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What do we know about the top quark ?

What do we still not know about the top quark ?

What can the top quark tell us about other stuff (aka BSM) ?
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What do we know about the top quark ?

What do we still not know about the top quark ?

Properties that are predicted in the Standard Model but are yet to be tested
experimentally.

Properties that are not predicted in the Standard Model - if they exist.

What can the top quark tell us about other stuff (aka BSM) ?

1



The Standard Model

u

d

νe

e

c

s

νµ

µ

t

b

ντ

τ

g

γ

W±

Z

H

2



The Standard Model

In 2016
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The Standard Model

In 1994 ...
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The Standard Model

SU(3)C × SU(2)L × U(1)Y

strong electroweak
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“The truth is out there ...”

4



“The truth is out there ...”

Z → bb̄ at LEP : Rb and A
0,b
FB

Absence of FCNC’s

Cancellation of Anomalies
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Z → bb̄ @ LEP
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(c2
V + c2

A)MZ

cV = T3L − 2 Qb sin2 θW

cA = T3L

Without a partner, bL would also be an SU(2)L singlet.

Γ(Z→ bb̄)singlet ≈ Γ(Z → bb̄)doublet
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Z → bb̄ @ LEP
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= 0.2202± 0.0020
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component

of an SU(2)L doublet.
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Z → bb̄ @ LEP
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At LEP, by July 1994 :

Rb =
Γ(Z→ bb̄)

Γ(Z→ hadrons)
= 0.2202± 0.0020

Theory and experiment agreed provided bL was considered to be the T3L = −1

2
component

of an SU(2)L doublet.

⇒ the T3L = +
1

2
partner of bL had to exist !
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Tb
3L = 0 ⇒ cb

A = 0 ⇒ Ab = 0 ⇒ A
0,b
FB = 0

A
0,b
FB 6= 0 ⇒ Tb

3L 6= 0. bL must have an SU(2)L partner !

7



Absence of FCNC decays of the b

Suppose bL ≡ SU(2)L singlet.
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Absence of FCNC decays of the b

Suppose bL ≡ SU(2)L singlet.

It could still have U(1)Y charge ⇒ could have a coupling to the Z.

Would also couple to the W via its mixing with d and s quarks.

However, the GIM Mechanism would no longer work in the usual way.

⇒ b → X ℓ+ ℓ− no longer suppressed.

In such a scenario,

Γ(B → X ℓ+ ℓ−)

Γ(B → X ℓ+ νℓ)
> 0.12 [Kane and Peskin, 1981, [1]]

⇒ Br (B → X ℓ+ ℓ− ) > 1.3× 10−2

On the other hand, experimentally

Br (B → X ℓ+ ℓ− ) 6 3.1× 10−3 [CLEO Collaboration, 1987, [2]]

Five-quark model ruled out !
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Anomaly Cancellation

Chiral coupling at any vertex ⇒ Violation of Gauge Invariance !

All such diagrams must evaluate to zero.

Tabc ∝ Tr [ζi ta {tb, tc}]

ζi = +1 for right-handed fermions

= −1 for left-handed fermions

fL couplings ≡ fR couplings ⇒ anomalies cancel trivially for each fermion species.
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↑
In the SM : cancels separately for each

generation of quarks and each generation

of leptons.

SU(3)CSU(3)C

U(1)Y

↑
In the SM : cancels separately for each

generation of quarks.

No top ⇒ bL is an SU(2)L singlet.

Cancellation would require

Y(bL) = Y(bR)

Y(τL) = Y(τR)

T3L(τL) = T3L(τR)

Would not arise for b. Would still cancel if Y(bL) = Y(bR).
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U(1)Y

↑
In the SM : cancels for each generation of

quarks and leptons.

SU(2)LSU(2)L

U(1)Y

↑
In the SM : cancels separately for each

generation of quarks and each generation

of leptons.

SU(3)CSU(3)C

U(1)Y

↑
In the SM : cancels separately for each

generation of quarks.

Experimentally, b has SM-like couplings !

Anomalies do not cancel !!

