

pairs couple to photons, W -bosons, and Z-bosons in the s-channel, which in combination with
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Figure 3. Relic neutralino surface with spin-independent (left) and spin-dependent (right) scattering
cross-sections of the LSP on nucleon. At each point in each plot, the larger of the �-proton and �-neutron
scattering cross-sections is given.
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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Short (disappearing) tracks
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N U M B E R  B R E A K I N GL E P T O N

Neutrino mass mechanisms 
L − violation (1,1,0) (at least 2)

(1,1,0) (at least 2+1)

(1,2,1,1), (1,1,2,1), (1,2,2,1), (1,1,1,2),

SU(3) ⊗ SU(2)L ⊗ SU(2)L ⊗ U(1)B−L

L − not accidental

L − gauged, SSB

(1,3,1) (1 is enough)

(1,2,1/2) (LH)2

Λ
d = 5

(1,1,2) (DHσ2H)2 S−−

Λ3
d = 7

new physics before 2012



Neutrinos, See-saw
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D O U B LY  C H A R G E D

Mediator of  Neutrino mass mechanism
Generically S++ → ℓ+ ℓ+  (or W+W+) mν ≃ 2vTYΔ

ton flavour violation as well as various (prompt and non-prompt) collider searches. We
calculate carefully the constraints from the prompt searches, taking into account only
the simulated events which satisfy the “promptness” criteria applied in the experimen-
tal analyses. Reconsidering constraints from HSCP searches, we find that the existing
analyses cannot be applied to the triplet components of the minimal type II seesaw
because their lifetimes are not large enough to pass through a su�cient part of the de-
tector. Finally, for the displaced vertex signature, we perform a detailed analysis at the
reconstructed level, for a selected benchmark point. We find that already at the current
run of the LHC, a discovery would be possible for the considered parameter point. At
a future collider with higher center-of-mass energy like the FCC-hh/SppC [37, 38], the
larger Lorentz factors and larger luminosities would further enhance the sensitivity of
these displaced vertex searches.

2 The minimal type II seesaw extension of the Standard

Model

In the minimal type-II seesaw model the scalar sector consists of the SM scalar � ⇠

(1, 2, 12) and an additional triplet scalar field � ⇠ (1, 3, 2). Their matrix representation
is given by:
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To generate signal and backgrounds we use the same
tool-chain as in Sec. IVA except the use of DELPHES. Here
we analyze the output of PYTHIA8 [90] (in HEPMC [91]
format)and recluster fat-jets using Cambridge-Achen algo-
rithm [92] in FASTJET-3.0.0 [93] with radius parameter
R ¼ 1.0. In Fig. 5, we show the transverse momentum
of the leading fat-jet j1 and the 4th leading fat-jet j4.
A number of backgrounds can lead to the final states
with multiple fat-jets. These are: 4j (includes both the QED
and QCD contributions), WþW−2j, and Wþ=W−3j,

WþW−Zjj and tt̄, with subsequent decays of W boson
and the top quark into jets. The partonic cross sections of
the signal and backgrounds are shown in Table IV. The
cross-sections for WþW−Zjj and tt̄ are small compared to
other backgrounds. Therefore, we do not include these
backgrounds in our final analysis. Below we discuss in
detail the preselection and selection cuts for the signal and
backgrounds:

(i) Most of the signal events are in the central region
with pseudorapidity distributed around ηH## ∼ 0, as
can be seen in Fig. 3. Additionally, the signal jets
have a very high HT(scalar sum of transverse
momentum of all final state particles), as shown
in Fig. 6. We consider no cuts on the signal at the
parton level. While generating the backgrounds, we
consider the following partonic cuts for 4j—the
transverse momentum of the jets pT > 60 GeV,
and the jet-jet separation ΔRðj; jÞ > 0.6; for
WþW−2jðW# > 2jÞ and Wþ3jðW# > 2jÞ- pT >
60 GeV for the leading 4-jets, the transverse mo-
mentum pT > 20 GeV for the remaining jets, and
the jet-jet separation ΔRðj; jÞ > 0.4. The HT and
pseudo-rapidity cut is the same for all the back-
grounds, HT > 1000 GeV and jηj < 2.5. For tt̄
samples we have put ΔRðb; jÞ > 0.4 separation
cut and transverse momentum cut on leading two
light jet as pT > 60.0 GeV. Additionally, we also

FIG. 5. The pT distribution of the leading and 4th leading fat-jets. For signal, we consider MH## ¼ 1120 GeV.

FIG. 3. The normalized distribution of the transverse momentum and the pseudorapidity for the produced H##.

FIG. 4. The Feynman diagram for HþþH−− pair-production
and its subsequent decays to 4 fat-jet.
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D O U B LY  C H A R G E D
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To generate signal and backgrounds we use the same
tool-chain as in Sec. IVA except the use of DELPHES. Here
we analyze the output of PYTHIA8 [90] (in HEPMC [91]
format)and recluster fat-jets using Cambridge-Achen algo-
rithm [92] in FASTJET-3.0.0 [93] with radius parameter
R ¼ 1.0. In Fig. 5, we show the transverse momentum
of the leading fat-jet j1 and the 4th leading fat-jet j4.
A number of backgrounds can lead to the final states
with multiple fat-jets. These are: 4j (includes both the QED
and QCD contributions), WþW−2j, and Wþ=W−3j,

WþW−Zjj and tt̄, with subsequent decays of W boson
and the top quark into jets. The partonic cross sections of
the signal and backgrounds are shown in Table IV. The
cross-sections for WþW−Zjj and tt̄ are small compared to
other backgrounds. Therefore, we do not include these
backgrounds in our final analysis. Below we discuss in
detail the preselection and selection cuts for the signal and
backgrounds:

(i) Most of the signal events are in the central region
with pseudorapidity distributed around ηH## ∼ 0, as
can be seen in Fig. 3. Additionally, the signal jets
have a very high HT(scalar sum of transverse
momentum of all final state particles), as shown
in Fig. 6. We consider no cuts on the signal at the
parton level. While generating the backgrounds, we
consider the following partonic cuts for 4j—the
transverse momentum of the jets pT > 60 GeV,
and the jet-jet separation ΔRðj; jÞ > 0.6; for
WþW−2jðW# > 2jÞ and Wþ3jðW# > 2jÞ- pT >
60 GeV for the leading 4-jets, the transverse mo-
mentum pT > 20 GeV for the remaining jets, and
the jet-jet separation ΔRðj; jÞ > 0.4. The HT and
pseudo-rapidity cut is the same for all the back-
grounds, HT > 1000 GeV and jηj < 2.5. For tt̄
samples we have put ΔRðb; jÞ > 0.4 separation
cut and transverse momentum cut on leading two
light jet as pT > 60.0 GeV. Additionally, we also

FIG. 5. The pT distribution of the leading and 4th leading fat-jets. For signal, we consider MH## ¼ 1120 GeV.

