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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 

• “common” theoretical expectation in Composite Higgs EFT 
is a not too heavy mass scale M (∿TeV) and mainly 
coupling to the 3rd generation - but not a general 
statement! 

• Present LHC mass bounds ∿ 800 GeV 

• Mixings bounded by EWPT, flavour…
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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.
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Table 1: Quantum numbers for the vector-like fermion singlets and triplets.

3. New Yukawa couplings
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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⌧
2
H

⇤ is

the same Higgs multiplet coupling to up-type quarks, Q̄L = (2, 16) 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 L
v
yuk in the following), we

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

L
vv
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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LHC VLQ searches
• Currents searches assume:  Br(T’ → Zt,ht,Wb) = 1,   

Br(B’ → Zb,hb,Wt) = 1, Br(X5/3 →Wt)=1,  Br(Y4/3 
→Wb)=1 

•  pair produced (QCD) ⇒ ~ model-independent 

• singly produced (EW) ⇒ depends on mixing with 
SM quarks

Excited quarks
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T → tH cZt=2.5

T → tH cWb=1.5

T → tH cZt=2.5

T → tZ cWb=1.5

T → tZ c(Zt)=1.5

B → bZ c(Wt)=1.5

T → bW c(Wb)=1.5

Y→ tH c(Wb)=1.0

Observed limit 95%CL (TeV)
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

13 TeV

Vector-like quark pair production                                                                                                                              

Q → qW 

T → tH 

T → tZ 

T → bW 

B → bH 

B → bZ 

B → tW 

X5/3 → tW 

X5/3 → tW 

T → bW 

Observed limit 95%CL (TeV)
0 0.3 0.6 0.9 1.2 1.5

Resonances to heavy quarks

Z’(1.2%) → tt

Z’(10%) → tt

gKK → tt

W’ → tb

W’ → tb Mν<MW’

W’ → tb Mν>MW’

Z’(1%) → tt

Z’(10%) → tt

Z’(30%) → tt

gKK → tt

W’ → tb

Z’→ Tt → tZt

Observed limit 95%CL (TeV)
0 0.5 1 1.5 2 2.5 3 3.5 4

40 fb

40 fb

15 fb

8 fb 80 fb

500 fb

8 TeV

13 TeV

Resonances to dibosons

radion → HH

W’ → WH 

Z’ → ZH

GBulk → WW 

GBulk → ZZ

W’ → VW  HVT(B)

W’ → WH HVT(B)

Z’ → VH HVT(B)

radion → HH

Observed limit 95%CL (TeV)
0 0.5 1 1.5 2 2.5 3

8 TeV

13 TeV
10 fb

13 fb

20 fb

28 fb

6 fb

30 fb

B2G
new physics 

searches with 
heavy SM particles

35 fb

25 fb

7 fb

7 fb

35 fb

9 fb
8 TeV

13 TeV4 fb

20 fb

300 fb

60 fb

800 fb

900 fb

50 fb

50 fb

100 fb

120 fb

200 fb

200 fb

70 fb

60 fb

70 fb

40 fb

18 fb

⟡model-independent

KL/KR=1

KR=1  

KL=1  

M!R < MW’

M!R > MW’

 Gbulk

 Gbulk

8 TeV

⟡

⟡
600 fb

400 fb

200 fb

200 fb

200 fb

200 fb

250 fb

150 fb

20 fb

400 fb

⟡t → lep
cWb=1.5
t → lep
cZt=2.5

t → had
cWb=1.5
t → had
cZt=2.5

  cWb=1.5  

  cZt=1.5   

  cWt=1.5   

  cWb=1.5     

  cWb=1.0     

ℬ(T → Wb)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ℬ
(
T

→
H
t
)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Ex
pe

ct
ed

 9
5%

 C
L 

m
as

s 
lim

it 
[G

eV
]

