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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 Rare decays of top quarks and Flavor Changing
Neutral Currents (FCNC)
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The top quark

2015 is 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

António Onofre Top Quark Physics @ LHC



The Wtb vertex structure
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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

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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The Wtb vertex structure
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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

[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]

anomalous couplings ⇒ deviations in W helicity fractions
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+ correct mb has to be considered!
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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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F0=Γ0/Γtot
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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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➟

➟

A-

F0=Γ0/Γtot

➟

➟

AFB

SM

[EPJC50 (2007) 519]
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The Wtb vertex structure

[arXiv:hep-ph0605190v2 18 Mar 2007]

How do ρL,R behave?
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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

[arXiv:hep-ph0605190v2 18 Mar 2007]

A rough comparison between results
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The t → bW decay in t t̄ events

W Helicity from CMS (19.7 fb−1@ 8 TeV): [CMS PAS TOP-14-017]

0F
0.5 0.55 0.6 0.65 0.7

L
F

0.25

0.3

0.35

0.4

0.45

0.5
SM Prediction
Data

)σStat(2
)σSys(2

)σTotal(2

 (8 TeV)-119.7 fb

CMS
Preliminary

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

JHEP 06 (2012) 088
 (l+jets, dilepton)tATLAS t

TOP-13-008
 (l+jets)tCMS prel. t

JHEP 01 (2015) 053
CMS single-t signature

TOP-14-017
 (dilepton)tCMS prel. t

TOP-14-017
)µ (etCMS prel. t

TOP-14-017
)µµ (tCMS prel. t

TOP-14-017
 (ee)tCMS prel. t

RF LF 0F

 (8 TeV)-119.7 fbPreliminaryCMS 

SM
Data Systematic Uncertainties (3D Fit):

F0: Fac./Renorm. scales, jet-parton matching
top pT reweight

FL: Fac./Renorm. scales, jet-parton matching

F0 = 0.653±0.016(stat)±0.024(syst)
FL = 0.329±0.009(stat)±0.025(syst)
FR = 0.018±0.008(stat)±0.026(syst)+ single top important: JHEP01 053 (2015)

stringent limits on anomalous couplings!!

W Helicity from ATLAS (1.04 fb−1) : [JHEP 1206 (2012) 088]

*θcos 
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0
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600 Data
Best fit
SM exp.
Bkg best fit
Unc. best fit

dilepton channelsATLAS

-1 L dt = 1.04 fb∫

W boson helicity fractions

-1 -0.5 0 0.5 1

ATLAS and CMS preliminary
-1 - 2.2 fb-1=35 pb

int
 = 7 TeV, Ls RF LF 0F

ATLAS 2011 (dilepton)
CMS 2011 (single muon)

ATLAS 2010 (single lepton)
ATLAS 2011 (single lepton)

LHC combination

NNLO QCD
Combination

)0/FL/F
R

Data (F

Combined (ATLAS+CMS):
[ATLAS-CONF-2013-033, CMS PAS TOP-12-025]

F0 = 0.626±0.034(stat)±0.048(syst)
FL = 0.359±0.021(stat)±0.028(syst)

FR = 0.015±0.034(stat+syst)

∆F0/F0=4%, ∆FL/FL=8%
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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

Angular distributions of the top decay products (and asymmetries) can be used to
probe anomalous couplings at the Wtb vertex + Combinations is the game!

JHEP01 053 (2015) ATLAS CONF-2013-032 PRD 90 (2014) 11, 113007

)
L
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SM pred.
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1

SM prediction (LO)
Observed

 (68% CL)σ1±
 (95% CL)σ2±

 syst.)⊕ 0.07 (stat. ± = 0.03 FB
NA

 PreliminaryATLAS

-1 dt = 4.66 fbL ∫
 = 7 TeVs

-jet combinedb2 jets 1 

Nucl.Phys.B840,349(2010)

What next? + extract the spin properties of the mensagers of new physics
from data arXiv:1508.04592v2 [hep-ph] 21 Aug 2015
Assuming VL=1 (VR=0) + What is the current LHC status of Vtb in the
SM? What about the top quark couplings to other bosons?
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Single top quark
production
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Single top quark

Single top quark production cross section @ LHC:

t-channel (Wt-prod.) (s-channel)

64.57+2.63
−1.74 pb 15.74+1.17

−1.21 pb 4.63+0.20
−0.18 pb ⇐= @ 7TeV

87.76+3.44
−1.91 pb 22.37+1.52

−1.52 pb 5.61+0.22
−0.22 pb ⇐= @ 8TeV

Powerfull probe of Vtb ( δVtb/Vtb few % @ LHC ) and
Test of physics BSM ( FCNC in t-channel; W ′ in s-channel)
CMS and ATLAS results within SM expectations:
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Single top-quark production Jan 2015

t-channel

Wt prod.

s-channel

ATLAS t-channel
112006, ATLAS-CONF-2014-007 (2014) PRD90

CMS t-channel
090 (2014) 035, JHEP06 (2012) JHEP12

ATLAS Wt production
142, ATLAS-CONF-2013-100 (2012) PLB716

CMS Wt production
231802 (2014) 022003, PRL112 (2013) PRL110

LHC combination,  Wt production
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009

C.L. ATLAS s-channel, 95%
ATLAS-CONF-2011-118, arXiv:1410.0647

C.L. CMS s-channel, 95%
CMS-PAS-TOP-13-009

arXiv:1404.7116NNLO 
, MSTW2008nnloVeG = 173.2topm

scale uncertainty

091503, (2011) 83 PRDNNLL  + NLO
054028 (2010) 81 054018, PRD (2010) 82 PRD

, MSTW2008nnloVeG = 172.5topm
 contribution removedtWt production: t

 uncertainty,sα ⊕ PDF ⊕scale 

arXiv:1007.3492, 1406.4403NLO 
,top= m

F
µ= 

R
µ, VeG = 172.5topm

CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC)
VeG 60 =  removalt veto for tb

