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An ongoing long quest in just few lines

• Discovery of the     quark in 1995 at TeVatron

• The heaviest elementary particle, its mass affects precision EW fits 

•        discovery in 2012 at the LHC and study of its properties

• Related large coupling of      and       :  probe electroweak symmetry breaking

•        and        knowledge is driven by LHC measurements 

• Good agreement with the SM and improved theoretical calculations

• Perfect tool to probe BSM physics 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     is special for SM & BSM 

• top enters the loop correction to the Higgs mass with a large 
contribution 
 

• In susy stop (top-partner) cancel the quadratic dependence 
 
 
 
 
but not the only way! (see M.Peskin’s theory keynote)
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Something is needed in addition to the SM top… => Rather light top partner
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The simplest Higgs mechanism SM is not stable with respect
to quantum corrections (naturalness problem) 

ĵmH < 160 GeV (95% CL limit on SM Higgs)

One might expect deviations from the SM predictions in the top sector.
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to quantum corrections (naturalness problem) 

ĵmH < 160 GeV (95% CL limit on SM Higgs)

One might expect deviations from the SM predictions in the top sector.

Top plays a special role in most of BSM models

In MSSM large top (stop) loop corrections shift after renormalization  the upper 
bound for the  light Higgs mass (< 135-140 GeV) to be consistent to the LEP2 
limits

On the other hand large loop corrections to mHu
2 lead to fine-tuning problem  if 

mHu
2 >> mZ

2

1. In MSSM stop (top partner) helps to cancel ȁ2 dependence

=>

MH is protected!

S.P. Martin



and in      couplings too 

4

1.2. HIGGS PHYSICS AND PHENOMENOLOGY 15

is given by:

�Born(H ! ff̄) =
GFNc

4
p
2 ⇡

mHm
2
f

✓
1� m2

f

m2
H

◆3/2

where Nc is the number of colours of the fermion and GF is the Fermi constant, and we can
see that the partial widths grow with fermion masses, and below mH = 2mt they are in order of
importance bb̄, ⌧+⌧�, cc̄, µ+µ�, ss̄, dd̄, uū and e+e�. However at hadron colliders, QCD noise
makes final states with quarks hard to identify, and bb̄ is the only one identifiable through e�cient
b-tagging (method aimed at detecting displaced vertices of the decay of “long-lived” B mesons),
with a BR up to more than 80%. On the lepton side, only the ⌧+⌧� final state is interesting,
µ+µ� and e+e� representing too few events.
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Decays trough loops

These Higgs boson decays only appear at loop-level: even
though the Higgs boson doesn’t carry either electrical or
colour charges, it can decay to a pair of photons or a pair of
gluons through loops of weak gauge bosons or quarks, which
should therefore represent small partial widths because of the
loop suppression. Once again at hadron colliders, the QCD
noise drowns out the gluon decay signal whose signature is
simply two jets. On the other hand, as the photon is stable
and cleanly measurable, the �� signal is clean, even though
it su↵ers from a very low BR. The decay mode �Z also exists
through the same loops as the �� one, but is less sensitive
experimentally because of the Z decaying, and we won’t fo-
cus on it in this thesis. At one loop, the partial widths to gg
and �� are given by:
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where A1/2 and A1 are the form factors of these loops for spin-12 and spin-1 particles:
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34 CHAPTER 3. HIGGS COUPLINGS BEYOND THE STANDARD MODEL
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In order to get more insight on the parameters it is interesting to note that A1/2(⌧) and A1(⌧)
reach asymptotic values for small values of ⌧ i.e. heavy particles in the loops. For instance, for
a 125 GeV Higgs boson, we get

A1(⌧W ) = �8.32 , A1/2(⌧t) = 1.37 ;

and the top amplitude is very close to its asymptotic value A1/2(0) = 4/3 while the amplitude
for the W , lighter, significantly deviates from the asymptotic value A1(0) = �7.

As for the QCD corrections to the top loops Cg/�
t , they can be computed in the asymptotic

case where the top quark is very heavy which is a good approximation for a 125 GeV Higgs
boson, and one gets ( [25]):

C�
t = 1� ↵s

⇡
, Cg

t = 1 +
9

2

↵s

⇡
.

It is useful to note that this treatment is di↵erent from the parametrisation proposed in [24],
in which parameters W , t etc were not included.

Moreover, as we saw in the first chapter, at first order the Higgs production cross section
through ggh is proportional to its partial width into two gluons. Therefore, the previous argument
can also be used to express the ggh cross section as a function of t and gg.

With this set of parameters, the expression for µi
p is hardly more complicated than with the

other parametrisation, as we will see in the next section that we only have to replace 2
g and 2

�

with the expressions 3.4 and 3.5.

Example of a top normalised/inspired parameterisation:

G.Cacciapaglia, A.D., J.Llodra-Perez 0901.0927
G.Cacciapaglia, A.D., G.Drieu La Rochelle, J.B.Flament 1210.8120



• Composite models (technicolor, effective lagrangians like 
little Higgs, topcolor…):

• top effective 4 fermion operators

• vector-like top partners

• new coloured scalars

• Extra-dimensional models:

• KK-modes of top and gluons

• Xdim realisations of composite models
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     is special for BSM physics



Counting      ’s and BSM physics
• Simple plan (but skip some of those already 

extensively covered at this conference):

• 1 top (single top, monotop)

• 2 tops (modifications to tt̄ and t̄t̄)

• 3 tops (MSSM, Z’…)

• 4 tops (many BSM studies)

• 6 tops 

• 8 tops (and why we stop here)
6



SM cross sections

• multi-top (more than 2) cross-sections are small 
in the SM  ~ fb while can be enhanced in BSM
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Single top
• A full session already dedicated to it

• Main implications for BSM:

• search for FCNC

• modification of the Wtb coupling

• W’ → tb

• b* → t W
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Single top and T’→tZ
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Figure 1: Feynman diagrams for the process pp → T ′j → tZj via couplings of the T ′ to

(a) first generation quarks and (b) third generation quarks.

where the subscripts L and R label the chiralities of the fermions. Only 3 parameters are

sufficient to fully describe the interactions that are relevant for our investigation. Besides

MT ′ , the vector-like mass of the top partner, there are the 2 couplings appearing in eq. (2.1)

- g∗, the coupling strength to SM quarks in units of standard couplings, which is only

relevant in single production. The cross sections for the latter scale with the coupling

squared;

- RL, the generation mixing coupling, which describes the rate of decays to first gen-

eration quarks with respect to the third generation, so that RL = 0 corresponds to

coupling to top and bottom quarks only, while the limit RL = ∞ represents coupling

to first generation of quarks only.

