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Large Yukawa: 
sensitive to 

EWSB (and new 
physics?)

Decays before
 hadronizing

• Mass
• Spin
• Couplings



Outline

•  General top couplings (model independent) 

•  Modified couplings from extra quarks

•  Charge asymmetries (model independent)

•  Charge asymmetries from extra bosons

•  Conclusions
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Dimension 4

Top Couplings
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Top Couplings



Dimension 6

L(6) = α1(φ†iDµφ)(q̄LγµqL) + α3(φ†τ I iDµφ)(q̄Lγµτ IqL)
+ αt(φ†iDµφ)(t̄RγµtR) + αb(φ†iDµφ)(b̄RγµbR)

+ αtb(φT εiDµφ)(t̄RγµbR) + αtφ(φ†φ)(q̄Lφ̃tR) + αbφ(φ†φ)(q̄LφbR)

+

Magnetic/derivative couplings

Four-quark operators

+

I assume new physics only 
affects the third family

Loop suppressed

Later

Top Couplings



O(Λ-2)  

LH = − g

2MW

[
mtYt t̄t + mbYb b̄b

]
H

LW = − g√
2

[
WL

tb t̄LγµbL + WR
tb t̄RγµbR

]
W+

µ + h.c. + . . .

Dimension 4 & 6

WL
tb != Vtb (/" 1)

. . . /! 0

XL
t != 1, XL

b != 1 XR
t != 0, XR

b != 0

Yt != 1, Yb != 1 . . . != 0

WR
tb != 0

LZ = − g

2cW

[
XL

t t̄LγµtL + XR
t t̄RγµtR −XL

b b̄LγµbL −XR
b b̄RγµbR

− 2s2
W

(
2
3
t̄γµt− 1

3
b̄γµb

)]
Zµ + . . .

del Aguila, MPV, Santiago ’00

Top Couplings



Observation #1

WL,R non unitary in general

WL =
(

1 +
v2

Λ2
Ω

)
V

hermitian matrix

WL
tb can be smaller, equal or greater than 1

No theoretical reason for
prior WL

tb ≤ 1

except in specific models

Top Couplings



Observation #1

WL,R non unitary in general

WL =
(

1 +
v2

Λ2
Ω

)
V

hermitian matrix

WL
tb can be smaller, equal or greater than 1

No theoretical reason for
prior WL

tb ≤ 1

except in specific models

|Vtb| = 1.13+0.14
−0.13

ATLAS

Top Couplings

No experimental 
reason, either



Observation #2

Gauge invariance relates tL and bL

XL
t = 1 +

v2

Λ2
(α3 − α1)

XL
b = 1 +

v2

Λ2
(α3 + α1)

WL
tb = 1 +

v2

Λ2
α3

⇒{ 2 WL
tb = XL

t + XL
b

Constraint from Rb at LEP:

XL
b ! 1 2 δWL

tb ! δXL
t

Only one 
parameter 
in left sector

E.g. models with custodial protection of Rb

Top Couplings



Modified couplings to W and Z 
from New Physics at tree level:

New vector bosons 
mixing 

with the Z, W

New quarks
mixing with

the SM quarks

Top Couplings



Extra quarks
Chiral 4th generation

• No theoretical motivation

• Problems with EWPT (but survive with 
heavy Higgs)

• Direct limits imply large (∼ 3) Yukawa 
couplings ➔ perturbativity in danger

 In bad shape until recently...



Extra quarks
Chiral 4th generation

• No theoretical motivation

• Problems with EWPT (but survive with 
heavy Higgs)

• Direct limits imply large (∼ 3) Yukawa 
couplings ➔ perturbativity in danger

 In bad shape until recently...

Almost excluded after Higgs discovery

• Large enhancement of gg→H not observed

• Strongly disfavoured by EWPT (Higgs is light!)



Heavy vector-like quarks

• Appear in many motivated extensions of SM 

• Do not change gg→H in simplest cases

• Constraint but not excluded by EWPT 

• Direct limits do not require large Yukawa 
couplings 

Extra quarks

Only 7 relevant multiplets:
(

T
B

) 


T
B
Y








X
T
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


(

X
T

) (
B
Y

)
T B

Easy to be 
exhaustive!

