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G. Servant1, R. Torre26, L. von Lindern27, K. Zurek28.
1 Theory Division, Physics Department, CERN, Geneva, Switzerland
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19 Laboratoire de Physique Théorique, U. Paris-sud 11, Orsay, France
20 Istituto Nazionale di Fisica Nucleare, Sezione di Perugia, Perugia, Italy
21 NICPB, Tallinn, Estonia
22 University of Arizona, Tucson, USA
23 Department of Physics, Princeton University, Princeton NJ, USA
24 LPTHE; CNRS UMR 7589; UPMC U. Paris 6, Paris, France
25 RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
26 IFT, U. Autónoma de Madrid, Cantoblanco, Spain
27 retired MPG
28 Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor MI, USA

1 Introduction
Exotics refer, in the context of this document, to all new physics that is not directly related to electroweak
symmetry breaking, nor to flavor and that has not an important component of missing energy. The
number of models that fall in this category is too large to be covered in this kind of document so we
have decided to classify implications of new physics according to the relevant types of new particles,
namely new bosons, new fermions and other exotics. We have tried to motivate the presence of these
new particles, to report on the current (or expected after the end of the 2012 run) bounds and to discuss
the implications for future colliders in terms of this kind of new physics. The main conclusions are that
discoveries with LHC8 are possible and well motivated but, if no discovery is produced, any further
discovery with LHC14 will most likely require an upgrade in energy or luminosity or a LC for a precise
determination of the properties of the new particles. We include a small appendix on issues related to
boosted techniques in searches for high scale new physics in current and future colliders. The number of
research articles in these topics is also impossible to cover in a document of this type. A good source of
documentation, including many relevant references, are the recent Les Houches proceedings on Beyond



the Standard Model physics [1–3]. For a discussion of the physics case of the various post-LHC7-8
machine options see Ref. [4].

2 New Bosons
2.1 Model-independent description and current limits
Theories beyond the Standard Model (SM) contain extra fields, which can give rise to new particles that
can be produced at large colliders. These particles can be classified by their Lorentz and gauge quantum
numbers. We focus in this section on new particles of spin 1, i.e. vector bosons. We will briefly comment
on spin 0 and 2 in the conclusions. New vector bosons appear frequently in extensions of the SM. They
are often associated to an extended, spontaneously broken gauge group, as for instance in Grand Unified
Theories (GUT), Little Higgs models (W and Z partners) or models in extra dimensions (Kaluza–Klein
excitations), and can also appear as composite resonances of a strongly interacting sector. In all cases a
gauge boson interpretation is possible. To evade current bounds, these new particles should be heavy or
interact very weakly with the SM fields.

For phenomenological purposes, the new vector bosons can be described in a model-independent
fashion by a lowest order effective Lagrangian. The Lagrangian must be invariant under the full SM
gauge group, H . This greatly restricts the possible interactions of the new fields. Another important
consequence of gauge invariance is that the new vector bosons appear in multiplets of the color and
isospin group factors, with definite hypercharge. The general effective Lagrangian for one of these
multiplets, V

µ

, has the form

L = L
SM

+ L
V

+ L
V�SM

+ non-linear, (1)

with L
SM

the SM Lagrangian,
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We are using matrix notation to write the product of two multiplets. The derivatives D
µ

are covariant with
respect to the SM gauge group H , and the sum in k runs over currents jV k

µ

made with SM fields, with
the same quantum numbers as V . The leading effects are given by currents with scaling dimension 3.
Finally, “nonlinear” refers to additional interaction terms that contain two or more extra fields. These
are usually less relevant for collider searches, and we will neglect them in the following1. Then, a vector
multiplet is fully characterized by its mass M

V

and its couplings gk
V

to the possible SM currents (plus,
possibly, the width). Ignoring the flavour structure, a full singlet has six independent couplings, whereas
the other multiplets the number of couplings ranges from one to three.

The existing limits on these vectors come mainly from flavor observables, electroweak precision
tests (including observables below, on and above the Z pole), and direct searches at hadron colliders.
Flavor physics, and in particular the absence of flavor changing neutral currents, impose very strict
limits on the flavor structure of the couplings gk

V

. These limits can be satisfied assuming either family
universality (possibly only for the first two families) or couplings to just one family, depending on the
type of vector boson. Electroweak precision data are very sensitive to lepton couplings and to couplings
to the Higgs field, which induce a mixing with the SM gauge bosons. They require that the new vector
bosons are very heavy or leptophobic to a certain degree. In this sense, it is worthwhile observing that
some of the vector multiplets are necessarily leptophobic due to the SM gauge invariance. On the other
hand, a light Higgs implies that the mixing can only be sizable if there are cancellations between the
new degrees of freedom. These cancellations can be guaranteed by a custodial symmetry. For leptonic