For some possible reinterpretation of this effective Lagrangian in terms of complete

models, see refs. [10, 22].

2.1 Cross section parameterisation

In this paper we study the LHC discovery potential of the T ′ in single production mode,

in association with a light jet. Then, the T ′ decays into a top and a Z boson. The overall

signature reads: pp → T ′j → tZj. This process is given by the set of Feynman diagrams

displayed in figure1.

The are two sets of diagrams, i.e. where the T ′ is produced due to the interaction with

light quarks (A1) or due to the interaction with the b quark (A3). From the Lagrangian in

eq. (2.1), these 2 sets of diagrams give production cross sections that scale differently with

RL, the mixing coupling. Further, the decay into a top quark and a Z boson scales with

RL too. We parametrise the production cross section and branching ratio BR(T ′ → tZ) as

follows:

σpp→T ′(MT ′ , RL) = A1(MT ′)
RL

1 +RL
+A3(MT ′)

1

1 +RL
, (2.2)

BRT ′→tZ(MT ′ , RL) = B(MT ′)
1

1 +RL
, (2.3)

– 3 –

1411.7587  L.Basso, J.Andrea (trilepton channel)
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Figure 3: Significance σ = 3 (solid lines) and σ = 5 (dashed lines) for L = 100 fb−1.

However, to be able to draw a meaningful comparison, we shall set ourselves in the same

conditions,4 which correspond to the end of the LHC run-II. The plot for this setup is

in figure 4. The curve to be compared is the RL = 0 one on the left-hand side plot. At

low T ′ masses, the dileptonic channel of ref. [22] performs slightly better, meaning that a

marginally lower value of g∗ can be probed. At larger T ′ masses though the trileptonic

channel is more sensitive, extending the reach by 200 − 300 GeV. In these conditions, our

analysis is sensitive to g∗ couplings down to 0.05 and T ′ masses up to 2.1 TeV at most.
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Figure 4: Significance σ = 3 (solid lines) and σ = 5 (dashed lines) for L = 300 fb−1 and

kf = 1.14 as in ref. [22].

4ref. [22] used an integrated luminosity of 300 fb−1 and rescaled the signal by a mean k-factor of 1.14.

– 11 –

Also recast as FCNC limit 
on Ztq coupling



Monotop
• production of a single top plus missing energy (not 

necessarily a DM particle), first introduced in 1106.6199 
(J.Andrea, B.Fuks, F.Maltoni)

• can be resonant (coloured boson, as R violating SUSY) or 
flavour changing: 
 
 
 
 

• general effective Lagrangian description, with SM 
embedding, see I.Boucheneb et al. 1407.7529
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FIG. 1: Representative Feynman diagrams leading to mono-
top signatures, through the resonant exchange of a colored
scalar field S (left) and via a flavor-changing interaction with
a vector field V (right). In these two examples, the missing
energy is carried by the V and χ particles. More diagrams
with, for example, t-channel and s-channel exchanges for the
two type of processes respectively, are possible.

SU(3)c. As an example, consider the s-channel resonant
case

d̄id̄j → S or V → tχ ,

where dk denotes a down-type quark of generation k.
Such processes occur in R-parity-violating SUSY [5]
where, similarly to the case discussed in Ref. [6], the in-
termediate particle is a (possibly on shell) squark and
χ the lightest neutralino (d̄s̄ → ũi → tχ̃0

1, where ũi are
any of the up squarks), or in SU(5) theories where a vec-
tor leptoquark V decays into a top quark and a neutrino
(d̄d̄ → V → tν̄). The key difference between these two
examples is the mass of the invisible fermionic state in-
ducing different transverse-momentum (pT ) spectrum for
the top quark. In the limit of a very heavy resonance,
monotops can be seen as being produced through a
baryon number-violating effective interaction (d̄s̄ → tχ̄),
after having included the possible t- and u-channel ex-
changes of a heavy field [7, 8]. Let us note that the
fermionic particle could also be a Rarita-Schwinger field,
as in SUSY theories containing a spin-3/2 gravitino field,
or a multiparticle state (with a global half-integer spin),
as in hylogenesis scenarios for dark matter [9].
In the second class of models, the top quark is pro-

duced in association with a neutral bosonic state, either
long-lived or decaying invisibly, from quark-gluon initial
states undergoing a flavor-changing interaction, as dis-
cussed, e.g., in Ref. [10]. Missing energy consists either
in a two-fermion continuous state, as in R-parity conserv-
ing SUSY [11], or in a spin-0 (S), spin-1 (V ) or spin-2
(G) particle,

ug → ũiχ̃
0

1 → tχ̃0

1χ̃
0

1 , ug → tS , tV or tG .

EFFECTIVE THEORY FOR MONOTOPS

The top quark kinematic distributions depend both
on the partonic initial state and on the nature of the
undetected recoiling object (scalar, massive or massless

fermion, vector or tensor), as well as on the possible
presence of an intermediate resonant state. This sug-
gests a model-independent analysis where we account for
all cases within a single simplified theory, in the same
spirit as Ref. [12]. Assuming QCD interactions to be
flavor-conserving, as in the SM, the flavor-changing neu-
tral interactions are coming from the weak sector. We
denote by φ, χ and V the possible scalar, fermionic and
vectorial missing energy particles, respectively and by ϕ
and X scalar and vector fields lying in the fundamen-
tal representation of SU(3)c which could lead to res-
onant monotop production.1 In addition, we obtain a
simplified modeling of four-fermion interactions through
possible s, t, u exchanges of heavy scalar fields ϕ and ϕ̃.
The corresponding effective Lagrangian in terms of mass
eigenstates reads

L = LSM

+ φū
[

a0FC+b0FCγ5
]

u+Vµū
[

a1FCγ
µ+b1FCγ

µγ5
]

u

+ϵijkϕid̄
c
j

[

aqSR+bqSRγ5
]

dk+ϕiū
i
[

a1/2SR+b1/2SRγ5
]

