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What is a vector-like fermion?
• VL currents are vectorial (like in QED), so left and right chiralities 

couple with the same strength 
 

• gauge invariant mass terms independent of the Higgs mechanism 
are allowed and give a new scale M (L and R are in the same 
representation) 
 

• Coupling to SM fermions and Higgs via Yukawa-type interactions  
 

Jµ =  ̄�µ =  ̄L�
µ L +  ̄R�

µ R = Jµ
L + Jµ

R

M ̄ = M( ̄L R +  ̄R L)

Jµ =  ̄�µ =  ̄L�
µ L +  ̄R�

µ R = Jµ
L + Jµ

R

3



Where and why (VL quarks)? 

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

• they come in complete multiplets (not just singlets) 

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

• Present LHC mass bounds ∿ 700 GeV 

• Mixings bounded by EWPT, flavour…(more on this later)
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Simplest multiplets (and SM quantum numbers)
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Embeddings in SU(2)L × U(1)Y 

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.

 (SU(2)L, U(1)Y ) T
3

QEM

U (1, 2/3) 0 +2/3

D (1,�1/3) 0 -1/30

B@
X8/3

X5/3

U

1

CA (3, 5/3)

+2

+1

0

+8/3

+5/3

+2/30

B@
X5/3

U

D

1

CA (3, 2/3)

+1

0

�1

+5/3

+2/3

�1/30

B@
U

D

Y �4/3

1

CA (3,�1/3)

+1

0

�1

+2/3

�1/3

�4/3

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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 (SU(2)L, U(1)Y ) T
3

QEM 
U

D

!
(2, 1/6)

+1/2

�1/2

+2/3

�1/3 
X5/3

U

!
(2, 7/6)

+1/2

�1/2

+5/3

+2/3 
D

Y �4/3

!
(2,�5/6)

+1/2

�1/2

�1/3

�4/30

BBB@

X8/3

X5/3

U

D

1

CCCA
(4, 7/6)

+3/2

+1/2

�1/2

�3/2

+8/3

+5/3

+2/3

�1/30

BBB@

X5/3

U

D

Y �4/3

1

CCCA
(4, 1/6)

+3/2

+1/2

�1/2

�3/2

+5/3

+2/3

�1/3

�4/30

BBB@

U

D

Y �4/3

Y �7/3

1

CCCA
(4,�5/6)

+3/2

+1/2

�1/2

�3/2

+2/3

�1/3

�4/3

�7/3

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

– 3 –
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Complete list of vector-like 
multiplets forming mixed Yukawa 
terms with the SM quark 
representations and a SM or SM-
like Higgs boson doublet



Sample effective Lagrangian
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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
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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
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Mixing structure

• nd × 3 matrix y of the Yukawa couplings of the VL doublets (semi-integer 
isospin) 

• 3×ns matrix x of the Yukawa couplings of the VL singlets/triplets (integer 
isospin) 

• Mα are the VL masses of the new representations 

• nd × ns matrix ω and ns × nd matrix ω′  contain the Yukawa couplings 
among VL representations 

• ω′ couplings correspond to the “wrong” (opposite) chirality configuration 
with respect to SM Yukawa couplings 

!
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Bounds
• Tree-level bounds 

• FCNC effects at tree level due to mixing 

• W → t b, ~ +/-20% variation still allowed (TeVatron data) 

• Z → b b +1% → -0.2% in the left coupling and +20% → -5% in the right 
coupling (L and R are correlated) 

• Atomic parity violation (weak charge affected by FCNC of Z → light quarks) 

• Loop level bounds 

• new particles are expected in the loops (not only the new heavy fermions) 

• FCNC effects at loop level 

• Precision EW tests with the S and T parameters, but other new particle may 
affect the result

13



Tree level bounds 
• Rare top decays (induced by mixing)  
 
 
implies : 

!

• Z → cc coupling from LEP  
 
 
implies : 



Weak charge of nuclei
• Atomic parity violation, weak charge :  
 
 
 
for Cesium: 
 

• at 3 sigmas this implies : 



FCNC tree level in up sector
• D-Dbar mixing and D → l+l- : 
 
 
 
 
 
 
 

• strongest bound from xD : 

16



EW vs tree level (Sing. Y = 2/3, Doublet Y = 1/6)
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Figure 5. Singlet Y = 2/3 and Doublet Y = 1/6 (Section 3.3): EWP bounds at 1� (red-
dashed), 2� (green-dashed) and 3 � (blue) for VL quarks coupling with first (left) or second (right)
SM quark generations, compared with the region allowed at 3� by tree-level bound (yellow region).
We have taken M = 500/800 GeV (left/right panel respectively) and ! = !0 = 0.

