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• BSM frameworks often predict new, light* EW states                      [fermion/scalar]                   
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errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e+e� machines like the
Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.

2 Physics case for new EW multiplets

New EW states charged under SU(2)
L

⇥U(1)
y

, which are generically denoted by their quantum
numbers � ⇠ (1, n, y), with the three entries denoting the SU(3)

c

⇥ SU(2)
L

⇥U(1)
y

representa-
tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] 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 in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the 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 the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.

4

* [100 GeV, few TeV] potential target for (lepton) colliders / no QCD production 



EW matter : who ordered that ?  

 L. Di Luzio (Pisa U.) - Accidental Dark Matter                                                                              02/13

EW naturalness

SUSY: 
Wino/HiggsinoComposite Higgs: 

lepton partners

• BSM frameworks often predict new, light* EW states                      [fermion/scalar]                   
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(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.
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liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
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multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
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tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
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n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] 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 in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the EW gauge interactions and the mass of the new state m
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, thus making the framework
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If one further requires that the theory remains weakly coupled up to the Planck scale and
that the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in
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errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e+e� machines like the
Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.

2 Physics case for new EW multiplets

New EW states charged under SU(2)
L

⇥U(1)
y

, which are generically denoted by their quantum
numbers � ⇠ (1, n, y), with the three entries denoting the SU(3)

c

⇥ SU(2)
L

⇥U(1)
y

representa-
tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] 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 in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the EW gauge interactions and the mass of the new state m
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, thus making the framework
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If one further requires that the theory remains weakly coupled up to the Planck scale and
that the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in
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errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e+e� machines like the
Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.
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tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] 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 in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the 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 the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.
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2. Lightest particle in the n-plet is neutral          

• Criteria

1.           to avoid tree-level Z exchange in DM direct detection

errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e+e� machines like the
Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.
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representa-
tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] 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 in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the 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 the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.
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We survey a few minimal scalar extensions of the standard electroweak model that provide a simple
setup for massive neutrinos in connection with an invisible axion. The presence of a chiral U(1)
à la Peccei-Quinn drives the pattern of Majorana neutrino masses while providing a dynamical
solution to the strong CP problem and an axion as a dark matter candidate. We paradigmatically
apply such a renormalizable framework to type-II seesaw and to two viable models for neutrino
oscillations where the neutrino masses arise at one and two loops, respectively. We comment on
the naturalness of the e↵ective setups as well as on their implications for vacuum stability and
electroweak baryogenesis.
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I. INTRODUCTION
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1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [? ? ? ] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [? ]).

Explicit models of TeV scale NP need to resolve the apparent conflict between these two
sets of expectations by postulating exact or approximate symmetries which in term forbid or
su�ciently suppress the most dangerous contributions to flavor changing neutral currents, CP
violation, as well as B and L changing processes. These include explicit B, L or their anomaly
free combinations, discrete space-time symmetries including C, P, CP but also new internal
symmetries like R-parity (or R-symmetry) in supersymmetric (SUSY) extensions of the SM,
KK-parity in extra-dimensional setups, as well as abelian or non-abelian horizontal (flavor)
symmetries.

At the heart of these problems is the fact that generically, extending the SM particle content
will either (i) break some of the SM accidental symmetries, and/or (ii) introduce new sources of
breaking of the approximate SM symmetries, which in general will not be aligned with existing
SM symmetry breaking directions. Examples of the first kind include B and L. Flavor, CP and
custodial symmetry of the Higgs potential fall into the second category.

Consider the SM as the renormalizable part of an e↵ective field theory (EFT)

L = L(d4)
SM +

X

d>4

1

⇤d�4
e↵

L(d) , (8)
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2. Lightest particle in the n-plet is neutral              n = odd

• Criteria

1.           to avoid tree-level Z exchange in DM direct detection

errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e+e� machines like the
Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.
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representa-
tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] 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 in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the 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 the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.

4

y = 0 (1)

4

2. and 3. automatically satisfied if n > 3 and    a fermion (scalars more model dep.)

y = 0 (1)

� SM SM (2)

4

4. No Landau poles < Planck n < 7 (9) for     a Majorana fermion (real scalar)

y = 0 (1)

� SM SM (2)

4

[Cirelli, Fornengo, Strumia, hep-ph/0512090, …] 

Minimal Dark Matter

3. n such that no                 interactions at the ren. level (    accidentally stable)  

y = 0 (1)

� SM SM (2)

4

y = 0 (1)

� SM SM (2)

4

 L. Di Luzio (Pisa U.) - Accidental Dark Matter                                                                              03/13

(radiative mass splitting)

the contribution of � to the mass splitting, which yields

m2
I = m2

� +
1

2
↵v2 � 1

4
�v2I ⌘ M2 � �2I , (25)

where �j  I  j denotes the T 3 eigenvalue of the (2j + 1)-dimensional representation � and
we defined the parameter M2 ⌘ m2

� + 1
2
↵v2 and �2 ⌘ 1

4
�v2. Using the general formula for the

one-loop correction in [19] and expanding the loop function for � < M we find

⇢1�loop
0 � 1 =

⌘NC↵em

16⇡ sin2 ✓Wm2
W


2

9

�4

M2
j(j + 1)(2j + 1) +O

✓
�8

M6

◆�
, (26)

where NC is the dimensionality of � under the color factor. Neglecting the higher-order �/M
terms, we finally obtain

M & 72.5 GeV

✓
0.001

⇢exp0 � 1

◆1/2

�
p
⌘NC

p
j(j + 1)(2j + 1) , (27)

which is valid for M > � ⇡ p
� 123 GeV. For O(1) values of the coupling � the typical

bounds on M range in the few hundred GeV region, depending on the dimensionality of the
representation. We hence conclude that the mass bounds coming from loop-level contributions
to ⇢0 are less general (they depend on the value of �) and not particularly constraining when
compared to existing direct searches limits (see Sect. 5).

Alternatively, the information from ⇢0 can be used to give an upper bound on the mass
splitting �m = mI+1 �mI ⇡ � �2

2M
. As an example, let us mention that for the case (1, 5, 2)S

we get �m . 20 GeV. This information is exploited in Sect. 5.3 when inferring collider bounds
on the neutral state of such a multiplet by looking at the charged component production and
decays.

2.3 Mass spectrum

The phenomenology of the new EW states is dictated by the mass spectrum. Typically, on top
of a common mass term m�, there is a radiative splitting within the SU(2)L multiplet and, for
scalars only, a tree-level splitting due to the presence of non-trivial SU(2)L invariants in the
scalar potential. In the m� � v limit the radiative contribution takes the form [4, 20]

�mrad = mQ+1 �mQ ⇡ 166 MeV

✓
1 + 2Q+

2Y

cos ✓W

◆
, (28)

which holds both for fermions and scalars. Notice that if Y = 0 the LP in the multiplet is
always the one with the smallest |Q|. This is not necessarily true when Y 6= 0.4

Similarly, the tree-level splitting in Eq. (25) can be expanded in the m� � v limit, thus
obtaining [4]

�mtree = mI+1 �mI ⇡ �v2

8m�

⇡ � ⇥ 7.6 GeV

✓
1 TeV

m�

◆
. (29)

Notice that, while for fermions the mass spectrum is unambiguously fixed, for scalars it depends
on the values of � and m�. Focussing on the m� < TeV region (relevant for LHC), if � = O(1)

4E.g. the LP of the fermion multiplet (1, 4, 1/2)F has Q = �1.

12

✓
1 + 2Q+

2y

cos ✓
W

◆
(1)

x = s/m2
�

= 4 (2)

x = 4 (3)

x ' 11 (4)

x ' 25 (5)

p
s (6)

e� (7)

e+ (8)

"[e, µ, b, c] = [1, 1, 0.8, 0.5] (9)

�2 = 3.84 (10)

m
�

(11)

f = e, µ, b, c (12)

�BSM � �SM

�SM

' Re


2MNLO

MLO

�
'  g2(n3 � n)

6
⇧(1) ' �0.68 % (13)

p
s = 1 TeV (14)

m
�

= 1 TeV (15)

� = (1, 5, 0)MF (16)

cos ✓ (17)

e+e� ! ff (18)

� ⇧(x) (19)
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2. Lightest particle in the n-plet is neutral              n = odd

• Criteria

1.           to avoid tree-level Z exchange in DM direct detection

errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e+e� machines like the
Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.

2 Physics case for new EW multiplets

New EW states charged under SU(2)
L

⇥U(1)
y

, which are generically denoted by their quantum
numbers � ⇠ (1, n, y), with the three entries denoting the SU(3)

c

⇥ SU(2)
L

⇥U(1)
y

representa-
tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] 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 in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the 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 the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.