χ

+ϵijkϕ̃id̄
c
j

[

ãqSR+ b̃qSRγ5
]

uk+ϕ̃id̄
i
[

ã1/2SR+ b̃1/2SRγ5
]

χ

+ ϵijkXµ,i d̄
c
j

[

aqV Rγ
µ + bqV Rγ

µγ5
]

dk

+Xµ,i ū
i
[

a1/2V Rγ
µ + b1/2V Rγ

µγ5
]

χ+ h.c.,

(1)

where the superscript c stands for charge conjugation,
i, j, k are color indices in the fundamental representation
and flavor indices are understood. The matrices (in fla-

vor space) a{0,1}FC and b{0,1}FC contain quark interactions
with the bosonic missing-energy particles φ and V , while

a1/2{S,V }R and b1/2{S,V }R are the interactions between up-type
quarks, the invisible fermion χ and the new colored states
ϕ and X . The latter also couple to down-type quarks
with a strength given by aq{S,V }R and bq{S,V }R. Because

of the symmetry properties of the ϵijk tensor, identical
quark couplings to the scalar field ϕ vanish and so do
their axial couplings to the vector field X . In the case
of four-fermion interactions, we also need to introduce

additional ãqSR, b̃
q
SR, ã

1/2
SR and b̃1/2SR interaction matrices,

assuming heavy masses for the ϕ and ϕ̃ fields.

1 For simplicity, we neglect spin-2 gravitons, as their flavor-
changing couplings are loop-induced and thus very small [13],
as well as any of their excitations, which, even if they have, on
the one hand, typically flavor-violating couplings at tree level, do
not lead, on the other hand, to a missing energy signature. On
the same footing, we do not consider spin-3/2 fields since their
couplings are, at least in SUSY theories, in general suppressed
by the SUSY-breaking scale.



• spin zero couples to spinors with opposite chirality, but 𝛗1 is 
a singlet, 𝛗2 a triplet of SU(2), so two different fields:  
 

• similar argument in decay: need t plus a singlet, 𝛗1 ok, but 
𝛗2  into t plus a multiplet (so not only a neutral state).

• spin 1 couples to spinors with same chirality: 
 
 
 
so Xμ is (2,1/6) and on the decay side 𝜒 can go to Xμ b, no 
monotop! 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Monotop - resonant

2 Resonant Monotop production

In this scenario, a coloured scalar ' or a vector X
µ

resonance is produced in s-channel from
the fusion of two down-type (anti-)quarks, with further decay into a top and a long-lived
particle �. The e↵ective lagrangian for this case is [1]:

L
res

= ' d̄c

i

⇥
(aq

SR

)ij + (bq

SR

)ij�5

⇤
d

j

+ ' t̄
h
a1/2

SR

+ b1/2

SR

�5

i
� + h.c. (2.1)

+X
µ

d̄c

i

⇥
(aq

V R

)ij�µ + (bq

V R

)ij�µ�5

⇤
d

j

+ X
µ

t̄
h
a1/2

V R

�µ + b1/2

V R

�µ�5

i
� + h.c. (2.2)

where i, j are flavour indices, and the color indices are omitted. As the colour contraction
in the interactions with the two down quarks is anti-symmetric, necessarily the couplings
are anti-symmetric in the flavour indices. The couplings that contributes the most to the
production of ' or X

µ

involves therefore a down and a strange anti-quarks. These interactions
are completely generic, and in particular no assumption is made on the chirality of the SM
quarks in the interactions: however, SU(2) gauge invariance will necessarily constraint such
couplings, or force the resonantly produced states and the invisible one � to belong to a
large multiplet of SU(2). Any extra component cannot have a mass much larger that the
one we include, because the mass splitting can only be generated by the Higgs VEV and a
large value will induce sizable corrections to the precision electroweak tests. Studying the
SU(2) embedding of this e↵ective Lagrangian can therefore give precious constraints on the
allowed couplings.

The scalar case has also been studied in detail in [2]. Here we will address the embedding
into complete SU(2) representations, and.....

2.1 Embedding in the SM gauge structure

Spin-0 case: '

A scalar can only couple to two fermions with opposite chirality, therefore the coupling to
the down-type quarks can only have the form

�1

S

'
1

d̄C

R

d
R

+ �2

S

'
2

d̄C

L

d
L

; (2.3)

where in fact dC

R

is a left-handed quark, while dC

L

is right handed. Now, d̄C

R

d
R

transforms as
a singlet of SU(2) with hypercharge �2/3, therefore '

1

must also transform as a singlet with
hypercharge 2/3; analogously, d̄C

L

d
L

belongs to the triplet combination of the two SM left-
handed doublets. In summary, '

1

and '
2

are necessarily two di↵erent fields, transforming
as

d̄C

R

d
R

= (1,�2/3) ) '
1

= (1, 2/3) = '2/3

s

(2.4)

d̄C

L

d
L

2 (3, 1/3) ) '
2

= (3,�1/3) = {'2/3

t

, '�1/3

t

, '�4/3

t

}T (2.5)

This analysis shows that the couplings to right-handed or left-handed down-quarks have very
di↵erent structure, and must necessarily come from two di↵erent scalar fields. One can in

2

general imagine to mix '
1

and '
2

via the Higgs doublet, however the mass splitting would
be constrained to be small by the perturbativity of the couplings and corrections to the S
and T parameter. As we will see, the triplet case will also have problems when the coupling
to the top is concerned.

In fact, for the singlet '
1

, we can easily write down an invariant coupling to the right-
handed top:

�3

S

'
1

t̄
R

�
R

+ h.c. (2.6)

which will mediate its decays into a top plus a long-lived �.
For the triplet '

2

, no coupling with a singlet � is allowed. The only possibility would be
to embed � into a larger representation of SU(2): the only two possibilities are

�4

S

'
2

t̄
R

�
R,t

, where �
R,t

2 (3, 1) = {�2

t

, �1

t

, �0

t

}T (2.7)

�5

S

'
2

t̄
L

�
L,d

, where �
L,d

2 (2, 1/2) = {�1

d

, �0

d

} (2.8)

This scenarios, however, contain additional processes where a single top is produced in
association with a charged �:

ū
L

d̄
L

! '�1/3

t

! t
L/R

�1

t,d

ū
L

ū
L

! '�4/3

t

! t
R

�2 (2.9)

where the latter process is only present in the case of a triplet. As the splitting between the
various components of � are expected to be very small, these extra processes will contribute
to the monotop signatures, and cannot be ignored in the analysis.

