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MOTIVATION 
• For the “believers”: 

they are introduced in many extensions of the 
Standard Model that try to address the hierarchy 
problem (e.g. extra dimensions, little/composite 
Higgs models, ..)



MOTIVATION 

• For the “pragmatists”: 
LHC is a exploration machine and the existence of 
new vector-like quarks is a possibility worth 
exploring

• For the “believers”: 
they are introduced in many extensions of the 
Standard Model that try to address the hierarchy 
problem (e.g. extra dimensions, little/composite 
Higgs models, ..)



MOTIVATION 
• Why vector-like? 

➡ (heavy) chiral quarks would have large 
Yukawa couplings, and therefore enhance the 
Higgs production cross section 

➡ example: “four-generation Standard Model”
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FIG. 1: The Tevatron combined observed (solid black lines) and median expected (dashed black lines) 95% C.L. upper limits
on σ(gg → H) × B(H → W+W−). The shaded bands indicate the ±1 standard deviation (s.d.) and ±2 s.d. intervals on
the distribution of the limits that are expected if a Higgs boson signal is not present. Also shown the prediction for a fourth-
generation model in the low-mass and high-mass scenarios, 4G (Low mass) and 4G (High mass) respectively. The hatched
areas indicate the theoretical uncertainty from PDF and scale uncertainties. The lighter curves show the high-mass theoretical
prediction.

Higgs boson with a mass in the range 124 – 286 GeV. Using the median limits on σ(gg → H) × B(H → W+W−),
expected in the absence of a signal to quantify the sensitivity, we expect to exclude the mass range 120 – 267 GeV.
In the high-mass scenario, which predicts a larger B(H → W+W−) at high mH than that predicted in the low-mass
scenario, we exclude at the 95% C.L. the mass range 124 – 300 GeV and expect to exclude the mass range 120 –
290 GeV. The upper edge of the observed exclusion range in the high-mass scenario is determined by the fact that
we did not perform the search for Higgs bosons with mass exceeding 300 GeV.
In summary, we present a combination of CDF and D0 searches for the gg → H → W+W− and gg → H → ZZ

processes and set an upper limit on σ(gg → H) × B(H → W+W−) as a function of mH , assuming the standard
model ratio of B(H → W+W−)/B(H → ZZ). We compare these limits with the prediction of the minimal SM with
a sequential fourth generation of heavy fermions added on, and exclude at the 95% C.L. the Higgs boson mass range
124 < mH < 286 GeV, with an expected exclusion of 120 – 267 GeV.
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• Why vector-like? 
➡ (heavy) chiral quarks would have large 

Yukawa couplings, and therefore enhance the 
Higgs production cross section 

➡ example: “four-generation Standard Model”



BOUNDS

x

x̄

W�

W+

t

t̄t

t̄

Z

Z

T

T

ATLAS-CONF-2016-102

• Lower bounds on the mass of new quarks are set 
by direct searches
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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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MT > (1170� 1350)GeV (singlet/doublet with 
100% BR to Wb)
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electroweak precision parameters (S, T, U, 
              ) 
 
 

Higgs rates
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BOUNDS
➡ the new quarks could be too heavy to be observed 

directly… 
… but they could affect loop-mediated processes:



Can indirect effects be useful 
in the search for new quarks?



SET-UP

➡ vector-like singlets      T0         B0

➡ vector-like doublets     (X0, T0)      (T0, B0)     (B0, Y0)

➡ vector-like triplets      (X0, T0, B0)   (T0, B0, Y0)

• Consider vector-like quarks in the lower 
representations of SU(2)L, that can mix with the 
Standard Model top and bottom



➡ vector-like triplets      (X0, T0, B0)   (T0, B0, Y0)

SET-UP

“exotic” quarks of charge  
        5/3      -4/3

• Consider vector-like quarks in the lower 
representations of SU(2)L, that can mix with the 
Standard Model top and bottom

➡ vector-like singlets      T0         B0

➡ vector-like doublets     (X0, T0)      (T0, B0)     (B0, Y0)



SET-UP
• Consider vector-like quarks in the lower 

representations of SU(2)L, that can mix with the 
Standard Model top and bottom
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Figure 1: Example Feynman diagram for t
1

pair production with a possible decay chain.
Figure 2: Similar diagram for x

1

pair pro-
duction.

