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Outline

• derivation of the lagrangian of the MSSM theory

⋄ notation
⋄ supersymmetry algebra
⋄ formalism of superspace and superfields
∗ derivation of the supersymmetric generators, chiral and vector superfields, field

strength superfields (abelian and non-abelian case)
⋄ lagrangian

• calculation of the neutralino decay

⋄ particle spectrum of the MSSM, superpotential, Lsoft - lagrangian
⋄ couplings - relevant to the process
⋄ renormalization of the MSSM (sfermions, fermions)
⋄ QCD corrections: vertex, wave function and counterterm corrections
⋄ by-hand calculation of generic diagrams
⋄ use of Mathematica and LoopTools programs
⋄ graphs
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Notation, Weyl spinors

• We use the metric ηµν = diag(1,−1,−1,−1)

• The Pauli matrices and the matrix σ0 are defined as (in Peskin-Schroeder)

σ0 :=

(
1 0
0 1

)
σ1 :=

(
0 1
1 0

)
σ2 :=

(
0 −i
i 0

)
σ3 :=

(
1 0
0 −1

)

• In the Weyl representation, the Dirac matrices γµ are given by

γµ =

(
0 σµ

σ̄µ 0

)

where σµ := (σ0, σi) , and σ̄µ := (σ0,−σi)

• Dirac bispinor: ψ =

(
ψL
ψ̄R

)

The two-component objects ψL and ψ̄R are called left-handed and right-handed
Weyl spinors. Their transformation laws under rotations ~α and boosts ~β are

ψL → AψL where A = exp(− i
2~α~σ − 1

2
~β~σ)

ψR → (A−1)+ψR where (A+)−1 = exp(− i
2~α~σ + 1

2
~β~σ)
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Notation, Weyl spinors

• two inequivalent spinor representations of SL(2,C)

1. self-representation: χa → A b
a χb

2. complex conjugate self-representation: η̄ȧ → A∗ ḃ
ȧ η̄ḃ ⇔ η̄ȧ(A−1)+ ȧ

ḃ
η̄ḃ

• summation convention: χη = χaηa, χ̄η̄ = χ̄ḋη̄
ḋ

• structure of Dirac spinor: Ψ ↔
(

ΨL a

Ψ̄ ḋ
R

)
(from trafos under boosts & rotations)

• two dimensional antisymmetric metric tensor ε→ rising, lowering indices (ε12 = 1)

• index structure of sigma matrices: σµ
aḋ
, σ̄µ ḋa (AσµA† = (Λ−1)µνσ

ν)

• definition of σµν, σ̄µν:
σµν := 1

4(σ
µσ̄ν − σνσ̄µ)

σ̄µν := 1
4(σ̄

µσν − σ̄νσµ)
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Supersymmetry algebra

• supersymmetry is a modern theory, that provides (partially) answers on the questions:
hierarchy problem, gauge coupling unification, electroweak symmetry breaking, dark
matter

• theorem of Coleman and Mandula - the most general Lie algebra of symmetries of
S-matrix: Pµ,Mµν, and finite number of Lorentz scalar operators Bl (e.g.SU(n))

• Haag, Lopuszanski and Sohnius theorem - extension of the Poincaré algebra →
superalgebra, introduction of the fermionic generators Q, MSSM ↔ the simplest
superalgebra (one set of the generators Q)

[Pµ, P ν] = 0 [Mµν,Mρσ] = i(ηνρMµσ + ηµσMνρ − µ↔ ν)
[Pµ, Qa] = ? [Mµν, Pλ] = i(ηνλPµ − ηµλP ν)
[Pµ, Q̄ȧ] = ? [Mµν, Qa] = ?
{Qa, Qb} = ? [Mµν, Q̄ȧ] = ?
{Q̄ȧ, Q̄ḃ} = ? {Qa, Q̄ḃ} = ?