Furthermore, in the doublet case where the scalar couples to the left-handed top, a
coupling to the bottom is also generated: this will induce a fast decay of the neutral � via
a virtual '�1/3

t

�0

d

! b
L

('1/3

t

)⇤ ! b
L

u
L

d
L

, (2.10)

thus losing the missing energy in the signal.

Spin-1 case: X
µ

A spin-1 boson couples to spinors of the same chirality, therefore the only allowed couplings
to down quarks are

�1

V

Xµd̄C

L

�
µ

d
R

+ �2

V

Xµd̄C

R

�
µ

d
L

+ h.c. (2.11)

In order for such couplings to be SU(2) invariant, X must belong to a doublet with hyper-
charge 1/6:

X
µ

2 (2, 1/6) = {X2/3

µ

, X�1/3

µ

}T . (2.12)

This doublet can now only couple to the top and a singlet � via the left-handed top:

�3

V

X2/3

µ

t̄
L

�µ� + h.c. (2.13)

3



• the flavour changing boson V should be long-
lived or have invisible decay V→𝜒𝜒

• spin zero: ɸ a doublet of SU(2), disfavoured  

• spin 1, can be singlet 
 

• 𝜒 as a DM candidate is constrained both by 
relic abundance and by LHC
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Monotop - nonresonant

Matter [9], where the boson � or V
µ

are mediators of the interactions of the Dark Matter
candidate to the Standard Model.

The main issue of this model, therefore, is to make sure that the boson is invisible. As we
will see, additional constraints will come from the requirement that the particle the boson
decays into is a good candidate for Dark Matter, or that at least it does not overpopulate
the Universe 1.

3.1 Embedding in the SM gauge structure

Spin-0 case: �

The interaction must contain one right-handed quark and one left-handed:

� (y
1

t̄
R

u
L

+ y
2

ū
R

t
L

) , (3.18)

therefore the scalar � must transform as a doublet of SU(2) with hypercharge Y
�

= 1/2:

� =

✓
�+

�
0

◆
. (3.19)

The charged component of � has fast 2-body decays �+ ! ūb, however its presence also
induces fast 3-body decays of �

0

via a virtual �+:

�
0

! W�[�+]⇤ ! W�b̄u . (3.20)

In this model, therefore, one would expect that the scalar �
0

is invisible because it decays
into a pair of stable neutral particles. However, being � a doublet of SU(2), it must couple
do a combination of two fields that also transforms as a doublet, and no minimal coupling
to a single stable state is possible. If we assume decays into fermions, the most minimal
coupling reads

y
�

��̄
d

�
s

+ h.c. (3.21)

where �
s

is a neutral singlet, and �
d

a doublet with hypercharge Y
�d

= 1/2. This term will
induce decays for both components of �

�
0

! �
s

�0

d

, �+ ! �+

d

�
s

! [W+]⇤�0

d

�
s

. (3.22)

where the charged one will contain a virtual W and invisible states (we assume here that
the charged � is heavier than the neutral ones). In a consistent model, therefore, one should
also study the process

dg ! t�� ! t�0

d

�0

s

[W�]⇤ . (3.23)

If the mass splitting between the �’s is small, this will contribute to the monotop signal
when the W decay products are too soft; on the other hand for largish mass splittings one
can have an interesting scenario with the production of a single top plus a lepton. To remain
in minimal models, therefore, this case is disfavoured.

1One may again argue that the decay product of the boson is not stable but long lived: this however
would imply further complications in the model, so we will stick here to the minimal case.

5

Spin-1 case: V
µ

In this case, one can allow for coupling with two right-handed or two left-handed quarks. In
both couplings, a V

µ

which is a singlet of SU(2) is allowed:

a
R

V
µ

t̄
R

�µu
R

+ a
L

V
µ

(t̄
L

�µu
L

+ b̄
L

�µd
L

) + h.c. . (3.24)

The left-handed coupling generates fast decays V
µ

! bd̄, thus decays into invisible states
are always required. If only the right-handed coupling is allowed, the situation is more
complicated: in fact, for m

V

> m
t

, one would have three-level decays V
µ

! tū; for m
b

<
m

V

< m
t

, a W triangle loop can generate decays V
µ

! bd̄; for m
W

< m
V

< m
t

, we have
three-body decays V

µ

! bW+ū via a virtual top. We will check that in all cases, the decay
rates are too fast, therefore one would always need to rely on the presence of decays into
invisible states.

For a singlet V
µ

, such coupling has the simple form:

V
µ

(g
R�

�̄
R

�µ�
R

+ g
L�

�̄
L

�µ�
L

) . (3.25)

where � is a Dirac fermion, singlet under SM gauge symmetries. The consistency of the
model, i.e. the requirement that V

µ

always decays mainly invisible, requires some constraints
between the two couplings.

3.2 Requirements for a long lifetime or invisible decays

GC: in the formulas, I need to check if I missed the colour factor 3, expecially
in Eq.s 3.29, 3.32

Case m
V

> m
t

(right-handed couplings)

For masses above the top threshold, V can decay in V ! tu via the same vertex used in
monotop production. Even for purely right-handed couplings, therefore, one needs to make
sure that the invisible decays always dominate. The partial width in the invisible channel is
given by:

�(V ! ��) =
m

V

24⇡

s

1� 4
m2

�

m2

V

✓
(|g

L�

|2 + |g
R�

|2)
✓

1�
m2

�

m2

V

◆
+ 6Re(g

L�

g⇤
R�

)
m2

�

m2

V

◆
; (3.26)

while the partial width in tops is given by

�(V ! tū, t̄u) =
a2

R

m
V

4⇡

✓
1� m2

t

m2

V

◆ ✓
1� m2

t

2m2

V

� m4

t

2m4

V

◆
, (3.27)

where we assume right-handed coupling ((a1

FC

)13 = (b1

FC

)13 = a
R

/4). The ratio of branching
ratios is given by the ratio of partial widths, and we can use this quantity to constrain
the relative value of the couplings. The results are shown in Figure 1, where we plot the

6
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are modeled with Poisson probabilities while all other uncertainties are modeled as log-normal
distributions.