The lightest bottom-like quark b1, which we always find to be heavier than t1 and x1,

decays predominantly via

b1 ! tW� . (3.2)

The other possible decays, b1 ! bZ and b1 ! bh, are strongly suppressed because of

the small o↵-diagonal couplings. Such small mixing is a consequence of the fact that

the bottom quark is mainly fundamental. We find that the decay b1 ! t1W� is not

kinematically accessible.

Phenomenology of the 4 of SO(4). We consider x1, t1, t2 and b1 to form a 4 of SO(4)

when the maximal mass di↵erence among the quarks is . 60 GeV. In this way none of the

new quarks can decay into another one, since decays through the W , Z and h bosons are

not kinematically allowed. Consequently, all these four new quarks can only decay to the

SM top and bottom quarks.

Phenomenology of the XX. The phenomenology can be much richer if both charge 5/3

quarks are below 500 GeV and no restriction on the maximal mass di↵erence among the new

quarks is imposed. However, the exclusion limits from the CDF experiment in combination

with the upper bound of 500 GeV for early detection imposes strong restrictions on the

cascade decays that are kinematically allowed. Often, the mass di↵erences of these quarks

are such that they only decay via the channels given in (3.1) and (3.2). The two lightest

quarks are x1 and t1, where either of the two can be the lighter one. Going up in mass,

we find b1 and t2, or t2 and b1. The next heavier quark is either x2 followed by t3, or vice

versa. The most common hierarchy is

mx1 < mt1 < mb1 < mt2 < mx2 . (3.3)

A rarer mass pattern is

mt1 < mx1 < mt2 < mb1 < mt3 < mx2 < mt4 . (3.4)

– 8 –

• The “exotic” quarks 
could give interesting 
collider signatures
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SET-UP
• Write the most general Lagrangian for the 

interactions among the new quarks and their 
mixing with the Standard Model third family  

✦ singlet T0

�L = MTsT
0
LT

0
R + �1 

0
LH̃T 0

R + h.c.



SET-UP
• Write the most general Lagrangian for the 

interactions among the new quarks and their 
mixing with the Standard Model third family  

✦ singlet T0

�L = MTsT
0
LT

0
R + �1 

0
LH̃T 0

R + h.c.

SM left-handed doublet



SET-UP
• Write the most general Lagrangian for the 

interactions among the new quarks and their 
mixing with the Standard Model third family  

✦ singlet T0

�L = MTsT
0
LT

0
R + �1 

0
LH̃T 0

R + h.c.

✦ doublet    = (T0, B0)

�L = MTB�
0
L�

0
R + �4�

0
LH̃t0R + �5�

0
LHb0R + h.c.

�0



SET-UP
• Write the most general Lagrangian for the 

interactions among the new quarks and their 
mixing with the Standard Model third family  

✦ singlet T0

�L = MTsT
0
LT

0
R + �1 

0
LH̃T 0

R + h.c.

✦ doublet    = (T0, B0)

�L = MTB�
0
L�

0
R + �4�

0
LH̃t0R + �5�

0
LHb0R + h.c.

�0

SM right-handed singlets



SET-UP
• Write the most general Lagrangian for the 

interactions among the new quarks and their 
mixing with the Standard Model third family  

✦ singlet T0

�L = MTsT
0
LT

0
R + �1 

0
LH̃T 0

R + h.c.