4

y = 0 (1)

4

2. and 3. automatically satisfied if n > 3 and    a fermion (scalars more model dep.)

y = 0 (1)

� SM SM (2)

4

4. No Landau poles < Planck n < 7 (9) for     a Majorana fermion (real scalar)

y = 0 (1)

� SM SM (2)

4

• Remarkably, only one possibility*

[*real scalar 7-plet ruled out in LDL, Gröber, Kamenik, Nardecchia, 1504.00359] 

n = 5 Majorana fermion with                       [DM mass fixed by SM gauge interactions] m
�

' 14 TeV (1)

y = 0 (2)

� SM SM (3)

4

[Cirelli, Fornengo, Strumia, hep-ph/0512090, …] 

Minimal Dark Matter

3. n such that no                 interactions at the ren. level (    accidentally stable)  

y = 0 (1)

� SM SM (2)

4

y = 0 (1)

� SM SM (2)

4
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• Bound state effects crucial for n > 3 [Mitridate, Redi, Smirnov, Strumia, 1702.01141] 
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Figure 5: Thermal relic DM abundance computed taking into account tree-level scatterings (blue
curve), adding Sommerfeld corrections (red curve), and adding bound state formation (ma-
genta). We consider DM as a fermion SU(2)L triplet (left panel) and as a fermion quintuplet
(right panel). In the first case the SU(2)L-invariant approximation is not good, but it’s enough
to show that bound states have a negligible impact. In the latter case the SU(2)L-invariant
approximation is reasonably good, and adding bound states has a sizeable e↵ect.

relevant for thermal freeze-out, the bound state can be produced by �+�� co-annihilations. In
the SU(2)L-invariant computation this di↵erence arises because we have isospin as an extra
quantum number: the bound state with ` = 0 and I = 1 can be produced from an initial state
with ` = 1, I = 3. As discussed above, the SU(2)L-invariant approximation is not accurate;
nevertheless it su�ces to estimate that the bound-state contribution is negligible.

Fig. 4a compares the approximated binding energy with the one computed numerically
from the full potential of eq. (80). In SU(2)L-invariant approximation the annihilation width
is �ann = 8↵5

2M�, and the production cross section �� ! B1s1� is given by eq. (51) (with
CJ = CT =

p
2) times ↵em/3↵2 to take into account that only the photon can be emitted

(thermal masses do not kinematically block the process), given that the non-thermal masses
MW,Z are much bigger than the binding energy. Even with this rough (over)estimate, bound-
state formation a↵ects the DM relic density by a negligible amount, at the % level. Its e↵ect
is not visible in fig. 5 where we show the DM thermal abundance as function of the DM mass.

7.2 Minimal Dark Matter fermion quintuplet

We next consider the Minimal DM fermionic quintuplet [4]. The DM-DM states formed by two
quintuplets of SU(2)L decompose into the following isospin channels

5⌦ 5 = 1S � 3A � 5S � 7A � 9S. (87)

26

Minimal Dark Matter
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Minimal (Millicharged) Dark Matter
• A millicharge stabilizes (exactly) the DM: � ⇠ (1, n, ✏) (1)

� = 0 (2)

� � · SM · SM (3)

� � · (SM particle) · (SM particle) (4)

� ⌧ 1 (5)

O6 =
c6
⇤2

e↵

qqq` (6)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 1016 GeV (7)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 2⇥ 1016 GeV (8)

O5 =
c5
⇤e↵

``HH (9)

m⌫ ⇠ 0.1 eV �! ⇤e↵ ⇠ c5 ⇥ 6⇥ 1014 GeV (10)

� (11)

���H (12)

Q 6= 0 (13)

Y 6= 0 (14)

m� & 45 GeV (15)

�m . 20 GeV (16)

�5 ⇠
m3

�

⇤2
e↵

⇡ (0.1 s)�1 (17)

�6 ⇠
m5

�

⇤4
e↵

⇡ (1020 s)�1 (18)

3

- n = 3, 5, 7, … thermal production via gauge interactions (and suppressed Z couplings)

� ��
��-��
��-��
��-�
��-�
��-�
��-�
��-�
��-�
��-�
��-�
��-�

�� ���� �� ���

�
���
��
��
��
�

ϵ

�
���
�
�
��
�
��
��
��
��
��
��
��
�

�
���
�
�
��
�
��
��
��
��
��
��
��
�

�
���
�
��
��
�

��
�
��
��
��
��
��
��
��
�

��
��

��
���
���
�

���

����� ��������

Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac
triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical
band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the
outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The
relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two
allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same
mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.
The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is
shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function
of the DM mass. The LUX bound does not apply in the region of parameter space where no DM
particles populate the galactic disk.

existing bounds on self-conjugated multiplets with the same quantum numbers. Constraints on
a (supersymmetric Wino) Majorana triplet, on the MDM Majorana quintuplet, and on the real
scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
enough information on the scalar triplet and fermion eptaplet to determine bounds on these
candidates.

Interestingly, the Dirac triplet with M = 2.00 TeV is allowed by gamma-ray searches even
with the most aggressive choices of DM profile made in Fig. 12 of Ref. [52]. In the assumption
of a cuspy profile, forthcoming experiments like CTA [48] will be able to probe this candidate.
The situation of the Dirac triplet with M = 2.45 TeV is closer to (although worse than) that
of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
cuspy profiles while allowed when choosing a cored profile. The 6.55 TeV Dirac quintuplet is in
the same situation as the Majorana quintuplet, whose mass is given in Eq. (18), i.e. it is badly
excluded with the choice of a cuspy profile, while it is still viable if a cored profile is considered
(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto

12

   bears no effects at colliders

[Del Nobile, Nardecchia, Panci 1512.05353]

✏ (1)

⇤SM+�

(2)

m
�

' 14 TeV (3)

y = 0 (4)

� SM SM (5)

4
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Minimal (Millicharged) Dark Matter

- n = 3, 5, 7, … thermal production via gauge interactions (and suppressed Z couplings)
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Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac
triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical
band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the
outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The
relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two
allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same
mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.
The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is
shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function
of the DM mass. The LUX bound does not apply in the region of parameter space where no DM
particles populate the galactic disk.

existing bounds on self-conjugated multiplets with the same quantum numbers. Constraints on
a (supersymmetric Wino) Majorana triplet, on the MDM Majorana quintuplet, and on the real
scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
enough information on the scalar triplet and fermion eptaplet to determine bounds on these
candidates.

Interestingly, the Dirac triplet with M = 2.00 TeV is allowed by gamma-ray searches even
with the most aggressive choices of DM profile made in Fig. 12 of Ref. [52]. In the assumption
of a cuspy profile, forthcoming experiments like CTA [48] will be able to probe this candidate.
The situation of the Dirac triplet with M = 2.45 TeV is closer to (although worse than) that
of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
cuspy profiles while allowed when choosing a cored profile. The 6.55 TeV Dirac quintuplet is in
the same situation as the Majorana quintuplet, whose mass is given in Eq. (18), i.e. it is badly
excluded with the choice of a cuspy profile, while it is still viable if a cored profile is considered
(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto
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*

* Higgsino DM

**

*** Minimal DM

- mass fixed by relic density [Del Nobile, Nardecchia, Panci 1512.05353]

• A millicharge stabilizes (exactly) the DM: � ⇠ (1, n, ✏) (1)

� = 0 (2)

� � · SM · SM (3)

� � · (SM particle) · (SM particle) (4)

� ⌧ 1 (5)

O6 =
c6
⇤2

e↵

qqq` (6)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 1016 GeV (7)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 2⇥ 1016 GeV (8)

O5 =
c5
⇤e↵

``HH (9)

m⌫ ⇠ 0.1 eV �! ⇤e↵ ⇠ c5 ⇥ 6⇥ 1014 GeV (10)

� (11)

���H (12)

Q 6= 0 (13)

Y 6= 0 (14)

m� & 45 GeV (15)

�m . 20 GeV (16)

�5 ⇠
m3

�

⇤2
e↵

⇡ (0.1 s)�1 (17)

�6 ⇠
m5

�

⇤4
e↵

⇡ (1020 s)�1 (18)

3

RS = Real Scalar 
CS = Complex Scalar
MF = Majorana Fermion 
DF = Dirac Fermion 

� / m
�

[TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [28] 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 collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets 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 number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [29] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [28],
which however do not include e↵ects from bound state formation that are expected to sizeable for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [29]).
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Accidental Matter
• Exotic EW multiplets also motivated by the following phenomenological argument: 

they automatically preserve the accidental (B, L) and approximate (flavour, etc.) symmetry 
structure of the SM, and are hence screened from low-energy indirect probes  

2.1. Massless neutrinos in the SM 11

GeV TeV PeV EeV ZeV YeVZeV

p→πe
EDM

∆mK
µ→eγ

precision tests

hi
er
ar
ch
y

SM
νmass

Figure 2.1: Bounds on the scale ⇤ that suppresses non-renormalizable operators that violate
B,L,CP, Lf , Bf and a↵ect precision data. Maybe the ‘hierarchy problem’ suggests new-physics
around few hundred GeV.

massless neutrinos. This line of reasoning leads to more successful predictions: baryon flavour
and CP are violated in a very specific way, described by the CKM matrix, giving rise (among
other things) to characteristic rates of K0 $ K̄0, B0 $ B̄0 transitions. Since CKM CP violation
is accompanied by flavour mixing, CP-violating e↵ects which do not violate flavour, like electric
dipoles, are strongly suppressed, in agreement with experimental data.2

The Higgs vev breaks SU(2)L ⌦ U(1)Y ! U(1)em

hHi = (0, v) with v ⇡ 174GeV, (2.2)

and gives Dirac masses to charged leptons and quarks3 mass terms mi = �iv

mE `R`L +mD dRdL +mU uRuL

but neutrinos remain massless. Within the SM, neutrinos are fully described by the Lagrangian
term

L̄iD/L

i.e. a kinetic term plus gauge interactions with the massive vector bosons, ⌫̄Z⌫ and ⌫̄W `L.

when discussing baryogenesis in section 10.3. To be less precise, massless neutrinos were already suggested, before
the SM, by the V �A structure of weak interactions.

2Most of these theoretical successes would be lost if extensions of the SM motivated by the hierarchy ‘problems’,
such as the MSSM, will be confirmed by future data.

