
§3. SUSY Standard Model

SM alone cannot be formulated as SUSY theory

[N ≤ 8]

⇒ SUSY Standard Model = SM ⊗ SUSY [N = 1]

(minimal)

→ doubling of particle spectrum: SM + SUSY part-

ner

minimal model MSSM:

VECTOR MULTIPLETS

J = 1 J =
1

2

gluon g gluino g̃

W±,W3 wino W̃±, W̃3

B bino B̃
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CHIRAL MULTIPLETS

J =
1

2
J = 0

quarks qL, qR squarks q̃L, q̃R

leptons ℓL, ℓR sleptons ℓ̃L, ℓ̃R

higgsinos H̃1, H̃2 Higgs H1, H2

Higgs sector:

SM: LH = gd(d̄Lφ)dR + gu(ūLφ
c)uR+ h.c.

φ→ 1√
2

(

0
v+H

)

φc = iσ2φ∗ =
1√
2

(

v+H
0

)

MSSM: superpotential holomorphic → 2 Higgs

doublets for up– and down–type fermions

anomaly freedom: TrQH̃ = 0

Lagrange density:

L = Lgauge+ Lmatter + LD + LW + Lsoft
Lgauge = −1

4
GaµνGaµν −

1

4
W aµνW a

µν −
1

4
BµνBµν

+ Tr[g̃i6Dg̃] + Tr[W̃ i6DW̃ ] +
1

2
B̃i6∂B̃
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Lmatter =
∑

ψ=f,H̃i

ψ̄i6Dψ+
∑

f̃ ,Hi

|Dµφ|2

+ i
∑

ψ,φ,V

gV√
2

[

ψLT
aṼ aφ− Ṽ aT aψLφ∗

]

LD = −1
2

∑

a,V

|DV
a |2 with DV

a = −gV φ∗iT aijφj

[Higgs fields,. . .]

LW = −
∑

i

∣
∣
∣
∣
∣

∂W

∂φi

∣
∣
∣
∣
∣

2

− 1

2

∑

ij

ψ c
iL

∂2W

∂φi∂φj
ψjL+ h.c.

W = WR+W 6R
[
(ψc)c = ψ; ψc1ψ

c
2 = ψ2ψ1

]

WR = −ǫijµHi
1H

j
2

+ ǫij
[

λLH
i
1L̃jẼ

c+ λDH
i
1Q̃jD̃

c+ λUH
i
2Q̃jŨ

c
]

W 6R = ǫij
[

λL̃iL̃jẼ
c+ λ′L̃iQ̃jD̃c

]

+ λ′′ŨcD̃cD̃c

(1) mass generation in SM via Higgs mechanism

(2) R–parity violation: ∆L 6= 0,∆B 6= 0; P decay

→ λ′λ′′ ≈ 0

Lsoft = −1
2

3∑

i=1

Miλ̄
a
i λ
a
i −m2

1|H1|2 −m2
2|H2|2

+ Bµǫij(H
i
1H

j
2 + h.c.)−M2

Q̃
(ũ
†
LũL+ d̃

†
Ld̃L)

− M2
Ũ
ũ
†
RũR −M

2
D̃
d̃
†
Rd̃R + (ℓ̃)

− g√
2MW

ǫij

[

Md

cos β
AdH

i
1Q̃

jd̃
†
R+ (ũ) + (ℓ̃)

]
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1.) HIGGS SECTOR

Higgs potential:

V = (m2
1 + µ2)|H1|2 + (m2

2 + µ2)|H2|2

− Bµǫij
(

Hi
1H

j
2 + h.c.

)

+
g2 + g′2

8

[

|H1|2 − |H2|2
]2

+
g2

2
|H†1H2|2

H1 =






H1
1

H2
1




 =






φ0∗1

−φ−1






H2 =






H1
2

H2
2




 =






φ+2

φ02






← quartic couplings ∼ gauge couplings

← diagonalisation:

H1
1 =

1√
2

(

v1 +H0cα − h0sα+ iA0sβ − iG0cβ
)

H2
1 = H−sβ −G−cβ

H1
2 = H+cβ +G+sβ

H2
2 =

1√
2

(

v2 +H0sα+ h0cα+ iA0cβ + iG0sβ
)

G±, G0⇒ Goldstone bosons
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← parameter:

M2
Z =

g2 + g′2

4
(v21 + v22)