1These terms could give rise to an enhancement of the width, if the new vector can decay into non-standard particles. This
effect can be easily parameterized leaving the width as a free parameter.
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and quark couplings of electroweak size, the limits from precision observables on the mass of the extra
vector bosons are typically in the range 1-3 TeV. Finally, the best direct limits are set by the ATLAS
and CMS searches at the LHC. They come from a variety of final states: di-lepton, di-jet, lepton+MET,
t¯t, diboson. For example, for electroweak-size couplings, the limits on new vectors from searches of
di-lepton resonances are at present around 2.5 TeV, but these numbers keep increasing as more and more
data are collected and analyzed. On the other hand, the anomaly in the CDF and D0 measurements at
Tevatron of the forward-backward asymmetry of the top quark provides an experimental motivation for
possible new bosons with sizable (usually non-universal or non-diagonal) couplings to the top quark

2.2 Expectations from classes of models
Let us discuss briefly the expectations on the properties of the new vector bosons in the different theo-
retical models that have been proposed. First, the actual multiplets that appear in a given model depend
on the pattern of symmetry breaking G ! H , where G is the gauge group of the complete theory. For
instance, whenever G = H⇥F , the gauge bosons associated to the factor F are singlets under H . This is
the case of the Z0 bosons in GUT. To have other multiplets, a non-trivial embedding of H in G is required.
For instance, models with gauge bosons in extra dimensions can be interpreted as having a gauge group
that is an infinite product of four-dimensional gauge groups, and contain at least heavy bosons with the
quantum numbers of the SM gauge bosons. As a second example, models with a custodially-symmetric
extended sector predict charged vectors that couple to right-handed fermions (W0

R

). It is also important
to bear in mind that each model often contains several extra vector boson multiplets.

Different classes of models also provide rough generic predictions about the sizes of couplings
and masses:

– In GUT, the couplings of the extra vector bosons are fixed by the requirement of unification. They
are typically a bit weaker than the ones of the electroweak gauge bosons. The masses of non-
singlet vectors, such as leptoquarks, is large due to the size of the unification scale and to bounds
from proton decay. Therefore, in these models only the singlets (Z0) can be at the reach of present
and future colliders.

– In models with new vectors that provide solutions to the hierarchy problem, such as little Higgs or
Randall–Sundrum models, the masses are expected at the TeV scale.

– If the couplings of the recently discovered Higgs boson turn out to be different from the ones of the
SM, new (vector) bosons are expected below or at the scale where perturbative unitarity is broken,
e.g. below 4 TeV for 20% deviations in the gauge couplings of the Higgs. Moreover, to contribute
to unitarization, they must have sizable couplings to the Higgs and SM gauge bosons, so they will
give rise to diboson final states. This scenario is predicted in composite Higgs models.

– Models with fermion partial compositeness, which can be realized in warped extra dimensions,
link the masses of the different fermions to the size of their couplings to new vector bosons from
the composite sector (or extra dimension). Thus, they predict extra vector bosons with small
couplings to leptons and light quarks, and large couplings to the top quark. Therefore, these vector
bosons are better searched for in top-pair (and possibly multiboson) final states, and in any case
their observation is challenging due to the suppressed Drell–Yan production.

– Models like universal extra dimensions or little Higgs with T parity have a discrete symmetry that
implies vanishing values of the couplings gk

V

of the new vector bosons to the SM fermions. These
couplings also vanish, due to gauge invariance, for certain exotic multiplets predicted in some
models (for instance, coset resonances in models with the Higgs as a pseudo-Goldstone boson, see
also next item). For these extra bosons, electroweak precision bounds are much weaker, and tree-
level single production at colliders is forbidden. Thus, the “non-linear” terms in Eq. (1) become
important.

– In some models the leading couplings gk
V

vanish due to gauge invariance. This is the case of
models, motivated by the hierarchy problem, which involve electroweak doublet vectors (Z⇤W ⇤)
with the internal quantum numbers of the Higgs doublets and with masses not far from the weak
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scale. These models are characterized by magnetic-moment type, higher-dimensional and non-
renormalizable effective couplings to ordinary fermions that still allow for single production of the
new bosons with interesting decays to dileptons/dijets. These effective interactions are induced
by quantum loop corrections from a renormalizable underlying theory and represents the lowest
order effective Lagrangian. In this case, interactions mediated by the new bosons are additionally
suppressed in low-energy processes by powers of the small momentum transfer, becoming rele-
vant only at higher energies. The LHC can therefore efficiently probe these models (see related
comments on spin 2 bosons in section 2.6).