• MSSM ↔ 2 Higgs doublets (minimal choice)
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Supersymmetry algebra

• [Pµ, Qa] = 0 since translations act only on the argument of a spinor field

• {Qa, Qb} = s(σµν) baMµν, but {Qa, Qb} commutes with Pµ ⇒ s = 0

• since Qa is a Weyl spinor its transformations with respect to the Lorentz group are
already determined

Λ = e−
i
2ωµνM

µν
and its representation S(Λ) = e−

i
2ωµν

1
2Σµν

Q′
a = (1 + 1

2ωµνσ
µν) baQb = U(Λ)†QaU(Λ) = Qa + i

2ωµν[M
µν, Qa] ⇒

⇒ [Mµν, Qa] = −i(σµν) b
a Qb

• {Qa, Q̄ḃ} = tσµ
aḃ
Pµ no restriction on t, convention: t = 2
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Supersymmetry algebra

• superalgebra’s (anti)commutation relations

[Pµ, P ν] = 0 [Mµν,Mρσ] = i(ηνρMµσ + ηµσMνρ − µ↔ ν)
[Pµ, Qa] = 0 [Mµν, Pλ] = i(ηνλPµ − ηµλP ν)
[Pµ, Q̄ȧ] = 0 [Mµν, Qa] = −i(σµν) b

a Qb
{Qa, Qb} = 0 [Mµν, Q̄ȧ] = −i(σ̄µν)ȧ

ḃ
Qḃ

{Q̄ȧ, Q̄ḃ} = 0 {Qa, Q̄ḃ} = 2σµ
aḃ
Pµ

• internal symmetry group

[Bi, Bj] = ckijBk SU(3)C ⊗ SU(2)L ⊗ U(1)Y

• irreducible representations

⋄ squared momentum P 2 is a Casimir operator
⋄ the squared of the Pauli-Ljubanski vector Wµ = 1

2ε
µνρσMνρPσ is not a Casimir

operator, [W 2, Q] 6= 0
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Representations of the Super-Poincare algebra

• construction of an invariant operator

1. define a pseudovector Xµ := 1
2Q̄γµγ5Q

2. define a new vector Bµ := Wµ + 1
4Xµ

3. then define a tensor Cµν := BµPν −BνPµ

then C2 = CµνC
µν is a Casimir operator

• irreps are characterized by eigenvalues of P 2 and C2; m2, j(j + 1)

rest frame

(m, j)

j3 = j

j3 = j + 1
2

...

j3 = −j

(m, j)

s3 = j3

s3 = j3 + 1
2

s3 = j3 −
1
2

s3 = j3

↑
spin eigenstates

1 |Ω〉

Q̄1̇ |Ω〉

Q̄2̇ |Ω〉

Q̄1̇Q̄2̇ |Ω〉

|Ω〉 - Clifford vacuum

Qa |Ω〉 = 0 (fixed j3)

C2 = 2m4JkJ
k

[Jk, Qa] = 0
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Further properties

• an irrep has equal number of bosonic and fermionic states

proof: Qa(−1)NF | 〉 = (−1)NF−1Qa | 〉 → 0 = Tr [(−1)NF{Qa, Q̄ḃ}]
{Qa, Q̄ḃ} = 2σµ

aḃ
Pµ → 0 = 2σµ

aḃ
PµTr[(−1)NF ]

⇓
0 = Tr[(−1)NF ]

• the particles and its superpartners poses equal masses

proof: it follows from the zero commutator [P 2, Q]
not observed → broken supersymmetry
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Superspace and superfields

• superspace coordinates: (xµ, θa, θ̄ȧ), a = 1, 2 ȧ = 1̇, 2̇

• superfield: function on the superspace; expansion in the parameters θ a θ̄:

Φ(x, θ, θ̄) = f(x) + θaφa(x) + θ̄ȧχ̄
ȧ(x) + (θθ)m(x) + (θ̄θ̄)n(x)

+ (θσµθ̄)Vµ(x) + (θθ)θ̄ȧλ̄
ȧ(x) + (θ̄θ̄)θaψa(x) + (θθ)(θ̄θ̄)d(x)

• element of the supergroup:

G(x, θ, θ̄) = exp[i(−xµPµ + θQ+ θ̄Q̄)]

• product of the group elements induce a motion in the parametric space (x, θ, θ̄):
G(x, θ, θ̄)G(a, ξ, ξ̄) = G(B): (x, θ, θ̄) → B (right action)

B = xµ + aµ + i(ξσµθ̄) − i(θσµξ̄), θ + ξ, θ̄ + ξ̄
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Superspace and superfields

• action of the Susy algebra on a superfield is generated by P,Q, Q̄

Φ(B) = Φ(x, θ, θ̄) + (aµ + iξσµθ̄ − iθσµξ̄)
∂Φ

∂xµ
+ ξa

∂Φ

∂θa
+ ξȧ

∂Φ

∂θȧ
+ . . .

