
LHC’de Yeni Ağır Kuarkların 
Araştırılması

Orhan Çakır
AU & IAU

Ankara YEF Günleri 2015, ODTU, Ankara



İçerik

Parçacık çeşitliliği

Yeni parçacıklar / yeni etkileşmeler

Yeni ağır kuarkların araştırılması

Modelden bağımsız araştırmalar

Sonuç ve Yorum
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Parçacık Çeşitliliği

Yeni  ağır  fermiyonların  çarpıştırıcılarda  araştırılması  için  bazı 
motive  eden  nedenler:  (i)  evrendeki  madde-antimadde 
asimetrisinin olası açıklaması (daha fazla CP kaynağı), (ii) fermiyon 
kütle hiyerarşisine bir açıklama (yüksek enerjilerde demokrasi ve 
bilinen  spektrum  için  dinamik  mekanizma),  (iii)  EW  simetri 
kırılmasına yeni bir bakış, (iv) karanlık madde adayı sağlaması.

Kozmik  ışın  deneylerinde  keşfedildiği  zaman, 
elektron  ile  benzer  özelliklere  sahip  daha  ağır 
yeni bir parçacık ”muon”  için I.I.  Rabi sürprizle 
“who  ordered  that?”  demişti.  Çünkü,  muonun 
nükleer fizikte bir rolü olmadığı düşünülüyordu. 
Kuark  ve  leptonların  3  ailesi  bilindikten  sonra 
bugün  “neden  daha  fazla  olmasın?”  diye  de 
sorulabilir.
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Yeni Parçacıklar / Yeni Etkileşmeler

Standart Model Ötesinde yeni fermiyon 
araştırmaları için

Modele bağımlı araştırma (model 
parametreleri)

4G (SM, SM-genişletilmeleri)

VLQ  (küçük  Higgs  modeli,  kompozit 
Higgs  modeli,  ek  boyutlar,  E6  model, 
çeşni simetrik model, …)

Modelden bağımsız araştırma (etkin köşeler 
tanımlanır)

Higgs  bozonu  SM 
bulmacasını  tamamlamış 
olsa  bile  SM’in  de  daha 
büyük  bir  kozmik 
bulmacanın  son  parçası 
olmadığı düşünülebilir
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Yeni Ağır Kuarklar
4G çerçevesinde yeni ağır fermiyonların sınıflandırılması

CHAPTER 1: New quarks beyond the three Standard-Model generations 17

• New perspectives on electroweak symmetry breaking (pre H-boson

discovery argument). Before 2012, the existence of a new scalar H field re-
lated to electroweak symmetry breaking was not established. Since virtual loops
from heavy fourth-generation quarks would influence the strengths of the cou-
pling constants at di↵erent energy scales (referred to as the running of coupling
constants via Renormalization Group Equations), the range of mH allowed by
electroweak precision measurements would get a↵ected. Masses of the H boson
as high as 600 GeV would become consistent with electroweak data [21], while
the constraints within a three-generation Standard Model were much tighter and
favored a light H boson. Electroweak symmetry breaking could even be realized
by a condensate of fourth-generation quarks, without invoking the existence of
an H field [22]. Of course, these arguments were much more powerful before the
discovery of the Brout-Englert-Higgs boson with mH ⇡ 125 GeV. Nevertheless,
the interesting interplay between a fourth generation and the electroweak symme-
try breaking mechanism did serve as a motivation to search for fourth-generation
quarks in the early stages of data-taking at the Large Hadron Collider.

1.2.2 The four-generation Standard Model

When considering a sequential repetition of the generation structure of the SM, the
fermion content and gauge transformation properties are well defined. The fourth-
generation quarks and leptons should obey the chiral structure of the theory, or in other
words, the left-handed components of the new quarks and leptons would transform as a
SU(2) doublet under the electroweak gauge group, while the right-handed components
would transform as a SU(2) singlet. Conventionally the new fourth-generation fermions
are denoted by the symbols of the third-generation particles with a prime:

fourth-generation quarks :

✓
t0

b0

◆

L

, t0R, b0R

fourth-generation leptons :

✓
⌫⌧ 0
⌧ 0

◆

L

, ⌫ 0
⌧,R, ⌧ 0R.

These particles have the same quantum numbers as their lower-generation cousins,
hence the up-type fourth-generation quark t0 (t-prime) has electric charge +2/3 and
the down-type fourth-generation quark b0 (b-prime) has charge �1/3.

As explained in Section 1.1.2, the unitary CKM matrix in generation space deter-
mines the mixing of the quark mass eigenstates to form the weak-interaction eigen-
states. Promoting the CKM matrix from a 3 ⇥ 3 matrix to a 4 ⇥ 4 matrix results
in: 0

BB@

d
weak

s
weak

b
weak

b0
weak

1

CCA

L

=

0

BB@

Vud Vus Vub Vub0

Vcd Vcs Vcb Vcb0

Vtd Vts Vtb Vtb0

Vt0d Vt0s Vt0b Vt0b0

1

CCA

0

BB@

d
mass

s
mass

b
mass

b0
mass

1

CCA

L

. (1.30)

Such an extended CKM matrix has three physically independent rotation angles and
two CP-violating phases more than the SM 3 ⇥ 3 matrix. Analogous to the CKM

4G kuarkların etkileşmeleri (boyut-4) için Lagrangian 
yoğunluğu

yeni ağır kuarklar

yeni ağır leptonlar
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quark b′, the 4×4 matrix is unitary, for which any 3×3 submatrix becomes non-unitary as long as these new quarks mix with
quarks of three families. Hence, the new flavor changing neutral currents (FCNC) could appear without violating the existing
bounds from current experimental measurements [17, 18].
The existence of a fourth generation of quarks would have interesting implications. Taking into account the current bounds

on the mass of the fourth family quarks [1], the anomalous interactions can emerge in the fourth family case. Furthermore,
extra families will yield an essential enhancement in the Higgs boson production at the LHC [19]. Single production [20], [21]
mechanism of fourth family quarks will be suppressed by the elements (fourth row and/or fourth column) of the 4×4 CKM
matrix. The fourth family quark pairs can already be produced at the Large Hadron Collider (LHC) at an initial center of mass
energy of

√
s = 10 TeV and an initial luminosity of L = 1031 cm−2s−1. At the nominal center of mass energy

√
s = 14 TeV

the initial luminosity will be 1033cm−2s−1 which will later increase to 1034cm−2s−1 corresponding to 10 and 100 fb−1 per year,
respectively.
In this work, we present an analysis of the anomalous resonant production of t ′ quarks at the LHC. Here, we assume the case t ′

decays through SM dominated channel (via charged currents) in which the magnitude ofVt′q is important, leading to a final state
W±b jet for t ′ anomalous production. A fast simulation is performed for the detector effects on the signal and background. Any
observations of the invariant mass peak in the interval 300-800 GeV with the final state containingW±b jet can be interpreted as
the signal for t ′ anomalous resonant production.

II. FOURTH FAMILY QUARK INTERACTIONS

Fourth family quarks can couple to charged weak currents by the exchange ofW± boson, neutral weak currents by Z0 boson
exchange, electromagnetic currents by photon exchange and strong colour currents by the gluons. We include the fourth family
quarks in the enlarged framework (primed) of the SM. The interaction lagrangian is given by

L′ = −ge ∑
Q′
i=b′,t′

QeiQi
′
γµQ′

iAµ −gs ∑
Q′
i=b′,t′

Qi
′TaγµQ′

iGa
µ

−
ge

2cosθw sinθw ∑
Q′
i=b′,t′

Q′
iγ
µ(giV −giAγ

5)Q′
iZ0µ

−
ge

2
√
2sinθw

∑
Q′
i ̸= j=b

′,t′
Vi jQ

′
iγ
µ(1− γ5)q jW±

µ +h.c. (1)

where ge is the electromagnetic coupling constant, gs is the strong coupling constant. The vector fields Aµ , Gµ , Zµ and W±
µ

denote photon, gluon, Z0−boson and W±−boson, respectively. Qei is the electric charge of fourth family quarks, Ta are the
Gell-Mann matrices. The gV and gA are the couplings for vector and axial-vector neutral currents. Finally, the CKM matrix
elements Vi j are expressed as: V =VUVD†. The corresponding 4×4 CKM matrix is given by

V =

⎛

⎜

⎝

Vud Vus Vub Vub′
Vcd Vcs Vcb Vcb′
Vtd Vts Vtb Vtb′
Vt′d Vt′s Vt′b Vt′b′

⎞

⎟

⎠
(2)

