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Vector Quarks
Common in many NP models, Economics for model building

Mass Mixing and Heavy Quark Couplings to Higgs
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Chiral Doublet
�LQ = Y ij

U Q̄L�̃UR + Y ij
D Q̄L�DR + h.c.

Y Y

Cacciapaglia, 
Deandrea, 
Harada, 
Okada
(2010)

del Aguila
Perez-Victoria

Santiago
(2000)

Angular-
Saavedra
(2009)
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Vector Quarks
T ! W+b/Zt/Ht

B ! W+t/Zb/Hb

Y ! W+t

X ! W�b

bb̄, ⌧+⌧�, V V ⇤

``, jj

`⌫, jj W

Z

h

Y

T

B

X

t

b

b`⌫, bjj

Very Rich Collider Signatures
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Extra Color Gauge Boson
SU(3)1 ⇥ SU(3)2 ! SU(3)C

SU(3)1 SU(3)2Model

qL tR bR (t, b)L qR

qLtR bR (t, b)LqR

New 
Axigluon

Classic 
Axigluon

Topgluon qL (t, b)L tR bRqR

q=u,d,c,s

dijet, AFB(t)

dijet, AFB(t)

dijet, FCNC

Frampton, 
Glashow (1987)

Frampton, Shu,  
Wang (2010)

Hill (1991)

+  Extra color scalars 6



Extra Weak Boson and Quarks

SM
qL

uR
dR

Heavy Quark
QL

QR

H

SU(3)C ⇥ SU(2)1 ⇥ SU(2)2 ⇥ U(1)X

SU(3)C ⇥ SU(2)L

⇥U(1)L ⇥ U(1)X

SU(3)C ⇥ SU(3)W ⇥ U(1)X

G(331) Model

U’(1) model 
Z-prime

G(221) Model

�
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Extra Weak Gauge Bosons
SU(2)1 SU(2)2 U(1)X

U(1)Y

U(1)em

⊗ ⊗SU(2)1 SU(2)2 U(1)X

SU(2)L

U(1)em

⊗ ⊗(a) (b)

U(1)Y SU(2)L

LRD (LRT): left-right doublet (triplet) model 

LPD (LRT): Leptophobic doublet (triplet) model 

HPD (LRT): Hadrophobic doublet (triplet) model 

FPD (LRT): Fermio-phobic doublet (triplet) model 

SQD: Sequential W’ with doublet Higgs

NUD: Non-universal doublet model

UUD: Un-unified doublet model

QHC, Li,  
Yu, Yuan 

1205.3769

ken, Schmitz,  
Yu, Yuan 

1003.3482

221 Model:SU(2)1 ⌦ SU(2)2 ⌦ U(1)X

8



Extra Weak Gauge Bosons
221 Model:

q

q̄′

W ′

t

b̄

q

q̄

Z ′

t

t̄

L = q̄�µ(gZ
0

L PL + gZ
0

R PR)q Z 0
µ ++q̄�µ(gW

0

L PL + gW
0

R PR)q0 W 0+
µ + h.c.

TABLE I: Couplings of a W ′ to tb and a Z ′ to tt̄ for the sequential SM-like W ′/Z ′ (SSM)

model, the left-right symmetric model (LRM), and the top-flavor model, where sw (cw, tw) =

sin θw (cos θw, tan θw), θw is the weak mixing angle, g2 = e/sw is the weak coupling, αLR ≃ 1.6,

and sin φ̃ is taken to be 1/
√
2.

W ′tb Z ′tt̄

SSM
g2√
2
b̄γµPLtW

′µ g2
6cw

t̄γµ((−3 + 4s2w)PL + 4s2wPR)tZ
′µ

LRM
g2√
2
b̄γµPRtW

′µ g2tw
6

t̄γµ(
1

αLR
PL + (

1

αLR
− 3αLR)PR)tZ

′µ

Top-Flavor
g2 sin φ̃√

2
b̄γµPLtW

′µ g2 sin φ̃√
2

t̄γµPLtZ
′µ

• left-right symmetric model (LRM) [29]: Here, we consider a SU(2)L × SU(2)R ×

U(1)B−L model. The W ′ couplings to SM quarks are purely right-handed while the

Z ′ couplings are dominantly right-handed.

