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Overview: Standard Model of Elementary Particle Physics

The SM of particles, developed in 1970’s, includes 61 particles as follows:

12 Leptons, 36 Quarks , 8 Gluons, W±, Z 0, Photon and Higgs
boson
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Top quark decay in the SM:
t(pt)→ b(pb)W+(pW )→ bl+(pl)νl(pν)
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dΓ0 =
1

2mt
|M0|2dPS3 (1)

|M0|2 =
∑
spin

|M0|2/(1 + 2st)

dPS3 = (2π)−5
d3~pb
2Eb

d3~pν
2Eν

d3~pl
2El

δ4(pt − pb − pν − pl) =
1

25π3
dEbdEl

The Breit-Wigner prescription of the W+ boson propagator:

(
1

p2W −M2
W

)2
B−W−→ (

1

p2W −M2
W + iMW ΓW

)2 =
1

(p2W −M2
W )2 + (MW ΓW )2
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The decay rate at the loest order(a: Full calculation)

ΓSM
0 (t → bl+νl) =

mtα
2|Vtb|2

192π sin4 θW

{
2(R − 1)(1 + R − 2ω)

+

[
3(ω − 1)(R − ω) + ω

Γ2
W

m2
t

]
ln
ωΓ2

W + m2
t (R − ω)2

ωΓ2
W + m2

t (1− ω)2
+

1

mt
√
ωΓW

[
3ωΓ2

W (1 + R − 2ω) + m2
t (1− R)3 + m2

t (R − ω)2 ×

(R + 2ω − 3)

](
tan−1

mt(ω − R)√
ωΓW

+ tan−1
mt(1− ω)√

ωΓW

)}
(2)

R = (mb/mt)
2, ω = (mW /mt)

2, l+νl = τ+ντ
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Narrow width approximation (b)

we introduce the following identity

1 =

∫
dp2W

∫
d3pW
2EW

δ4(pW+ − pl+ − pνl
) (3)

dΓ0 = 2mW

∫
dp2W
2π
|MSM

0 |2

× 1

2mt

dPS2(t→bW+)︷ ︸︸ ︷{ d3pb
(2π)32Eb

d3pW
(2π)32EW

(2π)4δ4(pt − pb − pW+)
}

× 1

2mW

{ d3pl
(2π)32El

d3pνl

(2π)32Eνl

(2π)4δ4(pW+ − pl+ − pνl
)
}

︸ ︷︷ ︸
dPS2(W+→l+νl )

|MSM
0 |2 =

1

(p2
W −m2

W )2 + (mW ΓW )2
|MBorn(t → bW+)|2 × |MBorn(W+ → l+νl)|2
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Narrow width approximation (b)

Γ(t → bl+νl) = Γ(t → bW+)
Γ(W+ → l+νl)

ΓW

= Γ(t → bW+)Br(W+ → l+νl), (4)

ΓSM
0 (t → bW+) =

mtα
√
S2 − R

8 sin2 θW
(1 + R − 2ω +

(1− R)2

ω
) (5)

S = (1 + R − ω)/2
Br(W+ → τ+ντ ) = 11.25± 0.20( in units 10−2)1

1J. Beringer et al. [Particle Data Group], Phys. Rev. D 86 (2012) 010001.
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Numerical results

mτ = 1.776 GeV, mt = 172.98 GeV,
mW = 80.339 GeV, mb = 4.78 GeV,
ΓW = 2.085± 0.042 GeV, sin2 θW = 0.2312,
α = 0.0077 and |Vtb| ≈ 12:

ΓSM
0 (t → bτ+ντ)

a
= 0.1543

ΓSM
0 (t → bτ+ντ)

b
= 0.1645 (6)

2C. Patrignani et al. [Particle Data Group], Chin. Phys. C 40 (2016) no.10, 100001.
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Top quark decay in Beyond the
Standard Model
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Simplest scenario of BSM: Two-Higgs-Doublet Model

In particle physics, a two-Higgs-doublet model (2HDM) is an
extension of the Standard Model in which a second Higgs doublet is
added to the Higgs sector of the SM

The addition of the second Higgs doublet, after spontaneous
symmetry breaking, leads to five physical states:

1 The light and heavy CP-even neutral Higgs bosons h and H
(mH > mh)

2 The CP-odd pseudoscalar Higgs A
3 Two charged Higgs bosons H±

Such a model has six free parameters:
1 Four Higgs masses (mh,mH ,mA,mH±)
2 Ratio of the vacuum expectation values of the two electrically neutral

components of the two Higgs doublets (tanβ =< H2 > / < H1 >)
3 A mixing angle (α)

S. Abbaspour Yazd University, Yazd, Iran In collaboration with: Dr. Moosavi Nejad RDP 7th Autumn School & Workshop in Particle PhysicsSeptember 23-28, 2019, TSU, Tbilisi, GeorgiaInterference effects for the top quark decays t → b + W+/H+(→ τ + ντ )



13

Top decay in the 2HDM: t → bH+ → bl+νl

The Yukawa couplings between H±, b and t quarks are expressed as :

LI =
gW

2
√

2mW

H+
{
Vtb[ūt(pt){A(1 + γ5) + B(1− γ5)}ub(pb)]

+C ψ̄νl
(1− γ5)ψl

}
(7)