3Dirac and Majorana quadri-spinors are usually presented following the historical development and notation,
but this is confusing. Quadri-spinors are representations of the Lorentz group and of parity, that was believed to
be an exact symmetry. Since we now know that this is not the case, it is more convenient to use the basic fermion
representations of the Lorentz group: the 2-dimensional Weyl spinors. The only Lorentz invariant mass term that
can be written with a single Weyl fermion  is the Majorana term  2. This mass term breaks a U(1) symmetry
 ! eiq ' under which  might be charged (it could be electric charge, hypercharge, lepton number, ...). For
example, a Majorana neutrino mass is possible if the electric charge of neutrinos is exactly zero. With two Weyl
fermions  and  0 one can write three mass terms:  2,  02 and   0. In many interesting cases (all SM fermions,
except maybe neutrinos) the Lagrangian has an unbroken U(1) symmetry (electromagnetism, in the SM) under
which  and  0 have opposite charges, so that then   0 is the only allowed mass term. It is named ‘Dirac mass
term’, and one can group  and  0 in one 4-component Dirac spinor  = ( ,  ̄0). The electron gets its mass from
a Dirac term, that joins two di↵erent Weyl fermions that are therefore named eL and eR rather than  and  0. If
one knows what is doing this is the simplest notation. Since eL and eR have opposite electric charges one usually
prefers to use names like ‘ēR’ or ‘ecR’ or ‘ecL’ in place of ‘eR’. For a clean recent presentation of Weyl spinors
see [32].

- B and L
- CP
- SU(3)5

- SU(2)C
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Accidental Matter

In particular, in the SM the global GF ⌘ U(3)5 flavor symmetry of quarks and leptons is only
broken by their respective Yukawas (and the gauging of hypercharge). In order not to introduce
new sources of GF breaking, one should only consider GF singlet operator extensions of the SM.
In Sect. 2 we list all d  3 operators involving quark and lepton fields that transform nontriv-
ially under GF and demand that the new degrees of freedom do not couple to any of these at
the renormalizable level. Since both B and L are subgroups of GF the above prescription also
automatically preserves these accidental symmetries of the SM. Furthermore, in most cases this
also ensures the absence of new sources of breaking for both custodial and CP symmetries at
the renormalizable level. The exceptions where new breaking can arise in the scalar potential
are discussed in Sect. 2.2.1.

The relevant Lagrangian is restricted only by imposing the SM gauge and Lorentz invariance,
not by new symmetries. Finally, such theory is assumed to represent a consistent description of
nature up to the cut-o↵ scale ⇤e↵ . In particular, we require that all of the marginal couplings
(in particular the SM gauge couplings) remain perturbative up to ⇤e↵ . The physical idea
behind this requirement is that a Landau pole might be associated with the emergence of some
new, generic dynamics that will break the accidental symmetries of the SM at scales above the
Landau pole. As we show in Sect. 2.4, this condition (together with the cosmological constraints
on stable charged particles) limits the size of the new representations and leads to a finite list
of possible SM extensions.

Spin � QLP Odecay dim(Odecay) ⇤2�loop
Landau[GeV]

0 (1, 1, 0) 0 �HH† 3 � mPl (g1)
0 (1, 3, 0)‡ 0,1 �HH† 3 � mPl (g1)
0 (1, 4, 1/2)‡ -1,0,1,2 �HH†H† 4 � mPl (g1)
0 (1, 4, 3/2)‡ 0,1,2,3 �H†H†H† 4 � mPl (g1)
0 (1, 2, 3/2) 1,2 �H†``, �†H†ecec, Dµ�†`†�µec 5 � mPl (g1)
0 (1, 2, 5/2) 2,3 �†Hecec 5 � mPl (g1)
0 (1, 5, 0) 0,1,2 �HHH†H†, �W µ⌫Wµ⌫ , �3H†H 5 � mPl (g1)
0 (1, 5, 1) -1,0,1,2,3 �†HHHH†, ���†H†H† 5 � mPl (g1)
0 (1, 5, 2) 0,1,2,3,4 �†HHHH 5 3.5⇥ 1018 (g1)
0 (1, 7, 0)? 0,1,2,3 �3H†H 5 1.4⇥ 1016 (g2)
1/2 (1, 4, 1/2) -1 �c`HH, �`H†H, ��µ⌫`Wµ⌫ 5 8.1⇥ 1018 (g2)
1/2 (1, 4, 3/2) 0 �`H†H† 5 2.7⇥ 1015 (g1)
1/2 (1, 5, 0) 0 �`HHH†, ��µ⌫`HWµ⌫ 6 8.3⇥ 1017 (g2)

Table 1: List of new weak-scale uncolored states � which can couple to SM fields at the
renormalizable level without breaking GF , and which are compatible with cosmology and an
EFT cut-o↵ scale of ⇤e↵ ' 1015 GeV. The possible electromagnetic charges of the LP in the
multiplet are denoted by QLP, while Odecay denotes the lowest dimensional operators responsible
for the decay of �. States with Y = 0 are understood to be real. In the last column, the Landau
pole has been estimated at two loops by integrating in the new multiplet at the scale of the Z
boson mass mZ , while the symbol in the bracket stands for the gauge coupling, g1,2,3, triggering
the Landau pole and mPl = 1.22 ⇥ 1019 GeV is the Planck mass. The states marked with ‡
and ? are constrained by EW precision tests and BBN, respectively, to lie possibly beyond the
LHC reach.

4

• Exotic EW multiplets also motivated by the following phenomenological argument: 

[LDL, Gröber, Kamenik, Nardecchia, 1504.00359] 

they automatically preserve the accidental (B, L) and approximate (flavour, etc.) symmetry 
structure of the SM, and are hence screened from low-energy indirect probes  
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• Particularly challenging if the lightest particle in the n-plet is neutral !

Direct searches
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Figure 3. Illustration of some Feynman diagrams for monophoton processes.

Cuts 14 TeV 100 TeV 3 ab�1 100 TeV 30 ab�1

6ET [TeV] 0.3� 1 1� 3 1� 3.5

pT (�) [GeV] 200� 500 500� 700 500� 700

⌘� 1.45 1.45 1.45

�� 2 2 2

pT (j) [GeV] 30 100 100

pT (`) [GeV] 20 20 20

pT (⌧) [GeV] 30 40 40

Table 2. Analysis cuts for the monophoton search at 14 TeV and 100 TeV
colliders.

We first compare our procedure with the Cms analysis at 8 TeV with
L = 19.6 fb�1 [52]. The cuts that we implement are listed below (the precise
values that we choose are those of [52]). While we find good agreement for
the background �W (`⌫), our estimate for the �Z(⌫̄⌫) one is a factor 1.35
larger than that in [52]. This could be due to the fact that we are missing
some selection cuts on the photon that are particularly di�cult to implement
in our analysis. Similar results have been found in the phenomenological
studies [56, 57].

For the projections at 14 TeV and 100 TeV colliders, we compute the
background events including only �Z(⌫̄⌫) and �W (`⌫) processes (which in
the Cms analysis at 8 TeV account for ⇠ 75% of the total background
events [52]). We therefore caution that some degree of uncertainty in the back-
ground estimation is present in our analysis. Still our computations should be
a reasonable estimate of the potential reach of future hadron colliders with
the monophoton search.

The analysis cuts that we impose are:

� we require missing transverse energy > 6ET ,
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Figure 5. Illustration of some Feynman diagrams for VBF processes.

we analyse, the monophoton one turns out to be that with the lowest mass
reach.

3.3.3 Vector boson fusion

Vector boson fusion processes have been investigated by the Cms collabo-
ration at Lhc-8 in order to search for invisible decay channels of the Higgs
boson [54]. This channel can be exploited also to look for Dark Matter parti-
cles with electroweak interactions, like the candidate we are considering. VBF
processes are characterized by two forward jets in opposite hemispheres (i.e.
well separated in pseudorapidity), and with a large invariant mass. Cuts on
these variables as well as the requirement of large 6ET are used in order to
reduce the SM background.

Examples of diagrams relevant for this search6 are shown in Fig. 5. The
dominant backgrounds result from Z(⌫⌫̄)+jets and W(`⌫)+jets (where the
lepton is lost) events. For example in the search of Cms at 8 TeV [54] they
constitute ⇠ 85% of the total.

We simulate the Z(⌫⌫̄)+jets and W(`⌫)+jets backgrounds as well the
signal for di↵erent Dark Matter masses at 14 and 100 TeV. As a check, we
verify that we reproduce with good agreement the background counts of [54].
Like for the case of the monojet analysys, we first scan over several cuts on
the kinematical variables, in order to optimize the sensitivity to the DM

6Notice that, despite the conventional name of the channel, also diagrams not properly
originating from two vector bosons contribute to the signal (and also background) events.
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Figure 1. Illustration of some Feynman diagrams for monojet processes.

background and � for the signal. We then consider two possible scenarios:
an optimistic one, corresponding to ↵ = 1%, and a more conservative one,
where we fix ↵ = 5%. For the monojet and monophoton analyses, this sec-
ond value is in line with the systematics quoted by current experimental
searches, see [50, 51] and [52, 53] respectively. For the VBF analysis it in-
stead corresponds to a moderate improvement with respect to the present
situation, which we infer from invisible Higgs decay searches [54], given that
analogous DM searches in VBF have not yet been published. For simplicity
of exposition, we stick to the same value of 5% also for this last analysis.
The disappearing tracks channel deserves special scrutiny, and we refer to
Sect. 3.3.4 for a discussion of the systematic uncertainties associated with
the backgrounds. Concerning the signals, we assume � = 10% for all the
analyses under consideration, and this has only a marginal impact on our
results.