The magnitude of the 3× 3 CKM matrix elements are determined from the low energy and high energy experiments: these
are |Vud| = 0.97418± 0.00027, |Vus| = 0.2255± 0.0019, |Vcd | = 0.230± 0.011, |Vcs| = 1.04± 0.06, |Vcb| = 0.0412± 0.0011,
|Vub| = 0.00393± 0.00036, |Vtd | = 0.0081± 0.0006, |Vts| = 0.0387± 0.0023 (assuming |Vtb| equal to unity) and a lower limit
from the single top production |Vtb| > 0.74 at 95% CL. [1]. In the fourth family case, the first three rows of this matrix are
calculated as |Vub′ |2 = 0.0008, |Vcb′ |2 = 0.0295 and |Vtb′ |2 = 0.4054. For the first three columns one calculates |Vt′d |2 = 0.001,
|Vt′s|2 = 0.0315 and |Vt′b|2 = 0.4053. We see that there is a loose constraint for the mixing between third and fourth family
quarks. In this case, these bounds can be relaxed to an uncertainty level. If there is a mass degeneracy between t ′ and b′ quarks,
the two body decays occur most probably into the third family quarks. Inspiring from the Wolfenstein parametrization of the
3×3 CKM matrix, we could simply consider the fourth row and fourth column of the 4×4 CKM as |Vqib′ |≃ |Vt′q j | = Ai jλ 4−n
where Ai j can be optimized for the quark flavors qi and q j; n is the family number and λ is a constant.
We consider the decay width of t ′ quark through t ′ →W+q including the final state quark mass, we find

Γ(Q′ →Wq) =
1
16

αe|VQ′q|2m3Q′

sin2 θWm2W
λW

√

λr (3)

foton ve 

Z bozonu ile 

W bozonu ile 
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Teorik ve Deneysel Sınırlamalar 
Nereden Geliyor?

CKM matris üniterliği

Elektrozayıf duyarlı veriler

Doğrudan ölçümler

Teorik üniterlik ve perturbatif sınır

Higgs bozonu araştırmaları
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b’ Kuark Kütle Sınırlamaları
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• Tek üretim için kütle sınırları (PDG2014)

• Çift üretim için kütle sınırları (PDG2014)
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t’ Kuark Kütle Sınırlamaları
• Çift üretim için kütle sınırları (PDG2014)
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FREE QUARK SEARCHES

The basis for much of the theory of particle scattering and

hadron spectroscopy is the construction of the hadrons from a

set of fractionally charged constituents (quarks). A central but

unproven hypothesis of this theory, Quantum Chromodynamics,

is that quarks cannot be observed as free particles but are

confined to mesons and baryons.

Experiments show that it is at best difficult to “unglue”

quarks. Accelerator searches at increasing energies have pro-

duced no evidence for free quarks, while only a few cosmic-ray

and matter searches have produced uncorroborated events.

This compilation is only a guide to the literature, since the

quoted experimental limits are often only indicative. Reviews

can be found in Refs. 1–4.
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Karışım Sınırlamaları
CKM4 üniterliğinden:

2

quark b′, the 4×4 matrix is unitary, for which any 3×3 submatrix becomes non-unitary as long as these new quarks mix with
quarks of three families. Hence, the new flavor changing neutral currents (FCNC) could appear without violating the existing
bounds from current experimental measurements [17, 18].
The existence of a fourth generation of quarks would have interesting implications. Taking into account the current bounds

on the mass of the fourth family quarks [1], the anomalous interactions can emerge in the fourth family case. Furthermore,
extra families will yield an essential enhancement in the Higgs boson production at the LHC [19]. Single production [20], [21]
mechanism of fourth family quarks will be suppressed by the elements (fourth row and/or fourth column) of the 4×4 CKM
matrix. The fourth family quark pairs can already be produced at the Large Hadron Collider (LHC) at an initial center of mass
energy of

√
s = 10 TeV and an initial luminosity of L = 1031 cm−2s−1. At the nominal center of mass energy

√
s = 14 TeV

the initial luminosity will be 1033cm−2s−1 which will later increase to 1034cm−2s−1 corresponding to 10 and 100 fb−1 per year,
respectively.
In this work, we present an analysis of the anomalous resonant production of t ′ quarks at the LHC. Here, we assume the case t ′

decays through SM dominated channel (via charged currents) in which the magnitude ofVt′q is important, leading to a final state
W±b jet for t ′ anomalous production. A fast simulation is performed for the detector effects on the signal and background. Any
observations of the invariant mass peak in the interval 300-800 GeV with the final state containingW±b jet can be interpreted as
the signal for t ′ anomalous resonant production.

II. FOURTH FAMILY QUARK INTERACTIONS

Fourth family quarks can couple to charged weak currents by the exchange ofW± boson, neutral weak currents by Z0 boson
exchange, electromagnetic currents by photon exchange and strong colour currents by the gluons. We include the fourth family
quarks in the enlarged framework (primed) of the SM. The interaction lagrangian is given by

L′ = −ge ∑
Q′
i=b′,t′

QeiQi
′
γµQ′

iAµ −gs ∑
Q′
i=b′,t′

Qi
′TaγµQ′

iGa
µ

−
ge

2cosθw sinθw ∑
Q′
i=b′,t′

Q′
iγ
µ(giV −giAγ

5)Q′
iZ0µ

−
ge

2
√
2sinθw

∑
Q′
i ̸= j=b

′,t′
Vi jQ

′
iγ
µ(1− γ5)q jW±

µ +h.c. (1)

where ge is the electromagnetic coupling constant, gs is the strong coupling constant. The vector fields Aµ , Gµ , Zµ and W±
µ

denote photon, gluon, Z0−boson and W±−boson, respectively. Qei is the electric charge of fourth family quarks, Ta are the
Gell-Mann matrices. The gV and gA are the couplings for vector and axial-vector neutral currents. Finally, the CKM matrix
elements Vi j are expressed as: V =VUVD†. The corresponding 4×4 CKM matrix is given by

V =

⎛

⎜

⎝

Vud Vus Vub Vub′
Vcd Vcs Vcb Vcb′
Vtd Vts Vtb Vtb′
Vt′d Vt′s Vt′b Vt′b′

⎞

⎟

⎠
(2)

The magnitude of the 3× 3 CKM matrix elements are determined from the low energy and high energy experiments: these
are |Vud| = 0.97418± 0.00027, |Vus| = 0.2255± 0.0019, |Vcd | = 0.230± 0.011, |Vcs| = 1.04± 0.06, |Vcb| = 0.0412± 0.0011,
|Vub| = 0.00393± 0.00036, |Vtd | = 0.0081± 0.0006, |Vts| = 0.0387± 0.0023 (assuming |Vtb| equal to unity) and a lower limit
from the single top production |Vtb| > 0.74 at 95% CL. [1]. In the fourth family case, the first three rows of this matrix are
calculated as |Vub′ |2 = 0.0008, |Vcb′ |2 = 0.0295 and |Vtb′ |2 = 0.4054. For the first three columns one calculates |Vt′d |2 = 0.001,
|Vt′s|2 = 0.0315 and |Vt′b|2 = 0.4053. We see that there is a loose constraint for the mixing between third and fourth family
quarks. In this case, these bounds can be relaxed to an uncertainty level. If there is a mass degeneracy between t ′ and b′ quarks,
the two body decays occur most probably into the third family quarks. Inspiring from the Wolfenstein parametrization of the
3×3 CKM matrix, we could simply consider the fourth row and fourth column of the 4×4 CKM as |Vqib′ |≃ |Vt′q j | = Ai jλ 4−n
where Ai j can be optimized for the quark flavors qi and q j; n is the family number and λ is a constant.
We consider the decay width of t ′ quark through t ′ →W+q including the final state quark mass, we find

Γ(Q′ →Wq) =
1
16

αe|VQ′q|2m3Q′

sin2 θWm2W
λW

√

λr (3)

points is plotted versus the mass mt0 . It can be seen that the
acceptance rate reduces with growing t0 mass. Because our
test points are randomly distributed over the whole mass
region, an acceptance rate independent from the mass
would feature a constant functional behavior; this is clearly
not observed. One can also notice a small difference in the
acceptance rate for conservative and aggressive bounds.