2.3 LHC: discovery
In the following we would like to assess the potential of different upgrades of the LHC to discover
extra vector bosons, and to compare the relative importance of an increase in energy and an increase
in luminosity. We focus on the most sensitive searches, which involve resonant production of a single,
narrow state. Furthermore, we restrict ourselves to Drell–Yan production and, among the possible final
states, we study decays into two leptons and two jets. As we will see these final states have differing
implications for the evolution of expected results with increasing luminosity. To allow for di-lepton
production, we consider colorless neutral vector bosons Z0, which could be singlets, neutral components
of multiplets or admixtures of these2. Finally, to be able to present the results in a (partially) model-
independent manner, we make use of the narrow width approximation3. Our strategy here is similar to
the c

u

� c
d

formalism. The interaction of the Z0 with the light quarks is given by

LZ

0
prod

=

g
Z

0

2

Z 0
µ

✓
ū
i

�µ

1 � �
5

2

ui

+

¯d
i

�µ

1 � �
5

2

di
◆

. (4)

We have assumed for definiteness universal, left-handed couplings and same couplings to up and down
quarks. Up to a rescaling of g

Z

0 , these assumptions do not affect significantly the plots below. We present
results for the expected reach in the plane (g

Z

0
p

BR (Z 0 ! l+l�), M
Z

0
) of the LHC at 14 TeV with

300 fb�1 and 3 ab�1 of integrated luminosity and for the SLHC at 33 TeV with 300 fb�1 of integrated
luminosity.

Let us start from the di-lepton channel. In this case the background is small, specially at high
invariant masses of the lepton pair. The observation of a handful of events will be enough to claim for
discovery, and in the following we will simply require the observation of Nmin = 5 events arising from
the Z0 exchange. This can be written as

�Z

0
q̄q

(s, M
Z

0 , g
Z

0
) ⇥A

l

+
l

� (M
Z

0
) ⇥ ✏

l

+
l

� ⇥ BR
�
Z 0 ! l+l�

�⇥ L > Nmin , (5)

where � is the production cross section, A is the acceptance corresponding to the kinematic cuts pl
T

>
30 GeV and |⌘

l

| < 2.5, ✏ is the detector efficiency for the di-lepton final state and L the integrated
luminosity. This relation allows us to define the minimum accessible coupling for a given energy and
luminosity as a function of the Z0 mass according to

g2
Z

0 ⇥ BR
�
Z 0 ! l+l�

�
=

Nmin

�Z

0
q̄q

(s, M
Z

0 , g
Z

0
= 1) ⇥A

l

+
l

� (M
Z

0
) ⇥ ✏

l

+
l

� ⇥ L
. (6)

In the left panel of Figure 1, we show the reach on the product of the production coupling times the
square root of the decay branching ratio, as a function of the Z0 mass, for different collider configurations:
LHC14 with 300 fb�1 and 3 ab�1 and the SLHC33 with 300 fb�1. We have taken ✏

l

+
l

� = 1, so our
limits are a bit optimistic. For completeness we have also shown the limits obtained from the LHC7 data.

2The results for di-jet production also apply to colored resonances with a simple rescaling of the coupling by a color factor.
3This approximation actually fails in the regions of the plot with large couplings. Our limits in these regions should be

considered as an optimistic extrapolation of a simplified calculation.
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Let us now consider the di-jet final state. In this case the background is larger, and assuming a
Gaussian statistics, Eq. (5) takes the form

�Z

0
q̄q

(s, M
Z

0 , g
Z

0
) ⇥A

jj

(M
Z

0
) ⇥ ✏

jj

⇥ BR
�
Z 0 ! jj

�⇥ L > S
p

�B (s) ⇥AB (s) ⇥ ✏B ⇥ L , (7)

where �B, AB and ✏B correspond to the di-jet background and S is the statistical significance. Based on
the assumption of a large expected number of background events, we adopt S > 5 as a simple criterion
for discovery In this case, the reach corresponding to Eq. (6), is given by
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jj

(M
Z

0
) ⇥ ✏

jj

⇥ L
. (8)

The reach corresponding to this relation is shown in the right panel of Figure 1 for the same collider con-
figurations shown in the di-lepton case. Again, we have taken the efficiencies for signal and background
equal to 1. Furthermore, we do not take into account the limitations of existing triggers in the low mass
region. It is worth noting that the dependence on the integrated luminosity is different for both final states
due to the different requirements for discovery. In the former case the quantity g2

Z

0 ⇥ BR (Z 0 ! l+l�)

scales like L�1 while in the latter case it scales like L�1/2, changing the relative importance of an energy
vs luminosity upgrade. Both figures show clearly that higher energy is crucial to explore heavy vector
bosons, whereas higher luminosity is required to be sensitive to weak couplings.
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Fig. 1: Discovery reach in the plane (gZ0
p

BR (Z 0 ! l+l�), MZ0
) in the di-lepton (left) and di-jet (right) channels.

For these estimates, we have assumed Drell–Yan production of a single narrow resonance, which
decays into two leptons or two jets. Production by gauge boson fusion and/or other decay modes, such as
di-boson or t¯t, can be important in many models. The overall comparison of present limits and discovery
reach of LHC upgrades should follow the same trend as Drell–Yan production with di-jet decay. Broad
resonances typically require an analysis of angular distributions, which would benefit from increased
luminosity. On the other hand, when only pair production is possible, an increase of the center of mass
energy would be most helpful.