The results for the combined tree-level and EWP bounds are given in Figure 7. For both

first and second generation, it is possible to notice an interesting cancellation in the tree-level

bounds for |yk
1u| = |yk

2

|: this is a consequence of an enhanced custodial symmetry, and this

fact has been used in the literature to justify O(1) mixings of VLQ with light generations

– 20 –



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



Single production

19



Single production
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Non-SM doublet single t' production cross section  
as function of the t' mass



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

22

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 ArXiv:1305.4172 



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

• Only 5 independent parameters, M, ξW, ξZ, ζjet , κ 

• Choosing multiplet fixes ξW, ξZ



General parameterisation
• Complete Lagrangian  
 
 
 
 
 
 

• Parameters: Mass + 4 (for T and B) or + 2 (for X 
and Y)

3.2 The e↵ective Lagrangian

The discussion in the previous section for the T top partner, can be generalised to the other 3 kinds of VL
quarks we are interested in this work. Therefore, the most complete e↵ective model apt to describe their
phenomenology would contain the following 4 sets of interactions:

L = T

(s
⇣i⇠TW
�0
W

gp
2
[T̄LW

+
µ �µdiL] +

s
⇣i⇠TZ
�0
Z

g

2cW
[T̄LZµ�

µui
L]

�
s

⇣i⇠TH
�0
H

M

v
[T̄RHui

L]�
s

⇣3⇠TH
�0
H

mt

v
[T̄LHtR]

)

+ B

(s
⇣i⇠BW
�0
W

gp
2
[B̄LW

�
µ �µui

L] +

s
⇣i⇠BZ
�0
Z

g

2cW
[B̄LZµ�

µdiL]�
s

⇣i⇠BH
�0
H

M

v
[B̄RHdiL]

)

+ X

(s
⇣i
�0
W

gp
2
[X̄LW

+
µ �µui

L]

)
+ Y

(s
⇣i
�0
W

gp
2
[ȲLW

�
µ �µdiL]

)
+ h.c. , (3.2)

for leading left-handed mixing, while it su�ces to exchange the chiralities L $ R for leading right-handed
coupling. Note that ⇠TV and ⇠BV are in general di↵erent, also in models where the two VL quarks belong to
the same representation. In principle, the rates in the 3 generations may also be di↵erent, however this is
not the case in the simplest cases. As mentioned before, in typical models only one of the two mixings is
large, and the other suppressed. This e↵ective Lagrangian has been implemented in FeynRules [52] for our
analysis, and is described in more detail in Appendix C. The complete FeynRules files, together with the
CalcHEP and MadGraph outputs, are available on the FeynRules website for the general model [53] and
also for specific cases of a T singlet, a SM-like doublet and a doublet with a T and an exotic VL quark X
of charge 5/3 [54]. See also the website of the HEP model database project [55].

The Lagrangian in Eq.(3.2) allows to express the decay rates in a simple and intuitive form:

BR(T ! W+j) =
⇣jet⇠

T
W

1 + ⇣3⇠H�H
, BR(T ! W+b) =

(1� ⇣jet)⇠TW
1 + ⇣3⇠H�H

,

BR(T ! Zj) =
⇣jet⇠

T
Z

1 + ⇣3⇠H�H
, BR(T ! Zt) =

(1� ⇣jet)⇠TZ
1 + ⇣3⇠H�H

, (3.3)

BR(T ! Hj) =
⇣jet(1� ⇠TZ � ⇠TW )

1 + ⇣3⇠H�H
, BR(T ! Ht) =

(1� ⇣jet)(1� ⇠TZ � ⇠TW )(1 + �H)

1 + ⇣3⇠H�H
,

BR(B ! W�j) = ⇣jet⇠
B
W , BR(B ! W�t) = (1� ⇣jet)⇠

B
W ,

BR(B ! Zj) = ⇣jet⇠
B
Z , BR(B ! Zb) = (1� ⇣jet)⇠

B
Z , (3.4)

BR(B ! Hj) = ⇣jet(1� ⇠BZ � ⇠BW ) , BR(B ! Hb) = (1� ⇣jet)(1� ⇠BZ � ⇠BW ) ,

so that the BR of the top and bottom partner only depend on 3 parameters each (⇣jet, ⇠
B/T
W and ⇠

B/T
Z ),

while �H is a known function of M given in Eq. (2.24). For the exotic-charge VL quarks:

BR(X ! W+j) = ⇣jet , BR(X ! W+t) = (1� ⇣jet) , (3.5)

BR(Y ! W�j) = ⇣jet , BR(Y ! W�b) = (1� ⇣jet) , (3.6)

so that they depend on a single parameter each, ⇣jet. As we already discussed, in the formulas above we
neglected the top mass, except for the channel T ! Ht where large model-independent corrections are
expected. In the other potentially a↵ected channel, i.e. T ! Wb, Zt, B ! Wt and X ! Wt, this
approximation is numerically sensible for the range of masses LHC will be probing, and more details on the

9
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Parameterisation: Montecarlo simulations

29

• General FeynRules model and MadGraph/CalcHep implementation: 

• http://feynrules.irmp.ucl.ac.be/wiki/VLQ  

• Specific multiplets (3 parameters)  