3.3 Analyses and results

3.3.1 Monojet

Monojet searches require a hard central jet and large 6ET , and they have been
performed at the 8 TeV Lhc by the Atlas and Cms collaborations [50,51].

The signal is produced by processes like those in Fig. 1. The domi-
nant backgrounds are Z+jets with the Z boson decaying into neutrinos, and
W+jets with the W decaying leptonically and the lepton is either undetected
(too soft or close to the beam axis) or mistagged. Further background pro-
cesses, which in [50,51] account for less than 2% of the total event rate, are:
tt̄, Z(``)+jets, single t and QCD multijets. We discard these subdominant
backgrounds from our analysis.

We first validate our simulation against the analysis of Ref. [50] performed
at 8 TeV with L = 19.6 fb�1

. We find a good agreement in the expected
number of Z(⌫⌫̄)+jets and W(`⌫)+jets background events, after applying
the analysis cuts.

We simulate the backgrounds and the signal at 14 TeV and 100 TeV and,

8

- Hadron colliders: Mono-x searches + VBF + disappearing tracks

[For “Wino-like DM” see e.g. Cirelli, Sala, Taoso 1407.7058 - DT updates in 1703.05327, 1703.09675, 1812.07831]
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Fig. 47: For the GC gamma ray line search of HESS [303], the lighter shading is the exclusion assuming a
NFW profile, the darker one assuming a Burkert profile. The FERMI bound from a gamma continuum from dwarf
spheroidal galaxies [365] also suffer from some astrophysical uncertainties [366], so the lighter shading.

Direct and Indirect DM detection. The most recent cross section computation for the spin inde-
pendent scattering of an EW fermion triplet with a nucleon gives [359] �

SI

= (2.3 ± 0.5) ⇥ 10

�47

cm

2.
This value is out of reach at any current and planned experiment [293], for masses larger than 500 GeV.

Concerning indirect detection, gamma rays from the Galactic Center (as first recognized in [162,
163] for lines) and dwarf spheroidal galaxies are, at present, the most promising probes. We show the
reach of two most relevant searches of this kind in fig. 47, also to compare them with the previously
discussed collider and DD reaches. We show there also the weaker reach of antiprotons from AMS-
02 [360], for comparison. As far as we know today, a very promising (gamma-ray) telescope to probe
this model in the future appears to be CTA, expected to start taking data in 2018 [367]. Whether it will
exclude or not a pure-Wino, as 100% of the DM, depends mostly on the control on the astrophysical
uncertainties that will be achieved by then.

4.3.3 Weak Gauge Bosons 3: Fiveplet DM
While the doublet and triplet DM models discussed so far can decay to the SM through dimension
5 operators, a fiveplet of SU(2) can only decay through a dimension 6 operator, thus guaranteeing a
sufficiently long lifetime of the DM even if the global Z

2

symmetry which makes it stable is broken at
the Planck scale.

We define the fiveplet, � as � =

�
�++, �+, �0, ��, ����

. At the renormalizable level, the size
of the representation restricts the Lagrangian to

L = LSM + c�̄
�
ı /D � M

�
�, (40)

where M is the mass of the fiveplet and the constant, c, is 1/2 or 1 depending on whether �0 is Majorana
or Dirac, respectively. The mass degeneracy of the multiplet is broken at one loop by the gauge bosons.
For masses of the multiplet M � mW the singly charged component lies ⇠ 166 MeV above the neutral
component; the doubly charged state is heavier than the neutral state by ⇠ 664 MeV. These small mass
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- Hadron colliders: Mono-x searches + VBF + disappearing tracks

- Lepton colliders: Mono-photon + (short) disappearing tracks

• Particularly challenging if the lightest particle in the n-plet is neutral !
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Short (disappearing) tracks
Alipour-Fard, Craig + RF 
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95% C.L. (Assuming Zero Background)

thermal relic DM

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 N

evts

= 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.

380 GeV
1.5 TeV
3.0 TeV

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. 74: The 95% CLIC exclusion reach for pure higgsinos in each of the eight analysis strategies,
assuming zero background in each analysis.

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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[See also talk by R. Franceschini yesterday]
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� / m
�

[TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [28] 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 collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets 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 number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [29] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [28],
which however do not include e↵ects from bound state formation that are expected to sizeable for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [29]).
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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 N

evts

= 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. 74: The 95% CLIC exclusion reach for pure higgsinos in each of the eight analysis strategies,
assuming zero background in each analysis.

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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• Universal corrections to 2 → 2 fermion scattering  

Indirect probes of new EW states
[See also Harigaya et al, 1504.03402
Matsumoto et al 1711.05449] 

errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e+e� machines like the
Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.

2 Physics case for new EW multiplets
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representa-
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�
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extremely predictive.
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2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.
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The operator involving three field strength tensors of W a
µ⌫ induces anomalous triple gauge cou-

plings �WW and ZWW (with �, W and Z being photon, W and Z bosons), which a↵ect e.g. the
process e�e+ ! W�W+. For

p
s = 1 � 5TeV and the integrated luminosity L = 1ab�1, it has

been shown that ⇤3W = 5� 10TeV can be probed through the process [32, 33]. On the other hand,
as the operators involving two field strength tensors of W a

µ⌫ or Bµ⌫ become four Fermi-interactions
via the equations of motions of the gauge fields, the operators also a↵ect the processes e�e+ ! ff̄
(with f being the SM fermion). Through these processes, the suppression scales can be probed up to
⇤2W,2B ⇠ 30(

p
s/1TeV)1/2(L/1 ab�1)1/4TeV, as we will see in the next section. We therefore expect

that these di-fermion production processes will be better to probe the EWIMP indirectly.

2.2 Corrections to di-fermion production processes

According to the argument in the previous subsection, we focus on the SM processes e�e+ ! ff̄ in
this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current
direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process
gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be
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preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically
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]

L
e↵

= L
SM

+
g

2

C

e↵

WW

8
W

a

µ⌫

⇧(�D

2

/m

2

�

)W aµ⌫ +
g

02
C

e↵

BB

8
B

µ⌫

⇧(�@

2

/m

2

�

)Bµ⌫

, (1)

where C

e↵

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

�

)

⇧(x) =

8
<

:
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8(x�3)+3x(x�4
x

)
3/2

log

⇣
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2

⇣⇣p
x�4
x

�1

⌘
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144⇡
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(scalars)
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12+5x+3
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(x+2) log
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1
2

⇣⇣p
x�4
x
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⌘
x+2

⌘⌘

288⇡

2
x

(fermions)
, (2)

3These 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.

5* we neglect mass splitting within the n-plet [ok for n > 3 fermions, not necessarily a good approx for light scalars]

3.1 Form factors

The modifications of the EW gauge boson propagators due to the new state � ⇠ (1, n, y) is
parametrized via the inclusion of the following form factors in the e↵ective Lagrangian

Le↵ = LSM +
g2Ce↵

WW

8
W a

µ⌫

⇧(�D2/m2
�

)W aµ⌫ +
g02Ce↵

BB

8
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⇧(�@2/m2
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)Bµ⌫ , (12)

where
Ce↵

WW

= (n3 � n)/6 , Ce↵
BB

= 2ny2 , (13)

and  = 1/2, 1, 4, 8, respectively for � being a real scalar (RS), complex scalar (CS), Majorana
fermion (MF), Dirac fermion (DF).

The contribution of � to the EW gauge boson propagators is purely transversal and the MS
renormalized form factors are (respectively for the case of a scalar and a fermion running in
the loop):

⇧
S
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3x log
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µ
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288⇡2x
. (15)

Here x = q2/m2
�

, where q is the external momentum of the gauge boson propagator and µ is
the renormalization scale. A useful choice is µ = m

�

, which ensures that the form factors ⇧
S,F

vanish for x = 0. This choice is henceforth assumed. The behavior of the ⇧
S,F

form factors is
shown in Fig. 1.

In the EFT limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2), both for scalar
and fermions. Since ⇧(0) = 0 there is no contribution to the oblique parameters S, T , U [4],
while W and Y [5], which correspond to the Wilson coe�cients of the dimension-6 operators

� W

4m2
W

�
D
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�2
and � Y

4m2
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(@
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B
µ⌫
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g2Ce↵

WW

960⇡2

m2
W

m2
�

, Y =
g02Ce↵

BB

960⇡2

m2
W

m2
�

. (16)

For x & 1 the EFT breaks down and hence the full momentum dependence of the form factor
must be taken into account. For x � 4 the momentum is above the pair-production threshold
and the form factors develop an imaginary part (cf. Fig. 1).

It is interesting to notice that for 1 . x . 4 the full form factors are (significantly) larger
than the EFT approximation (compare the blue and red lines with the black line in Fig. 1). This
means that indirect searches for multiplets with a mass close to the pair production threshold
tend to be significantly more sensitive than what the EFT approximation would suggest.

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. (11) onto the gauge boson mass eigenstates �, Z,W

Le↵ = LSM +
X

V,V

0=�,Z

d
V V

0

4
V
µ⌫

⇧(�@2/m2
�

)V 0µ⌫ +
d
WW

2
W+

µ⌫

⇧(�@2/m2
�

)W�µ⌫ , (17)
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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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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
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require that potential terms allowed by gauge invariance are subleading.
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3.1 Form factors

The modifications of the EW gauge boson propagators due to the new state � ⇠ (1, n, y) is
parametrized via the inclusion of the following form factors in the e↵ective Lagrangian
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and  = 1/2, 1, 4, 8, respectively for � being a real scalar (RS), complex scalar (CS), Majorana
fermion (MF), Dirac fermion (DF).