Figure 3 shows the 95% CL expected and observed limits on the product of the production cross
section of the monotop and the branching ratio of the W decay to qq0, as a function of mass of
the invisible bosonic state, for scalar and vector fields.

m (GeV)
0 100 200 300 400 500 600

95
%

 C
L 

lim
it 

on
 σ

 ×
 

 (p
b)

-110

1

10 scalar signal
observed limit
expected limit
68% coverage
95% coverage

 (8 TeV)-119.7 fb

CMS

m (GeV)
0 200 400 600 800 1000

95
%

 C
L 

lim
it 

on
 σ

 ×
 

 (p
b)

-110

1

10 vector signal
observed limit
expected limit
68% coverage
95% coverage

 (8 TeV)-119.7 fb

CMS

Figure 3: The 95% CL expected and observed CLs limits as functions of the mass of a scalar
(left) and vector (right) invisible particle. The expected magnitude of a signal as a function of
mass, calculated at leading order, is shown by the dashed curve. The confidence intervals for
the expected limit are given at 68% and 95% coverage probability.

In summary, a search has been performed by the CMS Collaboration for invisible particles pro-
duced in association with a single top quark that decays into three jets, one of which is b-tagged.
The results are interpreted using a monotop model that predicts the existence of invisible scalar
or vector particles. The signal and the backgrounds are extracted using a likelihood-based
method. No excess of data over the standard model prediction is found and exclusion limits
are set at 95% confidence level. The observed lower limits on mass for invisible scalar and
vector particles are set at 330 GeV and 650 GeV, respectively. For a coupling constant aFC = 0.2
these limits increase to 530 GeV and 930 GeV, respectively. These results substantially extend
a previous limit on monotop production of an invisible vector particle published by the CDF
Collaboration [51] and complement the 8 TeV results of the ATLAS Collaboration [52] obtained
with the leptonic top quark decay channel.
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ū

t

gV tu

]!! "BR[V 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [p
b]

tV
#

Ex
clu

de
d 

0.5

1

1.5

2

2.5

3

Monotop constraint

SS Top constraint ⇤

[ ⇥ ��]

⇥

[ ! ��]

�

� = � � [ ⇥ ��]

g

u

u

t

V

gV tu

�

�

gV �

⇥

�

� = � � � [ !��]

g

u

u

t

V

gV tu

ū
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• Resonant contributions from:

• spin 0, 1, 2

• color singlets, octets

• parity even and odd states
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-    bar in BSM 

• Effective operator description (Degrande et al. 1010.6304)

• tt̄g, tt̄gg

• 4 quark operators  
(tt̄ and 2 light quarks)

and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)Qq /2 + (cQu + cQd)/4.
(14)

The difference
cAv = cRv − cLv (15)

can only contribute to spin-dependent observables (see Section 3.5).
The isospin-1 sector is spanned by the three combinations:

ORr = O
(8)
tu − O

(8)
td , OLr = O

(8)
Qu − O

(8)
Qd and O

(8,3)
Qq . (16)

Again, parity arguments lead to the conclusion that the total cross section can only depend
on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c(8,3)Qq , (17)

while the forward-backward asymmetry will only receive a contribution proportional to

c′Aa = (ctu − ctd)/2− (cQu − cQd)/2 + c(8,3)Qq . (18)

and spin-dependent observables will depend on (see App. C)

c′Av = (ctu − ctd)/2− (cQu − cQd)/2− c(8,3)Qq . (19)

Numerically, we shall see in Section 3.2 that the isospin-0 sector gives a larger contribution
to the observables we are considering than the isospin-1 sector. This is due to the fact that a
sizeable contribution to these observables is coming from a phase-space region near threshold
where the up- and down-quark contributions are of the same order.

It is interesting to note that, in composite models, where the strong sector is usually
invariant under the weak-custodial symmetry SO(4) → SO(3) [41], the right-handed up
and down quarks certainly transform as a doublet of the SU(2)R symmetry, and therefore
cQu = cQd. There are however various ways to embed the right-handed top quarks into
a SO(4) representation [32]: if it is a singlet, then ctu = ctd also and the isospin-1 sector

reduces to the operator O(8,3)
Qq only.

In summary, the relevant effective Lagrangian for tt̄ production contains a single two-
fermion operator and seven four-fermion operators conveniently written as:

Ltt̄ = +
1

Λ2

(

(chgOhg + h.c.) + (cRvORv + cRaORa + c′RrO
′
Rr +R ↔ L) + c(8,3)Qq O

(8,3)
Qq

)

. (20)

The vertices arising from the dimension-six operators given in Eq. (20) relevant for top
pair production at hadron colliders are depicted in Fig. 1.

t

t

−

g

g t

t

−

g

Chromomagnetic operator Ohg = (HQ̄)σµνTAt GA
µν

q

q
−

t

t

−

Four-fermion operators

Figure 1: A Feynman representation of the relevant operators for tt̄ production at hadron colliders.
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-    bar exclusions examples 

from CMS 1506.03062

from ATLAS 1505.07018 

26 8 Results
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Figure 14: Upper limits at 95% CL on the production cross section times branching fraction for
a Z0 boson decaying to tt with narrow width (upper left), with 10% width (upper right) and
a KK gluon in the Randall–Sundrum model decaying to tt (bottom). The vertical dashed line
indicates the transition from a threshold analysis [31] to the combination, in providing the best
expected limit. Below this dashed line, only the results of the low-mass analysis with resolved
jets are quoted; above this line, the results from the combination of the boosted channels are
given. The limits are shown as a function of the resonance mass and are compared to pre-
dictions for the cross section of a Z0 boson with relative width of 1.2% and 10% [10] and the
prediction for the production of a KK gluon [18]. The predictions are multiplied by a factor of
1.3 to account for higher-order corrections [68].
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(a) Z′, resolved and boosted combination.
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(b) gKK, resolved and boosted combination.
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(c) GKK, resolved and boosted combination.

scalar resonance mass [TeV]
0.5 1 1.5 2 2.5 3

) [
pb

]
t t

→
 B

R(
sc

al
ar

 re
s.

× 
sc

al
ar

 re
s.