FIG. 3. The normalized distribution of the transverse momentum and the pseudorapidity for the produced H##.

FIG. 4. The Feynman diagram for HþþH−− pair-production
and its subsequent decays to 4 fat-jet.
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To generate signal and backgrounds we use the same
tool-chain as in Sec. IVA except the use of DELPHES. Here
we analyze the output of PYTHIA8 [90] (in HEPMC [91]
format)and recluster fat-jets using Cambridge-Achen algo-
rithm [92] in FASTJET-3.0.0 [93] with radius parameter
R ¼ 1.0. In Fig. 5, we show the transverse momentum
of the leading fat-jet j1 and the 4th leading fat-jet j4.
A number of backgrounds can lead to the final states
with multiple fat-jets. These are: 4j (includes both the QED
and QCD contributions), WþW−2j, and Wþ=W−3j,

WþW−Zjj and tt̄, with subsequent decays of W boson
and the top quark into jets. The partonic cross sections of
the signal and backgrounds are shown in Table IV. The
cross-sections for WþW−Zjj and tt̄ are small compared to
other backgrounds. Therefore, we do not include these
backgrounds in our final analysis. Below we discuss in
detail the preselection and selection cuts for the signal and
backgrounds:

(i) Most of the signal events are in the central region
with pseudorapidity distributed around ηH## ∼ 0, as
can be seen in Fig. 3. Additionally, the signal jets
have a very high HT(scalar sum of transverse
momentum of all final state particles), as shown
in Fig. 6. We consider no cuts on the signal at the
parton level. While generating the backgrounds, we
consider the following partonic cuts for 4j—the
transverse momentum of the jets pT > 60 GeV,
and the jet-jet separation ΔRðj; jÞ > 0.6; for
WþW−2jðW# > 2jÞ and Wþ3jðW# > 2jÞ- pT >
60 GeV for the leading 4-jets, the transverse mo-
mentum pT > 20 GeV for the remaining jets, and
the jet-jet separation ΔRðj; jÞ > 0.4. The HT and
pseudo-rapidity cut is the same for all the back-
grounds, HT > 1000 GeV and jηj < 2.5. For tt̄
samples we have put ΔRðb; jÞ > 0.4 separation
cut and transverse momentum cut on leading two
light jet as pT > 60.0 GeV. Additionally, we also

FIG. 5. The pT distribution of the leading and 4th leading fat-jets. For signal, we consider MH## ¼ 1120 GeV.

FIG. 3. The normalized distribution of the transverse momentum and the pseudorapidity for the produced H##.

FIG. 4. The Feynman diagram for HþþH−− pair-production
and its subsequent decays to 4 fat-jet.
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indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)RS, (1, 5, 1)CS, (1, 5, 2)CS, (1, 7, 0)RS, (1, 4, 3/2)DF, (1, 5, 0)MF,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]
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where Ce↵
WW = (n3 � n)/6, Ce↵

BB = 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m�)
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where x = s/m2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3
These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they

require that potential terms allowed by gauge invariance are subleading.
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of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]
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where Ce↵
WW = (n3 � n)/6, Ce↵

BB = 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m�)
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where x = s/m2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3
These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they

require that potential terms allowed by gauge invariance are subleading.
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χ  is heavy/light new physics

e+e- → ff̅

both for scalar and fermions. Since ⇧(0) = 0 there is no contribution to the oblique param-

eters S, T , U [12], while W and Y [13], defined via the d = 6 operators � W
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For x ' 1 the EFT breaks down and hence the full momentum dependence of the form
factor must be taken into account, while for x = 4 the form factor develops an imaginary
part corresponding to the pair-production threshold. It should be stressed that for weakly
coupled forms of new physics the energy reach of W and Y is screened by the weak coupling,
so that it becomes important to include the full kinematical dependence of the form factors
even below the pair-production threshold.

3.1 Description of the analysis

The �-induced corrections to the polarized SM amplitude e+e� ! ff can be obtained from
Eq. (1). We refer to [3] for the relevant formulae. Note that since the radiative corrections
are universal, the main e↵ect is due to the interference with the SM amplitude. Following
[3] we perform a binned likelihood analysis on the di↵erential cross section of the process
e+e� ! ff with respect to the cosine of the scattering angle ✓. In particular, we divide
the latter in ten uniform intervals for cos ✓ 2 [�1, 1] (f 6= e� case) and cos ✓ 2 [�0.99, 0.99]
(f = e� case). For the final states we assume the following detection e�ciencies: 100% for
leptons, 80% for b-jets and 50% for c-jets. We then define a �2 function

�2 =
10X

i=1

�
NSM+BSM

i �NSM
i

�2

NSM
i + (✏iNSM

i )
2 , (4)

where NSM+BSM
i (NSM

i ) is the expected number of events with (without) the � contribution.
The denominator of the �2 includes both a statistical and a systematic error, the latter
parametrized by ✏i, which we assume to take values between 0 (pure statistical error) and
1%. The polarization of the incoming electrons and positrons can be used in order to enhance
the cross-section and e↵ectively increase the integrated luminosity. The cross-section of a
generically polarized e+e� beam is defined in terms of the polarization fractions Pe� and Pe+

is defined by

�Pe�Pe+
=
1

4
[(1 + Pe�)(1 + Pe+)�RR + (1� Pe�)(1� Pe+)�LL

+(1 + Pe�)(1� Pe+)�RL + (1� Pe�)(1 + Pe+)�LR] , (5)

where �LR stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (Pe� = �1) and the e+-beam is completely right-handed polarized (Pe+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
also the possibility of positron polarisation at a lower level, although positron polarisation
is not part of the baseline CLIC design.