2.4 LHC: measurement of properties
The measurement of the total cross section allows to detect extra resonances but it is not sufficient to
determine their properties. Let us discuss briefly the expectations for these measurements for the LHC
at 14 TeV with 100 fb�1 of integrated luminosity. We use again a Z0 as a representative vector boson
and, for definiteness, assume typical GUT values of the couplings. Analyzing the angular distribution in
the l+l� channel, the spin of a Z0 boson can be determined for M

Z

0 . 3� 4 TeV. The leptonic forward-
backward asymmetry4 and other observables would allow, in principle, to determine the Z0 couplings,
and thus to distinguish between different models. For example, it should be possible to determine how

4This cannot be directly measured at the LHC for, in principle, one does not know which proton is the origin of the q and q̄
in the interaction. However, the q direction can be inferred from the di-lepton rapidity distribution.
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the Z0 couples to u and d quarks in the proton, using the rapidity distribution of the Z0. However, for
the given values of center of mass energy, luminosity and approximate coupling size, the most popular
models will only be distinguishable for M

Z

0 . 2 � 2.5 TeV. In view of the current limits (for instance,
the CMS limit on a Z0

 

is 2260 GeV), it is clear that, if such a new boson is discovered, measuring its
couplings will require an upgrade of the LHC in luminosity and/or energy, or a linear collider.

2.5 Linear Collider
Extra neutral vector bosons coupling to leptons can be efficiently tested at future e+e� linear colliders,
such as the ILC (

p
s = 0.5 � 1 TeV, L = 0.5 � 1 ab�1, with controlled polarization of the beams) [5].

Unless the new vectors do not couple significantly to the first families of quarks, the LHC already pro-
vides limits beyond the production threshold of such machines. However, the much cleaner environment
of an e+e� collider offers the possibility of performing high-precision measurements sensitive to indi-
rect effects of heavy vector bosons. The deviations from the SM predictions will be proportional to the
ratios of the different couplings to the mass. For typical GUT values of the couplings, the ILC should
be sensitive to Z0 effects for masses up to ⇠ 10 · ps for the highest luminosity. For 0.5 TeV, this is
comparable to the LHC reach for these models at 14 TeV, 100 fb�1.

The ILC is well suited to obtain information about the spin of the Z0 couplings, by studying the
angular distributions of different polarized observables. Moreover, the ILC should be able to distinguish
popular Z0 models within the mass region where the LHC is able to detect the new vectors but not
to identify its couplings. The knowledge of its mass from the LHC can then be used as an input to
substantially improve the discrimination of different models with the ILC data. For instance, the leptonic
couplings of a Z0

�

boson of 3 TeV can be measured with 15-20 % accuracy at the 95% C.L. This shows
the synergy of the LHC and future linear colliders results in the study of new vector bosons. For the case
of extra charged vectors, the process e+e� ! ⌫⌫� could be used to determine the W0 leptonic couplings.

Finally, let us stress that it is possible that the new vectors be either leptophobic or hadrophobic.
In fact, for several multiplets this is imposed by SM gauge invariance. In this regard, a lepton linear
collider and the LHC are complementary, and both are necessary to cover the spectrum of different kinds
of vector bosons. In particular, linear colliders can discover relatively light new particles with small
hadronic couplings, which would escape LHC searches.

2.6 Conclusions on New Bosons
Many well-motivated theoretical models predict new vector bosons at the TeV scale. In spite of the
strong present limits from electroweak precision tests and from searches at the LHC at 7-8 TeV, the LHC
at 14 TeV with 300 fb�1 has the potential to discover some of these particles. It will not be possible,
however, to study their precise interactions with this energy and luminosity. The reach for higher masses
and weaker couplings can be significantly improved with, respectively, high-energy and high-luminosity
upgrades of the LHC. On the other hand, the measurements of the detailed properties of possible new
vector bosons requires a leptonic linear collider. This kind of collider will also be necessary to discover
possible hadrophobic vector bosons.

Finally, let us comment briefly on new bosons with other spins. The scenario for extra scalars is
similar to the one for extra vectors, with two important differences: First, they might acquire a vacuum
expectation value and change Higgs physics. Second, they can be produced in hadron colliders by
gluon fusion. The specific parton distribution function of the gluons makes this production mechanism
more sensitive to low masses relative to the center of mass energy, which increases the impact of an
energy upgrade of the LHC. Bosons of spin 2 (such as a graviton excitation) or greater have only non-
renormalizable interactions with the SM fields. Therefore, the corresponding couplings are suppressed
by powers of the scale of a more fundamental theory. This suppression can only be partially compensated
by the powers of the energy that appear in the derivative interactions. Even if, for fixed mass, this renders
the observation at present and future colliders more challenging, the present limits are also weaker and
there is space for their discovery.
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3 New Fermions
The matter content and the number of sequential chiral fermion generations are not fixed by the gauge
symmetries of the SM. Moreover, new vector-like (with equal quantum numbers for the left and right
chiralities) quarks and leptons are allowed and in fact are predicted in a variety of SM extensions.