III. TAYLOR EXPANSION OF VCKM4

The hierarchy of the mixing between the three quark
families can be visualized by the Wolfenstein parametri-
zation [53]. It is obtained from the standard parametriza-
tion by performing a Taylor expansion in the small CKM
element Vus ! 0:2255. Following [54] we define

Vub ¼ s13e
#i!13 ¼: A"4ð~#þ i~$Þ; (3.1)

Vus ¼ s12ð1þOð"8ÞÞ ¼: "; (3.2)

Vcb ¼ s23ð1þOð"8ÞÞ ¼: A"2: (3.3)

Note that due to historical reasons the element Vub is
typically defined to be of order "3, while it turned out
that it is numerically of order "4:

jVubj ¼ 0:003 93 ¼ 1:51"4 ¼ 0:34"3: (3.4)

Up to terms of order "6 the Taylor expansion of the CKM
matrix assumes the form

VCKM3 ¼
1# "2

2 # "4

8 # "6

16 " A"4ð~## i~$Þ
#"þ A2 "5

2 # A2"6ð~#þ i~$Þ 1# "2

2 # "4

8 # A2"4

2 þ A2"6

4 # "6

16 A"2

A"3 # A"4ð~!#þ i~!$Þ #A"2ð1# "2

2 þ "3ð~#þ i~$Þ # "4

8 Þ 1# A2"4

2

0
BB@

1
CCA: (3.5)

This result can be obtained from the standard Wolfenstein
parametrization by replacing

# ¼: "~#; $ ¼: "~$: (3.6)

For the case of four generations we have to determine first
the possible size, i.e. the power in " of the new CKM
matrix elements. With the results of the previous section
we obtain:

Conservative bound Aggressive bound

jVub0 j ' 0:0535≈1:05"2 ' 0:0364 ≈ 0:7"2≈3:2"3

jVcb0 j ' 0:144 ≈ 0:6"1 ≈ 2:8"2 ' 0:104 ≈ 0:46"1 ≈ 2"2

jVtb0 j ' 0:672 ≈ 3:0"1 ' 0:671 ≈ 3:0"1

We propose a parametrization of these matrix elements that
manifestly respects the above bounds:

(i) For the mixing of first and fourth family we define

Vub0 ¼ s14e
#i!14 :¼ "2ðx14 # iy14Þ

) s14 ¼ "2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x214 þ y214

q

) c14 ¼ 1# "4 x
2
14 þ y214

2
þOð"8Þ; (3.7)

which is a good estimate for both, conservative and
aggressive bounds, since the parameters x14 and y14
can safely be assumed to be smaller than 1.

(ii) The estimate for the matrix element Vcb0 is more
complicated. The conservative bound suggests a
size of order ", whereas the aggressive bound might
justify a leading power "2. In what follows we opt

for the more solid Oð"Þ variant. We define

Vcb0 ¼ c14s24e
#i!24 :¼ðx24# iy24Þ"1

) s24e
#i!24 ¼ðx24# iy24Þ"þ

1

2
ðx214þy214Þ

(ðx24# iy24Þ"5þOð"7Þ

) c24¼ 1þ1

2
ð#x224#y224Þ"2#1

8
ðx224þy224Þ2"4

þ1

6

"
3

8
ð#x224#y224Þ3þ3ð#x214#y214Þ

(ðx224þy224Þ
#
"6þOð"7Þ: (3.8)

(iii) Finally, the element jVtb0 j is not constrained to be
significantly smaller than 1 and we cannot restrict
the mixing angle "34. Thus, we keep cosine c34 and
sine s34 in the expansion.

It is obvious that already at Oð"6Þ the expansion gets
confusing; see (3.8). For the Taylor expansion to provide
an intuitive picture of the hierarchy of the elements and the
still possible effects of the mixing with the fourth genera-
tion wewant to keep the matrix clearly arranged. Therefore
we expand the CKM4 matrix up to and including order "4.
The matrix elements take the form

Vud ¼ 1# "2

2
# 1

8
ð4x214 þ 4y214 þ 1Þ"4; Vus ¼ ";

Vub ¼ Að~## i~$Þ"4; Vub0 ¼ ðx14 # iy14Þ"2; (3.9)
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From the unitarity of VCKM4 one gets (λ := Vus = 0.2255)

|Vub′ |
2 = 0.0001 ± 0.0014

⇒ Error: 0.037 ≈ 0.74 · λ2 ≈ 3.3 · λ3

|Vtd|
2 + |Vt′d|

2 = −0.0020 ± 0.0055

⇒ Error: 0.074 ∝ 1.5 · λ2

|Vts|
2 + |Vt′s|

2 = −0.13 ± 0.13

⇒ Error: 0.36 ≈ 1.6 · λ1

|Vcb′ |
2 = −0.14 ± 0.18

⇒ Error: 0.42 ≈ 1.9 · λ1

|Vt′b|
2 < 0.45

⇒ |Vt′b| < 0.67 = 0.67 · λ0

Bobrowski2009

normal sınırlama güçlü sınırlama

Eilam2009

• Fit sonuçları: deneysel sınırlar ve CKM4 üniterliği 
varsayımı

(ii) The best fits with !2
min=d:o:f ! 1 for mt0 >

600 GeV give too large su ¼ sin"u mixing angle

which is excluded by the EW precision data. On the
other hand, the allowed values for su are obtained
with the bad fit, with !2

min=d:o:f: > 1; see Table I.
(iii) In addition, we test the predictions for all quantities

entering the fit using the new fitted parameters, in a
way that we look for the ‘‘pull’’ [ ¼ ðdata
central value$ predicted valueÞ=ðdata errorÞ] of
the data. So, although the fit for mt0 ¼ 700 GeV
has !2

min=d:o:f slightly larger than 1, we have de-
cided to keep this fit, since the predictions with this
mass of mt0 nicely match with the data.

Having in mind all the facts above, we conclude that our
best fits are obtained for 300 & mt0 & 700, with the fitted
parameters given in Table II, while the selected VCKM

matrix elements are presented in Table III.
The final results at 95% confidence level of the complete

4' 4 fitted matrices are given below:

VCKM4ðmt0 ¼ 300 GeVÞ ¼
0:9742 0:2257 0:0035e$68:9(i 0:0018e$12:4(i

$0:2255 0:9732 0:0414 0:0102e29:8
(i

0:0086e$24:1(i $0:0416e0:7
(i 0:9649 0:2589

$0:0019e18:9
(i 0:0052e69:3

(i $0:2591 0:9658

0
BBB@

1
CCCA; (2.27)

VCKM4ðmt0 ¼ 400 GeVÞ ¼
0:9740 0:2256 0:0036e$68:9(i 0:0164e$87:4(i

$0:2259 0:9728 0:0414 0:0290e$76:1(i

0:0092e$27:7(i $0:0414 0:9932 0:1079
$0:0091e89:9

(i 0:0310e$94:6(i $0:1082 0:9935

0
BBB@

1
CCCA; (2.28)

VCKM4ðmt0 ¼ 500 GeVÞ ¼
0:9740 0:2256 0:0035e$68:9(i 0:0160e$81:1(i

$0:2259 0:9726 0:0414 0:0329e$71:8(i

0:0083e$27:1(i $0:0416e6:0
(i 0:9934 0:1059

$0:0080e83:2
(i 0:0344e$100:4(i $0:1062e0:7

(i 0:9937

0
BBB@

1
CCCA; (2.29)

VCKM4ðmt0 ¼ 600 GeVÞ ¼
0:9741 0:2256 0:0035e$68:9(i 0:0140e$75:4(i

$0:2258 0:9726 0:0414 0:0339e$66:0(i

0:0089e$26:2(i $0:0423e6:3
(i 0:9924 0:1149

$0:0058e77:9
(i 0:0343e$105:9(i $0:1155e0:7

(i 0:9926

0
BBB@

1
CCCA; (2.30)

VCKM4ðmt0 ¼ 700 GeVÞ ¼
0:9741 0:2256 0:0035e$68:9(i 0:0130e$72:9(i

$0:2258 0:9727 0:0414 0:0309e$62:9(i

0:0088e$26:2(i $0:0423e5:8
(i 0:9920 0:1179

$0:0056e74:7
(i 0:0309e$108:1(i $0:1185e0:6

(i 0:9924

0
BBB@

1
CCCA: (2.31)

Note that the fitted parameters show small 4th generation mass dependence in the preferable range ofmt0 , excluding the
fitted 4' 4 matrix at mt0 ¼ 300 GeV, (2.27).

TABLE I. Results of our fit on the mixing between the third
and the fourth generation obtained including the EW constraints
from [33].

mt0 (GeV) j sin"uj !2
min=d:o:f

300 0:25) 0:04 0.85
350 0:13) 0:03 0.98
400 0:10) 0:02 0.84
450 0:10) 0:04 0.79
500 0:10) 0:04 0.80
600 0:11) 0:03 0.93
700 0:11) 0:02 1.17
800 0:11) 0:02 1.45
900 0:11) 0:02 1.76
1000 0:11) 0:02 2.07

TABLE II. Final results for the 4th generation parameters obtained with the acceptable quality fit.

mt0 (GeV) 300 400 500 600 700

sin"u 0:25) 0:004 0:10) 0:02 0:10) 0:004 0:11) 0:03 0:11) 0:02
sin"v 0:010) 0:003 0:029) 0:001 0:034) 0:001 0:033) 0:008 0:031) 0:005
sin"w 0:002) 0:001 0:016) 0:002 0:015) 0:001 0:014) 0:001 0:012) 0:001
sin#2 $0:4) 0:4 0:97) 0:01 0:947) 0:002 0:91) 0:02 0:89) 0:04
sin#3 0:2) 0:3 0:99) 0:02 0:987) 0:001 0:96) 0:03 0:95) 0:03

CP VIOLATION AND THE FOURTH GENERATION PHYSICAL REVIEW D 80, 116003 (2009)
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Yeni Param. 
Önerisi:

|Vi4| = |Ai4| λ4-i

|V4j| = |A4j| λ4-j
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VLQ
Standart  modelde  kuarkların  sağ-el  ve  sol-el  alanları  farklı  kuantum  (farklı 
dönüşüm)  özelliklerine  sahiptir.  “Vector-like  quark”ların  sağ-el  ve  sol-el  alanları 
benzer şekilde dönüşür, terminoloji ise ayar bozonu ile etkileşmelerde “vektör” tipli 
bağlaşım yapmasından gelmektedir. Zayıf etkileşme özdurumu çoklular aşağıdaki 
gibi yazılabilir:

26 CHAPTER 1: New quarks beyond the three Standard-Model generations

1.3.2 Vector-like quark model

Quarks accommodated in the Standard Model are chiral, meaning that left-handed
and right-handed quark fields have di↵erent electroweak quantum numbers, or in other
words, have di↵erent SM gauge-group transformation properties. One should keep in
mind that the incorporation of this chiral structure was completely driven by exper-
imental observations. Vector-like quarks are hypothetical spin-1/2 fermion fields for
which the left- and right-handed components transform in the same way, and are al-
lowed to be added to the Lagrangian density without breaking gauge invariance. They
are still called quarks because they are assumed to have regular quark-color charges
(i.e. they transform under the SU(3)c group as a triplet). The terminology of ‘vector-
like’ quarks stems from their hypothetical Vector coupling (V ) to the charged weak
gauge bosons in Equation (1.13):

Jµ+ = Jµ+
L + Jµ+

R

= ūL�
µdL + ūR�

µdR = ū�µd, (1.35)

instead of a Vector minus Axial-vector structure (V � A) for chiral quarks. Because
of the absence of axial-vector couplings, the Standard Model extended with vector-like
quarks would still be anomaly free. In a chiral fourth generation, new leptons would be
required to cancel gauge anomalies, but here, the presence of vector-like quarks does
not necessarily imply the existence of vector-like leptons. Nevertheless, such exotic
lepton types have been studied in the literature as well [58].

When vector-like quarks are required to mix with SM ones, this should happen
via Yukawa couplings involving the H doublet field (this is also the case in regular
SM-quark mixing). There are only a restricted amount of gauge-covariant vector-like
quark multiplets associated to such renormalizable couplings [59]. These are SU(2)L
singlets, doublets and triplets involving fields U+2/3, D�1/3, X+5/3 and Y �4/3, where
the superscripts indicate the electric charge. The quarks with SM charges +2/3 and
�1/3 can be referred to as up-type and down-type vector-like quarks, respectively. The
possible weak-interaction eigenstate multiplets are

singlets: UL,R, DL,R

doublets: (X U)L,R, (U D)L,R, (D Y )L,R
triplets: (X U D)L,R, (U D Y )L,R.

Similar to the mechanism by which quark mixing occurs in the SM or in the hy-
pothetical fourth-generation extension, the physical mass eigenstates of the SM and
vector-like quarks of a certain type appear after diagonalizing the mass matrix. This
time, however, the procedure is more complicated than obtaining just one 4⇥ 4 CKM
matrix. Firstly, there is a dependence on the chosen multiplet scenario; for instance,
in cases where up-type U and down-type D quarks don’t exist simultaneously (like the
singlet cases), a CKM-matrix element VUD as analogue of Vt0b0 in a fourth-generation
context would not make sense. Secondly, while in the SM mixing is only allowed be-
tween left-handed quarks because of the chiral nature of the weak interaction, mixing

Tekli:
Çiftli:
Üçlü:
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of vector-like quarks with SM quarks can happen in the right-handed sector as well. It
turns out that for new vector-like quark singlets and triplets the mixing angles in the
right-handed sector are suppressed with respect to the left-handed ones by mq/mQ,
while for new doublets the left-handed mixings are suppressed [60–62]. Thirdly, a pe-
culiar feature of vector-like quarks is that they do not obtain their mass purely via
the vacuum-expectation value of the SM H field. They are allowed to have a bare
gauge-invariant mass term in the Lagrangian, because left-handed and right-handed
fields transform covariantly under the gauge-group transformations:

Lm,Q = �M
0

  , (1.36)

where the form of  depends on the multiplet representation. The bare masses M
0

of the components of a given multiplet are therefore the same, but the mixing with
SM quarks induces relatively small mass splittings [49]. Note that from an e↵ective
point of view, the origin of this mass term is not relevant, but it could for example be
generated by a Yukawa coupling to a scalar singlet that acquires a vacuum-expectation
value much larger than v = 246 GeV.

The consequences of quark mixing are manifold. The SM couplings themselves are
modified by the presence of vector-like quarks, which could result in deviations in elec-
troweak precision observables. Also the oblique parameters get a↵ected, but this would
even be the case without mixing (since the heavy quarks would couple to gauge bosons
anyway, and alter the vacuum polarization functions). The experimental constraints on
the existence of vector-like quarks coming from the measurements of SM couplings will
be discussed in more detail in Section 1.3.3. Furthermore, the vector-like quark mix-
ing with SM-generation quarks induces the very interesting decay properties of these
new heavy quarks, which will be outlined later in this Section. In scenarios where the
up-type U and down-type D quarks mix dominantly with the third generation, they
are often referred to as top partners or bottom partners, and usually denoted by T and
B, respectively. In this thesis, we will mainly focus on vector-like quark mixing with
the first generation (up/down-quark partners), with a search for down-type vector-like
quarks presented in Chapter 5.

The relevant interaction terms in the Lagrangian density between first-generation
quarks and up-type and down-type vector-like quarks can be written as [62, 63]:21

L
interaction,U =

gp
2
W�

µ dUdR�
µUR

+
g

2cos✓W
ZµuUuR�

µUR

� mU

v
HH,uUuRUL + h.c.

(1.37)

L
interaction,D =

gp
2
W+

µ uDuR�
µDR

+
g

2cos✓W
ZµdDdR�

µDR

� mD

v
HH,dDdRDL + h.c. .

(1.38)

21The interaction terms involving third-generation quarks would be completely analogous to (1.37)
and (1.38).
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L
interaction,U =

gp
2
W�

µ dUdR�
µUR

+
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2cos✓W
ZµuUuR�

µUR

� mU

v
HH,uUuRUL + h.c.
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L
interaction,D =

gp
2
W+

µ uDuR�
µDR

+
g

2cos✓W
ZµdDdR�

µDR

� mD

v
HH,dDdRDL + h.c. .

(1.38)

21The interaction terms involving third-generation quarks would be completely analogous to (1.37)
and (1.38).
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L
interaction,U =

gp
2
W�

µ dUdR�
µUR

+
g

2cos✓W
ZµuUuR�

µUR

� mU

v
HH,uUuRUL + h.c.

(1.37)

L
interaction,D =

gp
2
W+

µ uDuR�
µDR

+
g

2cos✓W
ZµdDdR�

µDR

� mD

v
HH,dDdRDL + h.c. .

(1.38)

21The interaction terms involving third-generation quarks would be completely analogous to (1.37)
and (1.38).
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L
interaction,U =

gp
2
W�

µ dUdR�
µUR

+
g

2cos✓W
ZµuUuR�

µUR

� mU

v
HH,uUuRUL + h.c.

(1.37)

L
interaction,D =

gp
2
W+

µ uDuR�
µDR

+
g

2cos✓W
ZµdDdR�

µDR

� mD

v
HH,dDdRDL + h.c. .

(1.38)

21The interaction terms involving third-generation quarks would be completely analogous to (1.37)
and (1.38).

yukarı-tipli VLQ’ların etkileşmeleri aşağı-tipli VLQ’ların etkileşmeleri

Kuark karışımı
SM : sadece qL

VLQ : hem qL hem de qR 
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5.1 Vector-like quark model considerations

In this analysis, we start from the generic vector-like quark extension discussed in Sec-
tion 1.3.2, where the new quarks are assumed to couple to first-generation quarks. Even
though simplifying assumptions in an experimental analysis are unavoidable for prac-
tical and computational reasons, we aim to be as much as possible model-independent,
while maintaining a good sensitivity to the presence of vector-like quarks. Several re-
marks regarding the free parameters of the considered model are made in Section 5.1.1.
The studied production processes are described in Section 5.1.2, and the resulting signal
topologies are summarized in Section 5.1.3.

5.1.1 Coupling parameters

From the Lagrangian density describing the interaction between down-type vector-like
quarks (with electric charge �1/3) and first-generation quarks, Equation (1.38), it is
clear that several unknown model parameters appear. For a given quark mass, there
are three free parameters, corresponding to the couplings to the three bosons: ̃uD,
̃dD and ̃H,dD. We will use an equivalent shorthand notation ̃uD ⌘ ̃W , ̃dD ⌘ ̃Z

and ̃H,dD ⌘ ̃H , with the boson subscript indicating the boson involved. We do not
know a priori what values these parameters should have, but they may be of order
unity. As mentioned in Section 1.3.3, experiments might constrain  = vp

2mQ
̃ to the

percent level, but this still allows for relatively large values of ̃ for high vector-like
quark masses. Moreover, cancellations among multiple new quark contributions can
relax these constraints, such that values ̃ = O(1) cannot be incontrovertibly excluded
by the available indirect measurements.