✦ doublet    = (T0, B0)

�L = MTB�
0
L�

0
R + �4�

0
LH̃t0R + �5�

0
LHb0R + h.c.

�0

(mixings of SM fermions and VLQs with same quantum 
numbers rotated away by a redefinition of the fields)



SET-UP
• From the Lagrangian we can read off the mass 

matrices for the top-like, bottom-like and “exotic” 
quarks

�LM = T 0
LM

t
0T 0

R + B0
LM

b
0B0

R +MY Y LYR +MXXLXR



SET-UP
• From the Lagrangian we can read off the mass 

matrices for the top-like, bottom-like and “exotic” 
quarks

�LM = T 0
LM

t
0T 0

R + B0
LM

b
0B0

R +MY Y LYR +MXXLXR
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t0L
T 0
L

◆



SET-UP
• From the Lagrangian we can read off the mass 

matrices for the top-like, bottom-like and “exotic” 
quarks

�LM = T 0
LM

t
0T 0

R + B0
LM

b
0B0

R +MY Y LYR +MXXLXR

• The physical quarks are obtained through unitary 
rotations. For example

✓
tL
TL

◆
=

✓
cos ✓tL � sin ✓tL
sin ✓tL cos ✓tL

◆✓
t0L
T 0
L

◆



COUPLINGS
• Because of these mixings 

‣ the heavy mass eigenstate acquires a coupling 
with the Higgs boson 

‣ the Yukawa coupling of the light “top” quark is 
suppressed 

‣ off-diagonal couplings with the electroweak 
gauge bosons arise



• Example: (T0, B0) doublet 
parameters:  
relations:

PARAMETERS
• In each model, there are a number of parameters 

(physical masses and mixing angles). However, 
not all of them are independent!

mt,mb,MT ,MB , ✓
t
L, ✓

t
R, ✓

b
L, ✓

b
R

M2
T (c

t
R)

2 +m2
t (s

t
R)

2 = M2
B(c

b
R)

2 +m2
b(s

b
R)

2

MT,B tan ✓t,bL = mt,b tan ✓
t,b
R

➡ only three independent parameters



• In each model, there are a number of parameters 
(physical masses and mixing angles). However, 
not all of them are independent!

➡ as independent parameters we take

B singlet : sbL,MB

T singlet : stL,MT

(XT ) doublet : stR,MT

(TB) doublet : stR, s
b
R,MT

(BY ) doublet : sbR,MB

(XTB) triplet : stL,MT

(TBY ) triplet : stL,MT

PARAMETERS



• They are affected due to the presence of the new 
quarks and the change in the couplings of the 
“Standard Model” quarks to electroweak gauge 
bosons

ELECTROWEAK PRECISION TESTS
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quarks and the change in the couplings of the 
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• In general, only very small mixings are allowed 
(remember that for example                  )  

ELECTROWEAK PRECISION TESTS
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FIG. 1: Exact results for ∆T for M = 1 TeV in the VLQ models. sin θ and M are identified in

Eq. 2.13.

The contributions to ∆T in the various VLQ models are shown in Fig. 1 (Fig. 2 for the

(TB) doublet, which has two mixing angles as free parameters). Here we use the exact

expressions for the T parameter. For small mixing, the contribution to ∆T is positive in the

T singlet and (XTB) triplet models, negative in the B singlet, (XT ) doublet and (TBY )

triplet models, and extremely small in the (BY ) doublet model (RHS of Fig. 1), as one could

expect from the approximate results in Eq. 3.9. In all the models where the T parameter is

negative for small mixing ∆T changes sign at an intermediate value of sin θ and therefore

vanishes again for non-small mixing. In the case of the (XT ) doublet, ∆TXT ∼ 0 even for

stR ∼ 1, due to a numerical cancellation. Therefore, in these models there could be regions

of parameter space with quite sizeable mixing that are allowed by precision tests. We will

explore this possibility in Sec. IV.