3.1 New Quarks
If the 125 GeV resonance recently discovered at the LHC is the SM Higgs boson, there are clear impli-
cations on the possible types of new quarks that can be found. A fourth fermion generation is disfavored
by precision indirect constraints (for this Higgs mass), and excluded by the measured Higgs production
cross section. On the other hand, new heavy vector-like quarks can exist and couple to the SM quarks.
Assuming that the mixing between the new vector-like quarks and the SM ones occurs through the SM
Higgs, the possibilities for their quantum are limited by group theory, and are collected in Table 1. The
mixing of the SM chiral quarks with these vector-like ones breaks the GIM mechanism. In particu-
lar, their mixing with the third generation leads to departures from the SM predictions for the Ztt and
Zbb couplings. These possibilities (ignoring higher-order effects due to radiative corrections from new
quark loops) are indicated in Table 1. New quarks generically lead to departures from the SM prediction
V
tb

' 1, but these effects are harder to observe because the precision in the V
tb

measurement at the LHC
is around 5%, which is the expected size of the deviations in the best case. In some of these models a new
right-handed V R

tb

¯t
R

�µb
R

W
µ

term appears with V R

tb

. 10

�2, which is in agreement with indirect limits
from b ! s�. These new quarks can be produced in pairs. They can also be produced singly if their

Table 1: New vector-like quarks coupling to the SM quarks and Higgs doublet, and their mixing effects on third
generation neutral couplings, observable at future linear colliders.

Isospin Hypercharge ILC500 GigaZ
Singlet 2/3 Zt

L

t
L

–
Singlet �1/3 – Zb

L

b
L

Doublet 1/6 Zt
R

t
R

Zb
R

b
R

Doublet 7/6 Zt
R

t
R

–
Doublet �5/6 – Zb

R

b
R

Triplet 2/3 – Zb
L

b
L

Triplet �1/3 – Zb
L

b
L

mixing with the SM quarks is sizable. The mixing with new heavy quarks is constrained by electroweak
precision data and the LEP Z-pole observables R

b,c

, Ab,c

FB

. Still, given the present lower limits on the
masses of these heavy quarks (of the order of M & 500 GeV), mixing effects on the Ztt vertex could
be observable at the ILC with a CM energy of 500 GeV. The same applies to the Zbb vertex, which is
precisely measured at LEP, but which measurement might be improved with the GigaZ option of the ILC.
Even if new quarks are not observed at the LHC with 14 TeV and a luminosity of 300 fb�1 (in which
case the lower limit on their mass would become M & 1 TeV), some of the quark representations in
Table 1 allow for observable indirect effects at the ILC. Here, it is worth mentioning that the combined
measurement of the asymmetry Ab

FB

is 2.6 standard deviations from the SM prediction, although an
explanation of this anomaly by mixing with new fermions is far from straightforward.

3.1.1 Fermionic top partners from a composite Higgs
As of today, there are still two paradigms for electroweak symmetry breaking: weakly coupled new
physics at the TeV scale, namely supersymmetry, and strongly coupled new physics, as in composite
higgs models. Particularly well-motivated is the case in which the Higgs is a pseudo-Goldstone boson of
a spontaneously broken global symmetry (a kind of pion from a new strong sector) and the fermion mass
spectrum is explained by partial compositeness. In this framework, which has attracted considerable
attention in the last few years as a viable alternative to supersymmetry, SM fermions are admixtures of
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Fig. 2: Pair production of B and T5/3 and single production of T5/3.

elementary and composite states and the top quark is mostly composite while all other SM fermions are
elementary, i.e. tSM = cos ' tele + sin ' T comp with sin ' ⇠ 1. A generic prediction of this class of
model is the existence of light fermionic top partners, comprising at least two SU(2)

L

doublets: (T, B)

carrying the same quantum numbers as the SM (t
L

, b
L

), and the so-called custodian more exotic doublet,
(T

5/3

, T
2/3

), where T
5/3

carries an electric charge Q
e

= 5/3. There is also an SU(2)

L

singlet ˜T . They
couple strongly to the third generation SM quarks plus longitudinal W , Z and higgs according to the
degree of compositeness of the top quark sin '

L

and sin '
R

. In particular, B and T
5/3

decay into tW
with branching ratio equal to 1. Their decays are indicated in Table 2. In viable realizations we expect
sin '

L

⌧ 1 and sin '
R

⇠ O(1).

Table 2: Couplings involved in decays of top partners in the limit where EW symmetry breaking effects are
negligible v/MT5/3

⌧ 1.