X → charge 5/3T → charge 2/3

B → charge − 1/3 Y → charge − 4/3



# par 

1 ↓  ↓    ↓ 

1 ↓   ↓    ↓

2  ↑   ↑ ↑ ↓ ↓

1     ↑  ↓ 

1      ↑  ↓

1 ↑  ↓ ↑   ↓ ↓

1 ↑  ↑ ↓   ↓ ↓

T
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T
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X
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B
Y

)

δWL
tb δWR

tb δXR
t δXR

bδXL
bδXL

t δYt δYb

Extra quarks Modified couplings del Aguila, MPV, Santiago ’00



Extra quarks

Modified top couplings

Heavy quark direct searches

Aguilar-Saavedra, Benbrik, Heinemeyer, MPV,  in preparation



Extra quarks

Decays of T  (charge 2/3)



Extra quarks

Decays of B  (charge -1/3)



Corrections to top couplings 
observable at ILC

Direct limits on vector-like quarks
Extra quarks

Aguilar-Saavedra, Fiolhais, Onofre ‘12



Top charge asymmetries

Top forward-backward asymmetry @ Tevatron

θ

t̄

t

p p̄

AFB =
NF −NB

NF + NB

∆y = yt − yt̄

q q̄



Top charge asymmetries

Status of Tevatron measurements

-0 .3 -0 .2 -0 .1 0 0 .1 0 .2 0 .3 0 .4 0 .5 0 .6

A
FB

 (inclusive)

C D F dil 5 .1  fb
-1

D 0 l+j 5 .4  fb
-1

naive world avg

S
M

C D F  l+j 5 .3  fb
-1

C D F l+j 8 .7  fb
-1

C D F l+j / dil

Bottom line
inclusive measurements
not converging to SM

Avg: 2.6σ from SM

SM =

0.058 MCFM
0.0724 Ahrens et al.
0.087 Kuhn & Rodrigo
0.00893 Hollik & Pagani

J. A. Aguilar Saavedra (Univ. Granada) t t̄ asymmetries Alliance top quark workshop 4 / 33

Inclusive FB asymmetry Parton level

Cross section 
agrees with SM



Top charge asymmetries

Status of Tevatron measurements

-0 .2 -0 .1 0 0 .1 0 .2 0 .3 0 .4 0 .5 0 .6

A
FB

 (m
tt

> 450 G eV )

S
M

C D F  l+j 5 .3  fb
-1

C D F l+j 8 .7  fb
-1

Bottom line
high-mass measurement
closer to SM but still

2.5σ away

J. A. Aguilar Saavedra (Univ. Granada) t t̄ asymmetries Alliance top quark workshop 5 / 33

High-invariant-mass FB asymmetry Parton level



Top charge asymmetries

BSM explanations

σt = σF + σB

!= ASM
FB

= σSM
t

σF,B = σF,B
SM + σF,B

int + σF,B
new

AFB =
σF − σB

σF + σB

∼ g2
new

M2
new

∼ g4
new

M4
new

> 0

Need negative 
interference:  σB

int < 0
Grinstein, Kagan, Trott, ’11



Top charge asymmetries

BSM explanations

σt = σF + σB

!= ASM
FB

= σSM
t

σF,B = σF,B
SM + σF,B

int + σF,B
new

AFB =
σF − σB

σF + σB

∼ g4
new

M4
new

> 0
σB

int < 0σF
int + σB

int = 0

σF
int + σB

int = −(σF
new + σB

new)

New physics must satisfy one of the following eqs.