The b-quark needs an “up-type” partner also with SM-like couplings.
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the truth is DEFINITELY out there.
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Its mass can be anything ?

Z decays had been studied in detail at the LEP. Z→ t̄t was not seen.

Br ( Z→ t̄t ) ≈ 0.

The couplings were known.

Γ(Z→ t̄t) ≃ 0 ⇒ mt &
MZ

2

LEP and the other experiments of the time had also measured a whole host of

observables related to the EW theory.

Many of these quantities were sensitive to mt (as well as mH) through quantum

corrections.
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[ALEPH, DELPHI, L3, OPAL, 1994, [3]]

Measurement Standard Pull

Model Fit

a0 LEP

line3shape and

lepton asymmetries7

mZ 8GeV; <=!=>>> ?!??@@ <=A=>>B ?!?

CZ 8GeV; D!@<B@ ?!??E> DA@<BE ?!?

"!h 8nb; @=!@< ?!=D @=A@EB ?!@

R D?!B<G ?!?@? D?AB>H ?!D

A
!!  
FB ?!?=B? ?!??=H ?A?=GE =!?

I correlation matrix Table >

% polarisation7

A" ?!=@E ?!?=? ?A=@E ?!?

Ae ?!=EG ?!?== ?A=@E "?!B
b and c quark results7

Rb ?!DD?D ?!??D? ?AD=G> D!D

Rc ?!=G>E ?!??<> ?A=BD "=!@
A
!!b
FB ?!?<HB ?!??E> ?A=??D "?!<
A
!! c
FB ?!?BH? ?!??<= ?A?B=@ ?!G

I correlation matrix Table =G

qq charge asymmetry7

sin(&lepte, PhQFBi0 ?!DED? ?!??=H ?ADED? ?!?

b0 pp and 'N

mW 8GeV; Ppp 8HD;0 >?!DE ?!=> >?AED "?!G
="m(

W(m
(
Z P'N 8BT<;0 ?!DDGE ?!??@B ?ADD@D ?!D

c0 SLC

sin(&lepte, PALR 8H;0 ?!DD<@ ?!??=? ?ADED? "D!H

Table =>7 Summary of measurements included in the combined analysis of Standard Model param3

etersA Section a0 summarises LEP averagesX section b0 electroweak precision tests from pp colliders

and 'N3scatteringX section c0 gives the result for sin(&lepte, from the measurement of the left3right po3

larisation asymmetry at SLDA The Standard Model [t results in column E and the pulls Pdi\erence

to measurement in units of the measurement error0 in column @ are derived from the [t including all

data PTable =<X column @0 for a [xed value of mH ] E?? GeVA

[ts presented above Psee also Table =>0A There is a strong correlation Pof "?!@0 between the Rb and

Rc measurements^ the agreement between Rb and its Standard Model prediction improves from DAD

to =A< standard deviations if the value of Rc is [xed to the Standard Model value Rc ] ?!=B=A In this

case one obtains Rb ] ?!D=<D ?!??=>A

Attributing the deviation of Rb to the b partial widthX R should also be a\ected since Cb1b is a

component of the total hadronic width 8HB;A In Figure G the measured value of Rb is plotted versus

sin(&lepte, A If one assumes the Standard Model dependence on sin
(&

lept
e, for the light quark widths and

taking )sPm
(
Z0 ] ?!=DE ?!??HX R imposes a constraint on the two variablesA The one3sigma R band

D?
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[ALEPH, DELPHI, L3, OPAL, 1994, [3]]

LEP LEP LEP

# pp and  N data # pp and  N data

# ALR from SLD

mt 0GeV4 567#$% $&
#$'
 %( 565#$$ $%

#$'
 $) 568#$$ $$

#$'
 $)

#s0m
%
Z4 9$5:; 9$99<  9$99: 9$5:; 9$99<  9$99: 9$5:< 9$99<  9$99:

%%=d>o>f> 6>;=? 6>6=55 5<=5:

sin%&
lept
e. 9$:7:: 9$999B #(!((($

 (!(((% 9$:7:7 9$9997 #(!((($
 (!(((% 9$:7:9 9$9997 #(!((((

 (!(((%

5!m%
W'm%

Z 9$::B? 9$9957 #(!(((&
 (!(((% 9$::<9 9$9957 #(!(((&

 (!(((% 9$::B: 9$995: #(!(((&
 (!(((%

mW 0GeV4 89$:8 9$96 #(!($
 (!(% 89$:6 9$9; #(!($

 (!($ 89$7: 9$9; #(!($
 (!($

Table 5?F Results of Its to LEP and other electroweak precision data for mt and #s0m
%
Z4> No external

constraint on #s0m
%
Z4 has been imposed> The second column presents the results obtained using

LEP data only 0Table 58a4> In the third column also the combined data from the pp collider and  N

experiments 0Table 58b4 are included> The fourth column gives the result when the SLD measurement

of the leftSright asymmetry 0Table 58c4 is also added> The central values and the Irst errors quoted

refer to mH U 799 GeV> The second errors correspond to the variation of the central value when

varying mH in the interval ;9 " mH VGeVW " 5999> The bottom part of the table lists derived results

for sin%&
lept
e. X 5!m%

W'm%
Z and mW>

is centred on the Standard Model prediction while the Rb band is slightly oZSset> HoweverX if the

value of #s0m
%
Z4 were lowerX then the R" band would move upX increasing the overlap with the Rb and

sin%&
lept
e. bands>

Figure ; shows the %% value for the Standard Model Its discussed in Table 5? column BX as a

function of mt for the three values of mH 0;9X 799 and 5999 GeV4 considered> It can be seen that

the minima of these curves occur at diZerent values of %%> This suggests the possibility of extracting

constraints on the value of mH>

The main mH dependence of the Standard Model predictions for the measurements listed in TaS

ble 58 is given by corrections proportional to log0mH4> The eZects of mH and mtX howeverX are

correlated for most observablesX which weakens the determination of mH without a direct measureS

ment of mt> Figure 6 shows the observed value of ]%% # %% ! %%min as a function of mHX when the

CDF value of mt is used as an additional constraint in the It> The observed ]%% curve exhibits a

minimum for low values of mH> HoweverX the entire range of mH up to 5999 GeV is accommodated

within an interval in ]%% of about fourX approximately corresponding to a ?<_ probability range>
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Top Quark Production

Has so far been studied only at hadron colliders − the Tevatron

(pp̄) and the LHC (pp).

Two major production modes :

t̄t

driven by strong interactions

dominant (pp → t̄t at
√

s = 14 TeV ∼ 900 pb)

single top

driven (largely) by weak interactions

sub-dominant (pp → t X at
√

s = 14 TeV ∼ 300 pb)
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Top Quark Production
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Top Quark Production
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qq̄ → t̄t : dominates when
2mt√

s
is large.

t

t̄

q

q̄

gg → t̄t : dominates when
2mt√

s
is small.

t

t̄

g

g g t̄

g t g

tg

t̄
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t̄t production
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mtt
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pp → tt
-
     (√s = 14 TeV)

mt = 175 GeV

SM
The cross-section gets maximum contribution

from near the threshold.

At the threshold, mt̄t = 2 mt =
√

s x1 x2

If
2mt√

s
is large,

the threshold corresponds to large x1, x2.

⇒ quark densities dominate

If
2mt√

s
is small,

the threshold corresponds to small x1, x2.

⇒ gluon densities dominate
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qq̄ → t̄t

γ∗/Z∗

t

t̄

q

q̄

⋆ contributes but only a miniscule amount

(weak couplings)

⋆ does not interfere with the gluon-mediated amplitude

(t̄t pair in color-singlet configuration)
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qq̄ → t̄t

γ∗/Z∗

t

t̄

q

q̄

⋆ contributes but only a miniscule amount

(weak couplings)

⋆ does not interfere with the gluon-mediated amplitude

(t̄t pair in color-singlet configuration)

W

tb

t̄b̄

⋆ again, contributes only a miniscule amount

(weak couplings; small b-densities inside the proton)
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t̄t production

[LHC Top WG, 2015, [6]]
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The cross-section has been

calculated to NNLO and beyond

in the SM.
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The cross-section has been

calculated to NNLO and beyond

in the SM.