˜T ! Z
L

t
L

˜T ! h t
L

Y⇤ sin '
L

cos '
R

˜T ! W
L

b
L

T ! Z
L

t
R

Y⇤ cos '
L

sin '
R

T
2/3

! Z
L

t
R

Y⇤ sin '
R

T
2/3

! h t
R

B ! W
L

t
R

Y⇤ cos '
L

sin '
R

T
5/3

! W
L

t
R

Y⇤ sin '
R

Naturalness as well as the latest LHC constraints on the Higgs mass imply that the mass of the top
partners should be in the ⇠ 500 GeV � 1.5 TeV range. The pair-production of B and T

5/3

leads to the
t¯tWW final state (see Fig. 2) that can be searched for in the golden same sign dilepton channel. LHC
constraints using 5 fb�1 of 7 TeV data are m

B

, m
T5/3

> 611 GeV, see Table 3. The expected reach at
14 TeV is of the order of 1.5 TeV. The LHC will therefore probe the full mass range that is consistent
with naturalness considerations.

Table 3: Limits on t0 and b0 masses obtained with 7 TeV LHC data, from pair production and assuming 100%
branching ratios.

b0, T
5/3

! tW 611 GeV (CMS)
t0 ! bW 557 GeV (CMS)
t0 ! tZ 475 GeV (CMS)
b0 ! bZ 400 GeV (ATLAS)

A much higher mass can be reached if the B is singly produced together with a light b via a massive
spin-1 gluon G⇤, leading to the same final state as t¯t. The mass reach on B is however more model
dependent as it requires G⇤ lighter than ⇠ 5 TeV and it depends on specific relations between parameters
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of the model. This process is nevertheless interesting and should be investigated experimentally.
Finally, some of these fermionic top partners decay into the Higgs and lead to a new production

mechanism for the Higgs from their pair or single production and decay. The pair production of T
decaying into th is quite model independent and can lead to an easy to measure signal. The single
production pp ! G ! T ¯t +

¯Tt ! Ht¯t via s-channel G⇤ can be also significant, but this depends on
the value of the mass and couplings of the G⇤. Another possibility that does not involve light G⇤ is to
consider the single EW production of ˜T decaying into tH or that of ˜B where B decays into bh. All these
processes are interesting for both the discovery of top partners but also to test the Higgs nature.

3.1.2 Effect of New Vector-like Fermions on Higgs Production
Vector-like fermions can contribute to the loop-induced Higgs production and decays. In particular, new
vector-like leptons or quarks can increase the rates for the Higgs boson to diphoton channels with respect
to the SM value. Giving up the assumption of direct mixing with the SM quarks through the Higgs
(allowing mixing to occur through other new vector-like quarks) new interesting possibilities appear.
For example there can be new vector-like quarks with mass around the TeV scale with electric charge
8/3 and a very characteristic decay q

8/3

! tWW , leading to a spectacular final state with six W gauge
bosons in pair produciton. Other models predict stable vector-like quarks (like a stable q�7/3

forming e.g.
a baryonic R-hadron q�7/3

uu after hadronization) which have never been searched so far at colliders.
Their experimental searches at LHC would resemble the existing Heavy Stable Charged Particle (HSCP)
investigations in supersymmetry, but for different properties (spin, charges,. . . ) from the HSCP’s arising
in supersymmetry.

3.2 New leptons
New neutral leptons have a clear motivation: neutrino mass. The tiny but non-zero neutrino masses,
several orders of magnitude smaller than the electron mass, are rather unnatural if generated by the Higgs
mechanism as for the other fermions. However, such smallness can be explained by a plethora of new
physics proposals. Among them, the seesaw mechanism, introducing new heavy neutral leptons (heavy
neutrinos) stands as the most popular one. These heavy neutrinos may have masses at the unification
scale, in which there would be no experimental indications of them, but can also be at the TeV scale. In
this case the LHC and future colliders could produce them and measure their properties.

For heavy neutrinos mediating a seesaw mechanism there are several possibilities. In type-I seesaw
they are SM singlets, and practically unobservable unless there are additional new interactions, like for
example in left-right models or in extensions of the SM gauge group with an extra U(1)

0. In left-right
models the heavy neutrinos can be produced singly in pp ! W

R

! `N . The bound from 8 TeV LHC
data is close to 2.8 TeV for M

WR and correspondingly 1.8 TeV for m
N

. The mass reach for the LHC
with 14 TeV and 300 fb�1 is approximately of m

N

= 3 TeV, and it extends to m
N

= 5.5 TeV if the CM
energy is raised to 33 TeV, with the same luminosity. In the Z 0 extensions of the SM heavy neutrinos are
produced in pairs, pp ! Z 0 ! NN , and the reach depends somewhat on the quark hypercharges under
the new U(1)

0. Typically, the mass reach is m
N

= 1.5 TeV for 14 TeV, m
N

= 2.5 TeV for 33 TeV. Thus,
an energy upgrade of the LHC allows to probe heavy neutrino masses well beyond the TeV scale.

In the case of new charged leptons, they can be produced in pairs at the LHC, in qq̄ annihilation
via an s-channel photon and/or Z boson, and also at the ILC, either in pairs or singly. Though their pro-
duction cross sections are not large compared to the ones for strongly interacting particles, the resulting
signals are rather clean, and masses around 800 GeV can be probed at the LHC with 14 TeV and 100
fb�1.

