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Theory overview of BSM top and Higgs interactions
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Physics beyond the standard model is actively searched in many experiments and among them the
Large Hadron Collider is having at present a central role, exploring a large number of different
channels. One of the most interesting and promising sectors for these searches is the one of the
top quark, for many different theoretical and phenomenological reasons. In this sector there is
a large number of options, from single top, monotop up to multi-top events, all contributing in
different ways to clarify and limit the possible structures we may think of beyond the standard
model. At the same time the Higgs sector is providing complementary information, both from
its detailed properties and in channels associated with the top quark. I shall discuss here only
part of this large spectrum of possibilities, in particular suggesting that less standard searches
like those on multi-top events, beyond the standard t-t̄ and single top searches can bring further
insight in constraining and discovering physics beyond the standard model, taking advantage of
experimental techniques not so different from those used in present top-quark analyses.
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1. Introduction

Since its discovery in 1995 by the CDF and D0 experiments at the Tevatron [1, 2], the top quark
has a special place in the Standard Model (SM) and beyond the standard model (BSM) physics,
due to its mass close to the electroweak breaking scale and its peculiar decay properties. One
interesting question is whether present searches in top physics, like those for four top final states can
be extended to multi-top final states with more tops, and in particular what extra information can
be learned. It turns out that even if one can think naively that a very large number of top particles
can be produced at the LHC, these multi-top final states in practice have already constraints both
regarding the number of particles and the type of production processes. On the other side, scenarios
of new physics where a single top quark can be produced, both in association with large missing
energy (monotop) or with other particles (single top) offer another handle on BSM physics. All
these scenarios have been studied both from the theoretical point of view and by the experimental
collaborations. In the following I will consider some of these studies with the particular point of
view of looking to the number of top particles in the final state and their implications for top and
Higgs physics.

2. Single- and mono-top physics

The single top final state is produced through the weak interactions, in processes that allow
testing the chiral structure of the production vertex via spin correlations. At the LHC the t-channel
amplitude is the dominant one. For example at the 8 TeV LHC the inclusive production rates of the
s-, t- and Wt channels are approximately 5, 85 and 25 picobarns respectively (see [3] for a detailed
review of the theoretical calculations and the experimental results), in good agreement with the SM
expectations. See also [4, 5, 6] for the detailed experimental numbers. BSM physics can provide
modifications to the SM couplings but also new interactions allowing to produce a single top quark.
As an example the decay of a vector-like T’ into top quark and Z boson (see for example the study
performed in [7]) gives a typical single top final state from a new flavour changing vertex that is
quite common in BSM extensions.

These possibilities can be tested in precision measurement of the top quark properties in the
single top final state, but an even more striking BSM signal would be the presence of mono-top
events (events in which the top quark is produced alone, with only extra missing energy). The
production of such a final state is extremely suppressed in the SM, and also quite peculiar in models
of new physics. Two main production mechanisms can lead to a monotop state [8, 9]: the resonant
production of a coloured bosonic state which decays into a top quark plus an invisible neutral
fermion, or via the production of a single top quark in association with a boson that has flavour-
changing couplings to top and light quarks and stays invisible in the detector. Embedding the
effective couplings of the top quark in an SU(2)L invariant formalism selects a minimal model for
each of the possible production mechanisms [10]. In particular a scalar field coupling with a right-
handed top quark and an invisible fermion when the monotop is produced via a resonant channel,
and a vector field mediating the interactions of a missing energy particle to right-handed quarks for
the non-resonant production mode as discussed in the following.
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2.1 Resonant monotop production

Spin-0 mediator

The initial state consists of a pair of down-type quarks which form a spin-0 state. Since
these di-quark states are made of identical quarks and fermions are anticommuting objects, the
corresponding wave–functions need to be antisymmetric under the exchange of the quark fields.
The exchange of the flavour indices is therefore forced to be antisymmetric too, since the one of
the spin and colour indices are antisymmetric and the one of the triplet (adjoint) representation of
SU(2)L is symmetric (for the left-handed quark setup). Therefore the right and left-handed quarks
cannot couple to the same scalar and two different objects must thus be introduced. The operators
containing the interactions needed for monotop production are

λs ϕs d̄C
R dR +λt ϕt q̄C

LqL +h.c. , (2.1)

where qL is the left-handed doublet, and λs,t are antisymmetric matrices in flavour space. The
second term is the component of a triplet with electric charge ±2/3 that couples eventually to the
top. Extra constraints emerge when considering the final state to top-quark plus missing energy due
to an invisible fermion χ . Assuming that it is a singlet under the SM symmetries, in order to allow
for a χ-coupling to a left-handed top quark, we need to introduce an extra scalar field ϕd which
transforms as a doublet of SU(2)L. The operators giving rise to monotop production can then be
written as

ys ϕ
†
s χ̄tR + yd ϕ

†
d χ̄qL +h.c. (2.2)

The initial and final state can consequently only be connected via an SU(2)L-singlet field ϕs that
couples to right-handed quarks.