6

both for scalar and fermions. Since ⇧(0) = 0 there is no contribution to the oblique param-

eters S, T , U [12], while W and Y [13], defined via the d = 6 operators � W
4m2

W

�
D⇢W a

µ⌫

�2

and � Y
4m2

W
(@⇢Bµ⌫)

2, are given by

W =
g2Ce↵

WW

960⇡2

m2
W

m2
�

, Y =
g02Ce↵

BB

960⇡2

m2
W

m2
�

. (3)

For x ' 1 the EFT breaks down and hence the full momentum dependence of the form
factor must be taken into account, while for x = 4 the form factor develops an imaginary
part corresponding to the pair-production threshold. It should be stressed that for weakly
coupled forms of new physics the energy reach of W and Y is screened by the weak coupling,
so that it becomes important to include the full kinematical dependence of the form factors
even below the pair-production threshold.

3.1 Description of the analysis

The �-induced corrections to the polarized SM amplitude e+e� ! ff can be obtained from
Eq. (1). We refer to [3] for the relevant formulae. Note that since the radiative corrections
are universal, the main e↵ect is due to the interference with the SM amplitude. Following
[3] we perform a binned likelihood analysis on the di↵erential cross section of the process
e+e� ! ff with respect to the cosine of the scattering angle ✓. In particular, we divide
the latter in ten uniform intervals for cos ✓ 2 [�1, 1] (f 6= e� case) and cos ✓ 2 [�0.99, 0.99]
(f = e� case). For the final states we assume the following detection e�ciencies: 100% for
leptons, 80% for b-jets and 50% for c-jets. We then define a �2 function

�2 =
10X

i=1

�
NSM+BSM

i �NSM
i

�2

NSM
i + (✏iNSM

i )
2 , (4)

where NSM+BSM
i (NSM

i ) is the expected number of events with (without) the � contribution.
The denominator of the �2 includes both a statistical and a systematic error, the latter
parametrized by ✏i, which we assume to take values between 0 (pure statistical error) and
1%. The polarization of the incoming electrons and positrons can be used in order to enhance
the cross-section and e↵ectively increase the integrated luminosity. The cross-section of a
generically polarized e+e� beam is defined in terms of the polarization fractions Pe� and Pe+

is defined by

�Pe�Pe+
=
1

4
[(1 + Pe�)(1 + Pe+)�RR + (1� Pe�)(1� Pe+)�LL

+(1 + Pe�)(1� Pe+)�RL + (1� Pe�)(1 + Pe+)�LR] , (5)

where �LR stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (Pe� = �1) and the e+-beam is completely right-handed polarized (Pe+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
also the possibility of positron polarisation at a lower level, although positron polarisation
is not part of the baseline CLIC design.

6

Π ( s
m2 ) ∼

1
480π2

⋅
s

m2

H E AV Y  N E W  P H Y S I C S  ( E F T  L I M I T )

E F F E C T S  G R O W  W I T H  E N E R G Y

viable, and (iii) form consistent EFTs with a cut-o↵ scale as high as 1015 GeV (as suggested

e.g. by neutrino masses)? Those SM extensions are simply motivated by the fact that
they can be discovered at high-energy particle colliders, without being constrained by other
indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)RS, (1, 5, 1)CS, (1, 5, 2)CS, (1, 7, 0)RS, (1, 4, 3/2)DF, (1, 5, 0)MF,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]

Le↵ = LSM +
g2Ce↵

WW

8
W a

µ⌫⇧(�D2/m2
�)W

aµ⌫ +
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BB

8
Bµ⌫⇧(�@2/m2

�)B
µ⌫ , (1)

where Ce↵
WW = (n3 � n)/6, Ce↵

BB = 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m�)
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where x = s/m2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3
These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they

require that potential terms allowed by gauge invariance are subleading.
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indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)RS, (1, 5, 1)CS, (1, 5, 2)CS, (1, 7, 0)RS, (1, 4, 3/2)DF, (1, 5, 0)MF,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]
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µ⌫ , (1)

where Ce↵
WW = (n3 � n)/6, Ce↵

BB = 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m�)
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where x = s/m2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3
These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they

require that potential terms allowed by gauge invariance are subleading.
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χ  is heavy/light new physics

e+e- → ff̅

both for scalar and fermions. Since ⇧(0) = 0 there is no contribution to the oblique param-

eters S, T , U [12], while W and Y [13], defined via the d = 6 operators � W
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For x ' 1 the EFT breaks down and hence the full momentum dependence of the form
factor must be taken into account, while for x = 4 the form factor develops an imaginary
part corresponding to the pair-production threshold. It should be stressed that for weakly
coupled forms of new physics the energy reach of W and Y is screened by the weak coupling,
so that it becomes important to include the full kinematical dependence of the form factors
even below the pair-production threshold.