We can represent the information from the three ̃ parameters in another equivalent
set of parameters that are easier to relate to phenomenological observables:

̃W , BFW , BFZ , (5.1)

with BFW = BF(Q ! qW ) the branching fraction for the decay of the heavy quark
to a W boson, and BFZ = BF(Q ! qZ) the branching fraction for the decay of the
heavy quark to a Z boson. For given non-zero values of these three parameters, both
BFH = BF(Q ! qH) (or ̃H) and ̃Z are uniquely determined. The first just follows
from the fact that the branching fractions should add up to 1 (see Equation (1.44)).
For the second statement, we use the calculations of the partial widths from [62] to
derive an analytical relation. When setting the SM-quark masses to zero, and this is
a good approximation for first-generation quarks, it can be calculated that the partial
widths �(Q ! qV ), with V either a W , Z or H boson, are directly proportional to the
‘kinematic functions’ �0

V :

�(Q ! qV ) ⇡ 2

V

M3

Qg
2

64⇡m2

W

�0

V (5.2)

parametreler
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VLQ Bozunumları
Üçüncü aile ile karışım durumunda T ve B nin 
bozunum kanalları
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Here only the terms for one helicity are written, but the others are analogous. The
coupling parameters, denoted by , are model dependent, and originate from the mixing
between SM quarks and vector-like quarks. The coupling qQ can be reparametrized
as

qQ =
yvp
2mQ

"
1 +O

 
v2

m2

Q

!#
=

vp
2mQ

̃qQ, (1.39)

with y some model-dependent Yukawa parameter [63]. The new parameter ̃qQ is
naturally of order unity in a weakly coupled theory.

Production and decay of vector-like quarks

Just like for regular quarks, there could be various production modes for vector-like
quarks. In case they are produced in pairs in proton-proton collisions, the production
diagrams are again completely similar to Figure 1.1, with gluon fusion being the dom-
inant contribution. The electroweak single production is a potentially important pro-
duction mode as well, especially for heavy quarks coupling to first-generation quarks,
considering the up and down valence quarks of the proton. For very large vector-like
quark masses, single production can be expected to be the dominating production
mode. The reasons are that it is kinematically more favorable to produce one heavy
quark than two, and the parton distribution functions (that are discussed in more detail
in Section 3.1.1) of the proton scale di↵erently with energy for gluons then for quarks.
To illustrate this, Figure 1.7 shows the cross section in proton-proton collisions, at a
center-of-mass energy of

p
s = 7 TeV, for pair production and charged-current single

production of heavy down-type vector-like quarks coupling to the first generation. Fig-
ure 1.8 represents example Feynman diagrams of charged and neutral current single
production of a heavy vector-like quark Q.

Since the mass splitting between vector-like quarks in a given multiplet is typically
O(1) GeV, the decay from one heavy quark into another is suppressed [49]. As a
consequence, the possible decays of vector-like quarks are exclusively to Standard-
Model quarks, depending on the amount of mixing with a particular SM generation,
via W , Z or H bosons. Mixing with the third generation would result in the following
decays of the top and bottom partners:

T ! bW+ / tZ / tH, T ! b̄W� / t̄Z / t̄H (1.40)

B ! tW� / bZ / bH, B ! t̄W+ / b̄Z / b̄H. (1.41)

When only mixing with the first generation is allowed, the possible decay modes are:

U ! dW+ / uZ / uH, U ! d̄W� / ūZ / ūH (1.42)

D ! uW� / dZ / dH, D ! ūW+ / d̄Z / d̄H. (1.43)

From a phenomenological point of view, the decays of U and D are substantially
di↵erent from the decays of T en B. The presence of top quarks, subsequently decaying
to a b quark and a W boson, and of bottom quarks, will result in a high b-quark
multiplicity and a potentially large amount of leptons in the final state. In a particle
detector, the quarks will be detected as a collection of hadronized particles called jets,

• Birinci aile ile karışım durumunda U ve D nin 
bozunum kanalları
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multiplicity and a potentially large amount of leptons in the final state. In a particle
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and a jet originating from a b quark can be identified via dedicated algorithms (see
Section 3.3.5). Note that the only possible decay modes of the vector-like quarks with
exotic charges are X ! uiW+ and Y ! diW�, with ui and di up-type and down-type
SM quarks of generation i, respectively.

The branching ratios of the di↵erent decay modes would depend on the multiplet in
which the vector-like quark resides [49]. In most models the neutral-current branching
fractions BF(Q ! Zq) and BF(Q ! Hq) tend to be roughly of the same size, with
BF(Q ! Wq) allowed to vary from 0 to 1 depending on the multiplet representation.
Moreover, there is some dependency of the branching fractions on kinematic e↵ects,
because of the di↵erent masses of the decay products. This dependency tends to
disappear for very high quark masses. The main restriction independent of the details
of the exact model, is that the branching fractions should add up to one:

BF(Q ! Wq) + BF(Q ! Zq) + BF(Q ! Hq) = 1. (1.44)

1.3.3 Experimental constraints

Several of the indirect and direct constraints on chiral fourth-generation quarks are
applicable to vector-like quarks as well. However, due to the di↵erent nature of their
couplings to W and Z gauge bosons, the distinctive way of acquiring mass, and the
broad decay possibilities, experimental bounds on vector-like quarks should be carefully
evaluated.

CKM-matrix unitarity

A consequence of the mixing of vector-like quarks with SM quarks is that the measured
3 ⇥ 3 CKM matrix would not be unitary. The precise amount of deviation strongly
depends on the multiplet representation of the new quarks, however. When considering
a single vector-like quark representation, either the left-handed or the right-handed
mixings will be suppressed by the ratio mq/mQ. Hence, in models with only sizeable
right-handed couplings, the familiar CKM matrix, describing the mixing of left-handed
fields, will not be severely a↵ected. Nonetheless, if both U and D quarks exist, a CKM
matrix will appear in the right-handed sector too.

It is important to note that in the Standard Model, the unitarity of the CKMmatrix
is required to suppress flavor-changing neutral current (FCNC) processes. At tree level
those processes are forbidden because the Z boson couples to a linear combination of
the electromagnetic current (which is flavor diagonal, i.e. where no mixing is apparent)
and the current associated to the third component of the weak isospin, which is only
flavor diagonal if the CKM matrix is unitary [64]. At higher orders FCNC processes are
suppressed via the Glashow-Illiopoulos-Maiani (GIM) mechanism, which also requires
a unitary CKM matrix [65]. Therefore vector-like quarks not only lead to tree-level
FCNC couplings between SM quarks, but they might also spoil the GIM mechanism.

Electroweak precision data

The presence of new vector-like quarks induces modifiations of precisely measured
observables at tree and loop level. Some qualitative descriptions of the main observables

• Egzotik yük taşıyan VLQ bozunum kanalları
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those processes are forbidden because the Z boson couples to a linear combination of
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Yeni Ağır Kuark Araştırmaları

J
H
E
P
1
1
(
2
0
1
4
)
1
0
4

300 400 500 600 700 800 900
-3

10

-210

-110

1

10

210

 [GeV]Bm

) 
[p

b
]

B
 B

→
(p

p
 

σ

ATLAS

Zb/t + X
Dilep. + Trilep. Combination

SU(2) singlet

-1
Ldt = 20.3 fb∫

 = 8 TeVs

Theory (NNLO)

95% CL expected limit

σ1±95% CL expected limit 

σ2±95% CL expected limit 

95% CL observed limit

(a)

300 400 500 600 700 800 900
-3

10

-210

-110

1

10

210

 [GeV]Bm

) 
[p

b
]

B
 B

→
(p

p
 

σ

ATLAS

Zb/t + X
Dilep. + Trilep. Combination

SU(2) (B,Y) doublet

-1
Ldt = 20.3 fb∫

 = 8 TeVs

Theory (NNLO)

95% CL expected limit

σ1±95% CL expected limit 

σ2±95% CL expected limit 

95% CL observed limit

(b)

300 400 500 600 700 800 900
-3

10

-210

-110

1

10

210

 [GeV]Tm

) 
[p

b
]

T
 T

→
(p

p
 

σ

ATLAS

Zb/t + X
Dilep. + Trilep. Combination

SU(2) singlet

-1
Ldt = 20.3 fb∫

 = 8 TeVs

Theory (NNLO)

95% CL expected limit

σ1±95% CL expected limit 

σ2±95% CL expected limit 

95% CL observed limit

(c)

300 400 500 600 700 800 900
-3

10

-210

-110

1

10

210

 [GeV]Tm

) 
[p

b
]

T
 T

→
(p

p
 

σ

ATLAS

Zb/t + X
Dilep. + Trilep. Combination

SU(2) (T,B) doublet

-1
Ldt = 20.3 fb∫

 = 8 TeVs

Theory (NNLO)

95% CL expected limit

σ1±95% CL expected limit 

σ2±95% CL expected limit 

95% CL observed limit

(d)