As a result, the PDF and scale

uncertainties are small and we

have a robust prediction.
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The cross-section has been

calculated to NNLO and beyond

in the SM.

As a result, the PDF and scale

uncertainties are small and we

have a robust prediction.

The cross-section has a mass

dependence.
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The cross-section has been

calculated to NNLO and beyond

in the SM.

As a result, the PDF and scale

uncertainties are small and we

have a robust prediction.

The cross-section has a mass

dependence.

pp̄ dominates for low
√

s :

qq̄→ t̄t & q̄ densities in p̄
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The cross-section has been

calculated to NNLO and beyond

in the SM.

As a result, the PDF and scale

uncertainties are small and we

have a robust prediction.

The cross-section has a mass

dependence.

pp̄ dominates for low
√

s :

qq̄→ t̄t & q̄ densities in p̄

Theory and experiment agree

well !
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Top Quark Production

t̄t production

[LHC Top WG, 2015, [6]]

]
-1

 [G
eV

t t
 / 

dm
σ

 dσ
1/

0

0.001

0.002

0.003

0.004

0.005
-1ATLAS, L = 20.3 fb

-1CMS, L = 19.7 fb

(MSTW2008 PDF)NNLO

(MSTW2008 PDF)NLO+NNLL

arXiv:1511.04716

arXiv:1505.04480

arXiv:1511.00549

JHEP 09 (2013) 032

ATLAS+CMS Preliminary WGtopLHC  = 8 TeV, Nov 2015s

 [GeV]
tt

m
400 500 600 700 800 900 1000 1100

N
N

LO
D

at
a 

or
 th

eo
ry

0.5

1

1.5  syst. unc.⊕CMS stat. 
 syst. unc.⊕ATLAS stat. 

[LHC Top WG, 2015, [6]]

]
-1

 [G
eV

t T
 / 

dp
σ

 dσ
1/

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

-1ATLAS, L = 20.3 fb

-1CMS, L = 19.7 fb

(MSTW2008 PDF)NNLO

(MSTW2008 PDF)approx. NNNLO 

(CT10 PDF)DiffTop approx. NNLO 

arXiv:1511.04716

arXiv:1505.04480

arXiv:1511.00549

PRD 90 (2014) 014006

JHEP 01 (2015) 082

ATLAS+CMS Preliminary WGtopLHC  = 8 TeV, Nov 2015s

 [GeV]t
T

p
0 50 100 150 200 250 300 350 400

N
N

LO
D

at
a 

or
 th

eo
ry

0.8
1

1.2
1.4  syst. unc.⊕CMS stat. 

 syst. unc.⊕ATLAS stat. 

22



Top Quark Production

single top production

23



Top Quark Production

single top production

s-channel

t-channel

tW-channel

23



Top Quark Production

single top production

s-channel

t-channel

tW-channel

W∗

t

b̄

q

q̄′

23



Top Quark Production

single top production

s-channel

t-channel

tW-channel

W∗

t

b̄

q

q̄′

W

tb

q′q

23



Top Quark Production

single top production

s-channel

t-channel

tW-channel

W∗

t

b̄

q

q̄′

W

tb

q′q

b

t

W

b

g

t

tg

Wb

23



Top Quark Production

single top production

s-channel

t-channel

tW-channel

W∗

t

b̄

q

q̄′

W

tb

q′q

W

t

b

q′q

g
b̄

b

t

W

b

g

t

tg

Wb

23



Top Quark Production

single top production

s-channel

t-channel

tW-channel

W∗

t

b̄

q

q̄′

W

tb

q′q

W

t

b

q′q

g
b̄

b

t

W

b

g

t

tg

Wb

Dominant at both the Tevatron and the LHC.
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Second most dominant process at the
Tevatron.

Loses out at the LHC due to low q̄ densities
inside the proton.

Dominant at both the Tevatron and the LHC.
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single top production

s-channel

t-channel

tW-channel
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Wb

Second most dominant process at the
Tevatron.