Table I is a summary of the couplings of a W ′ and a Z ′ to SM third generation quarks in

these models. The couplings to the quarks of first two generations are the same, except that

one should replace sin φ̃ by cos φ̃ in the top-flavor model.

A. Bounds on masses and couplings

The masses and couplings of Z ′ and W ′ bosons are bounded by various low energy

measurements (mainly via the four-fermion operators induced by exchanges of new heavy

gauge bosons) such as the precision measurements at the Z-pole at LEP-I [30], the W -

boson mass [30], the forward-backward asymmetry in bb̄ production at LEP-II [30], νe

scattering [31], atomic parity violation [32–34], Moller scattering [35], and so forth. The

bounds are severe when new gauge bosons couple to leptons directly, but they can be relaxed

for a leptophobic model, as analyzed in Ref. [22].

Tevatron data place a lower bound about 1.1 TeV on the mass of a W ′ [36] and about

1.07 TeV for a Z ′ [37], based on the charged lepton plus missing energy (ℓ±E̸T ) and µ+µ−

final states, respectively, with the assumption that the couplings between the W ′/Z ′ and the

SM fermions are the same as those in the SM. Searches for the W ′ and Z ′ at the Tevatron in

dijet events yield lower bounds on mW ′ and mZ′ , assuming SM couplings, of 840 GeV and

6

SU(2)1 ⌦ SU(2)2 ⌦ U(1)X
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Extra Weak Gauge Bosons

0

@
u
d
D

1

A

0

@
c
s
S

1

A

0

@
b
�t
T

1

A

3 3 3

SU(3)⇥ U(1)X �! SU(2)L ⇥ U(1)Y �! U(1)em
H1 H2

Diaz, Martinez, Ochoa, hep-ph/0309280 
Barreto, Coutinho, Sa Borges, 1103.1266 
Buras, Fazio, Girrbach, Carlucci, 1211.1237

331 Model:

Z-prime: flavor changing coupling to u- and top-quark 
              also the chiral coupling to light-quarks and top-quarks

SU(3)C ⌦ SU(3)W ⌦ U(1)X
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Exotic Colored Scalars/Vectors
Effective Lagrangian:

Atag, 
Cakir, 

Sultansoy, 
(1999)

Q = QL

U = uR

D = dR

Arnold,
Pospelov,

Trott,
Wise

(2009)
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Top Quark and New Physics

ProductionProton Proton

Others

t

Rare decays 
or light  

resonances 
not covered 
in this talk

t
t

t

….

T,B,G0,W 0, Z 0,�0,�+,�8,�3,�6, DM 12



Single Top Quark 
Production

ProductionProton Proton

Others t

….
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Single Top Quark Production
b

g

t

W
tW

u

d t

b

s-channel

W
u d

b t
t-channel

W

u

d t

bW’ b

g

t

W

b’

FCNC Excited
quark

H+
S6

New
resonance

Q2
W > 0 Q2

W < 0 Q2
W = m2

W

Drueke, Schwienhorst, Vignaroli, Walker, Yu, 1409.7607

u u

u/c t
Z’ S0

QHC, Wudka, Yuan, 0704.2809
Tait, Yuan, hep-ph/0007298
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Single Top Quark Production
(s-channel excitation quark)

b

g

t

W

b’ q

g

t

Z

Q’
q

g

t

g

Q’

Nutter, Schwienhorst, Walker, Yu, 1207.5179

L =
gWp
2
W+

µ t̄�µ(fLPL + fRPR)B
0 + h.c.

15

L = gsB̄!�µB! +
v

!
2⇤2

Gµ! b̄�
µ! !
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L PL + b

RPR
"
B! + h.c.