Spin-1 mediator

A similar reasoning can be followed for the case of a spin-1 mediator X . The Lorentz vector
fermionic bilinear is ψ̄γµψ , can be written as ψ̄LγµψL + ψ̄RγµψR. This implies that the two quarks
have the same chirality. In order to build a scalar invariant, vector fields have to couple to these
spinors of the same chirality. The couplings of the X-field to down-type quarks are

λ
1
V X µ d̄C

L γµdR +h.c. , (2.3)

where the coupling strength is λV and the X-boson must be a weak doublet with hypercharge 1/6.
The X-field has the quantum numbers of a left-handed quark doublet and has two possible options.
It can couple to a left-handed top quark and a singlet field χ , but in addition to the interaction
relevant for the production of a monotop state, the interaction of a left-handed bottom quark to the
second component of the X-doublet induces the fast decay of the neutral χ fermion via an off-shell
X-state, eliminating the possibility of a monotop signal. The other option consists in considering
right-handed quarks. A coupling to right-handed quarks can be obtained if the fermion χ belongs
to an SU(2)L doublet with hypercharge 1/2

λ
3
V Xµ t̄Rγ

µ
χd +h.c. (2.4)
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This model however contains a charged fermion that can be produced in association with a top via
the vector of charge −1/3 and is therefore likely to be constrained by channels different from the
monotop one.

The previous analysis allows to conclude that the minimal and natural choice for the resonant
monotop channel is the spin-0 mediator with a new fermion both gauge-singlet and coupling to
right-handed quarks. The couplings of the scalar to the down quarks are antisymmetric under the
exchange of the flavour indices. Consequently, parton density effects enhance the production mode
d̄s̄→ ϕ at hadron colliders such as the LHC.

2.2 Non-resonant monotop production

In this scenario the top quark is produced in association with an invisible bosonic field that
couples in a flavour-changing way to top and light up-type (up or charm) quarks. The bosonic
state is in general not stable since it couples to quarks and therefore the missing energy signature
is enforced by requiring these fields either to be long-lived or to decay predominantly into a pair of
additional neutral stable particles.

Spin-0 mediator

The coupling in the effective Lagrangian is

yi j
φ q̄L,iuR, j +h.c. (2.5)

where i, j are the quark flavour indices. Gauge invariance implies the presence of interactions
between the charged component field φ+ and quarks, so that the φ+ field decays always promptly
into two-body final states, φ+→ ub̄ or td̄. Analogously, the neutral component φ 0 could also decay
into an associated particle pair comprised of a top and an up quark, φ 0→ ut̄ + tū, as well as into a
three-body final state via the exchange of a virtual charged scalar field.

If we restrict ourselves to φ 0-decays into fermionic particles, the minimal option is given by
the Lagrangian

Lφ−decay = yχ φ χ̄d χs +h.c. , (2.6)

where χs is an electroweak singlet and χd a weak doublet with hypercharge of 1/2. As a con-
sequence of this non-minimal dark matter sector of the model, monotop production via flavour-
changing interactions of up-type quarks with a new invisible scalar field will always be accompa-
nied by an extra single top production mode

pp→ tφ−→ tχ0
d χ

0
s [W

−]∗ . (2.7)

The nature and magnitude of the associated effects are very model dependent.

Spin-1 mediator

If the mediator is a vector boson V , one can build very simple models, since it can be singlet
under the electroweak group. The associated couplings involve either right-handed or left-handed
quarks and take the form(

ai j
R Vµ ūR,iγ

µuR, j +ai j
L Vµ(ūL,iγ

µuL, j + d̄L,iγ
µdL, j)+h.c.

)
, (2.8)
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where the aL,R parameters denote the strengths of the interactions of the V -field with the quarks.
A monotop signal is expected only when V is invisible and dominantly decays into a pair of dark
matter particles.
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Figure 1: Maximum value of aR necessary to enforce the mediator V to decay invisibly in 99% of the
cases. We focus on scenarios where the couplings of the mediator to dark matter are chiral with gRχ = 0 (or
gLχ = 0) in the left panel, and vector with gLχ = gRχ = gV χ in the right panel. The four curves correspond
to mχ = 5, 75, 100 and 150 GeV from the lower to the upper ones in each figure.

Searches limiting the parameter space of these minimal models (both resonant and non-resonant)
have been performed by ATLAS and CMS [11, 12]. Earlier searches for dark matter production in
the mono-jet or single top quark plus missing transverse energy signature were performed by CDF
[13, 14].