, σB
new negligible linear

quadratic



pp symmetric... but p mostly made out of valence quarks

-• On average q carries larger x than q

• This defines, event by event, a  preferred direction

• Positive FW asymmetry translates into antiquarks being 
more central than quarks

Ac =
N( )−N( )
N( ) + N( )

Charge asymmetry @ LHC

|yt| > |yt̄| |yt̄| > |yt|

|yt| > |yt̄| |yt̄| > |yt|



Top charge asymmetries

Heavy new physics

Four-fermion operators (dim 6)

and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)Qq /2 + (cQu + cQd)/4.
(14)

The difference
cAv = cRv − cLv (15)

can only contribute to spin-dependent observables (see Section 3.5).
The isospin-1 sector is spanned by the three combinations:

ORr = O
(8)
tu − O

(8)
td , OLr = O

(8)
Qu − O

(8)
Qd and O

(8,3)
Qq . (16)

Again, parity arguments lead to the conclusion that the total cross section can only depend
on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c(8,3)Qq , (17)

while the forward-backward asymmetry will only receive a contribution proportional to

c′Aa = (ctu − ctd)/2− (cQu − cQd)/2 + c(8,3)Qq . (18)

and spin-dependent observables will depend on (see App. C)

c′Av = (ctu − ctd)/2− (cQu − cQd)/2− c(8,3)Qq . (19)

Numerically, we shall see in Section 3.2 that the isospin-0 sector gives a larger contribution
to the observables we are considering than the isospin-1 sector. This is due to the fact that a
sizeable contribution to these observables is coming from a phase-space region near threshold
where the up- and down-quark contributions are of the same order.

It is interesting to note that, in composite models, where the strong sector is usually
invariant under the weak-custodial symmetry SO(4) → SO(3) [41], the right-handed up
and down quarks certainly transform as a doublet of the SU(2)R symmetry, and therefore
cQu = cQd. There are however various ways to embed the right-handed top quarks into
a SO(4) representation [32]: if it is a singlet, then ctu = ctd also and the isospin-1 sector

reduces to the operator O(8,3)
Qq only.

In summary, the relevant effective Lagrangian for tt̄ production contains a single two-
fermion operator and seven four-fermion operators conveniently written as:

Ltt̄ = +
1

Λ2

(

(chgOhg + h.c.) + (cRvORv + cRaORa + c′RrO
′
Rr +R ↔ L) + c(8,3)Qq O

(8,3)
Qq

)

. (20)

The vertices arising from the dimension-six operators given in Eq. (20) relevant for top
pair production at hadron colliders are depicted in Fig. 1.

t
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!

g

g t

t

!

g

Chromomagnetic operator Ohg = (HQ̄)σµνTAt GA
µν

q

q
!

t

t

!

Four-fermion operators

Figure 1: A Feynman representation of the relevant operators for tt̄ production at hadron colliders.
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SM

would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

µνG
B νρGC

ρ
µ (see Refs. [24, 35–37] for a study of its effects on top

pair production). Hence we consider the set of operators which affect the tt̄ production at
tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,
the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation or
gluon fusion. Therefore we shall neglect all new interactions that could interfere only with
SM weak processes like qq̄ → Z(γ) → tt̄. Our analysis aims at identifying the effects of the
new physics on top pair production, so it ignores the operators which affect the decay of
the top [24, 28, 38]. We are then left with only two classes of dimension-six gauge-invariant
operators [33]:

• operators with a top and an antitop and one or two gluons, namely

Ogt =
[

t̄γµTADνt
]

GA
µν ,

OgQ =
[

Q̄γµTADνQ
]

GA
µν ,

Ohg =
[(

HQ̄
)

σµνTAt
]

GA
µν , (1)

where Q = (tL, bL) denotes the left-handed weak doublet of the third quark generation,
t is the right-handed top quark, TA are the generators of SU(3) in the fundamental
representations normalized to tr(TATB) = δAB/2.

• four-fermion operators with a top and an antitop together with a pair of light quark
and antiquark that can be organized following their chiral structures:

L̄LL̄L:

O
(8,1)
Qq =

(

Q̄γµTAQ
)(

q̄γµT
Aq

)

,

O
(8,3)
Qq =

(

Q̄γµTAσIQ
)(

q̄γµT
AσIq

)

, (2)

R̄RR̄R:

O
(8)
tu =

(

t̄γµTAt
)(

ūγµT
Au

)

,

O
(8)
td =

(

t̄γµTAt
)(

d̄γµT
Ad

)

, (3)

L̄LR̄R:

O
(8)
Qu =

(

Q̄γµTAQ
)(

ūγµT
Au

)

,

O
(8)
Qd =

(

Q̄γµTAQ
)(

d̄γµT
Ad

)

,

O
(8)
tq =

(

q̄γµTAq
)(

t̄γµT
At
)

, (4)

L̄RL̄R:

O
(8)
d =

(

Q̄TAt
)(

q̄TAd
)

, (5)

where σI are the Pauli matrices (normalized to tr(σIσJ) = 2δIJ), q and u and d are
respectively the left- and right-handed components of the first two generations.