The contribution of � to the EW gauge boson propagators is purely transversal and the MS
renormalized form factors are (respectively for the case of a scalar and a fermion running in
the loop):
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Here x = q2/m2
�

, where q is the external momentum of the gauge boson propagator and µ is
the renormalization scale. A useful choice is µ = m

�

, which ensures that the form factors ⇧
S,F

vanish for x = 0. This choice is henceforth assumed. The behavior of the ⇧
S,F

form factors is
shown in Fig. 1.

In the EFT limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2), both for scalar
and fermions. Since ⇧(0) = 0 there is no contribution to the oblique parameters S, T , U [4],
while W and Y [5], which correspond to the Wilson coe�cients of the dimension-6 operators
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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. For x � 4 the momentum is above the pair-production threshold
and the form factors develop an imaginary part (cf. Fig. 1).

It is interesting to notice that for 1 . x . 4 the full form factors are (significantly) larger
than the EFT approximation (compare the blue and red lines with the black line in Fig. 1). This
means that indirect searches for multiplets with a mass close to the pair production threshold
tend to be significantly more sensitive than what the EFT approximation would suggest.

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. (8) onto the gauge boson mass eigenstates �, Z,W
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and  = 1/2, 1, 4, 8, respectively for � being a real scalar (RS), complex scalar (CS), Majorana
fermion (MF), Dirac fermion (DF).

The contribution of � to the EW gauge boson propagators is purely transversal and the MS
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In the EFT limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2), both for scalar
and fermions. Since ⇧(0) = 0 there is no contribution to the oblique parameters S, T , U [4],
while W and Y [5], which correspond to the Wilson coe�cients of the dimension-6 operators
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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. For x � 4 the momentum is above the pair-production threshold
and the form factors develop an imaginary part (cf. Fig. 1).

It is interesting to notice that for 1 . x . 4 the full form factors are (significantly) larger
than the EFT approximation (compare the blue and red lines with the black line in Fig. 1). This
means that indirect searches for multiplets with a mass close to the pair production threshold
tend to be significantly more sensitive than what the EFT approximation would suggest.

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. (9) onto the gauge boson mass eigenstates �, Z,W
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preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically
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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= 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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3These 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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- Full kinematical dependence

preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically
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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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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Figure 1: Kinematical dependence of the form factor for fermions (red) and scalars (blue)
running in the loop, and in the EFT limit (black). Full and dashed lines denote respectively real
and imaginary part of the form factor.
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Given the SM amplitude for a 2 ! 2 fermion process, the e↵ects of the new particle � can be
systematically accounted for by substituting the tree-level EW gauge boson propagators with
the modified ones in Eqs. (15)–(16). The leading correction to the SM cross-section comes from
the interference with the SM amplitude, therefore it is due to real part of the form factor.

Note, also, that the contribution of the coe�cient Ce↵
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typically gives the strongest con-
straint (this is for instance the case for the EW states introduced in Sect. 2). The reason
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preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically
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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- Full kinematical dependence

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

L
e↵

= L
SM

+
g

2

C

e↵

WW

8
W

a

µ⌫

⇧(�D

2

/m

2

�

)W aµ⌫ +
g

02
C

e↵

BB

8
B

µ⌫

⇧(�@

2

/m

2

�

)Bµ⌫

, (1)

where C

e↵

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

�

)

⇧(x) =

8
<

:
�

8(x�3)+3x(x�4
x

)
3/2

log

⇣
1
2

⇣⇣p
x�4
x

�1

⌘
x+2

⌘⌘

144⇡

2
x

(scalars)

�
12+5x+3

p
x�4
x

(x+2) log

⇣
1
2

⇣⇣p
x�4
x

�1

⌘
x+2

⌘⌘

288⇡

2
x

(fermions)
, (2)

3These 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.

5

Fermion
Scalar
EFT

� � � � �
������

������

������

������

������

������

������

�
-
Π
(�
)

Figure 1: Kinematical dependence of the form factor for fermions (red) and scalars (blue)
running in the loop, and in the EFT limit (black). Full and dashed lines denote respectively real
and imaginary part of the form factor.
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Given the SM amplitude for a 2 ! 2 fermion process, the e↵ects of the new particle � can be
systematically accounted for by substituting the tree-level EW gauge boson propagators with
the modified ones in Eqs. (15)–(16). The leading correction to the SM cross-section comes from
the interference with the SM amplitude, therefore it is due to real part of the form factor.

Note, also, that the contribution of the coe�cient Ce↵
WW

typically gives the strongest con-
straint (this is for instance the case for the EW states introduced in Sect. 2). The reason
depends in part on the hierarchy of the gauge couplings g2/g02 ⇠ 3 and, more in general, on
the fact that in the large n and y limit the e↵ective coe�cients scale like Ce↵

WW

⇠ n3 and
Ce↵

BB

⇠ ny2. So, unless the hypercharge is exotically large (or both n and y are exotically large)
the contribution of Ce↵

BB

is subleading. Moreover, one expects that for some large values of n
or y perturbativity breaks down. This issue is analysed in Appendix A, where we find that n
up to 9 can still be considered to be in the perturbative domain.

Although we will present the mass exclusions as a function of the dimensionality n of an irre-
ducible SU(2)

L

representation, it is possible to recast our results for a generic SU(2)
L

reducible
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where x = s/m

2, 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),
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 [�0.95, 0.95]. 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
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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 P
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e

+-beam is completely right-handed polarized (P
e

+ = +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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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e+-beam is completely right-handed polarized (P
e

+ = +1).
For our analysis it turns out to be helpful to have negative e� polarization and positive e+

polarization, since this configuration enhances the e+e� ! ff cross-section. The Higgs program
at CLIC prefers P

e

� = �80%, while for a measurement of top quark couplings P
e

� = +80% is
preferable. It can be assumed that 4/5 of the time will be devoted to the Higgs program so we
will use as a benchmark P

e

� = �80%, with an e↵ective luminosity of L = 2 ab�1 for CLIC-2
and L = 4 ab�1 for CLIC-3 [38]. We further rescale the latter luminosities by a 0.6 factor,
in order to account for beam e↵ects.7 There is also the possibility of positron polarization
at a lower level, although positron polarization is not part of the baseline CLIC design [37].
To this end we will consider either P

e

+ = 0% or P
e

+ = 30% (the latter corresponding to the
configuration employed in Table 1).

The option of a muon collider was recently revived8 thanks to new proposals for muon
sources. In particular, the proposal of a low emittance muon source from positron scattering
on a target, LEMMA [21–23], allows to reach centre-of-mass energies above 10 TeV [40]. As
a benchmark we choose a 14 TeV collider option with a luminosity of L = 20 ab�1. For
comparison we vary the luminosity by factors of 1/4, 1/2 and 4, and we consider even a higher
energy option of

p
s = 30 TeV for various values of the luminosity.9

Following Ref. [14] we perform a binned likelihood analysis on the di↵erential cross section
of the process `+`� ! ff with respect to the cosine of the scattering angle ✓. In particular, we
divide the latter in 10 uniform intervals for cos ✓ 2 [�0.95, 0.95]. For the final states we assume
the following detection e�ciencies: 100% for leptons, 80% for b-jets and 50% for c-jets. For
our numerical analysis we compute the cross sections at LO. Our bounds are however in good
agreement with the ones of Ref. [14], which includes NLO corrections. This shows that NLO
e↵ects have only a small impact on the results.

5.1 Results: e+e� collider

The results are displayed in Fig. 7 where we show the 95% CL exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for 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%, we rescaled the luminosities
by a 0.6 factor due to beam e↵ects and considered the polarization fractions P

e

� = �80% and
P
e

+ = 0 (+30%).
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. 1).

7We thank Jorge De Blas for correspondence about this point.
8For a recent phenomenological analysis pointing out the advantages of a muon collider see Ref. [39].
9We thank Andrea Wulzer for correspondence about possible luminosity benchmarks.
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• Binned likelihood analysis of                  as a function of 

Angular distributions
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where x = s/m

2, 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),
both for scalar and fermions. Since ⇧(0) = 0 there is no contribution to the oblique param-
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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 [�0.95, 0.95]. 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 �
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where NSM+BSM
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(NSM
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) 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
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e

+-beam is completely right-handed polarized (P
e

+ = +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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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e+-beam is completely right-handed polarized (P
e

+ = +1).
For our analysis it turns out to be helpful to have negative e� polarization and positive e+

polarization, since this configuration enhances the e+e� ! ff cross-section. The Higgs program
at CLIC prefers P

e

� = �80%, while for a measurement of top quark couplings P
e

� = +80% is
preferable. It can be assumed that 4/5 of the time will be devoted to the Higgs program so we
will use as a benchmark P

e

� = �80%, with an e↵ective luminosity of L = 2 ab�1 for CLIC-2
and L = 4 ab�1 for CLIC-3 [38]. We further rescale the latter luminosities by a 0.6 factor,
in order to account for beam e↵ects.7 There is also the possibility of positron polarization
at a lower level, although positron polarization is not part of the baseline CLIC design [37].
To this end we will consider either P

e

+ = 0% or P
e

+ = 30% (the latter corresponding to the
configuration employed in Table 1).