Doubly charged leptons, L��, can be present in extended isospin multiplets. They can couple with
the SM lepton only through the W gauge boson. The main consequences are the following: (i) there is
only one decay channel: L�� ! W� `� with the branching ratio B = 1; (ii) L�� can be resonantly
produced in 2 ! 2 processes such as qq̄0 ! L��`+, via magnetic type gauge interactions and the
leptonic W decay leads to a final state signature with a tri-lepton and missing energy: p p ! `� `+ `+ ⌫

e

.
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In particular, this signature contains a like-sign-dilepton (LSD) and is characterized by very low SM
background. The invariant mass distribution of the LSD is sharply peaked at the mass m

L

�� and well
separated from the that of the background. Within a pure gauge model, the LHC run at

p
s = 14

TeV can reach a 5-sigma sensitivity up to m
L

�� = 1 TeV for L = 60 fb�1. The inclusion of the
contact interaction mechanism for the production of L++

(L��
), which in the high mass region becomes

dominant, will increase the mass reach of the LHC with respect to these exotic leptons. Doubly charged
excited leptons could also be investigated with the e�e� option of a Linear Collider where they can be
produced directly in processes like e�e� ! L��⌫

e

.
If new leptons are discovered it is of great importance to measure directly their coupling to the

SM charged leptons. The reason stems from the fact that heavy neutrinos also contribute to lepton
flavor violating processes, such as µ ! e�. These rare processes are practically absent in the SM due
to the smallness of neutrino masses (for example, the branching ratio for µ ! e� is of the order of
10

�54), but receive a huge enhancement in SM extensions explaining neutrino masses. With the new
machines planned at the intensity frontier, the limits on these rare processes will be pushed down and
positive signals be may well be measured. In such case, the interplay of low-energy indirect effects and
high-energy production of the new particles requires the measurement of their interactions with the SM
leptons, which clearly benefits from better statistics from a LHC energy or luminosity upgrade.

4 Searches for Exotica
Exotica are defined as classes of models whose signatures are not included in the standard palette of
searches for physics Beyond the Standard Model (BSM), such as signals supersymmetry with missing
energy, extra dimensions and the particles studied in the previous sections [6, 7]. The reason for the
lack of inclusion can be one of two. First, the objects themselves in the events can be exotic if they are
not standard jets, leptons on missing transverse energy. Examples of exotic objects include lepton jets,
high multiplicity tracks, or objects that produce unusual tracks (such as kinks and displaced vertices).
Second, the types of search strategies employed for BSM may be tuned on the wrong combination of
objects to extract exotica. Searches for physics BSM typically focus on a relatively low multiplicity of
high p

T

objects. For example, a model may feature a high multiplicity of low-p
T

objects produced from
low-scale new physics in a high H

T

event. Many of these classes of models will be missed without
a dedicated search. We discuss a few of the models that can be probed with various luminosities and
energies at the LHC.

In many of these models there is a trade-off between high luminosity and high energy searches.
For example, Hidden Valley type models involve the production of a heavy mediator particle which then
decays into a high multiplicity of hidden sector particles. In some cases these hidden sector particles
hadronize and subsequently decay. In this case, higher energy implies a greater reach for the mediator
particle which provides the gateway to the hidden sector. Models of extra dimensions that predict black
hole production give rise to “fire ball” type events, with high multiplicities of relatively low p

T

objects.
In other cases, higher energy is not needed but simply higher luminosity. For example, within

supersymmetry, large missing energy is often required in the searches. If the lightest particle in the ordi-
nary supsersymmetric decay chain is unstable to decay to a hidden sector, the distinctive supersymmetric
signatures with large missing energy can be obscured. In this case higher luminosity can lead to a better
signal to background discrimination. Some such studies have already been carried out at the Tevatron.

These general classes of signatures have received more scrutiny in recent years. For example,
“lepton jets” can arise when heavy states decay into lighter states in a hidden sector. These light states
are highly boosted and can decay to multiple leptons. In order to effectively search for lepton jets,
however, the isolation requirements of BSM searches on the leptons must be relaxed.

As we begin to uncover the Higgs sector, exotica can be important for understanding the nature
of the Higgs sector. For example, the Higgs itself can act as a mediator particle to decay to hidden
sector particles. The lifetime of the Higgs to these exotic particles can be long, giving rise to displaced
vertices. The effect on the other Higgs decays may be minimal, however, so that the Higgs may still
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be standard model-like. Special searches must be designed to extract such events from the data, with
displaced vertices.

Exotica are also important in the context of dark matter searches. While the community has been
focused on searching for dark matter in the form of the neutralino from the MSSM, the dark matter sector
may be more complicated. The dark matter may be much lighter than the weak scale, and may only be
reached by extended cascade decays from weak scale states. Missing energy may thus play a reduced role
within the context of these extended sectors, with higher multiplicities in the events replacing missing
energy as a key search tool.