500

600

700

800

900

1000

1100

1200

1300

1400
ATLAS

-1 = 13 TeV, 36.1 fbs

 Wb+X 1-lepton→ TT

60
0

70
0

80
0

90
0

10
00

11
00

12
00

1300

SU(2) singlet
SU(2) doublet
SU(2) singlet
SU(2) doublet

ℬ(T → Wb)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ℬ
(
T

→
H
t
)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

O
bs

er
ve

d 
95

%
 C

L 
m

as
s 

lim
it 

[G
eV

]

500

600

700

800

900

1000

1100

1200

1300

1400
ATLAS

-1 = 13 TeV, 36.1 fbs

 Wb+X 1-lepton→ TT

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

SU(2) singlet
SU(2) doublet
SU(2) singlet
SU(2) doublet

Figure 5: Expected (top) and observed (bottom) 95% CL lower limits on the mass of the T quark in the branching-
ratio plane of B(T ! Wb) versus B(T ! Ht). Contour lines are provided to guide the eye. The markers indicate
the branching ratios for the SU(2) singlet and doublet scenarios with masses above ⇠0.8 TeV, where they are
approximately independent of the VLQ T mass. The white region is due to the limit falling below 500GeV, the
lowest simulated signal mass.
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Pair production LO
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Pair production for T’  
of the non-SM doublet 
pp → T’T’ @ LHC at LO



Pair production NLO

8 B. Fuks and H.-S. Shao: QCD NLO predictions matched to parton showers for vector-like quark models

Fig. 2. LO and NLO QCD inclusive cross sections for T T̄/TT/T̄ T̄ pair production at the LHC with
p
s = 13 TeV. The QCD

contribution results are presented together with the associated theoretical uncertainty bands, and we indicate the shifts in the
bands that are induced by including weak or Higgs-boson exchange diagram contributions when they are non-negligible, which
is only the case for the scenario TH1.

mT [GeV] Scenario �LO [pb] �NLO [pb]

400
QCD (7.069 100)+32.0%

�22.6%
+2.7%
�2.7% (1.004 101)+9.4%

�11.3%
+2.5%
�2.5%

TH1 (7.022 100)+30.2%
�23.8%

+1.2%
�4.1% (9.980 100)+8.0%

�12.5%
+1.2%
�3.8%

800
QCD (1.261 10�1)+33.2%

�23.2%
+3.8%
�3.8% (1.733 10�1)+8.5%

�11.1%
+4.4%
�4.4%

TH1 (1.244 10�1)+18.8%
�31.2%

+�7.3%
�14.0% (1.702 10�1)+�2.3%

�20.0%
+�6.0%
�13.9%

1200
QCD (7.685 10�3)+34.0%

�23.7%
+5.8%
�5.8% (1.061 10�2)+8.8%

�11.4%
+5.8%
�5.8%

TH1 (1.053 10�2)+�1.7%
�36.7%

+�18.4%
�25.8% (1.372 10�2)+�16.6%

�29.0%
+�18.2%
�25.8%

1600
QCD (7.477 10�4)+34.9%

�24.2%
+8.5%
�8.5% (1.030 10�3)+9.0%

�11.6%
+8.6%
�8.6%

TH1 (3.395 10�3)+�3.3%
�27.0%

+�13.3%
�19.9% (4.117 10�3)+�14.6%

�21.8%
+�14.4%
�20.9%

2000
QCD (8.980 10�5)+35.5%

�24.5%
+18.3%
�18.3% (1.260 10�4)+8.7%

�11.7%
+17.8%
�17.8%

TH1 (1.563 10�3)+4.2%
�20.0%

+�5.4%
�13.0% (1.960 10�3)+�6.3%

�14.0%
+�6.0%
�13.6%

Table 1. LO and NLO QCD inclusive cross sections for T T̄/TT/T̄ T̄ production at the LHC, running at a center-of-mass energy
of

p
s = 13 TeV. The results are shown together with the associated scale and PDF relative uncertainties. For all scenarios but

the TH1 one, the predictions match the pure QCD results.
T’T’ production @ 13 TeV from 1610.04622 Fuks & Shao. QCD scenario: only QCD diagrams, EW  
contribution typically small; TH1 scenario: mixing with 1st generation enhance production rate