3

Delaunay et al. ’11
Aguilar-Saavedra, MPV ’11

quadratic corrections
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Top charge asymmetries

Tree-level exchange of new bosons

t t t

t̄
t̄ t̄

u/d u/d u/d

ū/d̄ ū/d̄ ū/d̄

s
channel

t
channel

u
channel

0 ±1/3, ±4/30, ±1 electric 
charge



Colour:

3⊗ 3̄ = 8⊕ 1
3⊗ 3 = 6⊕ 3̄

Isospin:

2⊗ 2 = 3⊕ 1
2⊗ 1 = 2
1⊗ 1 = 1

Hypercharge:
∑

Y = 0

Vectors Scalars
Label Rep. Label Rep.

Bµ (1, 1)0 φ (1, 2)− 1
2

Wµ (1, 3)0 Φ (8, 2)− 1
2

B1
µ (1, 1)1 ω1 (3, 1)− 1

3

Gµ (8, 1)0 Ω1 (6̄, 1)− 1
3

Hµ (8, 3)0 ω4 (3, 1)− 4
3

G1
µ (8, 1)1 Ω4 (6̄, 1)− 4

3

Q1
µ (3, 2) 1

6
σ (3, 3)− 1

3

Q5
µ (3, 2)− 5

6
Σ (6̄, 3)− 1

3

Y1
µ (6̄, 2) 1

6

Y5
µ (6̄, 2)− 5

6

J. A. Aguilar Saavedra (Univ. Granada) t t̄ asymmetries Alliance top quark workshop 7 / 33

Top charge asymmetries
All possibilities:



Top charge asymmetries
AFB vs Ac: 

simple models

(Inclusive)

Aguilar-Saavedra, MPV ’11

Model predictions from



Collider-independent 
charge asymmetriesAguilar-Saavedra, Juste ’12

AFB = AuFu + AdFd

AC = AuFuDu + AdFdDd

AFB vs Ac: 
model independent

Top charge asymmetries

Au → asymmetry in ūu→ t̄t

Ad → asymmetry in d̄d→ t̄t



Collider-independent 
charge asymmetries

Top charge asymmetries

Tevatron

LHC 7

SM predictions
Aguilar-Saavedra, Bernreuther, Si
in preparation

Consistent



Aguilar-Saavedra, MPV ’11Impact of tail constraint 
(< 3 x SM)

Top charge asymmetries



Top charge asymmetries

Relative differential cross section vs invariant mass

σexp ! 1.5 σSM

(central value smaller than SM)

New measurement of tail



Aguilar-Saavedra, MPV ’11
(estimate; new dedicated 
analysis necessary)

Impact of tight tail constraint 
(< 1.5 x SM)

Top charge asymmetries



light octets

tt̄

Top charge asymmetries

My favourite surviving explanation: 

• s channel, but hidden if resonance broad Barceló et al. ’11 
or below    threshold Aguilar-Saavedra, MPV ’11

• If very light, small couplings Tavares, Schmaltz ’11

• If very light, can have universal couplings and avoid 
flavour problems Tavares, Schmaltz ’11

• Can accomodate Drobnak, Kamenik, Zupan ’12 AFB > 0, AC ! 0



Light octets may give rise to peculiar profiles

Top charge asymmetries

below threshold 

Two Two
ThreeG G G

Aguilar-Saavedra, MPV ’11



Conclusions
• Top quark might have non-standard couplings 

• Deviations in couplings related to direct searches of 
new particles

• Model-independent correlation of Ztt and Wtb

• Model-dependent correlation with Htt as well

• Tevatron FB asymmetry still alive, but very 
constrained by LHC

• New tools can be used to distinguish new physics 
from experimental issues  