Single Top Quark Production
(s-channel excitation quark)

L =
gWp
2
W+

µ t̄�µ(fLPL + fRPR)B
0 + h.c. 16

L = gsB̄!�µB! +
v

!
2⇤2

Gµ! b̄�
µ! !

b
L PL + b

RPR
"
B! + h.c.
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Single Heavy Quark Production
q q0

b
T

b

W

W
⌫

`+

Little Higgs 
   Perelstein, Peskin, Pierce 
   hep-ph/0310039

Composite Higgs 
     Li, Liu, Shu, 1306.5841

q

b

q0

T
h

b
b̄

t

Boosted jet-substructure

Reuter, Tonini,  
1409.6962
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Single Heavy Quark Production
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Mono Top Quark Production
(R-parity violating SUSY inspired)

Andrea, Fuks, Maltoni, 1106.6199 
Wang, Li, Shao, Zhang, 1109.5963

W

ødi

ødj

φ

χ

t
b

j

j

ødi

ødj

φ

χ

t
b

v

l

W

FIG. 7: Feynman diagrams for the monotop production.

which are shown in Fig. 7. The symbolb and j denote a b-tagged jet and light quark

or gluon jet, respectively, andl refers to the Þrst two generation charged leptons, i.e.,e

and µ. We deÞne the process with top hadronic decay as hadronic mode, while the one

with top semileptonic decay as semileptonic mode. The hadronic mode suffers from fewer

backgrounds in the SM than the semileptonic mode because of the smaller phase space due

to more particles in the Þnal states. This mode has been studied in Ref. [11] where they

assume the branching fractionR(φ → tøχ) equal to one. However, this assumption is over

optimistic. From Eq. (26) we get the branching fractionR(φ → tøχ),

R(φ → tøχ) =
Γφ→tχ̄

Γφ→tχ̄ + Γφ→d̄s̄

=
1

1 + z
, (29)

with

z =
8(λ12

S )2

|a3
S|2

m4
φ

(m2
φ − m2

t − m2
χ)λ1/2(m2

φ, m2
t , m2

χ)
. (30)

Here we assume that the decay widthsΓφ→uχ̄ = Γφ→cχ̄ = 0. In the case ofλ12
S = a3

S =

0.2, mt = 173.1 GeV, mφ = 500 GeV and mχ = 50 GeV, we Þnd Γφ→tχ̄ = 0 .300 GeV,

Γφ→d̄s̄ = 3 .183 GeV, and the branching fraction ofφ → tøχ is just about 0.1. So, in this

work, we take into account the effect of both φ decay channels and below we will discuss

further the hadronic and leptonic modes in detail.

Before discussing the signal and backgrounds in detail, we Þrst givesome comments on

the parametermχ. In the SUSY model, without the assumption of gaugino mass uniÞcation,

there is no general mass limit frome+e− colliders for the lightest neutralino [20]. The indirect

constraints from (g − 2)µ, b → sγ and B → µ+µ− show that the lightest neutralino mass

can be as low as about 6 GeV [36]. In our case, we choose the default value ofmχ = 50 GeV

and discuss the effect on the discovery signiÞcance when varyingmχ in the range 5− 100

11

2

S

d̄j

d̄i

t

χ

t

g

ui

t

V

FIG. 1: Representative Feynman diagrams leading to mono-
top signatures, through the resonant exchange of a colored
scalar field S (left) and via a flavor-changing interaction with
a vector field V (right). In these two examples, the missing
energy is carried by the V and ! particles. More diagrams
with, for example, t-channel and s-channel exchanges for the
two type of processes respectively, are possible.