NLO effect: ~50% enhancement, reduce scale uncertainty



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



Single production NLO

Beyond the Standard Model phenomenology at the NLO in QCD Benjamin Fuks -  01.03.2017 - 

Introduction                            Automated NLO-QCD calculations                            VLQ phenomenology                             EFT @ NLO-QCD                             Conclusions

19

Single vector-like quark production with jets
✦ Vector-like quark single production (via electroweak diagrams)

q

q̄q̄

h/V

Q
q

q̄

q̄

H/V

Q

✤ Production in association with jets in setups with 
 first and second quark generation mixings

✤ Other processes are possible too (QV, QH)

[ BF & Shao (EPJC’17) ]

✦ Total rates for proton-proton collisions at 13 TeV

✤ NLO effects
★ K-factors increase with mT

★ Reduction of the scale unc.
➢ large mass only

mT [GeV] Scenario �LO [pb] �NLO [pb]

400

TZ1 (1.995 100)+2.6%
�2.7%

+1.6%
�1.6% (1.987 100)+0.8%

�0.6%
+1.7%
�1.7%

TZ2 (2.613 100)+0.1%
�1.0%

+1.2%
�1.2% (2.685 100)+1.1%

�0.6%
+1.2%
�1.2%

TW1 (1.541 100)+3.4%
�3.3%

+2.4%
�2.4% (1.575 100)+0.9%

�0.2%
+2.4%
�2.4%

TW2 (4.229 100)+1.1%
�1.5%

+4.5%
�4.5% (4.392 100)+1.1%

�0.3%
+4.4%
�4.4%

1200

TZ1 (2.214 10�1)+8.2%
�7.1%

+1.9%
�1.9% (2.483 10�1)+1.4%

�1.9%
+2.0%
�2.0%

TZ2 (1.168 10�1)+5.6%
�5.3%

+3.2%
�3.2% (1.348 10�1)+1.6%

�1.6%
+2.9%
�2.9%

TW1 (1.572 10�1)+8.9%
�7.6%

+3.5%
�3.5% (1.812 10�1)+1.9%

�2.4%
+3.5%
�3.5%

TW2 (2.476 10�1)+7.3%
�6.5%

+12.0%
�12.0% (2.878 10�1)+2.0%

�2.2%
+11.3%
�11.3%

2000

TZ1 (4.721 10�2)+10.9%
�9.2%

+2.4%
�2.4% (5.771 10�2)+2.9%

�3.5%
+2.4%
�2.4%

TZ2 (1.277 10�2)+8.7%
�7.8%

+7.0%
�7.0% (1.600 10�2)+3.0%

�3.1%
+6.6%
�6.6%

TW1 (3.105 10�2)+11.5%
�9.7%

+5.0%
�5.0% (3.899 10�2)+3.5%

�4.0%
+4.7%
�4.7%

TW2 (3.725 10�2)+10.1%
�8.7%

+24.7%
�24.7% (4.653 10�2)+3.2%

�3.6%
+23.1%
�23.1%

✤ Setup
★ Central scale: average MT

★ NNPDF 3.0 densities

✤ 1st and 2nd generation mixing
★ !1 = 0.07 and !2 = 0.2 and 
★ No effects on the rates 

(interplay with the PDFs)

NLO effect: k-factor increase with mT (table from 1610.04622 Fuks & Shao) 



X5/3 production
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X5/3 production
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pNGB Higgs & top partners
• Two species of fundamental fermions needed to build top 

partners (see 1311.6562 Barnard, Gherghetta, Ray) 

•   EW sector (Higgs sector): fermions ψ 

• Spontaneous symmetry breaking should deliver at least 4 
pNGBs associated to Higgs doublet: H ∼ (ψψ) 