M2
A = Bµ

v21 + v22
v1v2

tgβ =
v2

v1

m2
1 + µ2 = M2

As
2
β −

M2
Z

2
c2β

m2
2 + µ2 = M2

Ac
2
β +

M2
Z

2
c2β

bilinear terms in V :

M2
± =

1

2
(M2

A +M2
W)s2β

(

tgβ 1
1 cot β

)

⇒M2
H± = M2

A +M2
W charged

M2
a =

1

2
M2

As2β

(

tgβ 1
1 cot β

)

⇒M2
A CPo

M2
s =

1

2
s2β

(

M2
Atgβ+M2

Z cot β −M2
A −M2

Z
−M2

A −M2
Z M2

A cotβ+M2
Ztgβ

)

⇒M2
h,H =

1

2

{

M2
A +M2

Z ∓
√

(M2
A +M2

Z)
2 − 4M2

AM
2
Zc

2
2β

}

CPe

tg2α = tg2β
M2

A +M2
Z

M2
A −M2

Z

− π
2
< α < 0

relations:

Mh < MZ,MA

MH > MZ,MA

MH± > MA,MW
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modified by radiative corrections

�

t

� �

~

t

�

+ � � �

ǫ =
3GFm

4
t√

2π2s2β
log

mt̃1
mt̃2

m2
t

+ stop mixing [µ,At]

−→
Mh

<∼ 130 GeV

MH,A,H± = . . . v . . .1 TeV

2.) CHARGINOS/NEUTRALINOS

charginos: mixing of winos/higgsinos ⇒ 2 eigen-

states χ̃±
1/2

[Hu = H2, Hd = H1]

LC = −1
2
ψT±MCψ±+ h.c. with ψ± =









W̃+

H̃+
u

W̃−

H̃−d









MC =

(

0 XT

X 0

)
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Lsoft LλHψ

X =

(

M2

√
2MW sβ√

2MW cβ µ

)

LλHψ W (Φ)

physical states:

χ+ =

(

χ+1
χ+2

)

= V

(

W̃+

H̃+
u

)

χ− =

(

χ−1
χ−2

)

= U

(

W̃−

H̃−d

)

[V †V = U†U = 1I]

diagonalisation:

LC = −1
2







(

W̃−

H̃−d

)T

X

(

W̃+

H̃+
u

)

+

(

W̃+

H̃+
u

)T

XT

(

W̃−

H̃−d

)






= −1
2

{

χT−U
∗XV −1χ+ + χT+V

∗XTU−1χ−
}

[U∗ = U†T = (U−1)T ]

=⇒ U∗XV −1 =

(

mχ1 0
0 mχ2

)
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χ̃+i =

(

χ+i
(χ−i )

†

)

[4 components]

LC = −m
χ±1
χ̃+1 χ̃

+
1 −mχ±2

χ̃+2 χ̃
+
2

m2
χ±

1/2

=
1

2

{
M2

2 + µ2 + 2M2
W

∓
√

(M2
2 − µ2)2 + 4M2

W(M2
2 + µ2 +2M2µs2β +M2

Wc
2
2β)

}

limits: µ,M2≫MW

m
χ±
1/2

= M2 −
M2
W(M2 + µs2β)

µ2 −M2
2

m
χ±
2/1

= |µ|+
M2
W (|µ|+ ǫM2s2β)

µ2 −M2
2

ǫ = sign(µ)

•|µ| ≫M2: χ̃
±
1 gaugino–like, χ̃±2 higgsino–like

•|µ| ≪M2: χ̃
±
1 higgsino–like, χ̃±2 gaugino–like

•µ ∼ −M2, tgβ ∼ 1: m
χ±
1/2
∼
√

M2
2 +M2

W ∼degenerate
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neutralinos: mixings B̃, W̃3, H̃0
u , H̃

0
d → 4 eigenstates

χ̃01,...,4

L0 = −1
2
ψT0M0ψ0 + h.c.

with ψ0 =









B̃

W̃3

H̃0
d

H̃0
u









[2 components]

M0 =






M1 0 −MZsW cβ MZsWsβ
0 M2 MZcW cβ −MZcWsβ

−MZsW cβ MZcW cβ 0 −µ
MZsWsβ −MZcWsβ −µ 0






physical states: χ0 = Nψ0 with N†N = 1I

=⇒ N∗M0N
−1 =











mχ01
0 0 0

0 mχ02
0 0

0 0 mχ03
0

0 0 0 mχ04











L0 = −1
2

4∑

i=1

mχ0i
χ̃0i χ̃

0
i with

χ̃0i =

(

χ0i
(χ0i )

