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Outline

Topics covered in this lecture:
I Introduction

I The Wtb vertex structure (within and beyond the SM)

I Single Top quark (SM and beyond)

I TopFit
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The top quark

2015 was the top quark’s 20th anniversary
it was discovered by CDF and D0 in 1995
PRL74 2626-2631 (1995);
PRL74 2632-2637 (1995).

It completes the 3 family structure of the SM

top is the weak-isospin
partner of the b-quark
spin = 1/2
charge = +2/3 |e|

Top quark is the heaviest known fundamental particle
(mt = 173.34± 0.76 GeV, World comb.(2014), arXiv:1403.4427)

Top decays (almost exclusively) through t → bW
BR(t → sW ) ≤0.18%, BR(t → dW ) ≤0.02%

ΓSM
t = 1.42 GeV (including mb , mW , αs , EW corrections)

τt =(3.29+0.90
−0.63) ×10−25s (D0, PRD 85 091104, 2012)

� Λ−1
QCD ∼(100 MeV)−1 ∼ 10−23s (hadronization time)

⇒ top decays before hadronization takes place
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Introduction

The phenomenology of Top Quark Physics is too Rich
+ impossible to cover everything here

Top quark @ LHC
t t̄ production

σt t̄
Mass
the Wtb vertex struct.
(W polarization,
t → bW decay and
anomalous couplings)
FCNC
Charge Asymmetry

Single top production
cross section
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The Wtb vertex structure

Vtb (=VL in SM)
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The Wtb vertex structure

Why is it necessary a precise
model-independent measurement of the Wtb
vertex structure?

It may reveal physics beyond the Standard Model
Vtb could be different from the Standard Model value
Anomalous couplings may appear at the vertex

It may help understand possible other new physics beyond the
Standard Model

top quarks decay almost exclusively to t →W +b
understanding the structure of the Wtb vertex helps
revealling possible non-standard t t̄ production at LHC,
Zt t̄/γt t̄ couplings at ILC, etc.
important for B and K physics (indirect limits on anomalous
couplings, see later)
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The Wtb vertex structure

The Wtb vertex must be determined by a global
fit to several observables:

Several, theorectically equivalent, observables studied for
t t̄ production at LHC (not all explored yet @ LHC)
Single top cross section usefull (sensitive to Vtb and
anomalous couplings)
Indirect limits from b → sγ available (not used)
The most general CP-conserving vertex for top quarks
on-shell is used
All couplings are allowed to vary freely in TopFit to find the
allowed regions for a given CL
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The Wtb vertex structure
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The Wtb vertex structure

Effective Wtb vertex from dim-6 operators

L = − g√
2

b̄ γµ (VLPL + VRPR) t W−
µ

− g√
2

b̄
iσµνqν

MW
(gLPL + gRPR) t W−

µ + h.c.

VL ≡ Vtb ∼ 1 (within SM)
VR,gR,gL ⇒ anomalous couplings

[EPJC50 (2007) 519, NPB804 (2008) 160, NPB812 (2009) 181]

How to probe anomalous couplings in the Wtb vertex?
indirect limits from B-physics
measurements of single top quark production: cross-section and
angular distibutions
measurements of t t̄ production: angular distributions of top quark
decays
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B-physics constraints to Wtb vertex

[EPJC57 (2008) 183]
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B-physics constraints to Wtb vertex

BR(B̄ → Xsγ) =
(

3.55± 0.24 +0.09
−0.10 ± 0.03

)
× 10−4

[hep-ex/0603003]

BR(B → Xsγ)× 104 = (3.15± 0.23)− 4.14 (VL − Vtb) + 411 VR

− 53.9 gL − 2.12 gR − 8.03 C(p)
7 (µ0)

+ O
[(

VL − Vtb,VR , gL, gR ,C
(p)
7

)2
]

O
[
(VL − Vtb,VR , . . .)

2
]
' 1.32(VL−Vtb)2−262(VL−Vtb)VR + 12970V 2

R + . . .

VL − Vtb VR gL gR C(p)
7 (µ0)

upper bound 0.04 0.0024 0.003 0.08 0.02
lower bound −0.24 −0.0004 −0.018 −0.46 −0.12

[EPJC57 (2008) 183]
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The Wtb vertex structure

testing a SM prediction [PRD 45 (1992) 124]

t (spin = 1/2)

W (spin = 1)

b (spin = 1/2)

W helicity fractions (F0 = Γ0/Γ, FL = ΓL/Γ, FR = ΓR/Γ):

left-handed Wlongitudinal W

W+

t tt
b b

W+ W+

b

F = 0.6966 F = 0.30300 L F = 0.0004R

+1/2

+1/2

+1/2

+1/2

-1/2

-1/2

0

-1 +1

right-handed W
SM (L0):
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The Wtb vertex structure

[arXiv:hep-ph0605190v2 18 Mar 2007]
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The Wtb vertex structure

[arXiv:hep-ph0605190v2 18 Mar 2007]
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The Wtb vertex structure