SU(3)c. As an example, consider the s-channel resonant
case

d̄id̄j ! S or V ! tχ ,

where dk denotes a down-type quark of generation k.
Such processes occur in R-parity-violating SUSY [5]
where, similarly to the case discussed in Ref. [6], the in-
termediate particle is a (possibly on shell) squark and
χ the lightest neutralino (d̄s̄ ! ũi ! tχ̃0

1, where ũi are
any of the up squarks), or in SU(5) theories where a vec-
tor leptoquark V decays into a top quark and a neutrino
(d̄d̄ ! V ! t ν̄). The key difference between these two
examples is the mass of the invisible fermionic state in-
ducing different transverse-momentum (pT ) spectrum for
the top quark. In the limit of a very heavy resonance,
monotops can be seen as being produced through a
baryon number-violating effective interaction (d̄s̄ ! tχ̄),
after having included the possible t- and u-channel ex-
changes of a heavy field [7, 8]. Let us note that the
fermionic particle could also be a Rarita-Schwinger field,
as in SUSY theories containing a spin-3/ 2 gravitino field,
or a multiparticle state (with a global half-integer spin),
as in hylogenesis scenarios for dark matter [9].
In the second class of models, the top quark is pro-

duced in association with a neutral bosonic state, either
long-lived or decaying invisibly, from quark-gluon initial
states undergoing a flavor-changing interaction, as dis-
cussed, e.g., in Ref. [10]. Missing energy consists either
in a two-fermion continuous state, as in R-parity conserv-
ing SUSY [11], or in a spin-0 (S), spin-1 (V ) or spin-2
(G) particle,

ug ! ũiχ̃
0

1 ! tχ̃0

1χ̃
0

1 , ug ! tS , tV or tG .

EFFECTIVE THEORY FOR MONOTOPS

The top quark kinematic distributions depend both
on the partonic initial state and on the nature of the
undetected recoiling object (scalar, massive or massless

fermion, vector or tensor), as well as on the possible
presence of an intermediate resonant state. This sug-
gests a model-independent analysis where we account for
all cases within a single simplified theory, in the same
spirit as Ref. [12]. Assuming QCD interactions to be
flavor-conserving, as in the SM, the flavor-changing neu-
tral interactions are coming from the weak sector. We
denote by φ, χ and V the possible scalar, fermionic and
vectorial missing energy particles, respectively and by ϕ
and X scalar and vector fields lying in the fundamen-
tal representation of SU(3)c which could lead to res-
onant monotop production.1 In addition, we obtain a
simplified modeling of four-fermion interactions through
possible s, t, u exchanges of heavy scalar fields ϕ and ϕ̃.
The corresponding effective Lagrangian in terms of mass
eigenstates reads

L = LSM

+ φū
[

a0

FC+b0FCγ5
]

u+Vµū
[

a1

FCγ
µ+b1FCγ

µγ5
]

u

+ϵijkϕid̄c
j

[

aq
SR+bqSRγ5

]

dk+ϕiūi
[

a1/2
SR+b1/2SRγ5

]

χ

+ϵijkϕ̃id̄c
j

[

ãq
SR+b̃qSRγ5

]

uk+ϕ̃id̄i
[

ã1/2
SR+b̃1/2SRγ5

]

χ

+ ϵijkX µ,i d̄c
j

[

aq
V Rγ

µ + bqV Rγ
µγ5

]

dk

+ X µ,i ūi
[

a1/2
V Rγ

µ + b1/2V Rγ
µγ5

]

χ+ h.c.,

(1)

where the superscript c stands for charge conjugation,
i, j, k are color indices in the fundamental representation
and flavor indices are understood. The matrices (in fla-

vor space) a{0,1}
FC and b{0,1}FC contain quark interactions

with the bosonic missing-energy particles φ and V , while

a1/2
{S,V }R and b1/2{S,V }R are the interactions between up-type

quarks, the invisible fermion χ and the new colored states
ϕ and X . The latter also couple to down-type quarks
with a strength given by aq

{S,V }R and bq{S,V }R. Because

of the symmetry properties of the ϵijk tensor, identical
quark couplings to the scalar field ϕ vanish and so do
their axial couplings to the vector field X . In the case
of four-fermion interactions, we also need to introduce

additional ãq
SR, b̃qSR, ã1/2

SR and b̃1/2SR interaction matrices,
assuming heavy masses for the ϕ and ϕ̃ fields.