Loses out at the LHC due to low q̄ densities
inside the proton.

Dominant at both the Tevatron and the LHC.

Very small at the Tevatron (two massive
particles in the final state).

Second most dominant process at the LHC.
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Top Quark Production

single top production

s-channel

t-channel

tW-channel
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[Tait et al., 2000, [7]]

Tevatron LHC

s-channel 0.86 pb 11 pb

t-channel 2.4 pb 243 pb

tW-channel 0.088 pb 51 pb

mt = 175 GeV; CTEQ4L, CTEQ4M PDFs
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Top Quark Production

single top production

[LHC Top WG, 2015, [6]]
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t-channel

Wt

s-channel

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

CMS t-channel

CMS-PAS-TOP-15-004
090,(2014)035, JHEP06(2012)JHEP12

ATLAS Wt
142, arXiv:1510.03752(2012)PLB716

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

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

ATLAS s-channel

arXiv:1511.05980
L.,ATLAS-CONF-2011-118 95% C.

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

58(2014)PLB736NNLO
, MSTW2008nnloVeG= 172.5topm

scale uncertainty

091503,(2011)PRD83NNLL+NLO
054028(2010)054018, PRD81(2010)PRD82

, MSTW2008nnloVeG= 172.5topm
 contribution removedtWt: t

 uncertaintysα⊕ PDF ⊕scale

74(2015)10, CPC191(2010)NPPS205NLO
,top= m

F
µ=

R
µ,VeG= 172.5topm

CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC)
VeG60= removalt veto for tb

T
Wt: p

VeG65=
F

µ                        and 
scale uncertainty

 uncertaintysα⊕ PDF ⊕scale
VeG= 172.5

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

stat  syst
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Top Quark Production

single top production

[Tevatron Electroweak WG, 2014, [8]]

0 1 2 3 4

Tevatron single top summary

Cross section [pb]

 = 172.5 GeVtopm

Measurement Cross section [pb]
s-channel:

t-channel:

s+t:

PRL 112, 231805 (2014)
CDF

  -0.32
 +0.371.36

PLB 726, 656 (2013)
D0

  -0.31
 +0.331.10

PRL 112, 231803 (2014)
Tevatron combined

  -0.24
 +0.261.29

PLB 726, 656 (2013)
D0

  -0.49
 +0.533.07

CDF note 10793

+jetslCDF 
  -0.53
 +0.573.04

CDF note 10979

+jetsTECDF 
  -1.43
 +1.393.20

PLB 726, 656 (2013)
D0

  -0.55
 +0.594.11

Theory (NLO+NNLL)
PRD81 054028 (2010), PRD83 091503 (2011)
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Top Quark Decay

t

d, s,b

W+

ℓ+, d̄, s̄

νℓ,u, c
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Top Quark Decay

t

b

W+

ℓ+, d̄, s̄

νℓ,u, c

Vtb

Vtb = 0.999118+0.000024
−0.000014 [CKM Fitter, 2015, [9]]
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Top Quark Properties

Mass

[LHC Top WG, 2015, [6]]

 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-8 TeVs summary, topmLHCtop WG

shown below the line
(*) Superseded by results

Sep 2015

World Comb. Mar 2014, [7]

 0.67) GeV± 0.76 (0.36 ± = 173.34 topm

stat
total uncertainty total  stat

    Ref.s syst) ± total (stat ±topm

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31

ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09

CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49

CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50

CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49

LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29

World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34

ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33

ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79

ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1

ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2

)
l+jets, dil.
Mar 2015(ATLAS comb. 7 TeV  [8] 0.78)± 0.91 (0.48 ±172.99

CMS, l+jets 8 TeV  [11] 0.48)± 0.51 (0.16 ±172.35

CMS, dilepton 8 TeV  [11] 1.22)± 1.23 (0.19 ±172.82

CMS, all jets 8 TeV  [11] 0.59)± 0.64 (0.25 ±172.32

CMS comb. (Sep 2015) 7+8 TeV  [11] 0.47)± 0.48 (0.13 ±172.44

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427

[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330

[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158

[4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055

[5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
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Top Quark Properties