The option of a muon collider was recently revived8 thanks to new proposals for muon
sources. In particular, the proposal of a low emittance muon source from positron scattering
on a target, LEMMA [21–23], allows to reach centre-of-mass energies above 10 TeV [40]. As
a benchmark we choose a 14 TeV collider option with a luminosity of L = 20 ab�1. For
comparison we vary the luminosity by factors of 1/4, 1/2 and 4, and we consider even a higher
energy option of

p
s = 30 TeV for various values of the luminosity.9

Following Ref. [14] we perform a binned likelihood analysis on the di↵erential cross section
of the process `+`� ! ff with respect to the cosine of the scattering angle ✓. In particular, we
divide the latter in 10 uniform intervals for cos ✓ 2 [�0.95, 0.95]. For the final states we assume
the following detection e�ciencies: 100% for leptons, 80% for b-jets and 50% for c-jets. For
our numerical analysis we compute the cross sections at LO. Our bounds are however in good
agreement with the ones of Ref. [14], which includes NLO corrections. This shows that NLO
e↵ects have only a small impact on the results.

5.1 Results: e+e� collider

The results are displayed in Fig. 7 where we show the 95% CL exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for 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%, we rescaled the luminosities
by a 0.6 factor due to beam e↵ects and considered the polarization fractions P

e

� = �80% and
P
e

+ = 0 (+30%).
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. 1).

7We thank Jorge De Blas for correspondence about this point.
8For a recent phenomenological analysis pointing out the advantages of a muon collider see Ref. [39].
9We thank Andrea Wulzer for correspondence about possible luminosity benchmarks.
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• Cross-section of an         polarized beam  

Role of beam polarization
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e+-beam is completely right-handed polarized (P
e

+ = +1).
For our analysis it turns out to be helpful to have negative e� polarization and positive e+

polarization, since this configuration enhances the e+e� ! ff cross-section. The Higgs program
at CLIC prefers P

e

� = �80%, while for a measurement of top quark couplings P
e

� = +80% is
preferable. It can be assumed that 4/5 of the time will be devoted to the Higgs program so we
will use as a benchmark P

e

� = �80%, with an e↵ective luminosity of L = 2 ab�1 for CLIC-2
and L = 4 ab�1 for CLIC-3 [38]. We further rescale the latter luminosities by a 0.6 factor,
in order to account for beam e↵ects.7 There is also the possibility of positron polarization
at a lower level, although positron polarization is not part of the baseline CLIC design [37].
To this end we will consider either P

e

+ = 0% or P
e

+ = 30% (the latter corresponding to the
configuration employed in Table 1).

The option of a muon collider was recently revived8 thanks to new proposals for muon
sources. In particular, the proposal of a low emittance muon source from positron scattering
on a target, LEMMA [21–23], allows to reach centre-of-mass energies above 10 TeV [40]. As
a benchmark we choose a 14 TeV collider option with a luminosity of L = 20 ab�1. For
comparison we vary the luminosity by factors of 1/4, 1/2 and 4, and we consider even a higher
energy option of

p
s = 30 TeV for various values of the luminosity.9

Following Ref. [14] we perform a binned likelihood analysis on the di↵erential cross section
of the process `+`� ! ff with respect to the cosine of the scattering angle ✓. In particular, we
divide the latter in 10 uniform intervals for cos ✓ 2 [�0.95, 0.95]. For the final states we assume
the following detection e�ciencies: 100% for leptons, 80% for b-jets and 50% for c-jets. For
our numerical analysis we compute the cross sections at LO. Our bounds are however in good
agreement with the ones of Ref. [14], which includes NLO corrections. This shows that NLO
e↵ects have only a small impact on the results.

5.1 Results: e+e� collider

The results are displayed in Fig. 7 where we show the 95% CL exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for 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%, we rescaled the luminosities
by a 0.6 factor due to beam e↵ects and considered the polarization fractions P

e

� = �80% and
P
e

+ = 0 (+30%).
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. 1).

7We thank Jorge De Blas for correspondence about this point.
8For a recent phenomenological analysis pointing out the advantages of a muon collider see Ref. [39].
9We thank Andrea Wulzer for correspondence about possible luminosity benchmarks.
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e+-beam is completely right-handed polarized (P
e

+ = +1).
For our analysis it turns out to be helpful to have negative e� polarization and positive e+

polarization, since this configuration enhances the e+e� ! ff cross-section. The Higgs program
at CLIC prefers P

e

� = �80%, while for a measurement of top quark couplings P
e

� = +80% is
preferable. It can be assumed that 4/5 of the time will be devoted to the Higgs program so we
will use as a benchmark P

e

� = �80%, with an e↵ective luminosity of L = 2 ab�1 for CLIC-2
and L = 4 ab�1 for CLIC-3 [38]. We further rescale the latter luminosities by a 0.6 factor,
in order to account for beam e↵ects.7 There is also the possibility of positron polarization
at a lower level, although positron polarization is not part of the baseline CLIC design [37].
To this end we will consider either P

e

+ = 0% or P
e

+ = 30% (the latter corresponding to the
configuration employed in Table 1).

The option of a muon collider was recently revived8 thanks to new proposals for muon
sources. In particular, the proposal of a low emittance muon source from positron scattering
on a target, LEMMA [21–23], allows to reach centre-of-mass energies above 10 TeV [40]. As
a benchmark we choose a 14 TeV collider option with a luminosity of L = 20 ab�1. For
comparison we vary the luminosity by factors of 1/4, 1/2 and 4, and we consider even a higher
energy option of

p
s = 30 TeV for various values of the luminosity.9

Following Ref. [14] we perform a binned likelihood analysis on the di↵erential cross section
of the process `+`� ! ff with respect to the cosine of the scattering angle ✓. In particular, we
divide the latter in 10 uniform intervals for cos ✓ 2 [�0.95, 0.95]. For the final states we assume
the following detection e�ciencies: 100% for leptons, 80% for b-jets and 50% for c-jets. For
our numerical analysis we compute the cross sections at LO. Our bounds are however in good
agreement with the ones of Ref. [14], which includes NLO corrections. This shows that NLO
e↵ects have only a small impact on the results.

5.1 Results: e+e� collider

The results are displayed in Fig. 7 where we show the 95% CL exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for 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%, we rescaled the luminosities
by a 0.6 factor due to beam e↵ects and considered the polarization fractions P

e

� = �80% and
P
e

+ = 0 (+30%).
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. 1).

7We thank Jorge De Blas for correspondence about this point.
8For a recent phenomenological analysis pointing out the advantages of a muon collider see Ref. [39].
9We thank Andrea Wulzer for correspondence about possible luminosity benchmarks.
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• Cross-section of an         polarized beam  

Role of beam polarization
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e+-beam is completely right-handed polarized (P
e

+ = +1).
For our analysis it turns out to be helpful to have negative e� polarization and positive e+

polarization, since this configuration enhances the e+e� ! ff cross-section. The Higgs program
at CLIC prefers P

e

� = �80%, while for a measurement of top quark couplings P
e

� = +80% is
preferable. It can be assumed that 4/5 of the time will be devoted to the Higgs program so we
will use as a benchmark P

e

� = �80%, with an e↵ective luminosity of L = 2 ab�1 for CLIC-2
and L = 4 ab�1 for CLIC-3 [38]. We further rescale the latter luminosities by a 0.6 factor,
in order to account for beam e↵ects.7 There is also the possibility of positron polarization
at a lower level, although positron polarization is not part of the baseline CLIC design [37].
To this end we will consider either P

e

+ = 0% or P
e

+ = 30% (the latter corresponding to the
configuration employed in Table 1).

The option of a muon collider was recently revived8 thanks to new proposals for muon
sources. In particular, the proposal of a low emittance muon source from positron scattering
on a target, LEMMA [21–23], allows to reach centre-of-mass energies above 10 TeV [40]. As
a benchmark we choose a 14 TeV collider option with a luminosity of L = 20 ab�1. For
comparison we vary the luminosity by factors of 1/4, 1/2 and 4, and we consider even a higher
energy option of

p
s = 30 TeV for various values of the luminosity.9

Following Ref. [14] we perform a binned likelihood analysis on the di↵erential cross section
of the process `+`� ! ff with respect to the cosine of the scattering angle ✓. In particular, we
divide the latter in 10 uniform intervals for cos ✓ 2 [�0.95, 0.95]. For the final states we assume
the following detection e�ciencies: 100% for leptons, 80% for b-jets and 50% for c-jets. For
our numerical analysis we compute the cross sections at LO. Our bounds are however in good
agreement with the ones of Ref. [14], which includes NLO corrections. This shows that NLO
e↵ects have only a small impact on the results.

5.1 Results: e+e� collider

The results are displayed in Fig. 7 where we show the 95% CL exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for 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%, we rescaled the luminosities
by a 0.6 factor due to beam e↵ects and considered the polarization fractions P

e

� = �80% and
P
e

+ = 0 (+30%).
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. 1).

7We thank Jorge De Blas for correspondence about this point.
8For a recent phenomenological analysis pointing out the advantages of a muon collider see Ref. [39].
9We thank Andrea Wulzer for correspondence about possible luminosity benchmarks.
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e+-beam is completely right-handed polarized (P
e

+ = +1).
For our analysis it turns out to be helpful to have negative e� polarization and positive e+

polarization, since this configuration enhances the e+e� ! ff cross-section. The Higgs program
at CLIC prefers P

e

� = �80%, while for a measurement of top quark couplings P
e

� = +80% is
preferable. It can be assumed that 4/5 of the time will be devoted to the Higgs program so we
will use as a benchmark P

e

� = �80%, with an e↵ective luminosity of L = 2 ab�1 for CLIC-2
and L = 4 ab�1 for CLIC-3 [38]. We further rescale the latter luminosities by a 0.6 factor,
in order to account for beam e↵ects.7 There is also the possibility of positron polarization
at a lower level, although positron polarization is not part of the baseline CLIC design [37].
To this end we will consider either P

e

+ = 0% or P
e

+ = 30% (the latter corresponding to the
configuration employed in Table 1).