•   Coloured sector: fermions 𝜒 

• Bound states (ψψ 𝜒) or (ψ 𝜒 𝜒) with quantum numbers of SM top 
quark 

• Additional coloured pNGBs (𝜒 𝜒) ∼ πc are present



Additional EW pNGBs
• Smallest cosets: 

•   SU(4)/Sp(4): 5 of Sp(4) ≡ A2 = (2,±1/2) + (1,0) (H, η) 

•   SU(5)/SO(5): 14 of SO(5) ≡ S2 = (3,±1) + (3,0) + (2,±1/2) + 
(1,0)  (Φ±, Φ0, H, η) 

•   SU(4)×SU(4)/SU(4): 15 of SU(4) ≡ Ad = (3,0) + (2,±1/2) + 
(2,±1/2) + (1,±1) + (1,0) +(1,0)  (Φ0, H1, H2, N±, N0, η) 

• ⇒ Always SM-like singlet, η ⇒ Sometimes triplets or second 
Higgs doublet



Additional coloured pNGBs
• SU(6)/SO(6) ⊃ SU(3)c : 20′ of S0(6) ≡ A2 = (8,0) + 

(6,4/3) + (6,−4/3)   (π8, π6, π6c ) 

• SU(6)/Sp(6) ⊃ SU(3)c : 14 of Sp(6) ≡ S2 = (8,0) + 
(3,−4/3) + (3,4/3)   (π8, π3, π3c ) 

• SU(3) × SU(3)/SU(3)c : 8 of SU(3) ≡ Ad = (8,0)  (π8) 

•  Always a coloured octet π8 ⇒ Sometimes coloured 
triplets or sextets (see 1507.02283)



Extra decay modes
• Fermionic UV “completion” of CHMs including top partners is non-

minimal wrt CHM SO(5)/SO(4) description  
 
→ presence of additional light states (pNGBs) that are involved in 
VLQs decays (Serra 1506.05110 and Bizot, Cacciapaglia, Flacke in 
preparation) 

• EW-singlet: T → ηt with η = EW pNGB like Higgs 

• U(1): T → at with a = pNGB of non-anomalous U(1) 

• Coloured: X5/3 → π6 b with π6 = Coloured pNGB 

• Charged : X5/3 → φ+t with φ+ = EW pNGB 

• Consequences: possible large branching ratios in these modes,  
reduced experimental bound on VLQs masses



Mixing effects
• 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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Mixing effects
• 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 with more VL multiplets

leading to the mass matrix

Md =

0

B@
m̃

kl

d
0 0

y
l

1d m1 !

0 !
0
m2

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]:

Lmass = q̄L ·

0

BBBBBBBBBBBBBBBB@

µ1 0 0 0 . . . 0 x1,nd+4 . . . x1,N

0 µ2 0 0 . . . 0 x2,nd+4 . . . x2,N

0 0 µ3 0 . . . 0 x3,nd+4 . . . x3,N

y4,1 y4,2 y4,3 M4 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
20



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
• LHC searches (already mentioned) 

• Tree-level bounds 

• FCNC effects at tree level due to mixing 

• 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 T-parameter, but other new particle may affect 
the result
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Tree level bounds 
• Rare top decays (via mixing) CMS PRL112 

(2014), 7 and 8 TeV data:  
 
 
implies : 

• Z → cc coupling from LEP  
 
 
implies : 

�(t ! Zu) + �(t ! Zc)

�(t ! Wb)
< 0.18% at 2�

|V t0t
R |

q
|V t0u

R |2 + |V t0c
R |2 < 0.06 |V tb|

|V t0c
R | < 0.2



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

• at 3 sigmas this implies : 



FCNC tree level (if no b’)
• D-Dbar mixing and D → l+l- : 
 
 
 
 
 
 
 

• strongest bound from xD : 
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Interplay of VLQ multiplets in bounds
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Figure 6. Doublet Y = 1/6 and Doublet Y = 7/6 (Section 3.4): EWP bounds at 1� (red-
dashed), 2� (green-dashed) and 3 � (blue) for VL quarks coupling with the first (left panel) and third
(right panel) SM generations, compared with the region excluded at 3� by tree-level bounds (yellow
region in the left panel). M = 800 GeV, ! = !