[arXiv:hep-ph0605190v2 18 Mar 2007]
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The Wtb vertex structure

[EPJC50 (2007) 519]

anomalous couplings ⇒ deviations in W helicity fractions

F0 FL FR
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+correct mb has to be considered!
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The Wtb vertex structure

[EPJC50 (2007) 519]
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The Wtb vertex structure

anomalous coupling
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example: |FR| < 0.003 can be converted into a VR constraint
using the intersection method:

+ −0.101 < VR < 0.101 (mb = 0.0 GeV)
+ −0.067 < VR < 0.136 (mb = 4.8 GeV)
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Measuring the W helicity states

1
N

dN
d cos θ∗`

=
3
2

[
F0

(
sin θ∗`√

2

)2

+ FL

(
1− cos θ∗`

2

)2

+ FR

(
1 + cos θ∗`

2

)2
]

leptonic W
rest frame
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PSfrag replacements

Wt b

θ`b

θ∗
`
= π − θ`b

ν

`
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Measuring the W helicity states

W polarisation can be measured by:
1 Fitting cos θ∗` to obtain the W helicity fractions (F0, FL, FR)
2 Fitting cos θ∗` to obtain the W helicity ratios:

+ ρL = FL/F0 = 0.435 (SM, LO)
+ ρR = FR/F0 = 5.5× 10−4 (SM, LO)

3 Computing angular asymmetries: At =
N(cos θ∗`>t)−N(cos θ∗`<t)
N(cos θ∗`>t)+N(cos θ∗`<t)

AFB = 3/4[FR − FL]

= −0.2227 (SM, LO)

A+ = 3β[F0 + (1 + β)FR]

= 0.5436 (SM, LO)

A− = −3β[F0 + (1 + β)FL]

= −0.8409 (SM, LO)

(β = 21/3 − 1)
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[EPJC50 (2007) 519]

António Onofre Top Quark Physics @ LHC



The Wtb vertex structure

[arXiv:hep-ph0605190v2 18 Mar 2007]
How do AFB , A+ and A− behave?
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The Wtb vertex structure in t t̄ events

Summary of W -boson helicity meas. @ LHC

∆F0/F0=3%, ∆FL/FL=5% FR=-0.008±0.014
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The t → bW decay in t t̄ events

General Wtb vertex Eur.Phys.J. C50 (2007) 519-533

L = −
g
√

2
b̄ γµ (VLPL + VRPR) t W−

µ −
g
√

2
b̄

iσµνqν
MW

(gLPL + gRPR) t W−
µ

Vector (VR) and Tensor like couplings (gL, gR) zero @ tree level in SM
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Single top quark
production
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The Wtb vertex structure
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Single Top Quark
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What can single top
production say about the Wtb
vertex structure beyond Vtb?
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Single top quark production
[arXiv:hep-ph0605190v2 18 Mar 2007]
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Single top quark production

[arXiv:hep-ph0605190v2 18 Mar 2007]
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Single top quark production

σ = σSM
(
V 2

L + κVR V 2
R + κVLVR VLVR + κgL g2

L + κgR g2
R + κgLgR gLgR + . . .

)

the κ factors determine the dependence on anomalous
couplings

the κ factors are, in general, different for t and t̄ production

the measurement of the single top production
cross-section allows to obtain a measurement of
VL (≡ Vtb) and bounds on anomalous couplings
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Single top quark production

t-channel
[arXiv:hep-ph0605190v2 18 Mar 2007]
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Single top quark production

t-channel [arXiv:hep-ph0605190v2 18 Mar 2007]
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Single top quark production

tW associated production
[arXiv:hep-ph0605190v2 18 Mar 2007]
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Single top quark production

tW associated prod. [arXiv:hep-ph0605190v2 18 Mar 2007]
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Single top quark production

s-channel
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Single top quark production

s-channel [arXiv:hep-ph0605190v2 18 Mar 2007]
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Constraints on anomalous couplings
Limits from single top [arXiv:hep-ph0605190v2 18 Mar 2007]

Using t t̄ observables [arXiv:hep-ph0605190v2 18 Mar 2007]
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Can we do better?.......Yes, still
in preparation.
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Constraining Wtb anomalous couplings: TopFit

Constraints on Wtb vertex:

combine the information of the most sensitive observables
(taking into account the correlations)

Use new asymmetries AT
FB, AN

FB, A`FB

evaluate 95% CL allowed regions considering the
dependence of these observables with VR , gL and gR

+ this is the purpose of

http://www-ftae.ugr.es/topfit
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Combination of Observabels
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Combination of Observabels
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Summary

Combination of production and decay observables is
crucial to constrain the Wtb couplings

Should be done not only within a single experiment, but
including all the available data from different experiments

Several studies show limits improve significantly on ALL
couplings

Increase of collected luminosity at the LHC should allow to
have stringent bounds on the Wtb vertex +rapidly become
a precision physics field

Global fit to the general complex Wtb vertex requires not
only more data but also a complete set of observables
(TopFit available to experiments⇒ use it!)
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