The option of a muon collider was recently revived8 thanks to new proposals for muon
sources. In particular, the proposal of a low emittance muon source from positron scattering
on a target, LEMMA [21–23], allows to reach centre-of-mass energies above 10 TeV [40]. As
a benchmark we choose a 14 TeV collider option with a luminosity of L = 20 ab�1. For
comparison we vary the luminosity by factors of 1/4, 1/2 and 4, and we consider even a higher
energy option of

p
s = 30 TeV for various values of the luminosity.9

Following Ref. [14] we perform a binned likelihood analysis on the di↵erential cross section
of the process `+`� ! ff with respect to the cosine of the scattering angle ✓. In particular, we
divide the latter in 10 uniform intervals for cos ✓ 2 [�0.95, 0.95]. For the final states we assume
the following detection e�ciencies: 100% for leptons, 80% for b-jets and 50% for c-jets. For
our numerical analysis we compute the cross sections at LO. Our bounds are however in good
agreement with the ones of Ref. [14], which includes NLO corrections. This shows that NLO
e↵ects have only a small impact on the results.

5.1 Results: e+e� collider

The results are displayed in Fig. 7 where we show the 95% CL exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for 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%, we rescaled the luminosities
by a 0.6 factor due to beam e↵ects and considered the polarization fractions P

e

� = �80% and
P
e

+ = 0 (+30%).
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. 1).

7We thank Jorge De Blas for correspondence about this point.
8For a recent phenomenological analysis pointing out the advantages of a muon collider see Ref. [39].
9We thank Andrea Wulzer for correspondence about possible luminosity benchmarks.
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• Cross-section of an         polarized beam  

Role of beam polarization
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e+-beam is completely right-handed polarized (P
e

+ = +1).
For our analysis it turns out to be helpful to have negative e� polarization and positive e+

polarization, since this configuration enhances the e+e� ! ff cross-section. The Higgs program
at CLIC prefers P

e

� = �80%, while for a measurement of top quark couplings P
e

� = +80% is
preferable. It can be assumed that 4/5 of the time will be devoted to the Higgs program so we
will use as a benchmark P

e

� = �80%, with an e↵ective luminosity of L = 2 ab�1 for CLIC-2
and L = 4 ab�1 for CLIC-3 [38]. We further rescale the latter luminosities by a 0.6 factor,
in order to account for beam e↵ects.7 There is also the possibility of positron polarization
at a lower level, although positron polarization is not part of the baseline CLIC design [37].
To this end we will consider either P

e

+ = 0% or P
e

+ = 30% (the latter corresponding to the
configuration employed in Table 1).

The option of a muon collider was recently revived8 thanks to new proposals for muon
sources. In particular, the proposal of a low emittance muon source from positron scattering
on a target, LEMMA [21–23], allows to reach centre-of-mass energies above 10 TeV [40]. As
a benchmark we choose a 14 TeV collider option with a luminosity of L = 20 ab�1. For
comparison we vary the luminosity by factors of 1/4, 1/2 and 4, and we consider even a higher
energy option of

p
s = 30 TeV for various values of the luminosity.9

Following Ref. [14] we perform a binned likelihood analysis on the di↵erential cross section
of the process `+`� ! ff with respect to the cosine of the scattering angle ✓. In particular, we
divide the latter in 10 uniform intervals for cos ✓ 2 [�0.95, 0.95]. For the final states we assume
the following detection e�ciencies: 100% for leptons, 80% for b-jets and 50% for c-jets. For
our numerical analysis we compute the cross sections at LO. Our bounds are however in good
agreement with the ones of Ref. [14], which includes NLO corrections. This shows that NLO
e↵ects have only a small impact on the results.

5.1 Results: e+e� collider

The results are displayed in Fig. 7 where we show the 95% CL exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for 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%, we rescaled the luminosities
by a 0.6 factor due to beam e↵ects and considered the polarization fractions P

e

� = �80% and
P
e

+ = 0 (+30%).
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. 1).

7We thank Jorge De Blas for correspondence about this point.
8For a recent phenomenological analysis pointing out the advantages of a muon collider see Ref. [39].
9We thank Andrea Wulzer for correspondence about possible luminosity benchmarks.
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• Two energy benchmarks with                  (nominal luminosities rescaled by 4/5)  

Table 1: The new baseline CLIC staging scenario [1]

Stage 1 Stage 2 Stage 3
Nominal Energy (

p
s) 380 GeV 350 GeV 1.5 TeV 3 TeV

Integrated Luminosity [ab�1] 0.9 0.1 2.5 5.0
Lumi. > 90% of

p
s [ab�1] 0.81 0.09 1.6 2.85

Lumi. > 99% of
p

s [ab�1] 0.54 0.06 0.95 1.7
Beam Polarizations Pe� = �(+)80% Pe� = �(+)80% Pe� = �(+)80%
Lumi. Fraction by Polarization 1/2 (1/2) 4/5 (1/5) 4/5 (1/5)

1 Introduction
The Standard Model (SM) can be extrapolated up to the Planck scale without technical inconsistencies.
Since we cannot probe this scale directly or indirectly, future experiments will not have access to a
regime where the standard theory is guaranteed to break down and New Physics is guaranteed to show
up. This is pretty unusual in the long history of high energy physics. Our field only dealt until now with
“incomplete enough” theories, which required to be extended at relatively low energies. For instance the
lack of high-energy consistency of the massive vector boson theory required the existence of a sector
responsible for ElectroWeak Symmetry Breaking (EWSB) below around 3 TeV. This led to the famous
“Higgs no-lose theorem”, according to which EWSB physics (the Higgs boson, or something else) was
guaranteed to be in the energy range probed by the LHC. No similar argument can be made for future
colliders.

On the other hand, the quest for physics Beyond the SM (BSM) is even more pressing now than
in the past. The results of the LHC and other experiments (prominently, the Dark Matter direct detection
ones) have not answered any of the long-standing questions on the microscopic origin of the SM and of
its parameters (e.g., the Naturalness Problem), nor those related with the lack of a SM explanation for
observed phenomena (e.g., Dark Matter). On the contrary they made the problems harder, by putting
strong pressure on many of the solutions we had hypothesized for them. The positive implication is that
BSM physics is most likely something that has not yet been thought of. Consequently, by discovering
it we will make a major breakthrough in the understanding of fundamental interactions. The other side
of the coin is that we cannot define the goals and quantify the performances of future colliders in terms
of a few benchmark models or scenarios. The goal is to explore the landscape of fundamental physics
as broadly as possible, taking the many different proposed solutions to the SM problems as guidance,
but also trying to be ready for the Unexpected as much as possible. This is the general ideology that
underlies the present Report on the physics potential of the CLIC project.

CLIC is a mature option for the future of high energy physics. The technological feasibility of the
collider is established and the detector design is at a very advanced stage. These aspects are documented
in Refs [2] and [3], respectively (see also [4–7]). The latter documents, together with the present one,
are summarized in Ref. [8]. CLIC is an e+ e� collider that operates in three stages, at 380 GeV, 1.5 and
3 TeV centre-of-mass energies, respectively. Stage 1 also foresees a short run around 350 GeV in order to
study the top quark production threshold. While electron beams will be polarized at ±80% at all stages,
positron polarization is not part of the CLIC baseline. The integrated luminosity delivered at each stage,
and the fraction of it that is collected for each polarization configuration is reported in Table 1. Notice
that the luminosities are significantly larger than what was originally foreseen in Ref. [9]. The choices of
centre-of-mass energy, luminosity, and divisions of run-time for the different polarizations result from the
optimization of the performance for top and Higgs measurements. The table also reports the luminosity
of e+ e� collisions occurring at an energy above 90% and 99% of the nominal collider energy. This is
only a fraction of the total luminosity because of beam-beam interactions. The staging scenario presented
in Table 1 has been assumed as baseline for most of the studies included in the Report. While minor
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e+-beam is completely right-handed polarized (P
e

+ = +1).
For our analysis it turns out to be helpful to have negative e� polarization and positive e+

polarization, since this configuration enhances the e+e� ! ff cross-section. The Higgs program
at CLIC prefers P

e

� = �80%, while for a measurement of top quark couplings P
e

� = +80% is
preferable. It can be assumed that 4/5 of the time will be devoted to the Higgs program so we
will use as a benchmark P

e

� = �80%, with an e↵ective luminosity of L = 2 ab�1 for CLIC-2
and L = 4 ab�1 for CLIC-3 [38]. We further rescale the latter luminosities by a 0.6 factor,
in order to account for beam e↵ects.7 There is also the possibility of positron polarization
at a lower level, although positron polarization is not part of the baseline CLIC design [37].
To this end we will consider either P

e

+ = 0% or P
e

+ = 30% (the latter corresponding to the
configuration employed in Table 1).

The option of a muon collider was recently revived8 thanks to new proposals for muon
sources. In particular, the proposal of a low emittance muon source from positron scattering
on a target, LEMMA [21–23], allows to reach centre-of-mass energies above 10 TeV [40]. As
a benchmark we choose a 14 TeV collider option with a luminosity of L = 20 ab�1. For
comparison we vary the luminosity by factors of 1/4, 1/2 and 4, and we consider even a higher
energy option of

p
s = 30 TeV for various values of the luminosity.9

Following Ref. [14] we perform a binned likelihood analysis on the di↵erential cross section
of the process `+`� ! ff with respect to the cosine of the scattering angle ✓. In particular, we
divide the latter in 10 uniform intervals for cos ✓ 2 [�0.95, 0.95]. For the final states we assume
the following detection e�ciencies: 100% for leptons, 80% for b-jets and 50% for c-jets. For
our numerical analysis we compute the cross sections at LO. Our bounds are however in good
agreement with the ones of Ref. [14], which includes NLO corrections. This shows that NLO
e↵ects have only a small impact on the results.