3.1 Description of the analysis

The �-induced corrections to the polarized SM amplitude e+e� ! ff can be obtained from
Eq. (1). We refer to [3] for the relevant formulae. Note that since the radiative corrections
are universal, the main e↵ect is due to the interference with the SM amplitude. Following
[3] we perform a binned likelihood analysis on the di↵erential cross section of the process
e+e� ! ff with respect to the cosine of the scattering angle ✓. In particular, we divide
the latter in ten uniform intervals for cos ✓ 2 [�1, 1] (f 6= e� case) and cos ✓ 2 [�0.99, 0.99]
(f = e� case). For the final states we assume the following detection e�ciencies: 100% for
leptons, 80% for b-jets and 50% for c-jets. We then define a �2 function

�2 =
10X

i=1

�
NSM+BSM

i �NSM
i

�2

NSM
i + (✏iNSM

i )
2 , (4)

where NSM+BSM
i (NSM

i ) is the expected number of events with (without) the � contribution.
The denominator of the �2 includes both a statistical and a systematic error, the latter
parametrized by ✏i, which we assume to take values between 0 (pure statistical error) and
1%. The polarization of the incoming electrons and positrons can be used in order to enhance
the cross-section and e↵ectively increase the integrated luminosity. The cross-section of a
generically polarized e+e� beam is defined in terms of the polarization fractions Pe� and Pe+

is defined by

�Pe�Pe+
=
1

4
[(1 + Pe�)(1 + Pe+)�RR + (1� Pe�)(1� Pe+)�LL

+(1 + Pe�)(1� Pe+)�RL + (1� Pe�)(1 + Pe+)�LR] , (5)

where �LR stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (Pe� = �1) and the e+-beam is completely right-handed polarized (Pe+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
also the possibility of positron polarisation at a lower level, although positron polarisation
is not part of the baseline CLIC design.
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viable, and (iii) form consistent EFTs with a cut-o↵ scale as high as 1015 GeV (as suggested

e.g. by neutrino masses)? Those SM extensions are simply motivated by the fact that
they can be discovered at high-energy particle colliders, without being constrained by other
indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)RS, (1, 5, 1)CS, (1, 5, 2)CS, (1, 7, 0)RS, (1, 4, 3/2)DF, (1, 5, 0)MF,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]
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where Ce↵
WW = (n3 � n)/6, Ce↵

BB = 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m�)
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where x = s/m2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3
These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they

require that potential terms allowed by gauge invariance are subleading.
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indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)RS, (1, 5, 1)CS, (1, 5, 2)CS, (1, 7, 0)RS, (1, 4, 3/2)DF, (1, 5, 0)MF,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
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splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
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3 Electroweak precision tests at CLIC
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SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]
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where Ce↵
WW = (n3 � n)/6, Ce↵

BB = 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m�)
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where x = s/m2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3
These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they

require that potential terms allowed by gauge invariance are subleading.
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For x & 1 the EFT breaks down and hence the full momentum dependence of the form factor
must be taken into account, while for x = 4 the form factor develops an imaginary part cor-
responding to the pair-production threshold (cf. Fig. 1). It should be stressed that for a fixed
value of W and Y (corresponding to a given precision in the experimental observables), one
is e↵ectively constraining the ratio m�/g�, which for weakly-coupled forms of new physics,
g� < 1, means a smaller m� and in turn a larger x (for fixed q2). It is hence clear that in the
case of new electroweak multiplets it is important to include the full kinematical dependence
of the form factors even below the pair-production threshold.
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Figure 1: Kinematical dependence of the form factors. Full lines denote the real part and
dashed lines the imaginary one. The latter is non-zero only above threshold, for x > 4. The
black straight line broken at x = 4 is the form factor in the EFT limit. [Two plots, one for
scalar and one for fermion?]

3.2 Modification of the SM amplitude

In order to derive the radiative corrections to the neutral and charged current 2 ! 2 fermion
processes, we project Eq. (1) onto mass eigenstates �, Z,W
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where d�� = (e2/2)(Ce↵
WW + Ce↵

BB), dZZ = (g2Z/2)(cos
4 ✓WCe↵
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WW , and we used the definitions e =

6
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both for scalar and fermions. Since ⇧(0) = 0 there is no contribution to the oblique param-

eters S, T , U [12], while W and Y [13], defined via the d = 6 operators � W
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For x ' 1 the EFT breaks down and hence the full momentum dependence of the form
factor must be taken into account, while for x = 4 the form factor develops an imaginary
part corresponding to the pair-production threshold. It should be stressed that for weakly
coupled forms of new physics the energy reach of W and Y is screened by the weak coupling,
so that it becomes important to include the full kinematical dependence of the form factors
even below the pair-production threshold.

3.1 Description of the analysis

The �-induced corrections to the polarized SM amplitude e+e� ! ff can be obtained from
Eq. (1). We refer to [3] for the relevant formulae. Note that since the radiative corrections
are universal, the main e↵ect is due to the interference with the SM amplitude. Following
[3] we perform a binned likelihood analysis on the di↵erential cross section of the process
e+e� ! ff with respect to the cosine of the scattering angle ✓. In particular, we divide
the latter in ten uniform intervals for cos ✓ 2 [�1, 1] (f 6= e� case) and cos ✓ 2 [�0.99, 0.99]
(f = e� case). For the final states we assume the following detection e�ciencies: 100% for
leptons, 80% for b-jets and 50% for c-jets. We then define a �2 function

�2 =
10X

i=1

�
NSM+BSM

i �NSM
i

�2

NSM
i + (✏iNSM

i )
2 , (4)

where NSM+BSM
i (NSM

i ) is the expected number of events with (without) the � contribution.
The denominator of the �2 includes both a statistical and a systematic error, the latter
parametrized by ✏i, which we assume to take values between 0 (pure statistical error) and
1%. The polarization of the incoming electrons and positrons can be used in order to enhance
the cross-section and e↵ectively increase the integrated luminosity. The cross-section of a
generically polarized e+e� beam is defined in terms of the polarization fractions Pe� and Pe+

is defined by

�Pe�Pe+
=
1

4
[(1 + Pe�)(1 + Pe+)�RR + (1� Pe�)(1� Pe+)�LL

+(1 + Pe�)(1� Pe+)�RL + (1� Pe�)(1 + Pe+)�LR] , (5)

where �LR stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (Pe� = �1) and the e+-beam is completely right-handed polarized (Pe+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
also the possibility of positron polarisation at a lower level, although positron polarisation
is not part of the baseline CLIC design.
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polarized (Pe� = �1) and the e+-beam is completely right-handed polarized (Pe+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
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Studying new physics and new scales196

If new physics is discovered at the LHC and/or CLIC, then the experimental environmenat at CLIC would197

provide the opportunity to study new states with great precision. These analyses could answer questions198

pertaining to the precise nature of the discovered new states and help point to yet new mass scales for the199

future. (See Section 4.4 for more discussion.)200

Dark matter searches201

The relatively simple kinematic properties of the incoming e+e� beam collisions and the relatively low202

rate of outgoing background at CLIC enables unprecedented searches for dark matter created in the203

laboratory, reaching sensitivities in parameter space interesting for cosmology and well beyond LHC204

capabilities. In particular, CLIC has sensitivity to the thermal Higgsino by stub tracks and to Minimal205

EW charged matter by its indirect radiative effects. (See Figure 6, Chapter 5 and in particular Sections 5.2206

and 5.3 for more discussion.)207
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Fig. 6: Left: DM in loops, from Section 5.3. Right: Higgsino reach from stub tracks, from Section 5.2.