The mass splitting between the VLQ multiplet components, δQ1Q2 ≡ MQ1 − MQ2, is

fixed by the mixing angles (Eq. 2.11). In the large VLQ mass and small mixing angle

approximation, and in the limit for massless bottom quark,

Doublets : δTB

MT
∼
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2

[

(stR)
2
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1−
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t

M2
T

)

− (sbR)
2

]

δXT
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∼ −

(stR)
2

2
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1−
m2

t

M2
T

)

< 0

δBY

MB
∼
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2

2
<

1

2
(3.10)

11

�T ⇠ 0.1
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triplet models, and extremely small in the (BY ) doublet model (RHS of Fig. 1), as one could

expect from the approximate results in Eq. 3.9. In all the models where the T parameter is

negative for small mixing ∆T changes sign at an intermediate value of sin θ and therefore

vanishes again for non-small mixing. In the case of the (XT ) doublet, ∆TXT ∼ 0 even for

stR ∼ 1, due to a numerical cancellation. Therefore, in these models there could be regions

of parameter space with quite sizeable mixing that are allowed by precision tests. We will

explore this possibility in Sec. IV.
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on the mixing angle (Eq. 2.17). We note that for large VLQ masses, the fits asymptote to

an approximately constant mixing angle in each case. This suggests that the value of the

VLQ mass is not critical and that an effective field theory (EFT) approach is warranted.

We discuss the EFT approach for heavy VLQs in Appendix B.

We have presented our results in terms of the masses and mixing angles given in Eq. 2.13.

Using Eq. 3.11, we redisplay our fit results in terms of the allowed mass differences between

20
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The (XT ) doublet model has an interesting region seen in Fig. 8 (black dotted area),

where the contribution to ∆T vanishes, allowing relatively large values of the mixing angle.

This region is consistent with the ∆T ∼ 0 region of Fig. 1 for MT = 1 TeV.

Also in the (TB) doublet model (Fig. 9) we find an interesting region with relative large

mixings both in the top and bottom sectors allowed by the fit. Doing a global fit strengthens

the bounds in the (TB) and (XTB) models relative to those of Ref. [19]. Models with B

VLQs [45] are allowed by the fits, with a relatively large mixing angle permitted in the (BY )

doublet model. The strongest limit on models with B VLQs occurs in the B singlet case,

where for all MB, the global fit requires sbL < 0.04 due to the strong dependence of δXL
bb
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The (XT ) doublet model has an interesting region seen in Fig. 8 (black dotted area),

where the contribution to ∆T vanishes, allowing relatively large values of the mixing angle.

This region is consistent with the ∆T ∼ 0 region of Fig. 1 for MT = 1 TeV.

Also in the (TB) doublet model (Fig. 9) we find an interesting region with relative large

mixings both in the top and bottom sectors allowed by the fit. Doing a global fit strengthens

the bounds in the (TB) and (XTB) models relative to those of Ref. [19]. Models with B

VLQs [45] are allowed by the fits, with a relatively large mixing angle permitted in the (BY )

doublet model. The strongest limit on models with B VLQs occurs in the B singlet case,

where for all MB, the global fit requires sbL < 0.04 due to the strong dependence of δXL
bb
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The (XT ) doublet model has an interesting region seen in Fig. 8 (black dotted area),

where the contribution to ∆T vanishes, allowing relatively large values of the mixing angle.

This region is consistent with the ∆T ∼ 0 region of Fig. 1 for MT = 1 TeV.

Also in the (TB) doublet model (Fig. 9) we find an interesting region with relative large

mixings both in the top and bottom sectors allowed by the fit. Doing a global fit strengthens

the bounds in the (TB) and (XTB) models relative to those of Ref. [19]. Models with B

VLQs [45] are allowed by the fits, with a relatively large mixing angle permitted in the (BY )

doublet model. The strongest limit on models with B VLQs occurs in the B singlet case,

where for all MB, the global fit requires sbL < 0.04 due to the strong dependence of δXL
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The (XT ) doublet model has an interesting region seen in Fig. 8 (black dotted area),

where the contribution to ∆T vanishes, allowing relatively large values of the mixing angle.

This region is consistent with the ∆T ∼ 0 region of Fig. 1 for MT = 1 TeV.