5.1 Results: e+e� collider

The results are displayed in Fig. 7 where we show the 95% CL exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for 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%, we rescaled the luminosities
by a 0.6 factor due to beam e↵ects and considered the polarization fractions P

e

� = �80% and
P
e

+ = 0 (+30%).
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. 1).

7We thank Jorge De Blas for correspondence about this point.
8For a recent phenomenological analysis pointing out the advantages of a muon collider see Ref. [39].
9We thank Andrea Wulzer for correspondence about possible luminosity benchmarks.
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Projections @ CLIC
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 P

e

� = �80% and P

e

+ = 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 P

e

� = �80% and P

e

+ = 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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3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
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p
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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 P

e

� = �80% and P

e

+ = 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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Projections @ CLIC
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 P

e

� = �80% and P

e

+ = 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 P

e

� = �80% and P

e

+ = 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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Projections @ CLIC
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 P

e

� = �80% and P

e

+ = 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 P

e

� = �80% and P

e

+ = 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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          non-trivial interplay between CLIC-2 and CLIC-3 
          in the region above threshold for pair-production

[how stable is the dip under radiative corrections ?]
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[LDL, Gröber, Panico 1812.02093] 

Studying new physics and new scales
If new physics is discovered at the LHC and/or CLIC, then the experimental environmenat at CLIC would
provide the opportunity to study new states with great precision. These analyses could answer questions
pertaining to the precise nature of the discovered new states and help point to yet new mass scales for the
future. (See Section 4.4 for more discussion.)

Dark matter searches
The relatively simple kinematic properties of the incoming e+e� beam collisions and the relatively low
rate of outgoing background at CLIC enables unprecedented searches for dark matter created in the
laboratory, reaching sensitivities in parameter space interesting for cosmology and well beyond LHC
capabilities. In particular, CLIC has sensitivity to the thermal Higgsino by stub tracks and to Minimal
EW charged matter by its indirect radiative effects. (See Figure 6, Chapter 5 and in particular Sections 5.2
and 5.3 for more discussion.)

(�� �� �/�)��
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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 violation
Lepton-number violating and top quark flavour-changing neutral current interactions can be generated
by SMEFT operators whose effects grow in importance with energy. These can be probed at the CLIC
high-energy stages at levels far exceeding what can be achieved at the LHC (See Chapter 3 for more
discussion.)

Neutrino properties
Several mechanisms for the breaking of lepton number can be probed at CLIC both in direct searches and
precision physics. CLIC is capable to probe directly weakly charged states involved in the generation
of neutrino masses e.g. in Type-2 see-saw model and in gauge-extended models. It can also probe new
heavy neutrinos and other states responsible for the breaking of lepton number by precision studies of
leptonic two-body final states as well as WWH final states. (See Chapter 7 for more discussion.)

Hidden sector searches
The clean e+e� collision environment offers a clear chance to investigate rare and subtle signals from
feebly coupled new physics and generic hidden sectors beyond the Standard Model. Displaced signals
from long-lived particles are a very typical signature of these scenarios and CLIC enjoys a unique vantage
point to look at these signals both in Higgs boson decays and in more general production of long-lived
states that may be linked, for instance, to the naturalness problem or to the generation of the baryon
asymmetry of the Universe. (See Section 6.2 and Chapter 8 for more discussion.)
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� / m
�

[TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28

TeV and L = 10/ab), FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and

L = 4/ab), and Muon-14 (
p
s = 14 TeV and L = 20/ab). In the last two columns the numbers

in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis
could be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [28] 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 collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets 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 number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [29] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [28],
which however do not include e↵ects from bound state formation that are expected to sizeable for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [29]).
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Conclusions*
• Light EW states motivated by EW naturalness / Dark Matter / … 

• Indirect way as a promising approach, complementary to direct searches

* A special thank to R. Franceschini for triggering this work back in 2017 !  

errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e+e� machines like the
Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.

2 Physics case for new EW multiplets

New EW states charged under SU(2)
L

⇥U(1)
y

, which are generically denoted by their quantum
numbers � ⇠ (1, n, y), with the three entries denoting the SU(3)

c

⇥ SU(2)
L

⇥U(1)
y

representa-
tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] 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 in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the 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 the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.
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Figure 1: Corrections to the di-fermion (di-muon) production process from a fermionic EWIMP.

The operator involving three field strength tensors of W a
µ⌫ induces anomalous triple gauge cou-

plings �WW and ZWW (with �, W and Z being photon, W and Z bosons), which a↵ect e.g. the
process e�e+ ! W�W+. For

p
s = 1 � 5TeV and the integrated luminosity L = 1ab�1, it has

been shown that ⇤3W = 5� 10TeV can be probed through the process [32, 33]. On the other hand,
as the operators involving two field strength tensors of W a

µ⌫ or Bµ⌫ become four Fermi-interactions
via the equations of motions of the gauge fields, the operators also a↵ect the processes e�e+ ! ff̄
(with f being the SM fermion). Through these processes, the suppression scales can be probed up to
⇤2W,2B ⇠ 30(

p
s/1TeV)1/2(L/1 ab�1)1/4TeV, as we will see in the next section. We therefore expect

that these di-fermion production processes will be better to probe the EWIMP indirectly.

2.2 Corrections to di-fermion production processes

According to the argument in the previous subsection, we focus on the SM processes e�e+ ! ff̄ in
this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current
direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process
gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be
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the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current
direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process
gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be

3

          a clear target for future lepton colliders such as CLIC

 L. Di Luzio (Pisa U.) - Accidental Dark Matter                                                                              13/13



Conclusions*

 L. Di Luzio (Pisa U.) - Accidental Dark Matter                                                                              13/13

• Light EW states motivated by EW naturalness / Dark Matter / … 

• Indirect way as a promising approach, complementary to direct searches

          a clear target for future lepton colliders such as CLIC

• Some directions for the future:

1.  radiative corrections 

2.  understand better the region above threshold for pair-production 

3.  other precision observables ? 

* A special thank to R. Franceschini for triggering this work back in 2017 !  
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Figure 2: Expected 95% CL exclusion limits at the HL-LHC. The left and right panels show the
bounds on fermion and scalar multiplets respectively. The vertical axis reports the e↵ective n
of the multiplet, while the horizontal axis gives the mass of the states in the multiplet, which
are assumed to be (almost) degenerate. The solid and dot-dashed lines correspond to the bounds
from the `⌫ and `+`� channels respectively. The blue (red) lines give the bounds for Majorana
(Dirac) fermions on the left panel and for real (complex) scalars in the right panel.

The e↵ective size is thus defined by converting the bound on Ce↵
WW

into a bound on n (considered
now as a real number) through Eq. (31).

The plots report the bounds from both the `⌫ channel (solid lines) and the `+`� channel
(dot-dashed lines). One can see that the charged channel gives always the best sensitivity. The
di↵erence is more noticeable for large multiplets (n & 4), while it is milder for small multiplets
(n ⇠ 3). The stronger sensitivity in the `⌫ channel is due to a combination of factors. First of all
the size of the deviations in this channel are slightly larger than in the `+`� one. Moreover the
cross section in the charged channel is larger, thus providing a significant improvement on the
statistics, which helps especially for high masses, where the statistical uncertainty dominates
over the systematic ones.

It is interesting to notice that, due to the sizable systematic uncertainty, hadron colliders
cannot test small SU(2)

L

multiplets even for small masses. This is due to the fact that the
size of the fractional deviation with respect to the SM cross section is fully determined by the
multiplet size. For small multiplets these e↵ects are smaller than the systematic uncertainties
and therefore not detectable. We will see in the following (Sect. 4.2.2) how a change in the
systematic uncertainties a↵ects these results.

The expected exclusion bounds for several multiplets which could provide a DM candidate
are reported in Table 1. One can see that the HL-LHC does not allow to test any of the
multiplets for mass values which saturate the DM relic abundance.

4.2.1 LO vs. NNLO

It is interesting to study the impact of higher-order corrections to the kinematic distributions
on the exclusion bounds. For this purpose we show in Fig. 3 how the bounds change if we use
LO or NNLO distributions to derive them.

The figure shows that the impact of higher-order corrections is relatively mild, giving an
increase in the mass bound of order 5% � 10%. This is due to the fact that the higher-order

13
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Fig. 77: 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 colour 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% systematics. Hence, in the following we stick to 0.1% systematics with 10 bins.

Fig. 78: Polarization effects: Pe� = �80%, +80% and Pe+

= �30%, 0, +30% (µ channel, 0.1%
systematic error, MF).

The vertical black line in both plots denotes the kinematical threshold for pair-production
p

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-
ure (79)). 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. Figure (80)).

5.4 Co-annihilation 73

The nature of dark matter (DM) remains one of the most pressing issues in the field of high-energy
physics. The thermal WIMP persists as one of the most studied solutions to this problem since it leads
to detectable signatures at direct and indirect detection experiments. In the past decades there has been a
significant experimental effort in searches for WIMP DM. These experiments have, however, not seen a

73Based on a contribution by A. Plascencia and K. Sakurai.
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