• http://feynrules.irmp.ucl.ac.be/wiki/VLQ_tsingletvl 

• http://feynrules.irmp.ucl.ac.be/wiki/VLQ_tbdoubletvl 

• http://feynrules.irmp.ucl.ac.be/wiki/VLQ_xtdoubletvl 

• M mass of the VL quarks in the multiplet, g* coupling strength for 
single production, RL fraction of decay to light quarks

http://feynrules.irmp.ucl.ac.be/wiki/VLQ
http://feynrules.irmp.ucl.ac.be/wiki/VLQ_tsingletvl
http://feynrules.irmp.ucl.ac.be/wiki/VLQ_tbdoubletvl
http://feynrules.irmp.ucl.ac.be/wiki/VLQ_xtdoubletvl


XQCAT (data recasting)
• Tool to recast LHC analyses for vector-like quarks (see hep-ph/1409.3116)

SCRIPT

MG+BRIDGE+PYTHIA+DELPHES

SIMULATIONS

per mass, per channel

Ma Mb . . . Mn

root1 root1 . . . root1
...

...
. . .

...
root80 root80 . . . root80

EFFICIENCIES CODE

DATABASE OF EFFICIENCIES

per bin, per mass, per channel

For each search (ATLAS, CMS)

Bin 1

Ma Mb . . . Mn

ϵ1 ϵ1 . . . ϵ1
...

...
. . .

...
ϵ80 ϵ80 . . . ϵ80

Bin 2

Ma Mb . . . Mn

ϵ1 ϵ1 . . . ϵ1
...

...
. . .

...
ϵ80 ϵ80 . . . ϵ80

other bins

CROSS-SECTIONS

WEIGHTED WITH EFFICIENCIES AND BRs

per bin, per channel

For each search (ATLAS, CMS)

Bin 1:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

σ1
ϵ =

∑nX

i=1
σ′
Q(MXi)ϵ1(MXi)BR2

Xi→Wu

σ2
ϵ =

∑nX

i=1
σ′
Q(MXi)ϵ2(MXi)BRXi→WuBRXi→Wc

. . .
σ80
ϵ =

∑nY

i=1
σ′
Q(MYi)ϵ80(MYi)BR2

Yi→Wb

Bin 2:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

σ1
ϵ =

∑nX

i=1
σ′
Q(MXi)ϵ1(MXi)BR2

Xi→Wu

σ2
ϵ =

∑nX

i=1
σ′
Q(MXi)ϵ2(MXi)BRXi→WuBRXi→Wc

. . .
σ80
ϵ =

∑nY

i=1
σ′
Q(MYi)ϵ80(MYi)BR2

Yi→Wb

other bins . . .

The interference-corrected cross section, for each channel, is:

σ′
Q(Mi) = σQ(Mi)(1 +

∑nQ

j ̸=i yij)

DATABASE OF

CROSS SECTIONS

per mass

σQ(Ma) σQ(Mb) . . . σQ(Mn)

Average of Pythia’s log files

NUMBER OF SIGNAL EVENTS

per bin

For each search (ATLAS, CMS)

Bin 1:
∑80

i=1
σi
ϵ × L

Bin 2:
∑80

i=1
σi
ϵ × L

other bins . . .

SELECT 2-BODY

DECAYS TO SM

INTERFERENCE

yij =
2Re

[

gag
∗
bgcg

∗
d(
∫

PiP∗
j )

2
]

g2ag
2
b (
∫

PiP∗
i )

2 + g2cg
2
d(
∫

PjP∗
j )

2

MIXING OF STATES

loop mixing Qi → {V, q} → Qj

⇓
non-mixing {Q′

i, Q
′
j}

INPUT

nX nT nB nY

mXi mTi mBi mYi

Γj
Xi

Γj
Ti

Γj
Bi

Γj
Yi

V L,R
Xi

V L,R
Ti

V L,R
Bi

V L,R
Yi

κV
Xi

κV
Ti

κV
Bi

κV
Yi

or

g
V qj
L,R(Xi) g

V qj
L,R(Ti) g

V qj
L,R(Bi) g

V qj
L,R(Yi)

OUTPUT

EXCLUSION CONFIDENCE LEVEL

Limit code
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Analysis tool example
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Blue, purple, red correspond to RL = 0, 0.5, ∞ respectively. Obtained 	


combining SUSY CMS searches (αT, monolepton, OS dileptons, SS dileptons)	




Conclusions
• Heavy vector-like fermions are present in many extensions of the SM 

• Present constraints can be improved, especially for realistic cases, 
beyond too simplified assumptions 

• Flavour results are helpful to establish the allowed range of mixings 

• LHC run 2 can produce or bound these particles to a level giving a real 
feedback on new physics scenarios to theorists, detailed and reproducible 
steps for data recasting are essential in exp. papers! 

• Present bounds just start probing the interesting mass range for VL 
relevant in BSM model building 

• A general parameterisation, useful for LHC searches is available and an 
analysis tool will be available for public use
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