Figure 12. Predicted pair-production cross section as a function of the heavy quark mass and
95% CL observed and expected upper limits for (a) an SU(2) singlet B quark, and (b) a B quark
forming an SU(2) (B, Y ) doublet with a charge −4/3 Y quark. Likewise, the upper limit on the
pair-production cross section as a function of the heavy quark mass for (c) an SU(2) singlet T
quark, and (d) a T quark forming an SU(2) (T,B) doublet with a charge −1/3 B quark.
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quark, and (d) a T quark forming an SU(2) (T,B) doublet with a charge −1/3 B quark.
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Yeni  ağır  kuark  (T  ve  B)  kütlesinin  bir  fonksiyonu  olarak  tahmin 
edilen  çift  üretim  tesir  kesitleri  ve  kütle  üzerine  sınırlar;  birinci 
panelde SU(2) (T,B) çifti oluşturan T kuark için sonuç, ikinci panelde 
ise SU(2) (B,Y) ikilisi oluşturan B kuark için sonuç verilmiştir.
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Etkin Yüksüz Akım Etkileşmeleri

Bugünkü  deneysel  verilere  göre  yeni  ağır  kuarklar  ile  bilinen  kuarklar 
arasındaki  karışımın  küçük  olduğu  görülmektedir,  burada  bozunma 
kanalları yüklü zayıf etkileşme öngörüsünden daha farklı olabilir (yeni bir 
simetri bu karışımın küçük olmasını açıklayabilir). Üst kuarkın olası anormal 
etkileşmelerindeki tartışmalar daha ağır yeni kuarklar için de geçerlidir.

3

where

λr = 1+m4W/m4Q′ +m4q/m4Q′ −2m2W/m2Q′ −2m2q/m2Q′ −2m2Wm2q/m4Q′ (4)

λW = 1+m2W/M2
Q′ −2m2q/m2Q′ +m4q/m4Q′ +m2qm2W/m4Q′ −2m4W/m4Q′ (5)

To calculate the decay width numerically, we assume three parametrizations PI, PII and PIII for the fourth family mixing
matrix elements. For the PI parametrization we assume the constant values |VQ′q| = |VqQ′ | = 0.01, PII contains a dynamical
parametrization |VqiQ′ |= |VQ′q j |≈ λ 4−n with a preferred value of λ = 0.1, and PIII has the parameters |Vt′d |= 0.063, |Vt′s|= 0.46,
|Vt′b| = 0.47, |Vub′ | = 0.044, |Vcb′ | = 0.46, |Vtb′ | = 0.47 [22].
The flavor changing neutral current interactions are known to be absent at tree level in the SM. However, the fourth family

quarks, being heavier than the top quark, could have different dynamics than other quarks and they can couple to the FCNC
currents leading to an enhancement in the resonance processes at the LHC. Moreover, the arguments for the anomalous interac-
tions of the top quark given in [23], are more valid for t ′ and b′ quarks. The effective Lagrangian for the anomalous interactions
among the fourth family quarks t ′ and b′, ordinary quarks q, and the neutral gauge bosons V = γ,Z,g can be written explicitly:

L′a = ∑
qi=u,c,t

κqiγ
Λ
Qqiget

′σµνqiFµν + ∑
qi=u,c,t

κqiz
2Λ

gzt ′σµνqiZµν

+ ∑
qi=u,c,t

κqig
2Λ

gst′σµνλaqiGµν
a +h.c.

+ ∑
qi=d,s,b

κqiγ
Λ
Qqigeb

′
σµνqiFµν + ∑

qi=d,s,b

κqiz
2Λ

gzb
′
σµνqiZµν

+ ∑
qi=d,s,b

κqig
2Λ

gsb
′
σµνλaqiGµν

a +h.c. (6)

where Fµν , Zµν and Gµν are the field strength tensors of the gauge bosons; σµν = i(γµγν − γνγµ)/2; λa are the Gell-Mann
matrices; Qq is the electric charge of the quark (q); ge, gZ and gs are the electromagnetic, neutral weak and the strong coupling
constants, respectively. gZ = ge/cosθw sinθw, where θw is the weak angle. κγ is the anomalous coupling with photon; κz is for
the Z boson, and κg with gluon. Λ is the cut-off scale for the new interactions.
For the decays Q′ →Vq where V ≡ γ,Z,g, we use the effective Lagrangian to calculate the anomalous decay widths

Γ(Q′ → gq) =
2
3

(

κqg
Λ

)2
αsm3Q′λ0 (7)

Γ(Q′ → γq) =
1
2

(

κqγ
Λ

)2

αeQ2qm3Q′λ0 (8)

Γ(Q′ → Zq) =
1
16

(

κqZ
Λ

)2 αem3Q′

sin2 θW cos2 θW
λZ

√

λr (9)

with

λ0 = 1−3m2q/m2Q′ +3m4q/m4Q′ −m6q/m6Q′ (10)

λZ = 2−m2Z/m2Q′ −4m2q/m2Q′ +2m4q/m4Q′ −6mqm2Z/m3Q′ −m2Zm2t /m4Q′ −m4Z/m4Q′ (11)

The anomalous decay widths in different channels are proportional to Λ−2, and they become to contribute more κ/Λ> 0.1
TeV−1.

t’qγ ve t’qZ

t’qg

b’qγ ve b’qZ

b’qg
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Q’ Anormal Üretim ve Bozunumu

LHC’de  yeni  ağır  kurakların  anormal  bağlaşımlar  yoluyla 
üretimleri için pp—>QV+X (burada Q=t, b ve V=g, γ, Z) süreci 
ve bozunumları için Q’—>QV süreci çalışılmıştır.

Table III: Branching ratios (%) and decay width of the new heavy quark (b′) with only anomalous

interactions for PI parametrization and κ/Λ = 0.1 TeV−1.

Mass(GeV) gd(s, b) Zd(s, b) γd(s, b) Γ(GeV)

500 30.50 2.60 0.21 0.257

600 30.40 2.69 0.21 0.436

700 30.40 2.76 0.22 0.682

800 30.30 2.82 0.22 1.005

900 30.20 2.86 0.22 1.415

1000 30.20 2.90 0.23 1.921

Table IV: The same as Table III, but for PII (PIII) parametrization.

Mass(GeV) gd gs gb Zd Zs Zb γd γs γb Γ(GeV)

500 4.36 17.40 69.80 0.37 1.49 5.95 0.030 0.12 0.48 0.028 (0.704)

600 4.35 17.40 69.50 0.38 1.54 6.16 0.030 0.12 0.49 0.047 (1.194)

700 4.34 17.30 69.40 0.39 1.58 6.31 0.031 0.12 0.50 0.074 (1.866)

800 4.33 17.30 69.20 0.40 1.61 6.44 0.031 0.12 0.50 0.110 (2.749)

900 4.32 17.30 69.10 0.41 1.64 6.54 0.032 0.13 0.51 0.154 (3.869)

1000 4.32 17.30 69.00 0.41 1.66 6.63 0.032 0.13 0.52 0.210 (5.253)

CTEQ6L parametrization [27]. The new heavy quarks can be produced through its anoma-

lous couplings to the ordinary quarks and neutral vector bosons as shown in Fig. 1.

Total cross sections for the productions of new heavy quarks t′ and b′ are given in Table V

and Table VI for the parametrization PI, PII and PIII, at the center of mass energy of 8 TeV

and 13 TeV. For an illustration, taking the mass of new heavy quarks as 700 GeV the cross

g

q

Q′

Q

V

g

Q′

Q

q V

Figure 1: Diagrams for the subprocess gq → V Q with anomalous vertices Q′qV and Q′QV (where

Q′ can be the new heavy quark b′ or t′ depending on the type of light (q) or heavy (Q ≡ t, b)

quarks, respectively).

6

Γ(Q′ → gq) =
2
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(

κq
g

Λ

)2

αsm
3
Q′λ0 (2)

Γ(Q′ → γq) =
1

2

(

κq
γ

Λ

)2

αeQ
2
qm

3
Q′λ0 (3)

Γ(Q′ → Zq) =
1

16

(

κq
Z

Λ

)2 αem3
Q′

sin2 θW cos2 θW
λZ

√

λr (4)

with

λ0 = 1− 3m2
q/m

2
Q′ + 3m4

q/m
4
Q′ −m6

q/m
6
Q′ (5)

λr = 1 +m4
Z/m

4
Q′ +m4

q/m
4
Q′ − 2m2

Z/m
2
Q′ − 2m2

q/m
2
Q′ − 2m2

Zm
2
q/m

4
Q′ (6)

λZ = 2−m2
Z/m

2
Q′ − 4m2

q/m
2
Q′ + 2m4

q/m
4
Q′ − 6mqm

2
Z/m

3
Q′ −m2

Zm
2
t/m

4
Q′ −m4

Z/m
4
Q′ (7)

The anomalous decay widths in different channels are proportional to Λ−2, and they are

assumed to be dominant for κ/Λ > 0.1 TeV−1 over the charged current channels. In this

case, if we take all the anomalous coupling equal then the branching ratios will be nearly

independent of κ/Λ. We have used three parametrization sets entitled PI, PII and PIII.
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Table III: Branching ratios (%) and decay width of the new heavy quark (b′) with only anomalous

interactions for PI parametrization and κ/Λ = 0.1 TeV−1.

