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Strong dynamics in the EW sector
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Which models, which resonances?

• Strong dynamics for the EW sector:

• spin 1 (popular guess but S parameter needs extra 
contribution (axial-vector, …), via Drell-Yan mainly, 
typically heavy

• spin 0 (new composite scalars, PNGB)

• spin 1/2 (new vector-like fermions)

• Extended SM scalar sector

• Extended gauge sector



Scalars in TeV strong dynamics

• Higgs: pNGB or mixture pNGB-Composite

• Composite scalars can be lighter than vectors (indications from 
lattice calculations with specific strong dynamics)

• A pseudo-scalar “η” with WZW anomaly couplings is present 
in the spectrum and can be in the TeV range. 

• Couplings are calculable in terms of the dynamics

• Fermiophobic η is a realistic case in composite models

See hep-ph/1502.04718 for details of the scalar sector in minimal SU(4)/Sp(4) case 
and hep-ph/0809.0713 for the model.



Numerical results
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decay mode BR

gg 83%

WW 11.2%

ZZ 3.2%

Z� 2%

�� 0.4%

TABLE II. Decay modes and branching fraction of the ⌘WZ

particle of 2 TeV with ⌘
W /⌘

g = 2.

Taking ratios of the above bounds, we can extract direct
bounds on the ratios of Branching Ratios:

Br(⌘WZ ! W

+
W

�)

Br(⌘WZ ! gg)
>

10

200
= 0.05, (15)

Br(⌘WZ ! ��)

Br(⌘WZ ! W

+
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�)
<

0.5

10
= 0.05 , (16)

which are easily satisfied in this model.
These simplified results clearly show that the fermio-

phobic pseudo-scalar with the anomalous interactions
can explain the diboson excesses without conflict with
the other experimental bounds we discussed. One has to
keep in mind, however, that a detailed model built along
these lines may require further scrutiny concerning other
bounds, but such a detailed study is worth pursuing only
if the present excess will be confirmed by the ongoing
LHC run.

Numerical results and discussion.— In order to have
more detailed numbers we have created a FeynRules [43,
44] model and evaluated the cross sections, branching ra-
tios and decay widths numerically using Madgraph [45].
Using the following numerical values, nQ = 1, nL = 1,
N = 2, Nc = 3, which correspond to 

⌘
g = 2 and



⌘
� = 

⌘
W = 4, and F⌘ = 1 TeV, the production cross

section of the ⌘WZ particle is 0.615 fb and its total width
1.12 GeV at LHC with 8 TeV of center of mass energy
for a ⌘WZ particle of 2 TeV of mass.

Using insteadN = 5 and all the other same parameters
as in the previous example, increases the couplings by a
factor of 10: ⌘

g = 20 and 

⌘
� = 

⌘
W = 40, while the pro-

duction cross section and width of the ⌘WZ particle are
a factor of 100 larger as expected (production cross sec-
tion of 61.5 fb and total width of 112 GeV). The results
for the branching fractions are given in Table II. These
number are just indications based on a particular choice
of parameters. One can see easily from the previous re-
sults that increasing N (or decreasing F⌘) will increase
the cross section and allow reaching a value compatible
with the excess.

We consider in the following the parameters ⌘
i in order

to describe and bound the model in an e↵ective way with-
out reference to a particular underlying model. First, we
can impose bounds on the couplings by taking ratios of
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FIG. 1. Cross section times branching ratios on the ⌘
g–

⌘
W /⌘

g plane for F⌘ = 1 TeV and ⌘
B = 0. The shaded

region in the right upper area is excluded owing to �(gg !
⌘WZ) · Br(⌘WZ ! ��) > 0.5fb. The numbers N = 4, 5, 6
represent the corresponding values for the vector-like model
with nQ = nL = 1.

Branching Ratios and compare them with the bounds de-
tailed in the previous section on the diboson, dijet, and
diphoton resonant cross sections. Taking ratios of for-
mulas (5)–(9), we can eliminate the dependency on the
cross section, and derive bounds on the couplings ⌘
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where g3 = 1.033, g2 = 0.628, and sin2 ✓W = 0.2319 at
an energy of 2 TeV.
To compute constraints in the 

⌘
g–

⌘
W /

⌘
g plane, we

need an expression for the cross section:
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0.615 fb (19)

which can be estimated by rescaling our numerical re-
sults. For the Br(⌘WZ ! gg) and Br(⌘WZ ! WW ), by
using Eqs. (5)–(9) for ⌘

B = 0, we have

Br(⌘WZ ! gg) '
8g43(

⌘
g)

2

8g43(
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g)2 + 3g42(

⌘
W )2

, (20)

and
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8g43(
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g)2 + 3g42(
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respectively. These estimates can change if we introduce


⌘
B ,

⌘
WB 6= 0 in general. In Fig. 1 we show the dijet �jj

and diboson �WW cross sections for F⌘ = 1 TeV as a
function of the 

⌘
g and the ratio 

⌘
W /

⌘
g (for 

⌘
B = 0).

We also show the model predictions for N = 4, 5, 6. In
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Mass value is not predicted but such resonances are expected in composite models 
(see our Phys. Rev. Lett. 115 (2015) no.17, 171802



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)



Simplest multiplets (and SM quantum numbers)



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

ArXiv:1305.4172 M.Buchkremer et al.



Interplay of VLQ multiplets
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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

– 21 –

Doublet Y = 1/6 and Doublet Y = 7/6 (Section 3.4): 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 = ωʹ = 0. (from our JHEP 1509 (2015) 012)



Conclusions and perspectives

• Current limits with the 7 and 8 TeV LHC data span 
up to 700-800 GeV in mass for vector like  quarks 
(actual limit depends on the choice of parameters).

• Run 2 data is is under present scrutiny and brings 
further important bounds.

• Our FJPPL team is investigating realistic set-ups in 
composite models with vector-like quarks (two or 
more multiplets, full mixing structure).