!
=

(
1 − iaµPµ + iξQ+ iξ̄Q̄+ . . .

)
Φ(x, θ, θ̄)

• linear representation of the Susy algebra in terms of diff. operators

Pµ = i∂µ

iQa =
∂

∂θa
+ i(σµ)aḃθ̄

ḃ∂µ

iQ̄ȧ =
∂

∂θ̄ȧ
+ i(σ̄µ)ȧbθb∂µ

• the commutator relations for P,Q, Q̄ are fulfilled

• sypersymmetric transformation: Φ → Φ + δSΦ; δS = i(ξQ+ ξ̄Q̄)
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Superspace and superfields

• general superfield does not provide an irreducible representation of Susy algebra →
further constraints on superfield that are covariant under Susy algebra

• these constraints provide covariant derivatives which commute with δS

Da = ∂a − i(σµ)aḃθ̄
ḃ∂µ

D̄ȧ = ∂̄ȧ − i(σ̄µ)ȧbθb∂µ

• we differentiate three types of superfields:

⋄ left-handed chiral superfields: D̄ȧΦ = 0
⋄ right-handed chiral superfields: DaΦ

† = 0
⋄ vector supefields: Φ = Φ†
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Superspace and superfields

• Left-handed chiral superfield (D̄ȧΦ = 0)

⋄ it is convenient to switch to new variables: (x, θ′, θ̄′) → (y, θ, θ̄) where
yµ = xµ − iθσµθ̄, θ′a = θa, θ

′
ȧ = θȧ

⋄ the covariant derivative becomes simple: D̄ȧ = − ∂
∂θ̄ȧ

∣∣
y,θ

⋄ in these new variables: Φ(y, θ) = φ(y) +
√

2θψ(y) + (θθ)F (y)

• Right-handed chiral superfield (DaΦ
† = 0)

⋄ zµ = xµ + iθσµθ̄: Φ†(z, θ̄) = φ∗(z) +
√

2θ̄ψ̄(z) + (θ̄θ̄)F ∗(z)

• product of left-(right-) handed superfields is again left-(right-)handed superfield

• susy-transformation of component fields

δSφ =
√

2ξψ

δSψa =
√

2ξaF − i
√

2σµ
aḃ
ξ̄ḃ∂µφ

⊲ δSF = i
√

2∂µ(ψσ
µξ̄)
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Superspace and superfields

• Vector superfield (Φ = Φ†)

V (x, θ, θ̄) = C(x) + θχ(x) + θ̄χ̄(x) + (θθ)M(x) + (θ̄θ̄)M∗(x)

+ θσµθ̄Vµ(x) + (θθ)θ̄[λ̄(x) − i

2
σ̄µ∂µχ(x)]

+ (θ̄θ̄)θ[λ(x) − i

2
σµ∂µχ̄(x)] + (θθ)(θ̄θ̄)[

1

2
D(x) − 1

4
∂µ∂

µC(x)]

• gauge transformation: V (x, θ, θ̄) → V (x, θ, θ̄) + Φ(x, θ, θ̄) + Φ†(x, θ, θ̄)

(Φ† + Φ) = iθσµθ̄∂µ(φ
∗ − φ) + . . .

• Wess-Zumino gauge: fields C, χ,M are gauged away; λ,D are invariant,
imaginary part of φ is not fixed

VWZ(x, θ, θ̄) = θσµθ̄Vµ(x) + i(θθ)θ̄λ̄(x) − i(θ̄θ̄)θλ(x) + 1
2(θθ)(θ̄θ̄)D(x)
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Superspace and superfields

• Field strength superfields

Wa = −1

4
(D̄D̄)DaV

W̄ȧ = −1

4
(DD)D̄ȧV

• component expansion

Wa(y) = −iλa(y) + θaD(y) − (σµνθ)aVµν(y) − (θθ)(σµ∂µλ̄(y))a

W̄ȧ(z) = +iλ̄ȧ(z) + θ̄ȧD(z) + εȧḃ(σ̄
µνθ̄)ḃVµν(z) − (θ̄θ̄)(∂µλ(z)σµ)ȧ

Vµν = ∂µVν − ∂νVµ

• lagrangian (abelian case): L = LΦ + LW

LΦ = Φ†
iΦi

∣∣∣
θθθ̄θ̄

+
[(1

2
mijΦiΦj +

1

3
bijkΦiΦjΦk + ciΦi

)∣∣∣
θθ

+ h.c.
]