Other types of models give rise to exotic tracks in the detector. The presence of a new confining
gauge group in a hidden sector, with a very low confinement scale, can give rise to oscillating bound states
that give rise to oscillating tracks with kinks. In this case, the algorithms designed to remove events with
exotic track shapes could easily remove these signal events from any possible search. Specific searches
must be designed to target events with both kinks and displaced vertices, regardless of the collision
energy. Of course at higher luminosities and energies, trigger requirements become more stringent, so
designing searches to keep these classes of events becomes more challenging.

Another example of exotica that can manifest itself in almost any model is a long-lived particle.
Long-lived particles can occur for a variety of reasons such as a small coupling, small mass splitting, or
even the scale of supersymmetry breaking. Depending on quantum numbers of the long lived particle
very different signatures have to be searched for at the LHC.

An example of a long-lived particle is a heavy stable charged particles (HSCPs), i.e., particles with
a decay length that is large compared to the size of a detector. These particles lead to a muon-like sig-
nature with highly ionizing tracks and anomalously long time-of-flight. Due to very clean signal regions
we typically expect discovery or exclusion of HSCP scenarios on the basis of a very few events. Hence,
at the sensitivity boundary, discovery might be established in a rather short period of time. Examples
of HSCPs are long-lived staus or R-hadrons in supersymmetry. Long-lived staus can naturally arise in
supersymmetric theories with a very weakly interacting lightest superpartner – like the gravitino or the
axino, which are cosmologically well motivated dark matter candidates. The current search for long-lived
stau scenarios is focused on the identification of the stau being a slow-moving particle (� = 0.5 � 0.8).
If the staus are significantly lighter than squarks and gluinos, however, these particles tend to be fast, and
alternative methods based on the presence of extra muons (the two staus at the end of the decay chains)
become competitive. In particular, long-lived staus provide a multilepton and a same-sign dilepton sig-
nal with less missing E

T

than in neutralino LSP scenarios and with a strong muon-electron asymmetry.
Very slow moving staus can lose their kinetic energy completely, stop inside the detector, and decay
afterwards. The decay of stopped staus can be studied using time intervals without ongoing collisions.
The study of stau decays can provide an important test of supergravity and the determination of the scale
of supersymmetry breaking.

When the long-lived particle is neutral but not detector stable more exotic signatures such as
displaced vertices, non-pointing tracks, and non-pointing photons and jets can occur. These signatures
are more difficult to search for and while LHC7 studies have started to analyze these scenarios, new
algorithms for finding these exotic signatures may have to be developed before LHC14.

In summary, collisions at various energies with different beam intensities provide different ben-
efits and challenges for exotic physics beyond the standard model. With an eye towards these benefits
and challenges, discovery reach can be maximized. The current palette of searches for exotica at both
experiments provides a broad starting framework for uncovering this class of physics BSM.

5 Conclusions
We have considered a number of exotic new physics options that include new gauge bosons, new
fermions and new signatures with displaced vertices. Despite the large number of possibilities, all these
new physics options share some common features that can be summarized as follows:

– Discoveries of new particles are still possible, and well motivated, with the LHC8 run.
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– LHC14 will cover in many cases most of the well motivated parameter space in terms of discovery
reach. Some properties of the new particles can be measured to a certain degree if there is a
discovery at the LHC8 run. Otherwise new upgrades and/or experiments (LHC33, LHC14 with a
luminosity of 3000 fb�1 or ILC) would be needed to measure the properties of particles that could
be discovered beyond what the LHC8 run can exclude.

– LHC33 is suitable for better reach at high masses whereas the high luminosity upgrade of LHC14
would be advantageous for lower masses and small couplings.

– The ILC is in many cases complementary to the LHC, closing blind spots inherent to hadron
colliders. It can also provide discovery in some cases beyond the reach of LHC14 and is quite often
the best option to measure with some precision the properties of particles that can be discovered at
the LHC.

Appendices
A Boosted Techniques
Novel analysis methods using jet substructure to identify moderately or highly boosted hadronic decays
of heavy particles (W,Z,H,top and new particles) have in the past few years been proposed for a number
of LHC analyses, as reviewed in [8] Current limits from direct searches push many models of new
physics above the TeV scale and when these large scales are being probed, boosted techniques become
more and more relevant. While the field is still in its infancy, it appears that many searches and studies
stand to benefit from such methods and first investigations by ATLAS and CMS have demonstrated
their experimental viability. Analyses at future or upgraded facilities may likewise gain from the use of
substructure tools, depending on the energy ranges they explore. Maximum benefit will be had if detector
angular resolution for hadronic objects is such that jet substructure can be comfortably resolved down to
angular scales of order 2M/p

t

(or 2M/E), where M is the mass of an electroweak scale object that one
wishes to study up to some transverse momentum p

t

(or energy E).
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