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top-quark : A looking glass

The mass of the top-quark is very large (mt ∼ 175 GeV)

its decay width (Γt ∼ 1.5 GeV) is much larger than the typical scale
of hadronization, i.e. it decays before getting hadronized. The spin
information of top-quark is translated to the decay distribution.
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top-quark : A looking glass

The mass of the top-quark is very large (mt ∼ 175 GeV)

its decay width (Γt ∼ 1.5 GeV) is much larger than the typical scale
of hadronization, i.e. it decays before getting hadronized. The spin
information of top-quark is translated to the decay distribution.

the decay lepton angular distribution is insensitive to the
anomalous tbW couplings, and hence a pure probe of new physics
in top-production process; observed for top-pair production at

e+e− (Rindani, Grzadkowski) as well as γγ collider (Ohkuma,
Godbole).

the angular distribution of b-quark is very sensitive to the
anomalous tbW couplings and can be used to probe it.

leptons from top decay provide a clean and un-contaminated

probe of top-production mechanism.

We have a clean looking glass for new physics.
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Anomalous t-decay

Anomalous tbW vertex :

Γµ =
g√
2

[

γµ(f1LPL + f1RPR) − iσµν

mW

(pt − pb)ν (f2LPL + f2RPR)

]
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Anomalous tbW vertex :

Γµ =
g√
2

[

γµ(f1LPL + f1RPR) − iσµν

mW

(pt − pb)ν (f2LPL + f2RPR)

]

In the SM, f1L = 1, f1R = 0, f2L = 0, f2R = 0.

Contribution from f1R, f2L are proportional to mb.
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Γt

dΓt

d cos θf
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1

2

(

1 + αf Pt cos θf

)

αl = 1 −O(f2
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t − 2m2
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]
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[
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mb

mW
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Lepton distribution

AB t P1 ... P
n−1

b W+

l+ ν

Lepton distribution is independent of anomalous tbW coupling if

t-quark is on-shell; narrow-width approximation for t-quark,
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Lepton distribution

AB t P1 ... P
n−1

b W+

l+ ν

Lepton distribution is independent of anomalous tbW coupling if

t-quark is on-shell; narrow-width approximation for t-quark,

anomalous couplings f1R, f2R and f2L are small,

narrow-width approximation for W -boson,

b-quark is mass-less,

t → bW (ℓνℓ) is the only decay channel for t-quark.
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Decay distribution

Narrow-width approximation for t-quark ⇒

|M|2 =
πδ(p2

t − m2
t )

Γtmt

∑

λ,λ′

ρ(λ, λ′)Γ(λ, λ′)

where,

ρ(λ, λ′) = Mρ(λ) M∗

ρ (λ′) and Γ(λ, λ′) = MΓ(λ) M∗

Γ(λ′).
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Decay distribution

Narrow-width approximation for t-quark ⇒

|M|2 =
πδ(p2

t − m2
t )

Γtmt

∑

λ,λ′

ρ(λ, λ′)Γ(λ, λ′)

where,

ρ(λ, λ′) = Mρ(λ) M∗

ρ (λ′) and Γ(λ, λ′) = MΓ(λ) M∗

Γ(λ′).

dσ =
X

λ,λ′

"

(2π)4

2I
ρ(λ, λ′)δ4(kA + kB − pt −

n−1
X

i

pi)
d3pt

2Et(2π)3

n−1
Y

i

d3pi

2Ei(2π)3

#

×

»

1

Γt

„

(2π)4

2mt

Γ(λ, λ′)δ4(pt − pb − pν − pℓ)
d3pb

2Eb(2π)3
d3pν

2Eν(2π)3

«

d3pℓ

2Eℓ(2π)3

–

.
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Decay distribution

Production part (φt = 0) :

∫

d3pt

2Et(2π)3

n−1
∏

i

d3pi

2Ei(2π)3
(2π)4

2I
ρ(λ, λ′)δ4

(

kA + kB − pt −
( n−1

∑

i

pi

))

= dσ2→n(λ, λ′) dEt d cos θt.

Ritesh SINGH – p.6/14



TOP06, CERN

Decay distribution

Production part (φt = 0) :

∫

d3pt

2Et(2π)3

n−1
∏

i

d3pi

2Ei(2π)3
(2π)4

2I
ρ(λ, λ′)δ4

(

kA + kB − pt −
( n−1

∑

i

pi

))

= dσ2→n(λ, λ′) dEt d cos θt.

Decay part (in rest rest frame of t-quark) :

1

Γt

(2π)4

2mt

∫

d3pℓ

2Eℓ(2π)3
d3pb

2Eb(2π)3
d3pν

2Eν(2π)3
Γ(λ, λ′)δ4(pt − pb − pν − pℓ)

=
1

32Γtmt

Eℓ

(2π)4
〈Γ(λ, λ′)〉

mtEℓ

dEℓ dΩℓ dp2
W .