σ

-210

-110

1

10

210

310 Obs. 95% CL upper limit

Exp. 95% CL upper limit

 uncertaintyσExp. 1 

 uncertaintyσExp. 2 

Obs. 95% CL upper limit

Exp. 95% CL upper limit

 uncertaintyσExp. 1 

 uncertaintyσExp. 2 

      ATLAS
-1=8 TeV, 20.3 fbs

(d) Scalar resonance, resolved and boosted combination.

Figure 11: Observed and expected upper limits on the production cross-section times branching ratio to tt̄ final
states as a function of the mass of (a) Topcolour-assisted-technicolour Z′TC2, (b) Bulk RS Kaluza–Klein gluon,
(c) Bulk RS Kaluza–Klein graviton, (d) scalar resonance. The expected limits are derived from nominal (pre-fit)
background estimates. The theoretical predictions for the production cross-section times branching ratio at the
corresponding masses are also shown.
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• Example in RPV models (from G.Durieux, 
C.Smith 1307.1355)

• @LHC qq initial states dominate over qbar-
qbar ones 
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Figure 2: (a) B and L conserving process that might also give rise to a negative A¸a¸b
charge asymmetry in NP production rates of same-sign

prompt and isolated dilepton. It involves flavor-changing neutral currents and a new heavy down-type quark denoted by bÕ that couples
preferentially to the first generation. (b) Example of (�B; �L) = (±1, ±3) process with ALQ

eµ > 0 in our leptoquark simplified model. (c)
Examples of R-parity violating flavor-diagonal (�B; �L) = (±2; 0) processes with ARPV

eµ Æ 0. Quark (gluon) initiated transitions are likely
to dominate if squarks (gluinos) are light and therefore resonate.

a fully model-independent way and found that same-sign
dileptons, their flavor, and the charge asymmetry in their
production rate provide unique handles to discriminate be-
tween B and/or L violating processes and SM backgrounds
or other new physics scenarios. This has been illustrated
with two simplified models: a generic leptoquark setting
and a restricted R-parity violating supersymmetric model.
Remarkably, both of them are already forced by existing
LHC searches to arise at scales no lower than a fraction
of TeV. With dedicated studies and more data, the LHC
will therefore o�er us a fantastic opportunity to finally un-
ravel the true status of the B and L quantum numbers in
Nature.
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3    s in the SM

• 1.9 fb @ 14TeV LHC

• odd number of tops requires the tbW vertex

• 3 tops + (W, jets, b)

18

from 1001.0221
Barger et al.



3     s examples in BSM

19

topcolor
from 1203.2321

susy Z’

from 1001.0221
Barger et al.

• in susy can be enhanced if light stops and not too heavy gluino

• Z’ signal is due to FCNC vertex (Z’ should be leptophobic)

• simple topcolor models also face FCNC limits

𝜌πt,ht



4      s in the SM

• gg dominant on qqbar at LHC

• small cross-section in the SM (0.5 fb @7 TeV) 

20

Introduction
Analysis

Final limit & conclusions

4-tops production in SM
Motivation
Models with New Physics involving 4-top quarks

4-tops production in SM

gg ! tt̄tt̄ (85% at the LHC at 7 TeV)
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• quite a number of BSM 
models (SS tt applies too, see 
1203.5862):

• heavy gluon (octect)

• heavy color singlet pair 
produced and decaying to 
tt̄ tt̄

• heavy color sextet 
decaying to t̄t̄, tt

• σ<32 fb @95% CL (CMS 
1409.7339)
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4      s in BSM

Aguilar-Saavedra & 
Santiago 1112.3778

Cacciapaglia et al. 
1107.4616, 1507.02283

2

e±e± µ±µ± e±µ±

Fake 1.0+0.6
−0.7 1.7+0.7

−0.6 3.8+1.9
−1.8

Charge flip 0.6+0.3
−0.1 0+0.1

−0.0 0.7+0.3
−0.1

Real 2.7+0.7
−1.5 2.6+0.7

−0.9 6.7+1.3
−3.1

Total 4.4+0.5
−0.7 4.3+0.9

−1.1 11.2+2.5
−3.6

Data 3 3 12

TABLE I: Predicted number of SM background events and
observed data with two same-sign leptons, at least two jets,
MET > 40 GeV and HT > 350 GeV, adapted from Ref. [15].
Uncertainties are statistical and systematic in quadrature.

ϵ = 0.02 and results in an upper limit of σ < 800 fb at
95% confidence level [15]. Therefore N < 16.6 at 95%
confidence level. Applying this limit to derive a cross-
section limit for an arbitrary process requires knowing
the selection efficiency (ϵ) for the model of interest.

We simulate four-top-quark production using mad-

graph [17], with pythia [18] for showering and
hadronization and detector simulation with a parametric
fast simulation tuned to match ATLAS performance [20],
for four-top-quark production with SM-like kinematics,
and for models with color-octet or color-singlet vector
resonances (see Fig. 1). The SM prediction for four-
top-quark production is around 5 fb [6], well below the
current experimental sensitivity, implying that any new
physics contribution to which the LHC is currently sen-
sitive will have negligible interference with SM four-top-
quark production processes. Efficiencies for SM-like four-
top-quark as well as color-singlet ρs or color-octet ρo are
shown in Fig 2. Some representative kinematic distribu-
tions are shown in Fig. 3. To validate our efficiency cal-
culation, we compare published ATLAS efficiencies for
b′ → tW to efficiencies we measure using the identical
production, showering, hadronization and detector sim-
ulation as described above; we find good agreement be-
tween our efficiencies and the published ATLAS efficien-
cies. The efficiency for models with the new ρ particle
rises with mρ for low-mass due to increases in the lepton
and jet momenta; at high mass, it falls due to low lepton
isolation efficiencies from the increased activity and the
greater top-quark and W boson boosts.

Limits are computed from σ < N/(ϵ × L), and are
shown in Fig 4. The limits require a cross section for
anomalous sources of four-top-quark production to be
less than about 1 pb, and are similar for both models con-
taining a ρo or ρs, as well as models which produce the
four top-quarks with SM-like kinematics. A re-analysis
of CMS dilepton and trilepton data was performed [19]
in a similar spirit and leads to comparable bounds. For
moderately strongly coupled ρo (gρtt̄ ∼ 1), the bound on
the ρo mass is around 700 GeV, significantly improving

g

t
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t
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g
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t
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t
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g

ρs, ρo

t
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g

g

ρo

ρo

FIG. 1: Representative diagrams of four-top-quark produc-
tion including the new particles ρo (color octet) and ρs (color
singlet). In each case, there is a representative SM diagram
with a gluon in place of a ρ.