Width

SM (NNLO) : Γt = 1.32 GeV [Gao et al., 2013, [10]]

CDF : 1.10 < Γt < 4.05 GeV at 68% confidence level [CDF, 2013, [11]]

CMS : Γt = 1.36 ± 0.02 (stat.) +0.14
−0.11 GeV [CMS, 2014, [12]]
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Top Quark Properties

Width

SM (NNLO) : Γt = 1.32 GeV [Gao et al., 2013, [10]]

CDF : 1.10 < Γt < 4.05 GeV at 68% confidence level [CDF, 2013, [11]]

CMS : Γt = 1.36 ± 0.02 (stat.) +0.14
−0.11 GeV [CMS, 2014, [12]]

Charge

DØ : Qt = − 4/3 excluded at more than 5σ. [DØ, 2014, [13]]

ATLAS : Qt = 0.64 ± 0.02 (stat.) ± 0.08 (syst.) [ATLAS, 2013, [14]]

Qt = − 4/3 excluded at more than 8σ.
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Top FCNC Decays

t → u X, t → c X ( X ≡ γ, Z, g,H )

Forbidden at the tree-level in the SM. (flavor universal couplings, unitarity of the CKM matrix)

Occur at the loop level ⇒ small rates.

SM Experimental

B(t→ u γ) O(10−14) < 1.3× 10−4 [CMS, 2015, [15]]

B(t→ c γ) O(10−14) < 1.7× 10−3 [CMS, 2015, [15]]

B(t→ q Z) O(10−14) < 5× 10−4 [CMS, 2015, [15]]

< 7× 10−4 [ATLAS, 2015, [16]]

B(t→ u g) O(10−10) < 4× 10−5 [ATLAS, 2016, [16]]

B(t→ c g) O(10−10) < 20× 10−5 [ATLAS, 2016, [16]]

B(t→ u H) O(10−17) < 4.6× 10−3 [ATLAS, 2015, [16]]

B(t→ c H) O(10−15) < 4.5× 10−3 [ATLAS, 2015, [16]]
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t → u X, t → c X ( X ≡ γ, Z, g,H )

Forbidden at the tree-level in the SM. (flavor universal couplings, unitarity of the CKM matrix)

Occur at the loop level ⇒ small rates.

SM Experimental

B(t→ u γ) O(10−14) < 1.3× 10−4 [CMS, 2015, [15]]

B(t→ c γ) O(10−14) < 1.7× 10−3 [CMS, 2015, [15]]

B(t→ q Z) O(10−14) < 5× 10−4 [CMS, 2015, [15]]

< 7× 10−4 [ATLAS, 2015, [16]]

B(t→ u g) O(10−10) < 4× 10−5 [ATLAS, 2016, [16]]

B(t→ c g) O(10−10) < 20× 10−5 [ATLAS, 2016, [16]]

B(t→ u H) O(10−17) < 4.6× 10−3 [ATLAS, 2015, [16]]

B(t→ c H) O(10−15) < 4.5× 10−3 [ATLAS, 2015, [16]]

SM rates much lower than the current experimental reach.
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Top-Higgs Yukawa Interaction
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v

In principle, already tested in σ(gg→ H).

In practice, σ(gg→ H) is plagued by large
theoretical (gluon PDFs) and experimental (all Higgs decay

channels needed) uncertainties.

To measure the top-Higgs coupling : p p→ t t̄ H
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Top-Higgs Yukawa Interaction
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Top-Higgs Yukawa Interaction

σ(pp → t̄tH) at
√

s = 8 TeV ∼ 130 pb

[CMS, 2015, [17]]

 = 125 GeVH at m
SM

σ/σ = µBest fit 
-4 -2 0 2 4

Combined

DL

SL

 (8 TeV)-119.5 fb

CMS

[ATLAS, 2015, [18]]

=125 GeV
H

 for m
SM

σ/σ=µBest fit 

0 2 4 6 8 10

Combination

Lepton+jets

Dilepton

1.5  1.1± ( 0.7 )

1.2  1.3± ( 0.8 )

2.8  2.0± ( 1.4 )

 ( tot ) ( stat )

tot.

stat.