†

)

[4 components]
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limits: µ,M1,M2 ≫MZ

mχ01
= M1 −

M2
Zs

2
W(M1 + µsβ)

µ2 −M2
1

mχ02
= M2 −

M2
Zc

2
W(M1 + µsβ)

µ2 −M2
2

mχ03
= |µ|+

M2
Z(1− ǫs2β)(|µ|+M1c

2
W +M2s

2
W)

2(|µ|+M1)(|µ|+M2)

mχ04
= |µ|+

M2
Z(1 + ǫs2β)(|µ| −M1c

2
W −M2s

2
W )

2(|µ| −M1)(|µ| −M2)

⇒ χ̃01 ∼ B̃0, χ̃02 ∼ W̃3, χ̃03,4 ∼
H̃0
d ± H̃0

u√
2

mχ̃02
∼ m

χ̃±1

•|µ| ≫M1,M2: LSP gaugino–like

•|µ| ≪ M1,M2: LSP higgsino–like; mχ01
∼ mχ02

∼
m
χ±1

[sorted]
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Chargino-Neutralino masses, cntd

mass solutions for M
2

� 100GeV ,

pure if� 80%, mostly if� 50%

� � �M
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pure Bino
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2

'M

2

'M(~�

�

1

) mostly Wino

~m

3

' j�j 'M(~�

�

2

) pure higgsino a

~m

4

' j�j >' ~m

3

pure higgsino b

�M

2

� � � �M

1

: ~m

1

'M

1

pure Bino

~m

2

' j�j '< M(~�

�

1

) pure higgsino b

~m

3

' j�j >'M(~�

�

1

) pure higgsino a

~m

4

'M

2

'M(~�

�

2

) mostly Wino

�M

1

� � �M

1

: ~m

1

' j�j '< M(~�

�

1

) pure higgsino

~m

2

'M

1

pure Bino

~m

3

' j�j >'M(~�

�

1

) pure higgsino

~m

4

'M

2

'M(~�

�

2

) mostly Wino

~m

1

'< M(~�

�

1

) � ~m

3

� ~m

2

M

1

� � �M

2

: ~m

1

'< M

1

< M(~�

�

1

) mixed Bino/Wino/higgsino

~m

2

> M(~�

�

1

) increases slowly toM
2

mixed Bino/higgsino

~m

3

' j�j pure higgsino b

~m

4

' j�j >' ~m

3

'M(~�

�

2

) mostly Wino

� �M

2

: ~m

1

'M

1

mostly photino

~m

2

approachesM
2

,'M(~�

�

1

) mostly Zino

~m

3

' j�j pure higgsino a

~m

4

' j�j 'M(~�

�

2

)) '> ~m

3
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3.) SFERMIONS

Lf̃ = −f̃†M2
f̃
f̃ with f̃ =

(

f̃L
f̃R

)

M2
f̃

=






M2
LL M2

LR

M2
RL M2

RR






M2
LL/RR = M2

f̃L/R
+m2

f ±M2
Z(I3L/R − efs2W )c2β

︸ ︷︷ ︸

D term

M2
LR = M2

RL = mf

[

Af − µrf
]

rf =

{

cotβ for f = up–type
tgβ for f = down–type

mixing: large only in 3. generation: L,R→ 1,2

m2
f̃1/2

= m2
f+

1

2

{

M2
f̃L
+M2

f̃R
∓
√

(M2
f̃L
−M2

f̃R
)2 + 4m2

f(Af − µrf)2
}

[w/o D term]

diagonalisation:
(

f̃1
f̃2

)

=

(

cos θf sin θf
− sin θf cos θf

)(

f̃L
f̃R

)

sin 2θf =
2mf(Af − µrf)
m2
f̃1
−m2

f̃2

cos 2θf =
M2
f̃L
−M2

f̃R

m2
f̃1
−m2

f̃2
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• splitting largest for heaviest fermions

⇒ t̃1 can be the lightest squark

τ̃1 can be the lightest slepton

• large tgβ: splitting b̃1 ↔ b̃2 large

⇒ there are regions in which b̃1 is lightest squark
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Example of SUSY Spectrum
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Schematic Sparticle Spectrum in MSSM
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