Also in the (TB) doublet model (Fig. 9) we find an interesting region with relative large

mixings both in the top and bottom sectors allowed by the fit. Doing a global fit strengthens

the bounds in the (TB) and (XTB) models relative to those of Ref. [19]. Models with B

VLQs [45] are allowed by the fits, with a relatively large mixing angle permitted in the (BY )

doublet model. The strongest limit on models with B VLQs occurs in the B singlet case,

where for all MB, the global fit requires sbL < 0.04 due to the strong dependence of δXL
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mixings both in the top and bottom sectors allowed by the fit. Doing a global fit strengthens

the bounds in the (TB) and (XTB) models relative to those of Ref. [19]. Models with B

VLQs [45] are allowed by the fits, with a relatively large mixing angle permitted in the (BY )

doublet model. The strongest limit on models with B VLQs occurs in the B singlet case,
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Figure 4: Estimated exclusion reach for the mass of a charge-5/3 state decaying exclusively to Wt as a
function of the c
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coupling. To obtain the excluded regions we assumed
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s = 13 TeV collider energy and

L = 20 fb�1 integrated luminosity (left panel) and L = 100, 300, 3000 fb�1 integrated luminosity (right
panel). The dashed gray lines show the contours with �
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= 0.2, 0.3, 0.5.

more refined Simplified Model. This also allows us to assess the accuracy of the Simplest Simplified
Model and the robustness of the limits derived in the previous Section.

The first e↵ect of the new coupling is to modify the theoretical prediction of the single-
production cross-section. The Feynman amplitude of the process, in Figure 2, is now the sum
of two terms, proportional to c
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and c
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, respectively. The cross-section is thus the sum of three
terms scaling as c2
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) and �
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) introduced in Eq. (2.4) for X5/3 and X5/3,
respectively. The interference term is suppressed by the fact that it must vanish in the limit of zero
Top mass because in that limit the chirality of the Top quark or anti-quark produced in association
with the resonance becomes a physical observable and the two couplings can not interfere. Since
the center-of-mass energy of the W ⇤–gluon collision that produces the resonance is approximately
set by the production threshold m
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a suppression of order m
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2. However the

MCFM code does not allow to change the coupling chirality and we must content ourselves with
a LO estimate done with MadGraph [32]. It turns out that �0
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) is very well approximated,
both at 8 and 13 TeV collider energy, by
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The (XT ) doublet model has an interesting region seen in Fig. 8 (black dotted area),

where the contribution to ∆T vanishes, allowing relatively large values of the mixing angle.

This region is consistent with the ∆T ∼ 0 region of Fig. 1 for MT = 1 TeV.

Also in the (TB) doublet model (Fig. 9) we find an interesting region with relative large

mixings both in the top and bottom sectors allowed by the fit. Doing a global fit strengthens

the bounds in the (TB) and (XTB) models relative to those of Ref. [19]. Models with B

VLQs [45] are allowed by the fits, with a relatively large mixing angle permitted in the (BY )

doublet model. The strongest limit on models with B VLQs occurs in the B singlet case,

where for all MB, the global fit requires sbL < 0.04 due to the strong dependence of δXL
bb

19

COMPARISON WITH DIRECT  



COMPARISON WITH DIRECT  
SEARCHES

➡ only at an 100 TeV collider?
Matsedonskyi et al., JHEP 1412 (2014) 097


0.2

0.3

0.5

1200 1400 1600 1800 2000
0.0

0.2

0.4

0.6

0.8

1.0

MX @GeVD

c R

s = 13 TeV
L = 20 fb-1

es.p.=0.1 ep.p.

es.p.=0.5 ep.p.

es.p.=ep.p. 0.2

0.3

0.5

1400 1600 1800 2000 2200 2400 2600
0.0

0.2

0.4

0.6

0.8

1.0

MX @GeVD

c R
s = 13 TeV

es.p. = 0.5 ep.p.