LW =
1

4

(
W aWa|θθ + W̄ȧW̄

ȧ|θ̄θ̄
)
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Supersymmetric non-abelian gauge theories

• supersymmetric local gauge invariant lagrangian:

L = 1
16kg2

Tr

(
W aWa

∣∣∣
θθ

+W̄ȧW̄
ȧ
∣∣∣
θ̄θ̄

)
+Φ†e2gVΦ

∣∣∣
θθθ̄θ̄

+
(
W+h.c.

)

• local gauge:

Φ′ = e−i2gΛ(x)Φ, e2gV
′(x) = e−i2gΛ

†(x)e2gV (x)ei2gΛ(x)

Λij = T
(a)
ij Λ(a), Vij = V (a)T

(a)
ij

• field strength superfields:

Wa = −1

4
D̄D̄e−2gVDae

2gV

W̄ȧ = −1

4
DD

(
D̄ȧe

2gV
)
e−2gV
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Lagrangian in components

L = iλ(a)σµDµλ̄
(a)−1

4
F (a)
µν F

(a) µν +
1

2
D(a)D(a)

+ i(ψ̄iσ̄
µ
Dµψi) + F ∗

i Fi + (Dµφi)
∗(Dµφi)

+ i
√

2gT
(a)
ij [φ∗i (λ

(a)ψj) − (λ̄(a)ψ̄i)φj] + gD(a)T
(a)
ij φ

∗
iφj

where the covariant derivatives and the field strength tensor are:

Dµλ̄
(a) = ∂µλ̄

(a) − gfabcV (b)
µ λ̄(c)

F (a)
µν = ∂µV

(a)
ν − ∂νV

(a)
µ − gfabcV (b)

µ V (c)
ν

Dµψ = ∂µψ + igVµψ

Dµφ = ∂µφ+ igVµφ
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Particle content

Superfield Particle Spin G Superpartner Spin

V̂1 Bµ 1 (1, 1, 0) B̃ 1
2

V̂2 W i
µ 1 (1, 3, 0) W̃ i 1

2

V̂3 Gaµ 1 (8, 1, 0) g̃a 1
2

Q̂ Q = (uL, dL) 1
2 (3, 2, 1

3) Q̃ = (ũL, d̃L) 0

Û c U c = ūR
1
2 (3∗, 1,-43) Ũ c = ũ∗R 0

D̂c Dc = d̄R
1
2 (3∗, 1, 2

3) D̃c = d̃∗R 0

L̂ L = (νL, eL) 1
2 (1, 2, -1) L̃ = (ν̃L, ẽL) 0

Êc Ec = ēR
1
2 (1, 1, 2) Ẽc = ẽ∗R 0

Ĥ1 H1 = (H0
1 ,H

−
1 ) 0 (1, 2, -1) H̃1 = (H̃0

1 , H̃
−
1 ) 1

2

Ĥ2 H2 = (H+
2 ,H

0
2) 0 (1, 2, 1) H̃2 = (H̃+

2 , H̃
0
2) 1

2
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• Superpotential W

W = −εij
[
heĤ

i
1L̂

jÊc + hdĤ
i
1Q̂

jD̂c + huĤ
j
2Q̂

iÛ c − µĤi
1Ĥ

j
2

]
+ h.c.

• Soft susy-breaking lagrangian

−Lsoft = m2
H1

|H1|2 +m2
H2

|H2|2 −m2
12εij(H

i
1H

j
2 +H†i

1 H
†j
2 )

+
1

2
mg̃g̃

ag̃a +
1

2
MW̃ iW̃ i +

1

2
M ′B̃B̃

+ M2
Q̃
|q̃L|2 +M2

Ũ
|ũcR|2 +M2

D̃
|d̃cR|2 +M2

L̃
|l̃L|2 +M2

Ẽ
|ẽcR|2

− εij

(
heAeH

i
1L̃

jẼc + hdAdH
i
1Q̃

jD̃c + huAuH
j
2Q̃

iŨ c + h.c.
)

• having all these, one can analyze Higgs sector, mass matrices, particle mass eigenstates,
derive vertices, . . .
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Neutralino

• raises up as a combination of (B̃, W̃ 0
3 , H̃

0
1 , H̃

0
2) ↔ ψ0

• mass lagrangian
L = −1

2(ψ
0)TY ψ0 + h.c.