0 = 0.

Figure 7. Singlet Y = 2/3 and Doublet Y = 7/6 for mixing with first generation only (left),
second generation only (middle), third generation (right), and for a mass of the VL quarks of 800
GeV. The channel is T+jet. The grey contour lines correspond to cross-section values in picobarns at
14 TeV. The region inside the red line is allowed by the S and T parameters. The region inside the
blue line is allowed by the tree-level bounds. The dashed black lines are the bounds from the ATLAS
search [57].

multiplets. The dashed black lines are the bounds at 3� derived by reinterpreting the results

of the ATLAS search [57]. The grey lines represent the contours of the LHC production
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Doublet Y = 1/6 and Doublet Y = 7/6 : EWP bounds at 1σ (red- dashed), 2σ 
(green-dashed) and 3 σ (blue) for VL quarks coupling with the first (left panel) and 
third (right panel) SM generations, compared with the region excluded at 3σ by 
tree-level bounds (yellow region in the left panel). M = 800 GeV, ω = ω′ = 0. (from 
1502.00370)



T’ decays
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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



T’ decays (X5/3,T’) multiplet
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X5/3decays (X5/3,T’) multiplet
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General parameterisation (example with a T’)
• T' assumed to couple with Wq, Zq, hq here  

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

• Neglect SM quark masses here (full case in 1305.4172)  
 
 
 
 
 
 
 
 
 
 
 
 
 

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

• Choosing multiplet fixes ξW, ξZ



NLO extension
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A general vector-like quark model
[ BF & Shao (EPJC’17); Cacciapaglia, Cai, Carvalho, Deandrea, Flacke, BF, Majumder & Shao (in prep.) ]

★ Quark partners decay into an electroweak boson and a jet/top
★ Pair, single and QV/QH associated production can be simulated

✦ Illustrative process
T/B/X/Y

T/B/X/Y

t/j

t/j

W/Z/H

W/Z/H

✦ An effective Lagrangian (with four partners: T, B, X and Y)

LVLQ = iȲ /DY �mY Ȳ Y + iB̄ /DB �mBB̄B + iT̄ /DT �mT T̄ T + iX̄ /DX �mXX̄X

� h


B̄
⇣
̂B

LPL + ̂B
RPR

⌘
qd + T̄

⇣
̂T

LPL + ̂T
RPR

⌘
qu + h.c.

�

+
g

2cW


B̄ /Z

⇣
̃B

LPL + ̃B
RPR

⌘
qd + T̄ /Z

⇣
̃T

LPL + ̃T
RPR

⌘
qu + h.c.

�

+

p
2g

2


Ȳ /̄W

⇣
Y

LPL+Y
RPR

⌘
qd + B̄ /̄W

⇣
B

LPL+B
RPR

⌘
qu + h.c.

�

+

p
2g

2


T̄ /W

⇣
T

LPL+T
RPR

⌘
qd + X̄ /W

⇣
X

LPL+X
RPR

⌘
qu + h.c.

�

similar to the previous, one more parameter to satisfy the 
renormalisation conditions 

Example with T, B, X, Y  VLQs

see Fuks & Shao 1610.04622; Cacciapaglia, Cai, Carvalho, AD, Flacke, Fuks, Majumder & Shao (1703.10614)



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, and decays beyond W, Z, h should be 
included. 

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

• LHC can produce or bound these particles to a level giving a real 
feedback on new physics scenarios 

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

• A general parameterisation, useful for LHC searches and NLO tool for 
detailed calculations are available 
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