3. Multi-top physics

Several different models can give rise to the final states with many top quarks in the final
state and here we consider models based on the assumption that new physics couples mainly to
the top quark (such as a “top portal” kind of scenario). The topologies we consider, consist of the
decay chains of pair-produced coloured particles, which will either be “coloron”-like bosons (see
for example [15]) or T ′ vector-like fermions (see for example [16, 17]).

Note that no matter how complicated the decay chain is, there will be only one parameter
which strongly influences the event yield: the mass of the pair-produced particles. Therefore limits
and observation windows estimated using cuts and simple event counting with these topologies are
generic and can be generalised to other models with similar final states.

3.1 Four and six tops

Four top production occurs in the Standard Model through a big set of diagrams, with produc-
tion dominated by gluon-initiated diagrams. Its sensitivity to BSM physics, with sometimes huge
enhancement in the cross section with respect to the SM, is the main reason for the large interest
in this final state, which allows to test both resonant and non resonant BSM physics. For example
contact interactions of a composite top quark would have consequences not only on top pair pro-
duction but also on the four top final state [18, 19, 20]. The four top final state in channels including
explicitly new BSM particles is also extensively studied in the literature (see [21, 22, 23, 24] for
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RZ′ RT

R1 1 3
R2 8 3
R3 8 6̄
R4 8 15

Table 1: Possible colour assignments for T and Z′ in the 6-top topology.

few examples), and searched in detail by the LHC experimental collaborations [25, 26]. Typically
the four top quarks are the result of the decay of "heavy gluon" octet or of a coloured singlet which
is pair produced and decaying to tt̄tt̄. More recently, in the framework of composite models also
the case of a colour sextet pair produced and decaying to ttt̄t̄ was considered [27]. As the tt̄tt̄ final
state is well covered in the existing literature I will not enter into more details here.

We can therefore consider in more detail the six top quark final state, by analysing the pro-
duction and decay of such a process together with simple analyses which can be used to bound
it. Having a six top final state requires a top partner T and a bosonic particle, which is typically a
Z′. A reasonable choice for the gauge group is (3,1,2/3) for T and (1,1,0) for Z′. More exotic
assignments are possible, as listed in table 1, but having an additional coloured particle leads to a
typically more constrained model. Typical mass limits for a top partner T are close to the 1 TeV
range from present LHC searches. Present bounds on the sixâĂŞtop final state come mainly from
analyses including two and three same sign leptons, which have a very reduced background. The
CMS paper on same-sign di–leptons production associated with b-jets (2SSL+b) [29] is sensitive
to the 6-top final states, so it is possible to recast it in our case to set limits on the 6-top (or more)
parameter space. Other analyses which are sensitive to multi-lepton, multi-jet, ÌÿET final states,
are ATLAS supersymmetry searches [28, 30].

Performed a parameter scan in the plane MT , MZ′ in the minimal colour embedding model, an
exclusion region below MT < 710 GeV, as shown in Figure 2 can be obtained recasting the CMS
analysis [29]. This limit has mild dependance on MZ′ . It can be extrapolated to more unusual
colour structures of Table 1 by multiplication of the signal yield by the corresponding colour factor
(neglecting colour correlation effects for simplicity).

3.2 Eight tops

One can build on the previous case in order to have a decay chain producing eight top quarks,
by adding an extra coloured boson ρ decaying to tT̄ . The ρ can be pair produced in pp collisions
by QCD. The six-top final state can also arise and all the above discussion applies. The colour
assignments for T and Z′ are constrained as discussed in the previous sections, which imposes that
the ρ is a colour-octet in the minimal choice for T and Z′ quantum numbers.

The best way to detect a multi-top final state is through leptonic channels, based on the result
of existing searches and exploiting the possibility of having same-sign leptons allows to strongly
reduce Standard Model backgrounds. Performing a Monte–Carlo simulation one can check that, as
expected, the HT spectrum is harder for eight-top events. The 6ET and leptonic pT are slightly lower
than in the six-top case, since individual tops have lower momentum. These results limit strongly
the possibility to put bounds on Mρ with the 2SSL+b analysis using Run 1 data. In particular the
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Figure 2: Limits in the plane (MT ,MZ′) from the recasting of the CMS analysis. Purple area is excluded at
2σ , blue area at 1σ . Yellow area is not excluded.

results of the CMS analysis is compatible with the background hypothesis within less than 1σ . The
3SSL analysis is not constraining either as even though combinatorics may help reducing the signal
loss, no signal is expected at the LHC with the amount of data available from Run 1. The ongoing
Run 2 can bring however the possibility to increase the limits on top multiplicity as much stronger
bounds should be placed on six-top processes, and eight top processes should start to become
visible. Further experimental scrutiny in this direction is therefore a unique tool to constrain or
discover BSM effects in the top sector.
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