• with neutralino mass matrix

Y =




M ′ 0 −mZsW cosβ mZsW sinβ
0 M mZcW cosβ −mZcW sinβ

−mZsW cosβ mZcW cosβ 0 −µ
mZsW sinβ −mZcW sinβ −µ 0




• diagonalization of the mass matrix: ZY Z−1 → D (real Z, neg. eigenv. allowed)

• neutralino fields

χ̃0
i ≡ Zij

(
ψ0
j

ψ̄0
j

)
(i = 1, 2, 3, 4)

• neutralino is a Majorana spinor
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Sfermion

• sfermion mass matrix

M2
f̄

=

(
m2
f̄L

afmf

afmf m2
f̄R

)

m2
f̄L

= M2
{Q̃,L̃}

+ (I3L
f − efs

2
W )cos2βm2

Z +m2
f

m2
f̄R

= M2
{Ũ ,D̃,Ẽ}

+ efs
2
W cos2βm2

Z +m2
f

af = Af − µ(tanβ)−2I3Lf

• diagonalization - introducing mixing angle

M2
f̃

=

(
m2
f̃L

afmf

afmf m2
f̃R

)
=
(
Rf̃
)†
(
m2
f̃1

0

0 m2
f̃2

)(
Rf̃
)

where the mixing matrix is
(
Rf̃
)

=

(
cosθf̃ sinθf̃
−sinθf̃ cosθf̃

)
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Couplings

• important couplings for my calculation

⋄ neutralino - fermion - sfermion
⋄ gluon - fermion - fermion
⋄ gluon - sfermion - sfermion
⋄ gluino - fermion - sfermion
⋄ 4 sfermions

f

χ̃0
k

f̃i

f̃i

f

χ̃0
k

Gaµ

qt

qs

Gaµ

q̃j,t

q̃i,s

qt

g̃a

q̃i,s

q̃i,t

g̃a

qs q̃αi,r

q̃αj,s

q̃βk,t

q̃βl,u
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Neutralino-Sfermion-Fermion coupling

• the whole lagrangian reads

L = f̄
(
af̃ikPR + bf̃ikPL

)
χ̃0
kf̃i +

¯̃χ
0
k

(
af̃ikPL + bf̃ikPR

)
ff̃∗i

where

af̃ik = hfZkxR
f̃
i2 + gffLkR

f̃
i1

bf̃ik = hfZkxR
f̃
i1 + gffRkR

f̃
i2

ffLk =
√

2((ef − I3L
f )tanθwZk1 + I3L

f Zk2)

ffRk = −
√

2eftanθwZk1

where x takes the values {3, 4} for {down, up} - type case, respectively
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Tree level

• Feynman’s diagram for the neutralino decay to fermion and antisfermion:
(χ̃0
k → f̃i + f) ↔ (p3 → p1 + p2)

M0 = iū(p2)
(
af̃ikPR + bf̃ikPL

)
u(p3)

• decay width - unpolarized case (in CMS system):

Γ0 =
pf

8πm2
χ̃0
k

|M0|
2

|M0|
2

=
1

2
Tr
[
( 6p2 +mf)(a

f̃
ikPR + bf̃ikPL)( 6p3 +mχ̃0

k
)(a∗f̃ikPL + b∗f̃ikPR)

]

= p2 · p3(|af̃ik|2 + |bf̃ik|2) +mfmχ̃0
k
(af̃ikb

∗f̃
ik + a∗f̃ik b

f̃
ik)
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Renormalization

• multiplicative renormalization :

ψ0 =
√
Zψψ =

√
1 + δZψψ

m0 = Zmm = m+ δm

• on - shell renormalization: m - physical mass (pole of propagator)

• renormalization condition for the wave function: residuum of the propagator by
p2 = m2 equals one

• Feynman’s rules: "old" Feyn. rules + "new" Feyn. rules for the counterterms

L = L|ψ0→ψ + δL
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Renormalization of fermions (without mixing)