Mass [GeV]
200 400 600 800 1000 1200 1400 1600 1800 2000

Ef
fic

ie
nc

y

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04
 Wt (fast sim)→b’
 Wt (ATLAS)→b’

 (fast sim)ttt  tsρ
 (fast sim)ttt  toρ
 (fast sim)tttSM t

FIG. 2: Efficiency of the selection for resonant and SM
four-top-quark production. For validation, we compare the
efficiency using the fast simulation to the published ATLAS
efficiencies [15].

upon the existing Tevatron limits. Bounds on a four-
top-quark contact interaction are currently weak enough
so as to invalidate any hope that the effective theory is
a good description, but should become interesting with
more data at higher center-of-mass energy [9, 10].

In closing, we have set bounds on the rate of four-

relevant Feynman graphs
(Dated: September 4, 2015)

All graphs are given in terms the gauge eigenbasis. Mixings are included via mass insertions.

I. GRAPHS FOR SEXTET AND OCTET PRODUCTION
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• multitops = more than 4 top quarks in the final state

• how many tops at LHC can be detected (in a single 
event)? surely (much) less than √s̅/mt   ͠   75 at 13 TeV 
LHC

• are 6, 8… tops constrained by present measurements? 
can have more?

• what BSM physics?

22

multi      s in BSM



• you just need a T (top-partner) and a Z’ (mT> mZ’ + mt)

• coloured Z’ is more constrained

• possible colour SU(3) embeddings in the table
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6      s in BSM

Figure 1. Six top production mechanism

RZ0 RT

R
1

1 3

R
2

8 3

R
3

8 6̄

R
4

8 15

Table 1. All possible colour embeddings for T and Z 0 in the topology of Figure 1

3.2 Kinematic Distributions

As usual with models involving a high-mass new particle, the process described above always

involves a high total transverse energy HT . The bulk of the distribution is shifted to higher

energies as MT grows (Figure 2(a)), and so with
p
s, in a milder fashion (Figure 2(b)). But

even at the kinematic limit and 8 TeV, it is largely su�cient for a large majority of event

to pass the most selective QCD-background-reducing cuts used in CMS lepton analyses (see

[11]). Since we focus on events where two tops decay leptonically, there is also a large amount

of 6ET in all interesting cases, which again is always su�cient to be distinguished from QCD

events. The energy dependence of this variable is characteristic of the kinematics of the events

under consideration, where a change in center-of-mass energy yields little change in the shape

of the distribution (Figure 2(d)), which is also true for the transverse momentum of observed

particles, such as leptons and jets (Figure 2(f)). These variables shapes do however depend

on MT (Figures 2(c) and 2(e)), which illustrates that the energy carried out by observed

particles comes from the mass energy of the resonance that decayed into them, and that

the kinetic energy of this resonance was comparably negligible, i.e. the T T̄ pair is mostly

produced nearly at rest. Angular distance variables show the same lack of
p
s-dependence

(Figure 2(h)) but also do not depend on MT (Figure 2(g)). This shows that due to the high

multiplicity of the event, little correlation is kept between the leptons and the other decay

products and one can consider the events as almost spherical.

– 3 –
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• if Z’ coloured just check your 4 top analysis (Z’ 
pair production is larger, mT> mZ’ + mt and 
typically colour factor advantage)

• if Z’ is colour singlet  
2SSL give bounds: 
(ex. recasting CMS 
1212.6194)
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6      s bounds

3.3.1 2SSL with b-jets

Among the large possible number of detector–level signatures of this final states, those in-

volving several same-sign leptons seem among the most promising. These leptons will be

accompanied by a large number of b-jets and jets, which matches well a CMS search on

same-sign dileptons (see Table 2, selection SR7 of [11]). The event selection criteria used in

their study are applied also to our simulated events.

Hard cuts on 6ET and HT can be implemented to drastically reduce the QCD background,

whilst doing little harm on the simulated signal, which already provides rather promising

limits on the parameter space.

We performed a parameter scan in the plane MT , MZ0 in the minimal colour embedding

model and have been able to exclude the region lying below MT < 710 GeV as shown in

Figure 3. The computations were carried out with MadGraph [13] and Pythia [14], and the

subsequent analysis was performed in Madanalysis [15]. This limit can be extrapolated to the

more unusual colour structures by multiplicating the signal yield by the correct colour factor

in the approximation where we neglect colour correlation e↵ects.
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Figure 3. (a): CLs confidence level in a scan over MT with MZ0 = 400 GeV. (b): Limits in the plane
(MT ,MZ0) from CMS. Purple points are excluded at 2�, blue points are excluded at 1� and yellow
points are not excluded.

3.3.2 Possible improvements in the event selection

The analysis we rely on to set bounds on our model uses very stringent cuts, which reduce

the background tremendously but also eliminate a significant part of the signal. Among the

most restrictive cuts, the requirement for all jets to have a pT above 40 GeV seems to be

rather di�cult to pass so we considered an alternative selection where only the two leading

b-jets are held to this condition, while other jets need only have a pT bigger than 20 GeV. As

– 5 –

2σ

1σ
allowed

1405.6119 A.D., N.Deutschmann



• you need a ρ, a T and a Z’ (mρ>mT> mZ’ + mt)

• ρ octet, T triplet and Z’ singlet (all previous cases also 
possible but constrained as in 6 tops)

• 8 tops from pair production of ρ colour octets

• no bounds from present 
2SSL data for a 800 GeV ρ  
(bkg compatible)

• closing the window on top 
multiplicity is a matter of 
int. luminosity and dedicated 
searches 
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8     s in BSM

Figure 7. Four top production by Z 0-Strahlung

3.4 Perspectives at 14 TeV

The analysis used to constrain our model has a background which is very hard to properly

reproduce in simulations, which is why experiments do not rely on Monte Carlo samples but

use data-driven techniques to estimate it. This, however makes it impossible to scale their

results up to higher energies to precisely establish the expected limits for the next run of the

LHC. We can however rely on the smallness of the background to make gross estimate of the

observation window for a given amount of data, knowing that several events would probably

be su�cient for having an observable signal. Figure 8 shows the event yield expected for a