Lepton and flavour violation208

Lepton-number violating and top quark flavour-changing neutral current interactions can be generated209

by SMEFT operators whose effects grow in importance with energy. These can be probed at the CLIC210

high-energy stages at levels far exceeding what can be achieved at the LHC (See Chapter 3 for more211

discussion.)212

Neutrino properties213

Several mechanisms for the breaking of lepton number can be probed at CLIC both in direct searches and214

precision physics. CLIC is capable to probe directly weakly charged states involved in the generation215

of neutrino masses e.g. in Type-2 see-saw model and in gauge-extended models. It can also probe new216

heavy neutrinos and other states responsible for the breaking of lepton number by precision studies of217

leptonic two-body final states as well as WWH final states. (See Chapter 7 for more discussion.)218

Hidden sector searches219

The clean e+e� collision environment offers a clear chance to investigate rare and subtle signals from220

feebly coupled new physics and generic hidden sectors beyond the Standard Model. Displaced signals221

from long-lived particles are a very typical signature of these scenarios and CLIC enjoys a unique vantage222

point to look at these signals both in Higgs boson decays and in more general production of long-lived223

states that may be linked, for instance, to the naturalness problem or to the generation of the baryon224

asymmetry of the Universe. (See Section 6.2 and Chapter 8 for more discussion.)225
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3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
(m�, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for the two late stages of
CLIC, denoted respectively CLIC-2 (

p
s = 1.5 TeV, L = 2 ab�1) and CLIC-3 (

p
s = 3 TeV,

L = 4 ab�1). To obtain these exclusions we have combined the e/µ/b/c channels assuming
a systematic error of 0.3% (cf. Fig. 3) and polarization fractions Pe� = �80% and Pe+ = 0
(cf. Fig. 4).
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.3% systematic error and polarization
fractions Pe� = �80% and Pe+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m� �

p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).
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e+e- → ff̅
s = 1.5 TeV ℒ = 2ab−1@Pe+,e− = (−80 % ,0%)

e ⊕ μ ⊕ b ⊕ c e ⊕ μ ⊕ b ⊕ c
syst = 0.3 %syst = 0.3 %

The MDM framework was extended in [6] to contemplate the possibility of a milli-charge
✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no
bearings for the collider physics, but it ensures the (exact) stability of the LP in the EW
multiplet. The various MDM candidates (including for completeness also the wino-like DM
(1, 3, 0)MF which requires a stabilization mechanism beyond the SM gauge symmetry) are
summarized in Table 1, together with their thermal mass saturating the DM relic density
and the projected reach of CLIC-3 (

p
s = 3 TeV and L = 3/ab). The details of the analysis

are presented in Sect. 3.
A notable feature of the milli-charged scenario is that the contribution of the complex

multiplet to the relic density is doubled compared to the case of a single real component
(thus making the thermal mass roughly a factor

p
2 smaller). On the other hand, the degrees

of freedom are also doubled, thus improving the indirect testability of those scenarios via
EW precision tests at lepton colliders. It turns out indeed that the hypothesis of (1, 3, ✏)DF

comprising the whole DM relic density can be fully tested at CLIC-3, while we find no sensi-
tivity to the state (1, 3, ✏)CS for masses above the kinematical threshold of pair production.2

For all the other cases the thermal mass lie well above the CLIC-3 reach.

� m(DM)
� [TeV] m(CLIC�3)

� [TeV]

(1, 2, 1/2)DF 1.1 1.5
(1, 3, ✏)CS 1.55 -
(1, 3, ✏)DF 2.0 2.1
(1, 3, 0)MF 2.8 1.7
(1, 5, ✏)CS 6.6 1.7
(1, 5, ✏)DF 6.6 4.1
(1, 5, 0)MF 11 3.0
(1, 7, ✏)CS 16 2.5
(1, 7, ✏)DF 16 6.8

Table 1: MDM candidates, together with the corresponding masses saturating the DM
relic density and the projected 95% CL exclusion limits from EW precision tests at CLIC-3
(
p
s = 3 TeV, L = 2/ab, Pe = �80% and Pe+ = 0). The exclusions refer only to the

cases where m > 1.5 TeV. For masses below the threshold for pair production m <
p
s/2

the bound is characterized by a non-trivial profile – see Sect. 3 for details. The thermal
masses are extracted from Ref. [6] (✏ 6= 0 cases) and Ref. [7] (✏ = 0 cases). A conservative
10% theoretical uncertainty is understood, originating from the inclusion of non-perturbative
e↵ects such as Sommerfeld enhancement and bound state formation.

2.2 Accidental Matter

From a more phenomenological point of view, one could ask the following question [5]: Which

extensions of the SM particle content with masses close to the EW scale (i) automatically

preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically

2
Given a 10% uncertainty on the thermal masses, the DM hypothesis for the CS triplet can be potentially

explored in direct searches at CLIC.