Angular brackets stands for averaging over φb about ~pl.
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Decay density matrix

In the rest frame of t-quark, we have

〈Γ(±,±)〉 = g4mt |∆W (p2
W )|2 (1 ± cos θl) × E0

ℓ F (E0
ℓ ),

〈Γ(±,∓)〉 = g4mt |∆W (p2
W )|2 (sin θle

±iφl) × E0
ℓ F (E0

ℓ ).

where ∆W (p2
W ) = 1

p2

W
−m2

W
+iΓW mW

F (E0
ℓ ) =

[

(m2
t − m2

b − 2pt · pl)

(

|f1L|2 + ℜ(f1Lf∗

2R)
mt

mW

p2
W

pt.pl

)

− 2ℜ(f1Lf∗

2L)
mb

mW

p2
W −ℜ(f1Lf∗

1R)
mb mt

pt.pl

p2
W

]

In general,

〈Γ(λ, λ′)〉 = (mtE
0
ℓ ) |∆(p2

W )|2 g4 A(λ, λ′) F (E0
ℓ )
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Angular distribution of lepton

Combining production and decay part, we have

dσ =
1

32 Γtmt(2π)4





∑

λ,λ′

dσ2→n(λ, λ′) × g4Ac.m.(λ, λ′)





× dEt d cos θt d cos θℓ dφℓ

× Eℓ F (Eℓ) dEℓ dp2
W

and

Γt ∝
∫

Eℓ F (Eℓ) dEℓ dp2
W

Contribution from anomalous tbW couplings cancels between
numerator and denominator, if t → bW is the only decay channel.

⇒ Lepton angular distribution is independent of anomalous tbW
interactions.
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Angular distribution of lepton

(Thanks to Peskin)

t l

ν

b

z-axis

λ t= +1
t l

ν

b

z−axis

λ t= −1

M(t↑; φb = 0) = CSM + O(fi) M(t↓; φb = 0) = 0 + O(fi)

M(t↑; φb) = M(t↑; φb = 0) e−i(0)φb M(t↓; φb) = M(t↓; φb = 0) e−i(−1)φb
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Angular distribution of lepton

(Thanks to Peskin)

t l

ν

b

z-axis

λ t= +1
t l

ν

b

z−axis

λ t= −1

M(t↑; φb = 0) = CSM + O(fi) M(t↓; φb = 0) = 0 + O(fi)

M(t↑; φb) = M(t↑; φb = 0) e−i(0)φb M(t↓; φb) = M(t↓; φb = 0) e−i(−1)φb

The density matrix of the configuration is:

Γt ∝
[

1 + O(fi) + O(f2
i ) ( ) e−iφb

( ) eiφb O(f2
i )

]
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Angular distribution of lepton

(Thanks to Peskin)

t l

ν

b

z-axis

λ t= +1
t l

ν

b

z−axis

λ t= −1

M(t↑; φb = 0) = CSM + O(fi) M(t↓; φb = 0) = 0 + O(fi)

M(t↑; φb) = M(t↑; φb = 0) e−i(0)φb M(t↓; φb) = M(t↓; φb = 0) e−i(−1)φb

Integration over φb gives:

〈Γt〉 ∝
[

1 + O(fi) + O(f2
i ) 0

0 O(f2
i )

]

.
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Angular distribution of lepton

(Thanks to Peskin)

t l

ν

b

z-axis

λ t= +1
t l

ν

b

z−axis

λ t= −1

M(t↑; φb = 0) = CSM + O(fi) M(t↓; φb = 0) = 0 + O(fi)

M(t↑; φb) = M(t↑; φb = 0) e−i(0)φb M(t↓; φb) = M(t↓; φb = 0) e−i(−1)φb

Neglecting the terms of O(f2
i ) we get:

〈Γt〉 ∝ (1 + O(fi))

[

1 0

0 0

]

,
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Angular distribution of lepton

(Thanks to Peskin)

t l

ν

b

z-axis

λ t= +1
t l

ν

b

z−axis

λ t= −1

M(t↑; φb = 0) = CSM + O(fi) M(t↓; φb = 0) = 0 + O(fi)

M(t↑; φb) = M(t↑; φb = 0) e−i(0)φb M(t↓; φb) = M(t↓; φb = 0) e−i(−1)φb

Rotation of ~pl to (θl, φl) gives:

〈Γt〉 ∝ (1 + O(fi))

[

1 + cos θl sin θle
iφl

sin θle
−iφl 1 − cos θl

]

,

Lepton’s angular distribution remains unchanged.
El distribution is changed.
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Energy distribution of lepton

The E0
ℓ distribution (in the top-rest-frame) depends only on the

possible new physics in t → bW decay.
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of t-quark !!
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Energy distribution of lepton

The Eℓ distribution (in the lab frame) depends on

• the anomalous couplings in
the tbW vetex
⇒ new physics in t-decay
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Energy distribution of lepton

The Eℓ distribution (in the lab frame) depends on

• the anomalous couplings in
the tbW vetex
⇒ new physics in t-decay

• the energy distribution and
the polarization of t-quark ⇒
dynamics of t-production
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Polarization of t-quark

Polarized cross-sections :

Z

d3pt

2Et(2π)3

 

n−1
Y

i=1

d3pi

2Ei(2π)3

!