• splitting of the bare parameters

f0 → (1 +
1

2
δZLPL +

1

2
δZRPR)f

f̄0 → f̄(1 +
1

2
δZL†PR +

1

2
δZR†PL)

m0 → m+ δm

• mass renormalization condition R̃eΓ̂(p)u(p)
∣∣∣
p2=m2

= 0 yields

δm = 1
2R̃e
(
mΠL(m2) +mΠR(m2) + ΠS,L(m2) + ΠS,R(m2)

)

• wave function renorm. condition lim
p2→m2

1

6p−mR̃eΓ̂(p)u(p) = u(p) yields

δZL/R = −ΠL/R(m2) + 1
2m

(
ΠS,L/R(m2) − ΠS,R/L(m2)

)

− ∂
∂p2

[
m2
(
ΠL/R(p2) + ΠR/L(p2)

)
+m

(
ΠS,L/R(p2) + ΠS,R/L(p2)

)]∣∣∣
p2=m2
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Renormalization of sfermions

• splitting of the bare parameters

f̃i → (δij +
1

2
δZij)f̃j

m2
i → m2

i + δm2
i

• renormalization conditions R̃eΓ̂ij(p
2)
∣∣∣
p2=m2

j

= 0, lim
k2→m2

i

R̃eΓ̂ii(p
2) = 1

yields: δm2
i = R̃eΠii(m

2
i )

δZij =
2

m2
i −m2

j

R̃eΠij(m
2
j), i 6= j

δZii = −R̃e
∂

∂p2
Πii(p

2)
∣∣∣
p2=m2

i

• mixing matrix counterterm is set to cancel the anti- hermitian part of the wave function
correction

δRf̃ij =
2∑

k=1

1

4
(δZik − δZki)R

f̃
kj
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Mixing matrix (angle) renormalization

• two possible ways (Blank(diss.), Bartl et al.)

⋄ renormalization after rotation
⋄ renormalization before rotation

• renormalization after rotation

we start with the following lagrangian:

L =

(
f̃L
f̃R

)+

k2

(
f̃L
f̃R

)
−
(
f̃L
f̃R

)+

M2
f̃

(
f̃L
f̃R

)

which after rotation is

L =

(
f̃1
f̃2

)+

k2

(
f̃1
f̃2

)
−
(
f̃1
f̃2

)+

Uf̃ M2
f̃
U+

f̃︸ ︷︷ ︸

(
f̃1
f̃2

)

Df̃

renormalization: f̃ → f̃+ 1
2δZ,Df̃ → Df̃+δDf̃ leads to renorm L →self energies

from RCs we obtain δm, δZ
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Mixing matrix (angle) renormalization

• now consider following interaction lagrangian

L ∼ Cα(χff̃α), αǫ{L,R}
field is first rotated to mass-eigenstate: f̃α → (U+

f̃
)αif̃i and then renormalized

but we have to also renormalize mixing matrix: Uf̃ → Uf̃ + δUf̃

we obtain: Fχff̃ → C̃j(δji +
1
2δZ

f̃
ji − (iσ2)ji · δθf̃)

• renormalization before rotation

at first, fields are renormalized: f̃L/R → f̃L/R + 1
2δZ

f̃
L/R

and then rotation is performed:( f̃1
f̃2

)
→ Uf̃

(
1 + 1

2δZ
f̃
L 0

0 1 + 1
2δZ

f̃
R

)
U+

f̃

(
f̃1
f̃2

)

→
(

1 + 1
2δZ̃

f̃
L 0

0 1 + 1
2δZ̃

f̃
R

)(
f̃1
f̃2

)
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Mixing matrix (angle) renormalization

non-diagonal mass matrix: Uf̃δM2
f̃
U+

f̃
= (Uf̃δU

+

f̃
) · df̃ + δDf̃ +Df̃ · (δUf̃U+

f̃
)

we thus obtain renormalized L from which we can calculate renormalized self-energies

counterterms in this second method are denoted by tilde:

θf̃ → θf̃ + δθ̃f̃ , m
2
f̃
→ m2

f̃
+ δm̃2

f̃
, δZ̃ f̃ij

analogously to first scheme: Fχff̃ → C̃j(δji +
1
2δZ̃

f̃
ji)

counteterm to θ is absent because the renormalization was done before rotation

• comparison of both methods

the unrenormalized self-energies are scheme-independent therefore the divergent parts
of renormalized self energies in both methods equal. This leads to following relation