4
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3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
(m�, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for the two late stages of
CLIC, denoted respectively CLIC-2 (

p
s = 1.5 TeV, L = 2 ab�1) and CLIC-3 (

p
s = 3 TeV,

L = 4 ab�1). To obtain these exclusions we have combined the e/µ/b/c channels assuming
a systematic error of 0.3% (cf. Fig. 3) and polarization fractions Pe� = �80% and Pe+ = 0
(cf. Fig. 4).
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.3% systematic error and polarization
fractions Pe� = �80% and Pe+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m� �

p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).
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Figure 4: Polarization e↵ects: Pe = 80%,+80% and Pe+ = 30%, 0,+30% (µ channel,
0.1% systematic error, MF). [NB the typo: Pe+ = +80% in blue should read Pe = +80%]

Figure 5: Comparison EFT vs. full form factor (µ channel, 0.1% systematic error, Pe =
80% and Pe+ = +30%). The EFT dashed line is obtained by expending the form factor at

the leading order in s/m2 (WY regime). We see that taking into account the full kinematical
dependence of the form factor is particularly important for low-dimensional n-plets.
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code for the error treatment as before). We see that increasing the numbers of bins helps for
larger systematic errors, but does not matter much for e.g. 0.3% sys. Hence, in the following
we stick to 0.1% sys. with 10 bins.
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3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
(m�, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for the two late stages of
CLIC, denoted respectively CLIC-2 (

p
s = 1.5 TeV, L = 2 ab�1) and CLIC-3 (

p
s = 3 TeV,

L = 4 ab�1). To obtain these exclusions we have combined the e/µ/b/c channels assuming
a systematic error of 0.3% (cf. Fig. 3) and polarization fractions Pe� = �80% and Pe+ = 0
(cf. Fig. 4).
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.3% systematic error and polarization
fractions Pe� = �80% and Pe+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m� �

p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).
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The MDM framework was extended in [6] to contemplate the possibility of a milli-charge
✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no
bearings for the collider physics, but it ensures the (exact) stability of the LP in the EW
multiplet. The various MDM candidates (including for completeness also the wino-like DM
(1, 3, 0)MF which requires a stabilization mechanism beyond the SM gauge symmetry) are
summarized in Table 1, together with their thermal mass saturating the DM relic density
and the projected reach of CLIC-3 (

p
s = 3 TeV and L = 3/ab). The details of the analysis

are presented in Sect. 3.
A notable feature of the milli-charged scenario is that the contribution of the complex

multiplet to the relic density is doubled compared to the case of a single real component
(thus making the thermal mass roughly a factor

p
2 smaller). On the other hand, the degrees

of freedom are also doubled, thus improving the indirect testability of those scenarios via
EW precision tests at lepton colliders. It turns out indeed that the hypothesis of (1, 3, ✏)DF

comprising the whole DM relic density can be fully tested at CLIC-3, while we find no sensi-
tivity to the state (1, 3, ✏)CS for masses above the kinematical threshold of pair production.2

For all the other cases the thermal mass lie well above the CLIC-3 reach.

� m(DM)
� [TeV] m(CLIC�3)

� [TeV]

(1, 2, 1/2)DF 1.1 1.5
(1, 3, ✏)CS 1.55 -
(1, 3, ✏)DF 2.0 2.1
(1, 3, 0)MF 2.8 1.7
(1, 5, ✏)CS 6.6 1.7
(1, 5, ✏)DF 6.6 4.1
(1, 5, 0)MF 11 3.0
(1, 7, ✏)CS 16 2.5
(1, 7, ✏)DF 16 6.8

Table 1: MDM candidates, together with the corresponding masses saturating the DM
relic density and the projected 95% CL exclusion limits from EW precision tests at CLIC-3
(
p
s = 3 TeV, L = 2/ab, Pe = �80% and Pe+ = 0). The exclusions refer only to the

cases where m > 1.5 TeV. For masses below the threshold for pair production m <
p
s/2

the bound is characterized by a non-trivial profile – see Sect. 3 for details. The thermal
masses are extracted from Ref. [6] (✏ 6= 0 cases) and Ref. [7] (✏ = 0 cases). A conservative
10% theoretical uncertainty is understood, originating from the inclusion of non-perturbative
e↵ects such as Sommerfeld enhancement and bound state formation.

2.2 Accidental Matter

From a more phenomenological point of view, one could ask the following question [5]: Which

extensions of the SM particle content with masses close to the EW scale (i) automatically

preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically

2
Given a 10% uncertainty on the thermal masses, the DM hypothesis for the CS triplet can be potentially

explored in direct searches at CLIC.
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Figure 4: Polarization e↵ects: Pe = 80%,+80% and Pe+ = 30%, 0,+30% (µ channel,
0.1% systematic error, MF). [NB the typo: Pe+ = +80% in blue should read Pe = +80%]

Figure 5: Comparison EFT vs. full form factor (µ channel, 0.1% systematic error, Pe =
80% and Pe+ = +30%). The EFT dashed line is obtained by expending the form factor at

the leading order in s/m2 (WY regime). We see that taking into account the full kinematical
dependence of the form factor is particularly important for low-dimensional n-plets.

10

3.3 Extra plots

�% ����
���% ����
���% ����
����� ����

��� ��� ��� ��� ��� ��� ��� ���
�

�

�

�

�χ [���]

�-
��
��

� = � ��� � = �/�� �� μ+μ- [-��%�+��%]

Figure 3: Impact of systematic error: this plot shows e.g. that the 0.3% systematic error
line is almost indistinguishable from the “pure statistical” one. We also superimpose (dotted
lines) the exclusions obtained by augmenting the number of bins from 10 to 20 (same color
code for the error treatment as before). We see that increasing the numbers of bins helps for
larger systematic errors, but does not matter much for e.g. 0.3% sys. Hence, in the following
we stick to 0.1% sys. with 10 bins.
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3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
(m�, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for the two late stages of
CLIC, denoted respectively CLIC-2 (

p
s = 1.5 TeV, L = 2 ab�1) and CLIC-3 (

p
s = 3 TeV,

L = 4 ab�1). To obtain these exclusions we have combined the e/µ/b/c channels assuming
a systematic error of 0.3% (cf. Fig. 3) and polarization fractions Pe� = �80% and Pe+ = 0
(cf. Fig. 4).
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.3% systematic error and polarization
fractions Pe� = �80% and Pe+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m� �

p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).
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(
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the bound is characterized by a non-trivial profile – see Sect. 3 for details. The thermal
masses are extracted from Ref. [6] (✏ 6= 0 cases) and Ref. [7] (✏ = 0 cases). A conservative
10% theoretical uncertainty is understood, originating from the inclusion of non-perturbative
e↵ects such as Sommerfeld enhancement and bound state formation.
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From a more phenomenological point of view, one could ask the following question [5]: Which

extensions of the SM particle content with masses close to the EW scale (i) automatically

preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically
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Figure 3: Impact of systematic error: this plot shows e.g. that the 0.3% systematic error
line is almost indistinguishable from the “pure statistical” one. We also superimpose (dotted
lines) the exclusions obtained by augmenting the number of bins from 10 to 20 (same color
code for the error treatment as before). We see that increasing the numbers of bins helps for
larger systematic errors, but does not matter much for e.g. 0.3% sys. Hence, in the following
we stick to 0.1% sys. with 10 bins.
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Figure 5: Comparison EFT vs. full form factor (µ channel, 0.1% systematic error, Pe =
80% and Pe+ = +30%). The EFT dashed line is obtained by expending the form factor at

the leading order in s/m2 (WY regime). We see that taking into account the full kinematical
dependence of the form factor is particularly important for low-dimensional n-plets.
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Fig. 18: Left) 95% C.R. in the W -Y plane, profiling over S and T , including data only from
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1400 and 3000 GeV, respectively, and assuming CLIC operation with unpolarized beams. Right). The
same in the scenario assuming CLIC operation with polarized beams.
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Fig. 19: Left) 95% C.L. limit in the g?-M? plane assuming CLIC operation with polarized beams and
0.1% systematics. Right). The same assuming 1% systematic errors. [COMPARE WITH CURRENT
LIMITS]

– Sept 9, 2018: notation fixed to be consistent with table 1. Minor changes.

Important comments:

– Assuming 0.1% or 1% systematics seems to make quite a lot of difference in terms of new
physics reach. We need to figure out what is the right order of magnitude one expects for the
correct systematics to make a final reasonable claim. We will discuss with Philipp about this,

– Also related: all systematics in the study were taken as uncorrelated. I will try to study the
impact of assuming fully correlated systematics.

– Because of the absence of a Whizard beam card for the CLIC run at 1.5 TeV. The simulations
for that part were performed for the ”old” CLIC run of 1.4 TeV (this is also what was done
is the Top paper). We will also check with Philipp about the best way to proceed about this.

– Once final, the results should be taken into account in the composite Higgs part of the docu-
ment. Is there any other section where they may be relevant?

2.8 Global effective-field-theory analysis of top-quark pair production
Gauthier Durieux, Ignacio García García, Martín Perelló Roselló, Philipp Roloff, Rickard Strom, Marcel
Vos, Nigel Watson, Alasdair Winter, Cen Zhang

40

from EWPO and LEP2 measurements from [41], shown in Eq. (40). As it is apparent, using only the
high energy measurements of e+e�

! ff at CLIC it is not possible to constrain the S and T parameters
better than with current EWPO. On the other hand, due to the access to very high energies compared with
LEP 2, the projected sensitivities for the W and Y parameters can be greatly improved, by several orders
of magnitude, and are comparable to what would be achievable using neutral and charged Drell-Yan at
a future 100 TeV hadron collider with 10 ab�1 of luminosity [43]. For this reason, in what follows we
focus the discussion in these 2 parameters. The results also show the importance of being able to control
the systematic errors below the percent level. Going below permile level, however, does not have any
significant impact in the results, as the errors become statistics dominated.

The effects of polarization are only sizable along the direction W ⇡ �Y . The impact of polariza-
tion is however much more pronounced in the constraints set by each individual difermion channel, as
shown in Figure 17, and it is only washed out in the global fit due to the complementarity between the
different channels. From the figure it is also apparent that the constraints from the Top channel, which
is subject to larger systematics, are fairly irrelevant if systematics on the other channels can be brought
down below 1%. [CHECK SAME FIG WITH 1% ERRORS]. Finally, as shown in Figure 18, and it
is expected from the energy dependence of the new physics contributions, the bounds on W and Y are
dominated by the 3 TeV run. In particular, the measurements at 380 GeV become completely irrelevant.

Fig. 17: Left) 95% C.R. in the W -Y plane, profiling over S and T , for the different final fermion states,
assuming CLIC operation with unpolarized beams. Right). The same in the scenario assuming CLIC
operation with polarized beams.

The results presented above can be interpreted within more definite scenarios, either via matching
of the SMEFT with specific UV completions [] or using power-counting rules for classes of models. For
instance, assuming the Higgs originates from a strongly coupled strongly sector characterized by only
one coupling g? and one scale M? [10, 46]

W = 2
g2

g2

?

M2

W

M2

?

, Y = 2
g0 2

g2

?

M2

W

M2

?

. (42)

One can therefore translate the bounds on W and/or Y into exclusion regions in the g?-M? plane. These
are shown in Figure 19 for �sys = 0.1%, 1%.

Status: First draft.

– I will re-check everything in the results looking for possible bugs, etc.
– I will continue working in the text. May make some changes in the presentation.
– References missing. Will add more and fill the blanks.
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χ2 over 10 bins 

both for scalar and fermions. Since ⇧(0) = 0 there is no contribution to the oblique param-

eters S, T , U [12], while W and Y [13], defined via the d = 6 operators � W
4m2

W

�
D⇢W a

µ⌫

�2

and � Y
4m2

W
(@⇢Bµ⌫)

2, are given by

W =
g2Ce↵

WW

960⇡2

m2
W

m2
�

, Y =
g02Ce↵

BB

960⇡2

m2
W

m2
�

. (3)

For x ' 1 the EFT breaks down and hence the full momentum dependence of the form
factor must be taken into account, while for x = 4 the form factor develops an imaginary
part corresponding to the pair-production threshold. It should be stressed that for weakly
coupled forms of new physics the energy reach of W and Y is screened by the weak coupling,
so that it becomes important to include the full kinematical dependence of the form factors
even below the pair-production threshold.