A B C
Type I mt cotβ −mb cotβ −mτ cotβ
Type II mt cotβ mb tanβ mτ tanβ
Type III mt cotβ mb tanβ −mτ cotβ
Type IV mt cotβ −mb cotβ mτ tanβ
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The decay rate at the loest order (a: full calculation)

ΓBSM
0 (t → bl+νl) = (

Cα|Vtb|
16
√
πm2

W sin2 θW
)2 ×

{
mt(R − 1)

[
8AB
√
R

+(A2 + B2)(3 + R − 4y)

]
+ 2

√
y

ΓH

(
tan−1 mt(y − R)

√
yΓH

+ tan−1 mt(1− y)
√
yΓH

)[
4AB
√
R(Γ2

H + (1− y)m2
t )

+(A2 + B2)
[
(2 + R − 3y)Γ2

H + m2
t (1− y)(1 + R − y)

]]
+mt

[
4AB(2y − 1)

√
R + (A2 + B2)

(yΓ2
H

m2
t

−(1 + R − 4y − 2Ry + 3y 2)
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ln
yΓ2

H + m2
t (R − y)2

yΓ2
H + m2

t (1− y)2

}
(8)
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Narrow width aproximation (b)

ΓBSM
0 (t → bl+νl) = ΓBSM

0 (t → bH+)× Br(H+ → l+νl) (9)

ΓBSM
0 (t → bH+) = mt(

gW |Vtb|
8
√
πmW

)2
{

(A2 + B2)(1 + R − y)

+2AB)
√
R
}
λ

1
2 (1,R, y) (10)

λ(x , y , z) = (x − y − z)2 − 4yz is the Källén function (triangle function)

Br(H+ → τ+ντ )model−I =
1

1 + 3|Vcs |2[( ms
mτ

)2 + ( mc
mτ

)2]

Br(H+ → τ+ντ )model−II =
1

1 + 3|Vcs |2[( ms
mτ

)2 + ( mc
mτ

)2 cot4 β]
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Numerical results in the 2HDM

ms = 95 MeV, mc = 1.67 GeV, mτ = 1.776 GeV, |Vcs | = 0.9734,
mH+ = 95 GeV and tanβ = 8
from full calculation:

ΓModel I
0 = 36× 10−4

ΓModel II
0 = 559× 10−4 (11)

In the NWA scheme:

ΓModel I
0 = 35× 10−4

ΓModel II
0 = 568× 10−4 (12)
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Figure: The Born decay rate of t → bτ+ντ as a function of tanβ for
mH+ = mW+ .
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Interference effects: t → b + W+/H+(→ l+νl)

MTotal(t → bl+ν+) = MSM
t→bl+ν+ + MBSM

t→bl+ν+ (13)

|M0|2 = |MSM
0 |2 + |MBSM

0 |2 + 2Re(MBSM
0 ·MSM†

0 ) (14)

ΓTot
t = ΓSM

0 (t → bl+νl) + ΓBSM
0 (t → bl+νl) + ΓInt

0 (15)
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Interference effects: t → b + W+/H+(→ l+νl)

ΓInt
0 (t → bl+νl) =

Cα2
√
l

27πm2
tω sin4 θW

{
2mt(R − 1)(A− B

√
R)

+
1

m2
t (y − ω)2 + (

√
yΓH +

√
ωΓW )2

[
f (y , ω, ΓH , ΓW ) +

g(y , ω, ΓH , ΓW ) + h(y , ω, ΓH , ΓW ) + Q(y , ω, ΓH , ΓW )
]}

g(y , ω, ΓH , ΓW ) = f (y ↔ ω, ΓH ↔ ΓW )

Q(y , ω, ΓH , ΓW ) = h(y ↔ ω, ΓH ↔ ΓW )
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f (y , ω, ΓH , ΓW ) = mt ln
(R − y)2m2

t + yΓ2
H

(1− y)2m2
t + yΓ2

H

(
m2

t (y − ω)
[
A(1− y)2

+B
√
R(1− y2)

]
+ 2
√
yωΓHΓW

[
A(y − 1)− By

√
R
]

+yΓ2
H

[
A(y + ω − 2)− B(y + ω)

√
R
])

h(y , ω, ΓH , ΓW ) = 2

[
tan−1

mt(R − y)
√
yΓH

− tan−1
mt(1− y)
√
yΓH

]
×[

(B
√
R − A)

(
yΓW Γ2

H

√
ω + (ΓH

√
y)3 + m2

t ΓH(y2 − 2yω + 1)
√
y

−m2
t (y2 − 1)ΓW

√
ω

)
+ 2Am2

t

(
(1− ω)ΓH

√
y + (1− y)ΓW

√
ω

)]
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Numerical results

mH+ ≈ mW+ and tanβ = 8:

ΓSM
0 ΓBSM

0 ΓInt
0

Type I 0.1543 4.53× 10−3 9.95× 10−5

Type II 0.1543 69.4× 10−3 −682× 10−5

mH+ = 85 GeV and tanβ = 8:

ΓSM
0 ΓBSM

0 ΓInt
0

Type I 0.1543 4.2× 10−3 9.2× 10−6

Type II 0.1543 65.1× 10−3 −129× 10−6
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The
interference contribution as a function of tanβ for mH+ = mW+ .
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The
interference contribution as a function of tanβ for mH+ = 120 GeV.
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The
contribution of interference term in the Born decay rate of t → bτ+ντ as

a function of mH+ in two scenarios for tanβ = 8.
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The
interference term as a function of mH+ for tanβ = 30.
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