L=3 ab-1
L=300 fb-1

L=100 fb-1

Figure 4: Estimated exclusion reach for the mass of a charge-5/3 state decaying exclusively to Wt as a
function of the c

R

coupling. To obtain the excluded regions we assumed
p
s = 13 TeV collider energy and

L = 20 fb�1 integrated luminosity (left panel) and L = 100, 300, 3000 fb�1 integrated luminosity (right
panel). The dashed gray lines show the contours with �

X

/M
X

= 0.2, 0.3, 0.5.

more refined Simplified Model. This also allows us to assess the accuracy of the Simplest Simplified
Model and the robustness of the limits derived in the previous Section.
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Figure 11. Comparison of expected sensitivities to EW parameters (left) and Higgs couplings
(right) from future collider experiments. Di↵erent shades of the same colour correspond to results
including or neglecting the future theoretical uncertainties.

or CepC precision. Matching the CepC would be possible after a luminosity upgrade

even in the absence of a dedicated run at
p
s = 1 TeV. Including such a run in the

physics program would make the ILC the best overall machine for the determination of

the Higgs-boson properties (one exception would be the couplings to leptons, where the

FCCee still o↵ers the more precise measurement). In particular, while the FCCee and the

CepC Higgs-boson runs will only explore center-of-mass energies
p
s ⇡ 240 GeV, where

Higgs-boson production occurs mostly via ZH associated production, running at the ILC

with
p
s = 500 GeV or

p
s = 1000 GeV gives also access to W -boson fusion production, as

well as tt̄H associated production. This results in a determination of W approximately

10 times more precise than at the FCCee/CepC.
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FIG. 11: Higgs branching ratios in VLQ models with a (T ) singlet or an (XT ) doublet normalized

to the Standard Model predictions.
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FIG. 12: Higgs branching ratios in VLQ models normalized to the SM predictions. The vertical

yellow lines are the maximum mixing allowed by the electroweak fits for the B singlet (LHS) and

(BY ) doublet (RHS) models shown in Fig. 7.

(TB) doublet model can have modest increases in Higgs signal strengths when the mixing in

the right-handed b sector is allowed to be significant (RHS of Fig. 13). In the (XTB) triplet

triplet model, an increase of about 10% in the h → γγ signal strength is consistent with the

results from the electroweak fits, while the other Higgs decay channels are constrained to be

within about 4% of the SM predictions.
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FIG. 13: Higgs gluon fusion signal strengths in (TB) doublet VLQ model, normalized to the SM

predictions. RHS has sbR = 0.1 and LHS has sbR = 0. The vertical yellow lines are the maximum

mixing allowed by the electroweak fits of Fig. 9.
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FIG. 14: Higgs branching ratios in the VLQ models normalized to the Standard Model predictions.

The vertical yellow lines are the maximum mixing allowed by the electroweak fits for the TBY

triplet (LHS) and (XTB) triplet (RHS) models shown in Fig. 7.

V. CONCLUSIONS

We have considered restrictions on the parameters of models with vector-like quarks and

updated electroweak fits to the parameters of these models. The constraints on VLQ masses

and mixings are strengthened from previous fits. Mixing in the B VLQ sector is highly

constrained due to the tree-level effect on the Zbb̄ coupling, while mixings up to stR ∼ 0.2

are allowed in the T singlet case. In the doublet models mixings up to sR ∼ 0.1 − 0.15
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(TB) doublet model can have modest increases in Higgs signal strengths when the mixing in

the right-handed b sector is allowed to be significant (RHS of Fig. 13). In the (XTB) triplet

triplet model, an increase of about 10% in the h → γγ signal strength is consistent with the

results from the electroweak fits, while the other Higgs decay channels are constrained to be

within about 4% of the SM predictions.
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➡ at the boundary of being probed with very 
precise inclusive Higgs measures



CONCLUSIONS
• Direct searches and indirect constraints from 

electroweak precision data can play a 
complementary role in probing new (vector-like) 
quarks

• the phase space of these models is unlikely to be 
probed thoroughly by direct production at the 
LHC; both a lepton collider or a hadron collider 
with an higher center of mass energy can be 
useful



CONCLUSIONS
• Higgs phenomenology is affected at most at a 10% 

level, requiring the determination of the loop-
mediated Higgs rates with a precision of a few %