3.1 Description of the analysis

The �-induced corrections to the polarized SM amplitude e+e� ! ff can be obtained from
Eq. (1). We refer to [3] for the relevant formulae. Note that since the radiative corrections
are universal, the main e↵ect is due to the interference with the SM amplitude. Following
[3] we perform a binned likelihood analysis on the di↵erential cross section of the process
e+e� ! ff with respect to the cosine of the scattering angle ✓. In particular, we divide
the latter in ten uniform intervals for cos ✓ 2 [�1, 1] (f 6= e� case) and cos ✓ 2 [�0.99, 0.99]
(f = e� case). For the final states we assume the following detection e�ciencies: 100% for
leptons, 80% for b-jets and 50% for c-jets. We then define a �2 function

�2 =
10X

i=1

�
NSM+BSM

i �NSM
i

�2

NSM
i + (✏iNSM

i )
2 , (4)

where NSM+BSM
i (NSM

i ) is the expected number of events with (without) the � contribution.
The denominator of the �2 includes both a statistical and a systematic error, the latter
parametrized by ✏i, which we assume to take values between 0 (pure statistical error) and
1%. The polarization of the incoming electrons and positrons can be used in order to enhance
the cross-section and e↵ectively increase the integrated luminosity. The cross-section of a
generically polarized e+e� beam is defined in terms of the polarization fractions Pe� and Pe+

is defined by

�Pe�Pe+
=
1

4
[(1 + Pe�)(1 + Pe+)�RR + (1� Pe�)(1� Pe+)�LL

+(1 + Pe�)(1� Pe+)�RL + (1� Pe�)(1 + Pe+)�LR] , (5)

where �LR stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (Pe� = �1) and the e+-beam is completely right-handed polarized (Pe+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
also the possibility of positron polarisation at a lower level, although positron polarisation
is not part of the baseline CLIC design.
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Fig. 18: Left) 95% C.R. in the W -Y plane, profiling over S and T , including data only from
p

s = 380,
1400 and 3000 GeV, respectively, and assuming CLIC operation with unpolarized beams. Right). The
same in the scenario assuming CLIC operation with polarized beams.
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Fig. 19: Left) 95% C.L. limit in the g?-M? plane assuming CLIC operation with polarized beams and
0.1% systematics. Right). The same assuming 1% systematic errors. [COMPARE WITH CURRENT
LIMITS]

– Sept 9, 2018: notation fixed to be consistent with table 1. Minor changes.

Important comments:

– Assuming 0.1% or 1% systematics seems to make quite a lot of difference in terms of new
physics reach. We need to figure out what is the right order of magnitude one expects for the
correct systematics to make a final reasonable claim. We will discuss with Philipp about this,

– Also related: all systematics in the study were taken as uncorrelated. I will try to study the
impact of assuming fully correlated systematics.

– Because of the absence of a Whizard beam card for the CLIC run at 1.5 TeV. The simulations
for that part were performed for the ”old” CLIC run of 1.4 TeV (this is also what was done
is the Top paper). We will also check with Philipp about the best way to proceed about this.

– Once final, the results should be taken into account in the composite Higgs part of the docu-
ment. Is there any other section where they may be relevant?
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from EWPO and LEP2 measurements from [41], shown in Eq. (40). As it is apparent, using only the
high energy measurements of e+e�

! ff at CLIC it is not possible to constrain the S and T parameters
better than with current EWPO. On the other hand, due to the access to very high energies compared with
LEP 2, the projected sensitivities for the W and Y parameters can be greatly improved, by several orders
of magnitude, and are comparable to what would be achievable using neutral and charged Drell-Yan at
a future 100 TeV hadron collider with 10 ab�1 of luminosity [43]. For this reason, in what follows we
focus the discussion in these 2 parameters. The results also show the importance of being able to control
the systematic errors below the percent level. Going below permile level, however, does not have any
significant impact in the results, as the errors become statistics dominated.

The effects of polarization are only sizable along the direction W ⇡ �Y . The impact of polariza-
tion is however much more pronounced in the constraints set by each individual difermion channel, as
shown in Figure 17, and it is only washed out in the global fit due to the complementarity between the
different channels. From the figure it is also apparent that the constraints from the Top channel, which
is subject to larger systematics, are fairly irrelevant if systematics on the other channels can be brought
down below 1%. [CHECK SAME FIG WITH 1% ERRORS]. Finally, as shown in Figure 18, and it
is expected from the energy dependence of the new physics contributions, the bounds on W and Y are
dominated by the 3 TeV run. In particular, the measurements at 380 GeV become completely irrelevant.

Fig. 17: Left) 95% C.R. in the W -Y plane, profiling over S and T , for the different final fermion states,
assuming CLIC operation with unpolarized beams. Right). The same in the scenario assuming CLIC
operation with polarized beams.

The results presented above can be interpreted within more definite scenarios, either via matching
of the SMEFT with specific UV completions [] or using power-counting rules for classes of models. For
instance, assuming the Higgs originates from a strongly coupled strongly sector characterized by only
one coupling g? and one scale M? [10, 46]

W = 2
g2

g2

?

M2

W

M2

?

, Y = 2
g0 2

g2

?

M2

W

M2

?

. (42)

One can therefore translate the bounds on W and/or Y into exclusion regions in the g?-M? plane. These
are shown in Figure 19 for �sys = 0.1%, 1%.

Status: First draft.

– I will re-check everything in the results looking for possible bugs, etc.
– I will continue working in the text. May make some changes in the presentation.
– References missing. Will add more and fill the blanks.
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Fig. 18: Left) 95% C.R. in the W -Y plane, profiling over S and T , including data only from
p

s = 380,
1400 and 3000 GeV, respectively, and assuming CLIC operation with unpolarized beams. Right). The
same in the scenario assuming CLIC operation with polarized beams.

Fig. 19: Left) 95% C.L. limit in the g?-M? plane assuming CLIC operation with polarized beams and
0.1% systematics. Right). The same assuming 1% systematic errors. [COMPARE WITH CURRENT
LIMITS]

– Sept 9, 2018: notation fixed to be consistent with table 1. Minor changes.
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