ATLAS

)bb→H (Htt

1=8 TeV, 20.3 fbs

But is it a purely scalar coupling ? Or is there a pseudo-scalar component ?
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What do we still not know about the
top ?
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The top quark appears to behave exactly as per the SM prescription.
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The top quark appears to behave exactly as per the SM prescription.

Yes, but only upto the energy scales that have been probed.
Beyond this we do not know.

Even at the energy scales that have supposedly been probed, BSM physics
could be hiding - small couplings, does not couple to the first 2
generations, does not couple to gluons.
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What can the top tell us about other
stuff ?
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Would contribute to top
pair production.

(provided it also couples to u, d

quarks & gluons)

Couples to a t̄t pair

e.g. ZH, gH, HH.

(H → heavy)

Would appear as a resonance in the

mt̄t spectrum at mt̄t = MH

New particles coupling to
gluons would easier to

spot.

(t̄t production is dominated by

gg → t̄t.)
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Could contribute to other heavy
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in the mtX spectrum at

mtX = MH.
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H
}.

Consider

t→ c V0
H

, V0
H
→ b b̄
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New physics in rare top

decays.

Off-shell contribution
in the decay :←− −→

mf1f2
does not help !
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Can get contributions from

t→ {u, c} {V0
H
, S0

H
}.

Consider

t→ c V0
H

, V0
H
→ b b̄

i.e. t→ b b̄ c

New physics in rare top

decays.

Single top production from b, c
initial states :←− −→

heavily supressed !!

t→ bW+

W+ → ub̄;W+ → cb̄

(CKM supressed in the SM.)

Can get contributions from

t→ b {V+
H
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H
}.
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New Physics in the Top Sector

If tL is involved in a BSM
coupling, so is bL − can be
(severely) constrained by

flavor physics.

(B-meson decays, oscillations)

NP that contributes to
decay will typically also
contribute to single top

production.

(mH ∼ 500 GeV won’t do.)

Spoiler Alert !

In the NP couples to the
first two generations of

quarks − gets constrained
by dijet data.

(of which we have a huge amount)

In the NP does not couple
to the first two generations
of quarks − sets up FCNC

processes.

(which cannot be large)
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Looking For : New Physics in the Top Sector

Productions cross-sections

(σ · B)

Kinematic distributions :

mt̄t, pT, η, mtX

Angular distributions

Polarization

Spin Correlation

−→

−→

−→

−→

−→

Likely to get affected.

(unless there is destructive interference)

Heavy intermediate

particle

Nature of the couplings

(S, V, T, ✁P, ✚✚CP)

Specific to the top.

Nature of the couplings

(✁P, ✚✚CP)
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∗ Often considered an indicator of parity violation.

∗ Not always so

− e+ e− scattering in pure QED is FB asymmetric
(t-channel propagator).

− SM contribution to At̄t
FB comes from QCD.

∗ Around 2009-10, at the Tevatron :
Observed At̄t

FB ∼ 15%

SM Expectation : At̄t
FB ∼ 5%

∗ Later :
More data collected at Tevatron −
observed At̄t

FB decreased;
SM calculations revised (EW corrections in-

corporated) − expected At̄t
FB increased.

∗ Now : Data and theory consistent
within error bars.
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N(cos θt > 0) + N(cos θt < 0)

∗ Often considered an indicator of parity violation.

∗ Not always so

− e+ e− scattering in pure QED is FB asymmetric
(t-channel propagator).

− SM contribution to At̄t
FB comes from QCD.

∗ Not feasible at the LHC :

symmetric initial state ⇒ statistically, any
asymmetry gets washed out.