T
Wt production: p

VeG 65 =
F

µ                        and 
scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 

VeG = 172.5
top

All exp. results are w.r.t. m

syst   stat   syst

scale uncertainty
 PDF uncertainty⊕scale 

NLO+NNLL (arXiv:1210.7813)

NNLOMSTW2008 stat. uncertainty
total uncertainty

(lumi)±(syst)  ±(stat)  ± tWσ

-1= 20.3 fb
int

ATLAS, L
ATLAS-CONF-2013-100

 1.0 pb± 5.9 ± 2.1 ±27.2 

-1= 12.2 fb
int

CMS, L

PRL 112 (2014) 231802
 0.7 pb± 4.6 ± 2.0 ±23.4 

LHC combined  (July 2015)

CMS-PAS-TOP-14-009
ATLAS-CONF-2014-052,

 0.7 pb± 4.4 ± 1.4 ±25.0 

ATLAS+CMS Preliminary   TOPLHCWG
 = 172.5 GeV
t

 = 8 TeV, msData 2012, 

July 2015

(not included in the figure)
Effect of LHC beam energy uncertainty: 0.38 pb

 [pb]tWσ
0 10 20 30 40 50 60 70

∆σt/σt ∼10%

∆σwt/σwt ∼20%

ATLAS@8 TeV:

σs(95%) < 14.6 pb

CMS@8 TeV:

σs(95%) < 11.5 pb
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Top quark couplings to bosons: Vtb @ LHC

Summary of Vtb Measurements @ LHC

|
tb

|V
0.4 0.6 0.8 1 1.2 1.4 1.6

ATLAS+CMS Preliminary   TOPLHCWG

  from single top quark production
theo.σ
meas.σ

| =  
tb

|V

MSTW2008nnlo: NLO+NNLL theoσ
PRD83 (2011) 091503, PRD82 (2010) 054018       

 PDF⊕: scale theoσ∆
 = 172.5 GeVtopm

May 2015

 including top-quark mass uncertainty1 

 including beam energy uncertainty2 

theoretical uncertainty

total uncertainty

 (theo.)± (meas.) ±| 
tb

|V

t-channel:

Wt production:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

ATLAS 8 TeV
 )1−ATLAS-CONF-2014-007  (20.3 fb

 0.02± 0.09 ±0.97 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142-159  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb

 0.04− 0.13  −
 0.03+ 0.16  +1.01 

ATLAS 8 TeV
 )1−ATLAS-CONF-2013-100  (20.3 fb

 0.03± 0.12 ±1.10 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,2LHC combined 8 TeV

CMS-PAS-TOP-14-009
ATLAS-CONF-2014-052,

 0.03± 0.11 ±1.06 

+ |Vtb|2 extracted with:

|Vtb,obs.|2 =
σt,obs.
σt,SM

× |Vtb,SM |2

δ|Vtb|/|Vtb| @ 5-10%

+ What about the top quark

couplings to the known

gauge bosons (γ,W ,Z ,H)?
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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?.......
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)

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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Observables from LHC
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Observables from LHC
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Top quarks and Flavor
Changing Neutral Currents

(FCNC)
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FCNC processes (tqX ,X = γ,Z ,g,H)

Several t t̄ FCNC Decay Channels Studied @ LHC:
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FCNC processes (tqX ,X = γ,Z ,g,H)

FCNC Direct Bounds RUN I (short) Summary: Prospects:

Decay Channel 95% CL Limit Data Set and Exp.
B(t → qg) 4.0 × 10−5 (q = u) ATLAS-TOPQ-2014-13-002

1.70× 10−4 (q = c) (8 TeV, 20.3 fb−1)
3.55× 10−4 (q = u) CMS-PAS-TOP-14-007
3.44× 10−3 (q = c) (7TeV,5.0 fb−1)

B(t → qZ ) 7× 10−4 (q = u, c) arXiv:1508.05796
(8 TeV, 20.3 fb−1)

5× 10−4 (q = u, c) PRL112,171802(2014)
(7TeV,5.0 fb−1⊕8TeV,19.7 fb−1)

B(t → qγ) 1.61× 10−4 (q = u) CMS-PAS-TOP-14-003
1.82× 10−3 (q = c) (8 TeV, 19.1 fb−1)

B(t → qH) 7.90× 10−3(q = u, c) JHEP1406,008(2014)
(7TeV,4.7 fb−1⊕8TeV,20.3 fb−1)

4.20× 10−3 (q = u) CMS-PAS-TOP-14-019
4.70× 10−3 (q = c) (8 TeV, 19.7 fb−1)

+ Limits @ RUN 1 in the range 10−3 to 10−5

)γ q→BR(t

-510 -410 -310 -210 -110 1

 q
Z

)
→

B
R

(t

-510

-410

-310

-210

-110

1

LEP

(q=u only)
 ZEUS

(q=u only)
    H1

D0

CDF

)-1ATLAS (2 fb

)-1CMS (4.6 fb

ATLAS
preliminary (simulation)
extrapolated to 14 TeV:

-1300 fb
(sequential)

-13 ab
(sequential)

-13 ab
(discriminant)

95% C.L.
EXCLUDED
REGIONS

+ 95%Limits @ RUN 2 expected to
improve∼ 1 order of magnitude:

ATL-PHYS-PUB-2012-001
ATL-PHYS-PUB-2013-012

CMS-PAS-FTR-13-016
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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!)
Studies @ LHC of FCNC processes both at decay and
production are promising (already best results in the world)
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