δθ̃f̃ = 1
4(δZ

f̃
12 − δZ f̃21)

Fχff̃ also method independent: 1
2δZ

f̃
ij − (iσ2)ij · δθf̃ = 1

2δZ̃
f̃
ij

we are left with equality of divergent parts of mixing angles: δθf̃
ε
= δθ̃f̃

Hana Hlucha, Vienna, November 2007 30



1-loop level

• bare lagrangian

L0 = f̄
(
af̃ikPR + bf̃ikPL

)
χ̃0
kf̃i (fixed i, k)

= f̄0

(
[hfZkxR

f̃
i2 + gffLkR

f̃
i1]PR + [hfZkxR

f̃
i1 + gffRkR

f̃
i2]PL

)
χ̃0
kf̃i,0

• under QCD corrections goes into

L = f̄(1 +
1

2
δZLPR +

1

2
δZRPL)

(
[(hf + δhf)Zkx(R

f̃
j2 + δRf̃j2)

+ gffLk(R
f̃
j1 + δRf̃j1)]PR

)
χ̃0
k(δji +

1

2
δZji)f̃i + . . . (bf̃ikPL)

(v) = L0(f, f̃)

(w) + f̄
(
[
1

2
δZLδji +

1

2
δZji]a

f̃
jkPR

)
χ̃0
kf̃i + . . . (bf̃jkPL)

(c) + f̄
( 1

mf
hfδmfZk3R

f̃
i2 + hfZk3δR

f̃
i2 + gffLkδR

f̃
i1

)
PRχ̃

0
kf̃i + . . . (PL)
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1-loop level

• amplitude at one loop level:

M1 = iū(p2)(APR +BPL)u(p3)

A = a(v) + a(w) + a(c)

B = b(v) + b(w) + b(c)

⋄ (v) - vertex corrections
⋄ (w) - wave function corrections

⋄ (c) - counterterm corrections: δhf ↔ δmf , δR
f̃
ij

• "total" decay width:

Γ =
4πpf

32π2m2
χ̃0
k

(
C0
F |M0|2 + CsFδs|M0|2 + C1

F2Re[M∗
0M1]

)
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Loop diagrams

• vertex corrections

g̃ - special treatment

• fermion and sfermion self-energies

g̃

g̃
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• vertex correction with gluino inside a loop

g̃

2

1

3
. . . f̄Γ1g̃f̃ |f̄Γ2g̃f̃ | ¯̃χΓ3ff̃

∗ . . .

↓
. . . f̄Γ1g̃f̃ |¯̃gcΓ

′

2f
cf̃ |f̄cΓ′

3χ̃
cf̃∗ . . .

discontinuous fermion number flow → continuous fermion number flow

Γ′ = CΓC−1 = ηΓ η = 1 for 1, γ5 C is the charge conjugation operator

ψ(x) =

∫
d3p

(2π)3
1√
2Ep

∑

s

(aspu
s(p)e−ipx + b†sp v

s(p)eipx)

ψc(x) =

∫
d3p

(2π)3
1√
2Ep

∑

s

(a†sp v
s(p)eipx + bspu

s(p)e−ipx)

(A.Denner, H.Eck, O.Hahn, J.Kublbeck: Compact Feynman rules for Majorana fermions)
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Passarino-Veltman integrals

• general one loop integral

TNµ1...µM
(p1, ..., pN−1,m0, ...,mN−1) =

(2πµ)4−D

iπ2∫
dDq

qµ1...qµM
[q2 −m2

0 + iε][(q + p1)2 −m2
1 + iε]...[(q + pN−1)2 −m2

N−1 + iε]

• convention for the momenta

p1 q −pN−1

q + pN−1q + p1
m0

m1

m2

p2 − p1

q + p2

T 1 ≡ A0(m
2
0)

T 2 ≡ B0(p
2
1,m

2
0,m

2
1)

T 3 ≡ C0(p
2
1, (p1 − p2)

2, p2
2,m

2
0,m

2
1,m

2
2)

other tensor integrals Bµ, Bµν, Cµ, Cµν etc.
through tensor reduction procedure

Bµν = gµνB00 + pµ1p
ν
1B11, . . .
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divergent parts of P-V integrals