∗ Around 2009-10, at the Tevatron :
Observed At̄t

FB ∼ 15%

SM Expectation : At̄t
FB ∼ 5%

∗ Later :
More data collected at Tevatron −
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Looking For : New Physics in the Top Sector

Polarization

Pt =
N(↑) − N(↓)
N(↑) + N(↓)

(↑, ↓ : helicity)

∗ Γt ≈ 2 GeV ⇒ τt ≈ 0.33× 10−24 s

∗ ΛQCD = 200 MeV ⇒ τhad = 3.3× 10−24 s

∗ The top quark decays before it can hadronize !
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∗ ΛQCD = 200 MeV ⇒ τhad = 3.3× 10−24 s

∗ The top quark decays before it can hadronize !

∗ Pt can be inferred from the angular distributions of

the decay products.

∗ Genuine indicator of parity violating couplings.
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Spin Correlation

κt̄t =
N(↑ ↑) + N(↓ ↓) − N(↑ ↓) − N(↓ ↑)
N(↑ ↑) + N(↓ ↓) + N(↑ ↓) + N(↓ ↑)

(↑, ↓ : helicity)

1

σ

d2σ

d cos θ∗
i

d cos θ∗
j̄

=
1

4

(

1 + Pt αi cos θ∗i + P̄t ᾱj cos θ∗
j̄
+ κt̄t αi ᾱj cos θ∗i cos θ∗

j̄

)

θ∗i : measured in the top rest frame θ∗
j̄

: measured in the anti-top rest frame

αi : ‘spin analyzing power’ of the particle i

In the SM :

Pt, P̄t ≈ 0 (arise only from EW contributions)

κt̄t 6= 0
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Looking For : New Physics in the Top Sector

Points to Ponder

∗ BSM contributions can affect both top production and decay.

∗ The only observables are the decay products.

∗ If a deviation from the SM is seen - what is it a sign of ?

− New physics in the production mechanism ?

− New physics in the decay ?

∗ Way out ?

− Construct observables carefully.

− Compare and correlate multiple observables.

46



Summary

47



Summary

The existence of the top quark was anticipated well before it was
discovered.

In the 20 years since its discovery, many of the properties of the top
quark have been studied in detail.

47



Summary

The existence of the top quark was anticipated well before it was
discovered.

In the 20 years since its discovery, many of the properties of the top
quark have been studied in detail.

So far, the top quark has shown no non-standard behaviour.

However, physics Beyond the Standard Model ought to exist.

47



Summary

The existence of the top quark was anticipated well before it was
discovered.

In the 20 years since its discovery, many of the properties of the top
quark have been studied in detail.

So far, the top quark has shown no non-standard behaviour.

However, physics Beyond the Standard Model ought to exist.

The top might well be our window to the New (Physics) World.

47



Summary

The existence of the top quark was anticipated well before it was
discovered.

In the 20 years since its discovery, many of the properties of the top
quark have been studied in detail.

So far, the top quark has shown no non-standard behaviour.

However, physics Beyond the Standard Model ought to exist.

The top might well be our window to the New (Physics) World.

Run 2 of the LHC has only just begun.

47



Summary

The existence of the top quark was anticipated well before it was
discovered.

In the 20 years since its discovery, many of the properties of the top
quark have been studied in detail.

So far, the top quark has shown no non-standard behaviour.

However, physics Beyond the Standard Model ought to exist.

The top might well be our window to the New (Physics) World.

Run 2 of the LHC has only just begun.

The game is afoot !
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Glossary

∗ LEP : Large Electron Positron Collider; e+ e− collider at CERN; operated during 1989-2000
in the same tunnel that now houses the LHC; started at

√
s = MZ = 91 GeV and went up to√

s = 209 GeV.

∗ CLEO : The particle detector attached to the Cornell Electron Storage Ring (CESR); CESR
collided e+ and e− at

√
s ≈ 10 GeV; aimed at studying B-mesons; operated during

1979-2008; CESR is pronounced “Ceaser”; CLEO is short for Cleopatra. ,

∗ SLC : Stanford Linear Collider; e+ e− linear collider at SLAC; operated during 1989-1998;√
s = MZ; used polarized electrons.

∗ Tevatron : pp̄ collider at Fermilab; operated during 1987-2011;
√

s = 1.8 TeV (Run I) and
1.96 TeV (Run II).
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Top FCNC Decays
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[Choudhury et al., 2007, [20]]
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