1 For simplicity, we neglect spin-2 gravitons, as their flavor-
changing couplings are loop-induced and thus very small [13],
as well as any of their excitations, which, even if they have, on
the one hand, typically flavor-violating couplings at tree level, do
not lead, on the other hand, to a missing energy signature. On
the same footing, we do not consider spin-3/2 fields since their
couplings are, at least in SUSY theories, in general suppressed
by the SUSY-breaking scale.
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FIG. 11: The significance in the hadronic mode at the LHC (
√
s = 7 TeV) with an integrated

luminosity of 1 fb−1 versus the parameters λ12
S and a3S , assumingm! = 500 GeV and m" = 50 GeV.

LHC 7 TeV S! B "5

1 fb#1

10 fb#1

600 800 1000 1200 1400 1600 1800 2000
0

1

2

3

4

5

mΦ!GeV

Λ
S

FIG. 12: The 5σ discovery limits of m! and λS(= λ12
S = a3S) in the hadronic mode at the LHC

(
√
s = 7 TeV). Either band consists of twenty solid lines from the bottom up corresponding to the

value of m" varying from 5 GeV to 100 GeV with a step of 5 GeV.

B. Semileptonic mode

For the semileptonic mode, the dominant backgrounds are pp → W (lν)j with the jet

misidentified as a b-jet and single top production with semileptonic top quark decay. The

Wj background is very large because there are only two final-state particles, compared with

17

see Theveneaux-Pelzer’s poster
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Mono Top Quark Production
(R-parity violating SUSY inspired)
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Top-Antitop or Top-Top  
     Quark Pair Production

ProductionProton Proton

Others

t

t
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Top Quark AFB and NP
s-channel t-channel (Flavor changing)

Effective theory q

q

t

t

q

q

q

q

t

t

t

t

Z 0,W 0,�

�6,�3̄

q

q

t

t

q

q

t

t

g

G0

SM
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1) Same Sign Top Quark Pair
s-channel t-channel

Mohapatra, Okada, Hai-Bo Yu, 0709.1486 
Berger, QHC, Chen, Shaughnessy, Zhang,  
            1005.2622, 1009.5379 
Aguilar-Saavedra, Perez-Victoria, 1104.1385 
Atwood, Gupta, Soni, 1301.2250

Maximal flavor violation  
     Bar-Shalom, Rajaraman,  
     Whiteson, Yu, 0803.3795
FCNC effective coupling 
     see Goldouzian’s talk, 1408.0493

3⌦ 3 = 6� 3̄

u

u

tL

tL

(tR)

(tR)
! (3 ,1)

6,3

u

u
Z 0

tR

tR

Flavor changing Z-prime 
     Berger, QHC, Chen, Li, Zhang 
     1101.5625

�
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1) Same Sign Top Quark Pair
u

u

tL

tL

(tR)

(tR)
! (3 ,1)

6,3

u

u
Z 0

tR

tR

�
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2) Top Quark Pair Plus one Jet
(Flavor Changing Interaction)

Gresham, Kim, Zurek, 1102.0018

g

u

t

u(t)

t̄(ū)

Z 0

g t

d W 0
t̄

d

Berger, QHC, Chen, Li, Zhang, 1101.5625

g

u

t̄

t

u

�6,3
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3) Top Quark Pair Plus One Jet
(Third Generation Favored W-prime and Z-prime)

Topflavor Seesaw Model 
He, Tait, Yuan (2000), Wang, Du, He (2013)

g

t

Z 0

t̄

g t

W 0
t̄

b
b

Berger, Cao, Yu, Yuan, 
1108.3613

b

b
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3) Top Quark Pair Plus One Jet
(Third Generation Favored W-prime and Z-prime)
g

t

Z 0

t̄

g t

W 0
t̄

b
b

b

b
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4) Top Quark Pair Plus One Jet
(Charged Higgs Boson)

b

g

t

øt

b

H �

X-section is large for  large tanb in 
MSSM or Type II 2HDB.

