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• 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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  Top quark is special for BSM 

see Giacomo’s talk



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

• they come in complete multiplets (not only singlets) 

• in some specific models 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… 

• In realistic composite models also scalars and vectors are 
expected.
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why vector-like quarks? 
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VLQs

Spin 1

spin 0

Example: SU(4)xSU(6) → Sp(4)xSO(6)

from 1507.02283
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Vector-like multiplets forming 
mixed Yukawa terms with the SM 
quark representations and a SM 
or SM-like Higgs boson doublet

1. Introduction

The Large Hadron Collider has confirmed the e↵ective description of the electroweak sector

given by the Standard Model Lagrangian with the discovery of the Higgs boson and the

analysis of its properties, but it has also a quite strong potential for the discovery or

exclusion of new particles, therefore opening the possibility of investigating both strongly

and weakly coupled extensions of the Standard Model (SM). New vector-like fermions

are often present in the extensions of the SM, especially in relation with the top sector

(top partners, as for example in composite Higgs models, extra-dimensional models, little

Higgs). CMS [1–6] and ATLAS [7–10] have recently devoted a considerable e↵ort in the the

analyses to set bounds on this type of particles. Typically simplifying assumptions were

considered (mixing only with the third quark family, specific decay modes). However the

most recent analyses, due to larger data samples, are exploring more general situations.

...................................................................

2. Vector-like quark couplings and mixing structures

From the theoretical side, we examined the possible vector-like multiplets forming mixed

Yukawa terms with the SM quark representations and a SM or SM-like Higgs boson doublet

in a series of papers [11–14]. In order to fix the notations and under these assumptions,

we list the quantum numbers for all possible multiplets of vector-like quark under the

SU(2)L ⇥ U(1)Y symmetry, in Tables 1,2.
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Table 1: Quantum numbers for the vector-like fermion singlets and triplets.

3. New Yukawa couplings

The SM Yukawa couplings are

L
yuk

= �yi,ju Q̄i
LH̃ujR � yi,jd Q̄i

LHdjR + h.c. (3.1)
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Table 2: Quantum numbers for the vector-like fermion doublets and quadruplets.

where H = (2, 1/2) is the Higgs boson doublet coupling to down-type quarks, H̃ = i⌧2H⇤ is

the same Higgs multiplet coupling to up-type quarks, Q̄L = (2, 1
6

) is the SM standard quark

doublet, uR and dR are the SM singlets. In this work we add to this structure the vector-

like quark multiplets which couple to the SM quarks through new Yukawa interactions.

Due to the SU(2) structure for the product of representations, the doublets couple with

the SM right-handed singlets, while the singlets and triplets couple to the SM left-handed

doublets. However as we consider the more general case in which more than one vector-like

multiplet is present, there are also new Yukawa interaction which couple two vector-like

quark multiplets with the SM Higgs doublet.

3.1 Top-type multiplets

In this paper we consider explicitly the multiplets in the list of Table 1 and 2. Those which

do not contain a down type partner, in terms of the (SU(2)L, U(1)Y ) quantum numbers,

are the singlet (1, 2/3), the non-standard doublet (2, 7/6), and the triplet (3, 5/3). Apart

from the mixed Yukawa terms with the SM fermions (denoted Lv

yuk

in the following), we

also consider Yukawa terms among these VL multiplets and other VL multiplets (denoted

Lvv

yuk

in the following).

3.1.1 Singlet Y = 2/3 couplings

A singlet Y = 2/3, couples both to the SM doublet Y = 1/6 and to a VL multiplet with
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Embeddings in SU(2)L × U(1)Y



Single vs pair cross-sections
• Reach at LHC substantial and only partially exploited

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

• Single production important with present mass bound at LHC (∼800 GeV)
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NLO tools and calculations
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hep-ph/1610.04622 B.Fuks & H.-S. Shao 



Simplest multiplets (and SM quantum numbers)
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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
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Mixing 1VLQ (doublet) with the 3 SM 
generations

11



Mixing with more VL multiplets

leading to the mass matrix
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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]:
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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
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integer isospin multiplets

semi-integer isospin multiplets
12

ArXiv:1305.4172 M.Buchkremer et al.
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• Atomic parity violation, weak charge :  
 
 
 
for Cesium: 
 

• at 3 sigmas this implies : 

Bounds: weak charge
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• Rare top decays (induced by mixing) 
 

• Z → cc coupling from LEP 
 
 
implies : 

Bounds
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• D-Dbar mixing and D → l+l- : 
 
 
 
 
 
 
 

• strongest bound from xD : 

Bounds: FCNC (if no b’)
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• t' in the loop :  
 
 
 
 
 
 
 
 
 
 
corrections to 𝞊k in the 4% range 

Kaons (and similar for Bs)



Pair production
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Pair production for t’  
of the non-SM doublet 
pp → t' t @ LHC



Single production
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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 :
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Signatures of single t′ production
Let’s consider final states with at least one lepton (e or µ)

Different possibilities for t′ decay (sin θR = 0.3, i.e. mixing with top dominates)

t′
Z

t

pp→ j (t′ → t Z)→ j (t → b l+ ν) (Z → ν ν̄) → j b l+ !ET
→ j (t → b l+ ν) (Z → l+ l−)→ j b l+ l+ l− !ET
→ j (t → b l+ ν) (Z → j j) → j j j b l+ !ET

t′
H

t
pp→ j (t′ → t H)→ j (t → b l+ ν) (H → b b̄)→ b b̄ b l+ !ET

t′
W

b
pp→ j (t′ → b W)→ j b (W → l+ ν)→ j b l+ !ET

Four different signatures to explore
but final states containing 3 bottoms or 3 jets

are disfavoured by tagging efficiency or large backgrounds

Assuming for example κ = 0.1 and RL =50% cross-sections are 
~500 fb for t' in singlet or non-standard doublet and 
~200 fb for t' in standard doublet 
Production in association with light quarks is ~ 90% 
See table 8 of Buchkremer et al.1305.4172 

T’ decays



T’ decays (X5/3,T’) multiplet
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X5/3 production
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X5/3decays (X5/3,T’) multiplet
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General parameterisation (example with a t')
• T' will in general couple with Wq, Zq, hq 

• it is more physical to consider observables (BRs, cross-sections) rather than Lagrangian parameters 

• Neglect SM quark masses here (full case in the paper)  
 
 
 
 
 
 
 
 
 
 
 
 
 

• @ NLO all the couplings of the vector-like quarks to a gauge or a Higgs boson are free parameters 

• @ LO only 5 independent parameters, M, ξW , ξZ , ζjet , κ  

• Choosing multiplet selects ξW , ξZ



Perspectives @LHC 13 TeV

• Current limits with the 7 and 8 TeV data span 
up to 800-900 GeV in mass for vector like  
quarks.

• perspectives with 100 fb-1 I.L. at 13 TeV are 
roughly discovery if σ∼ 100 fb for a 1 TeV T’ 
and exclusion with σ∼45 fb (see Backovic et al. 
1507.06568)

• Search strategy change towards boosted object 
techniques
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Conclusions

• top quark plays a special role in SM and BSM

• top partners are a rich sector to explore to discover or 
constrain BSM physics, but not only them as VLQ come 
in multiplets, sometimes with exotic states.

• mixing with the light generations should not be 
neglected

• NLO calculation are now available and allow more 
precise study
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