Mass(GeV) gd(s, b) Zd(s, b) γd(s, b) Γ(GeV)

500 30.50 2.60 0.21 0.257

600 30.40 2.69 0.21 0.436

700 30.40 2.76 0.22 0.682

800 30.30 2.82 0.22 1.005

900 30.20 2.86 0.22 1.415

1000 30.20 2.90 0.23 1.921

Table IV: The same as Table III, but for PII (PIII) parametrization.

Mass(GeV) gd gs gb Zd Zs Zb γd γs γb Γ(GeV)

500 4.36 17.40 69.80 0.37 1.49 5.95 0.030 0.12 0.48 0.028 (0.704)

600 4.35 17.40 69.50 0.38 1.54 6.16 0.030 0.12 0.49 0.047 (1.194)

700 4.34 17.30 69.40 0.39 1.58 6.31 0.031 0.12 0.50 0.074 (1.866)

800 4.33 17.30 69.20 0.40 1.61 6.44 0.031 0.12 0.50 0.110 (2.749)

900 4.32 17.30 69.10 0.41 1.64 6.54 0.032 0.13 0.51 0.154 (3.869)

1000 4.32 17.30 69.00 0.41 1.66 6.63 0.032 0.13 0.52 0.210 (5.253)

CTEQ6L parametrization [27]. The new heavy quarks can be produced through its anoma-

lous couplings to the ordinary quarks and neutral vector bosons as shown in Fig. 1.

Total cross sections for the productions of new heavy quarks t′ and b′ are given in Table V

and Table VI for the parametrization PI, PII and PIII, at the center of mass energy of 8 TeV

and 13 TeV. For an illustration, taking the mass of new heavy quarks as 700 GeV the cross

g

q

Q′

Q

V

g

Q′

Q

q V

Figure 1: Diagrams for the subprocess gq → V Q with anomalous vertices Q′qV and Q′QV (where

Q′ can be the new heavy quark b′ or t′ depending on the type of light (q) or heavy (Q ≡ t, b)

quarks, respectively).

6

Table I: Branching ratios (%) and decay width of the new heavy quark (t′) with only anomalous

interactions for PI parametrization and κ/Λ = 0.1 TeV−1.

Mass(GeV) gu(c) gt Zu(c) Zt γu(c) γt Γ(GeV)

500 33.5 22.9 2.86 1.82 0.92 0.63 0.23

600 32.3 25.0 2.86 2.13 0.91 0.70 0.41

700 31.6 26.2 2.87 2.34 0.90 0.75 0.65

800 31.1 27.0 2.89 2.48 0.90 0.78 0.97

900 30.7 27.5 2.91 2.58 0.91 0.81 1.39

1000 30.5 27.8 2.93 2.66 0.91 0.83 1.90

Table II: The same as Table I, but for PII (PIII) parametrization.

Mass(GeV) gu gc gt Zu Zc Zt γu γc γt Γ(GeV)

500 5.66 22.60 61.90 0.48 1.93 4.92 0.15 0.62 1.71 0.021 (0.558)

600 5.17 20.70 63.90 0.46 1.83 5.46 0.14 0.58 1.80 0.040 (1.024)

700 4.90 19.60 64.90 0.44 1.78 5.79 0.14 0.56 1.87 0.066 (1.68)

800 4.73 18.90 65.60 0.44 1.76 6.02 0.14 0.55 1.91 0.100 (2.561)

900 4.61 18.40 65.90 0.44 1.74 6.19 0.13 0.54 1.95 0.145 (3.680)

1000 4.53 18.10 66.20 0.43 1.74 6.32 0.13 0.54 1.98 0.200 (5.070)

b′ decay width, by taking the anomalous coupling κ/Λ = 0.1 TeV−1, Γ = 0.68 GeV and

1.92 GeV for mb′ = 700 GeV and 1000 GeV, respectively. The branching for b′ → qg is the

largest (30%) and its the smallest for b′ → qγ (0.2%) channel for equal anomalous couplings

with the parametrization PI. For PII and PIII parametrization the branching ratios into bV

(V = g, Z, γ) are larger than qV (q = d, s) channels. The t′ and b′ decay widths are about

the same values for PII and PIII parametrization.

IV. THE CROSS SECTIONS

In order to study the new heavy quark productions at the LHC, we have used effective

anomalous interaction vertices and implemented these vertices into the CalcHEP package

[26]. In all of the numerical calculations, the parton distribution function are set to the

5
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Tesir Kesitleri
Farklı parametrizasyonlar için sinyal tesir kesitleri
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Figure 3: The cross section for the process pp → bV +X depending on the new heavy quark mass

for parameter sets PI, PII and PII at the center of mass energy
√
s = 13 TeV.

Table VI: The cross sections (in pb) of new heavy quark b′ production without cuts for PI, PII and

PIII parametrizations at the center of mass energy of 13 TeV (8 TeV), respectively.

Mass (GeV)
PI PII PIII

√
s =13 TeV (8 TeV)

√
s =13 TeV (8 TeV)

√
s =13 TeV (8 TeV)

500 11.340 (3.913) 0.970 (0.285) 24.474 (7.114)

600 7.495 (2.410) 0.607 (0.162) 15.290 (4.09)

700 5.179 (1.546) 0.412 (0.099) 10.031 (2.483)

800 3.697 (1.025) 0.286 (0.062) 6.832 (1.566)

900 2.707 (0.697) 0.1905 (0.040) 4.791 (1.018)

1000 2.021 (0.482) 0.137 (0.027) 3.441 (0.678)

A. Analysis of the process pp → W+bV +X (V = g, Z, γ) for t′ signal

The signal process pp → W+bV +X (V = g, Z, γ) includes the t′ exchange both in the

s-channel and t-channel. The s-channel contribution to the signal process would appear

itself as resonance around the t′ mass value in the WbV invariant mass. The t-channel gives

the non-resonant contribution. We consider that the W boson decays into lepton+missing

transverse momentum with the branching ratio 21% and Z boson decays into dilepton with

8
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Figure 2: The cross section for the process pp → tV +X depending on the mass for parameter sets

PI, PII and PIII at the center of mass energy
√
s = 13 TeV.

Table V: The cross sections (in pb) of new heavy quark t′ production without cuts for PI, PII and

PIII parametrizations at the center of mass energy 13 TeV (8 TeV), respectively.

Mass (GeV)
PI PII PIII

√
s =13 TeV (8 TeV)

√
s =13 TeV (8 TeV)

√
s =13 TeV (8 TeV)

500 13.733 (5.30) 0.664 (0.244) 16.736 (6.113)

600 10.362(3.72) 0.464 (0.159) 11.770 (4.031)

700 7.825 (2.64) 0.337 (0.109) 8.502 (2.718)

800 5.961 (1.89) 0.250 (0.075) 6.276 (1.882)

900 4.602 (1.36) 0.189 (0.053) 4.701 (1.326)

1000 3.593 (0.98) 0.144 (0.038) 3.609 (0.950)

section of t′(b′) production is calculated as 8.50 pb (10.03 pb) for the parametrization PIII at
√
s = 13 TeV. It can be seen from Table V and Table VI, the cross sections decreases while

the mass of the new heavy quark increases. The cross section for t′ production is larger than

the b′ production with a factor of 1.2-1.8 (0.7-1.0) for PI (PII and PIII) parametrization

depending on the considered mass range at
√
s = 13 TeV. The general behaviour of the

production cross sections depending on the mass of new heavy quarks are presented in Fig.

2 and Fig. 3 for different parametrizations.
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Table V: The cross sections (in pb) of new heavy quark t′ production without cuts for PI, PII and

PIII parametrizations at the center of mass energy 13 TeV (8 TeV), respectively.

Mass (GeV)
PI PII PIII

√
s =13 TeV (8 TeV)

√
s =13 TeV (8 TeV)

√
s =13 TeV (8 TeV)

500 13.733 (5.30) 0.664 (0.244) 16.736 (6.113)

600 10.362(3.72) 0.464 (0.159) 11.770 (4.031)

700 7.825 (2.64) 0.337 (0.109) 8.502 (2.718)

800 5.961 (1.89) 0.250 (0.075) 6.276 (1.882)

900 4.602 (1.36) 0.189 (0.053) 4.701 (1.326)

1000 3.593 (0.98) 0.144 (0.038) 3.609 (0.950)

section of t′(b′) production is calculated as 8.50 pb (10.03 pb) for the parametrization PIII at
√
s = 13 TeV. It can be seen from Table V and Table VI, the cross sections decreases while

the mass of the new heavy quark increases. The cross section for t′ production is larger than

the b′ production with a factor of 1.2-1.8 (0.7-1.0) for PI (PII and PIII) parametrization

depending on the considered mass range at
√
s = 13 TeV. The general behaviour of the

production cross sections depending on the mass of new heavy quarks are presented in Fig.