X-section depends on mH  and tanb

Top-quark polarization depends on tanb

βtan
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decayD
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=400GeV-H=14TeV, Ms,-tH
(a)

βtan
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D
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decayD
FB2A

=400GeV-H=14TeV, Ms
(b)

FIG. 12: (a) The degree of polarization of the antitop quark as a function of tan β of the tH−

signal event and (b) of all the signal and background processes with mH± = 400 GeV. The solid

black curve shows the degree of polarization defined in Eq. (37); the dashed red curve shows 2AFB.

The green band in (b) represents only the statistical uncertainties.

tan β has been considered very hard to measure. Figure 12 shows that the Ddecay varies

rapidly in the region of tan β = 5 ∼ 10. This feature enables us to determine tan β using

top polarization. However, the degree of polarization cannot be used to determine the value

of tan β in the large tanβ region as the degree of polarization approaches -1. Including the

t̄H+ signal and the two SM backgrounds inevitably reduces the degree of polarization, as

depicted in Fig. 12(b). The green band [cf. Eq. (39)] shows the statistical uncertainties

derived from all the signal and background events after all the kinematic cuts and event

reconstructions.

V. CONCLUSION AND DISCUSSION

The charged Higgs boson, an undoubted signal of new physics, appears in many new

physics models. In the type-II two-Higgs-doublet model the chirality structure of the cou-

pling of charged Higgs boson to the top and bottom quarks is very sensitive to the value

of tan β. As the polarization of the top quark can be measured experimentally from the

top quark decay products, one could make use of the top quark polarization to determine

the value of tan β. In this work we preform a detailed analysis of measuring top quark

polarization in the charged Higgs boson production channels gb → tH− and gb̄ → t̄H+. We

calculate the helicity amplitudes of the charged Higgs boson production and decay. Our

calculation shows that the top quark from the charged Higgs boson decay provides a good
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5) Top Quark Pair Plus Jets
Heavy Quark Pair Production

Color Sextet/Triplet Scalar Pair Production
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5) Top Quark Pair Plus Jets
Heavy Quark Pair Production
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6) Top Quark Pair + Invisibles

Top-Quark Mediated Dark Matter Models

Dark Matter Effective Theory: 
    Cheung, Mawatari, Senaha, Tseng, Yuan, 1009.0618 
    Gomez, Jackson, Shaughnessy, 1404.1918
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UV Completion Theory:  
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Triple Top Quark 
Production

ProductionProton Proton

Others
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t
FCNC process

u,c g

Same-sign lepton pair
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Triple Top Quark Production

Topcolor-assisted technicolor  
model with large FCNC  
top-coupling to explain AFB(t)

Cui, Han, Schwartz (2011) 
Han, Liu, Wu, Yang (2012)

Chuan-Ren Chen (2014)

Barger, Keung, Yencho, 1001.0211

Leptophobic Z’ from U’(1) directly 
couples top-quark to u-quark to 
explain AFB(t)
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Four Top Quark
Production
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Four Top Quark Production
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Aguilar-Saavedra,
Santiago (2012)

Lillie, Shu, Tait (2007)

Chen, Klemm, Rentala, Wang
(2008)

SM QCD production @ NLO, 
      Bevilacqua and Worek, 1206.3064 See Keaveney’s poster

Han, Liu, Wu, Yang (2012)
Kumar, Tait, Veg-Morale (2009)

Plehn, Tait (2008)
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Six or More Top Quark
     Production

ProductionProton Proton

Others
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Six or More Top Quark Production
Deandrea, Deutschmann, 1405.6119

Color quantum #
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Summary
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Top quark as a probe of new physics
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It appears often in the decay of NP resonances
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Top Quark Production: rich signatures
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TOP @ inSPIRE

0

100

200

300

400

500

600

1978
1980
1982
1984
1986
1988
1990
1992
1994
1996
1998
2000
2002
2004
2006
2008
2010
2012
2014

Theory
ALL

Search for papers with ‘top’ in title 

Two anomalies

41