• UV divergent parts

Integral UV divergent part

A0(m
2) → m2∆

B0 → ∆

B1 → −1
2∆

B00(k
2,m2

0,m
2
1) → −1

4(k
2/3 −m2

0 −m2
1)∆

B11 → 1
3∆

C00 → 1
4∆

• where ∆ = 1
ε − γE + ln 4π
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divergent parts of P-V integrals

• IR divergent parts

Integral IR divergent part

Ḃ0(m
2, λ2,m2) = Ḃ0(m

2,m2, λ2) → −lnλ2

2m2

Ḃ1(m
2,m2, λ2) → lnλ2

2m2

Ḃ1(m
2, λ2,m2) → 0

Re[C0(m
2
1,m

2
0,m

2
2, λ

2,m2
1,m

2
2)] → −ln β0

κ lnλ2

• where κ = κ(m2
0,m

2
1,m

2
2) =

√
λ(m2

0,m
2
1,m

2
2)

β0 =
m2

0 −m2
1 −m2

2 + κ

2m1m2
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DREG vs. DRED

• in DREG, vector fields become D-dimensional → contradiction with equality of
fermionic and bosonic degrees of freedom → need of a new regul. scheme, DRED

• in DREG, vector field has D − 2 degrees of freedom, its superpartner has 2.

• missing degrees of freedom (D = 4− ε) are taken into account through ε-scalar field

Vµ =

(
Vi
Vσ

)
, γµ =

(
γi
γσ

)
, pµ =

(
pi
0

)
, and L4 = LD + Lε

• at one loop level, the difference is only in finite terms

• example

ΠDR(p2) = 1
4π2g

2
sCF [26pB1 + 2( 6p− 2mq)B0]

ΠDReg(p2) = 1
4π2g

2
sCF [26pB1 + 2( 6p− 2mq)(B0 −

1

2
)]
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Generic diagrams

• vertex corrections

m3

m1

m2

M1

M2

M0
q

p3

p2

p1

0

1

2

0 : i(gL0 PL + gR0 PR)

1 : ig1(q − 2p1)
µ

2 : iγν(gL2 PL + gR2 PR)

M = i
4π2ū(p2)(ARPR +ALPL)u(p3)

AL
FSV = gL0 g1g

R
2 [2C0(m

2
1 −m2

3) + C2(2m
2
1 +m2

2 − 2m2
3) + C1(3m

2
1 −m2

3)

+ 4C00 + C11m
2
1 + C12(m

2
1 +m2

2 −m2
3) + C22m

2
2]

+ gR0 g1g
L
2m2m3(2C0 + 2C2 + C1) + gL0 g1g

L
2m2(2M2C0 +M2C1 +M2C2)

+ m3g
R
0 g1g

R
2 (−2M2C0 −M2C1)

AR
FSV = AFSVL (M0,M1,M2, g

L
0 , g

R
0 , g1, g

L
2 , g

R
2 )(L↔ R)

• a(v) = 1
4π2AR

ff̃G(λ,mf̃i
,mf , b

f̃
ik, a

f̃
ik,−gs,−gs,−gs) + 1

4π2A
g̃f f̃
R ( )
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Soft gluon radiation

• massles gluon in a loop → IR - divergence

p2

p1

• soft gluon radiation:
(
dΓ
dΩ

)
soft

=
(
dΓ
dΩ

)
0
δs

δs =
−g2

s
(2π)32

(Ip2
2
− 2Ip2p1 + Ip2

1
)

• result depends on the cut ∆E on the energy of a radiated gluon
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Gluon bremsstrahlung

• Bremsstrahlung integrals

Ij1,...,jmi1,...,in
= 1

π2

∫
d3p1
2p10

d3p2
2p20

d3q
2q0
δ(p0 − p1 − p2 − q)

(±2qpj1)···(±2qpjm)

(±2qpi1)···(±2qpin)

p0 decays into p1, p2 and a gluon q

• divergent integrals: I00, I11, I22, I01, I02, I12

taken from: Denner: Techniques for the calculation of electroweak radiative corrections at the one-loop

level and results for W-physics at LEP200

• Γbrems = 1
2m0

g2s
25π3

∑
(Cj1,...,jmi1,...,in

Ij1,...,jmi1,...,in
) × colour factor

• independent result on the ∆E, integration from 0 to Emax
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Numerical results

tanβ = 7,M = 300
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Numerical results

µ = −400,M = 300
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Soft vs. Bremsstrahlung
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