(2π)4

2I
ρ(λ, λ′) δ4

 

kA + kB − pt −

 

n−1
X

i=1

pi

!!

= σ(λ, λ′).
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Polarized cross-sections :

Z

d3pt

2Et(2π)3

 

n−1
Y

i=1

d3pi

2Ei(2π)3

!

(2π)4

2I
ρ(λ, λ′) δ4

 

kA + kB − pt −
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X

i=1

pi

!!

= σ(λ, λ′).

Total cross-section :

σtot = σ(+, +) + σ(−,−)
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Polarization of t-quark

Polarized cross-sections :

Z

d3pt

2Et(2π)3

 

n−1
Y

i=1

d3pi

2Ei(2π)3

!

(2π)4

2I
ρ(λ, λ′) δ4

 

kA + kB − pt −

 

n−1
X

i=1

pi

!!

= σ(λ, λ′).

Total cross-section :

σtot = σ(+, +) + σ(−,−)

Polarization density matrix :

Pt =
1

2

(

1 + η3 η1 − iη2

η1 + iη2 1 − η3

)

,

η3 = (σ(+, +) − σ(−,−)) /σtot

η1 = (σ(+,−) + σ(−, +)) /σtot

i η2 = (σ(+,−) − σ(−, +)) /σtot
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Polarization of t-quark

Polarization through leptonic decay of t-quark :

η3

2
=

σ(pℓ.s3 < 0) − σ(pℓ.s3 > 0)

σ(pℓ.s3 < 0) + σ(pℓ.s3 > 0)

η2

2
=

σ(pℓ.s2 < 0) − σ(pℓ.s2 > 0)

σ(pℓ.s2 < 0) + σ(pℓ.s2 > 0)

η1

2
=

σ(pℓ.s1 < 0) − σ(pℓ.s1 > 0)

σ(pℓ.s1 < 0) + σ(pℓ.s1 > 0)

si.sj = −δij pt.si = 0

For pµ
t = Et(1, βt sin θt, 0, βt cos θt), we have

sµ
1 = (0,− cos θt, 0, sin θt), sµ

2 = (0, 0, 1, 0), sµ
3 = Et(βt, sin θt, 0, cos θt)/mt.
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Polarization of t-quark

η2 : transverse polarization normal to the production plane.

Simplest quantity to measure;
requires reconstruction of t-production plane;
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η2 : transverse polarization normal to the production plane.

Simplest quantity to measure;
requires reconstruction of t-production plane;

η1 : transverse polarization in the production plane.

requires reconstruction of t-production plane and cos θt;
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Polarization of t-quark

η2 : transverse polarization normal to the production plane.

Simplest quantity to measure;
requires reconstruction of t-production plane;

η1 : transverse polarization in the production plane.

requires reconstruction of t-production plane and cos θt;

η3 : average helicity.

requires reconstruction of t-production plane, cos θt and Et;

Energy and angular distribution of leptons in lab frame can be used as
a measure of the t-polarization.
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Polarization estimation

Lab frame azimuthal distribution of leptons:

 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

 0.035

 0.04

 0.045

 0.05

 0.055

 0  1  2  3  4  5  6

(1
/σ

) 
dσ

/d
φ l

 [
ra

d-1
]

φl [rad]

η3 = +0.83
η3 = -0.83
η3 = +0.73
η3 = -0.48

Ritesh SINGH – p.13/14



TOP06, CERN

Polarization estimation

Lab frame energy distribution of leptons:
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Polarization estimation

Lepton energy fraction in lab frame u = El/(El + Eb) (Shelton)
(From Rohini’s talk)
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Polarization estimation

Lepton energy fraction in lab frame u = El/(El + Eb) (Shelton)
(From Rohini’s talk)
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Conclusions

Lepton angular distribution is a pure probe of possible new
physics in any process of t-quark production, independent of
possible new physics in t → bW decay.
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Polarization of t-quark can be measured (quantitatively) through
angular asymmetries (w.r.t. pl.si) of decay leptons.

Azimuthal and energy distribution of decay lepton in the
lab-frame is a good probe of t-polarization.
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