2SSL+b analysis with 10.5 fb, which show that the reach could be enhanced rather strongly

if the background does not increase too much. One can also project the expected yield for
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Figure 8. Expected number of signal events in a 2SSL+b+j with normal (blue) and reduced (black)
jet pT cuts analysis at 14 TeV in a scan over MT with MZ0 = 400 GeV for 10 fb�1

the three same-sign lepton analysis at 14 TeV. As for the previous case, it is impossible to

make a sensible extrapolation of the background because part of it is data-based. We can

hence only present the event yields as a function of MT . As was shown already at 8 TeV, the

– 10 –



beyond     : vector-like quarks
• Unique window to test models (Xdim, composite, Little Higgs, SUSY) and 

good theoretical motivation

• Reach at LHC substantial and only partially exploited

• Mixings with all the 3 SM generations important (production/decay)

• Single production dominant with present mass bound at LHC (∼800 GeV)

26



• top partners are expected in many extensions of the SM 
(composite/Little higgs models, Xdim models) 

• they come in complete multiplets (not only singlets) 

• theoretical expectation is a not too heavy mass scale M (∿TeV) 
and mainly coupling to the 3rd generation 

• Present LHC mass bounds ∿ 800 GeV 

• Mixings bounded by EWPT, flavour… 

• Note: in realistic composite models also scalars and vectors are 
expected.

27

why vector-like quarks? 



Simplest multiplets (and SM quantum numbers)

28



Simplified Mixing effects (t-T sector only)
• Yukawa coupling generates a mixing between the new state(s) and the 

SM ones 

• Type 1 : singlet and triplets couple to SM L-doublet 

• Singlet ψ = (1, 2/3 ) = U : only a top partner is present 

• triplet  ψ = (3, 2/3 ) = {X, U, D} , the new fermion contains a partner for 
both top and bottom, plus X with charge 5/3 

• triplet ψ = (3, −1/3 ) = {U, D, Y} , the new fermions are a partner for 
both top and bottom, plus Y with charge −4/3
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Simplified Mixing effects (t-T sector only)

• Type 2 : new doublets couple to SM R-singlet 

• SM doublet case ψ = (2, 1/6 ) = {U, D} , the vector-like fermions are a top and 
bottom partners 

• non-SM doublets  ψ = (2, 7/ 6 ) = {X, U} , the vector-like fermions are a top partner 
and a fermion X with charge 5/3 

• non-SM doublets  ψ = (2, -5/ 6 ) = {D,Y} , the vector-like fermions are a bottom 
partner and a fermion Y with charge -4/3

30



Mixing 1VLQ (doublet) with the 3 SM 
generations
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Mixing with more VL multiplets

leading to the mass matrix

Md =

0

B@
m̃kl

d 0 0

yl
1d m

1

!

0 !0 m
2

1

CA . (3.21)

3.3 Mixed multiplets

Other multiplets contain both a VL top partner and a VL bottom partner. This is a large

class of multiplets which have simultaneously mixing e↵ects for the same multiplet both

in the up and in the down sector. We shall not discuss in the present paper these cases

explicitly, however their mixing structure with the SM and the other VL multiplets can be

easily extracted. In order to show as this can be done we consider the general structure in

the following.

3.4 General case

In the general case of N � 3 VL quarks mixing via Yukawa interactions to SM quarks, and

among themselves, we can consider the general mixing matrix assuming the SM Yukawa

matrices already diagonal. The VL masses are also diagonal in our representation. Consid-

ering nd semi-integer isospin states (doublets, quadruplets, etc.) with possible mixings with

the SM right-handed singlets, and ns = N � 3�nd integer isospin states (singlets, triplets,

etc.) with possible mixings with the SM left-handed doublets, we obtain the following

block-diagonal matrix [11]:

L
mass

= q̄L ·

0

BBBBBBBBBBBBBBBB@

µ
1

0 0 0 . . . 0 x
1,nd+4

. . . x
1,N

0 µ
2

0 0 . . . 0 x
2,nd+4

. . . x
2,N

0 0 µ
3

0 . . . 0 x
3,nd+4

. . . x
3,N

y
4,1 y

4,2 y
4,3 M

4

0 0
...

...
... 0

. . . 0 !↵�

ynd+3,1 ynd+3,2 ynd+3,3 0 0 Mnd+3

0 0 0 Mnd+4

0 0
...

...
... !0

↵� 0
. . . 0

0 0 0 0 0 MN

1

CCCCCCCCCCCCCCCCA

·qR+h.c. (3.22)

We can isolate in the previous structure the nd⇥3 matrix y↵d,j of the Yukawa couplings of

the VL doublets (semi- integer isospin) and the 3⇥ns matrix xi,�s of the Yukawa couplings

of the VL singlets/triplets (integer isospin). M↵ are the VL masses of the new represen-

tations, while the nd ⇥ ns matrix !↵d,�s and ns ⇥ nd matrix !0
↵s,�d

contain the Yukawa

couplings among VL representations (not all the terms are necessarily non-zero as this

depends on the possible terms which can be built from the corresponding representations).

In general the Yukawa couplings between VL quarks distinguish between the chiral com-

ponents of the VL quarks, therefore !0 6= !T . Note that the !0 couplings correspond to the

opposite chirality configuration with respect to SM Yukawa couplings (which we shall call

the “wrong” Yukawa couplings), in the sense that they connect left-handed singlets (integer

isospin) with right-handed doublets (semi-integer isospin). Even if the mixing matrix is

– 6 –

integer isospin multiplets

semi-integer isospin multiplets
32
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Pair production
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Pair production for t’  
of the non-SM doublet 
pp → t' t @ LHC



T’ decays

t’ Wb Zt ht

Singlet, Triplet Y=2/3 50% 25% 25%

Doublet, Triplet Y=-1/3 0% 50% 50%

Decay modes never 100% in one channel, in the limit 
of the equivalence theorem, dictated by the multiplet 
representation :



T’ decays (X5/3,T’) multiplet
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Conclusions

• top quark plays a special role in SM and BSM

• top and Higgs are a privileged  gate to test BSM physics

• precision measurements era is now

• multi-top channels can give extra information

• monotop is an interesting but constrained scenario

• top partners are a rich sector to explore to discover or 
constrain BSM physics
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