2 and Fig. 3 for different parametrizations.
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Benzetim Çalışmaları
Sinyal  tV  ve  bV  olayları  (20k)  ve  arkaplan  WjV  ve  jV  olayları  (1M) 
CalcHEP ile üretildi;  altsüreç olaylarının karışımı “event_mixer” betiği 
ile yapıldı; bozunma ve hadronlaşma Pythia ile yapıldı; LHC için genel 
algıç  parametreleri  kullanılarak  benzetim  PGS4  ile  yapıldı; 
ExRootAnalysis  olay  bilgilerinin  dönüşümü  için  kullanıldı;  Root  ile 
histogramlar ve analiz yapıldı.
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Figure 9: Transverse momentum distributions of leading jet (Jet 1) and other jets (Jet 2 and Jet

3) and photon for signal (tγ production) after detector simulation.

mass of b′ quark are presented in Fig. 16. The results show that one can discover the b′

quark anomalous couplings down to 0.1 in the bg channel for mb′=500 GeV.

Simulation for b′ signal

In the simulation, we have generated bV (where V = γ, g and Z) events for each subpro-

cesses and these events are simulated using generic detector parameters to include detector

effects such as tracking, tagging efficiencies and smearing effects. After the simulation, the

typical kinematical distributions are shown in Figs. 17-18.

In the analysis, the signal (with κ/Λ = 0.3 TeV−1 and mb′ = 700 GeV) and the corre-

sponding background are taken into account. The invariant mass of the new heavy quark

b′ can be reconstructed from a bjet and a neutral gauge boson (where the Z boson can also

be reconstructed from its dilepton or hadronic decays). For the bγ production, we require a

large pγT (>100 GeV) for photon, and large pjT (>100 GeV) for jet and pseudorapidity |ηj,γ|

(<2.5). For the bγ signal channel, the invariant mass distributions for signal and background

events is shown in Fig. 19. The large pj,γT and the requirement of single b-tagging allow a bet-

ter separation of the signal (for bγ channel) from the background, and then we find a precise
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Figure 11: The reconstructed mass distributions for background and signal (tγ) with mt′ = 700

GeV and κ/Λ=0.15 TeV−1.
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Figure 12: Invariant mass distribution of the bV (where V = γ, g and Z) system is shown in Fig.

5 for PI parametrization of the signal with κ/Λ = 0.2 TeV−1 and mb′ = 700 GeV at the center of

mass energy
√
s = 13 TeV.
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İncelenen Sinyal Kanalları
tV sinyal
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Figure 4: Invariant mass distributions mtV (where V = γ, g and Z) for PI parametrization of the

signal with κ/Λ = 0.2 TeV−1 and mt′ = 700 GeV at the center of mass energy
√
s = 13 TeV.

the branching 6.7%. In our analyses, we consider the t′ signal in the l + bjet + γ +MET ,

l+ bjet+ j+MET and 3l+ bjet+MET channels, where l = e, µ. However, if one takes the

hadronic Wdecays the signal will be enhanced by a factor of BR(W → hadrons)/BR(W →

lν).

We have obtained the cross sections by using the cuts pseudo-rapidity |ηj,γ| < 2.5 and

transverse momentum pj,γT > 20 − 200 GeV for jets and photon, in Table VII (TableVIII,

Table IX) for PI (PII, PIII) parametrizations, respectively. Invariant mass distribution of

the tV (where V = γ, g and Z) system is shown in Fig. 4 for PI parametrization of the

signal with κ/Λ = 0.2 TeV−1 and mt′ = 700 GeV at the center of mass energy
√
s = 13 TeV.

It appears from signal significance calculations that the optimized transverse momentum

cut is pj,γT > 100 GeV for t′ analyses.

The backgrounds for the final state W+b(b̄)V (where V ≡ photon, jet and Z boson)

are given in Table X. We apply the following cuts to the final state photon and jets as

|ηj,γ| < 2.5 and pj,γT > 20− 200 GeV. For the background cross section estimates, we assume

the efficiency for b-tagging to be εb = 50%, and the rejection ratios 10% for c (c̄) quark jets

and 1% for light quark jets since they are assumed to be mis-tagged as b-jets.
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hadronic Wdecays the signal will be enhanced by a factor of BR(W → hadrons)/BR(W →

lν).

We have obtained the cross sections by using the cuts pseudo-rapidity |ηj,γ| < 2.5 and

transverse momentum pj,γT > 20 − 200 GeV for jets and photon, in Table VII (TableVIII,

Table IX) for PI (PII, PIII) parametrizations, respectively. Invariant mass distribution of

the tV (where V = γ, g and Z) system is shown in Fig. 4 for PI parametrization of the

signal with κ/Λ = 0.2 TeV−1 and mt′ = 700 GeV at the center of mass energy
√
s = 13 TeV.

It appears from signal significance calculations that the optimized transverse momentum

cut is pj,γT > 100 GeV for t′ analyses.

The backgrounds for the final state W+b(b̄)V (where V ≡ photon, jet and Z boson)

are given in Table X. We apply the following cuts to the final state photon and jets as

|ηj,γ| < 2.5 and pj,γT > 20− 200 GeV. For the background cross section estimates, we assume

the efficiency for b-tagging to be εb = 50%, and the rejection ratios 10% for c (c̄) quark jets

and 1% for light quark jets since they are assumed to be mis-tagged as b-jets.
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In the analyses, we consider the b′ signal to be bjet + γ , bjet + j and bjet + dilepton.

We have obtained the cross sections by using the pseudo-rapidity cuts |ηj,γ| < 2.5 and

transverse momentum cuts pj,γT > 20−200 GeV for jets and photon, in Table XI (Table XII,

Table XIII for PI (PII, PIII) parametrizations, respectively. Invariant mass distribution of

the bV (where V = γ, g and Z) system is shown in Fig. 12 for PI parametrization of the

signal with κ/Λ = 0.2 TeV−1 and mb′ = 700 GeV at the center of mass energy
√
s = 13 TeV.

It appears from signal significance calculation that the optimized transverse momentum cut

is pT >200 GeV for b′ analyses.

The backgrounds for the final state b(b̄)V (where V ≡ photon, jet and Z boson) are given

in XIV. We apply the following cuts to the final state photon and jets as |ηj,γ| < 2.5 and

pj,γT > 20− 200 GeV. It can be noted that the background cross section decreases as the pT

cuts increases. We assume the efficiency for b-tagging to be εb = 50%, and the rejection

ratios 10% for c (c̄) quark jets and 1% for light quark jets.

In order to reach 3σ significance for the signal of b′ anomalous interactions the required

integrated luminosity is shown in Figs. 13 - 15 for parametrizations PI, PII and PIII at the

LHC with
√
s = 13 TeV. The channel b′ → bγ requires more integrated luminosity than the

other channels. By requiring the signal significance SS = 3, the contour plots of κ/Λ and
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Figure 15: The same as Fig. 13, but for parametrization PIII.
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Figure 16: The contour plot of anomalous coupling and mass of new heavy quark b′ for the dynamical

parametrization explained in the text with a significance 3σ at
√
s = 13 TeV and Lint = 100 fb−1.
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Figure 16: The contour plot of anomalous coupling and mass of new heavy quark b′ for the dynamical

parametrization explained in the text with a significance 3σ at
√
s = 13 TeV and Lint = 100 fb−1.
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Sonuçlar ve Yorum
SM  çerçevesinde  çift  üretim  süreçlerinden  alınan  sonuçlara  göre  yeni  ağır 
kuarkların kütle  alt  sınırları  700 GeV civarındadır,  ve bu değer perturbatiflik 
sınırının üzerindedir.  SM Higgs bozonu araştırmalarında üretim ve bozunma 
oranları SM3 modeli ile uyumlu bulunmuştur. Deney verilerine göre fit yaparak 
minimal  Higgs  sektörü  içeren  SM4  modelinin  5σ  ile  dışarlandığı  yayınlandı 
[Eberhardt,PRL2012]. Ancak, SM4 modeli genişletilirse (THDM, HTM, vb.) bu 
sınırlamanın zayıflayacağı düşünülebilir.

VLQ kütle özdurumları SM kuarklarınki ile karışabilir, QL ve QR alanları farklı 
dönüşen kuarkların karşılaştığı  sınırlamalardan geçebilir,  bozunum özellikleri, 
diğerleri ile karşılaştırıca daha az serbest parametreye sahip olması, VLQ’ların 
fenomenolojik olarak çalışılması ve LHC deneylerinde araştırılması daha ilginç 
olmaktadır.

Sinyal  önemi  hesaplarından  LHC  13  TeV’de  t’  ve  b’  kuarkların  anormal 
bağlaşımlara duyarlılık κt’/Λ=0.10/ TeV ve κb’/Λ=0.15/TeV olarak elde edilmiştir.
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