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The Standard Model and its Drawbacks

• The Standard Model (SM): theory of strong, weak, and electromagnetic
interactions based on the gauge principle

? The group of the SM: SUc(3)⊗ SUL(2)⊗ UY (1)

? Field content of the SM:
- Gauge sector: Spin= 1

gluons Ga
µ : (8,1,0) SUc(3) gs

intermediate weak bosons W i
µ : (1,3,0) SUL(2) g

abelian boson Bµ : (1,1,0) UY (1) g′
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- Fermion sector: Spin= 1/2

quarks

Qi
αL =

(
U i

α

Di
α

)
L

=
(
ui

di

)
L

(
ci

si

)
L

(
ti

bi

)
L

(3, 2, 1/3)

U i
αR = uiR ciR tiR (3∗, 1, 4/3)

Di
αR = diR siR biR (3∗, 1,−2/3)

leptons LαL =
(
νe

e

)
L

(
νµ

µ

)
L

(
ντ

τ

)
L

(1, 2,−1)

EαR = eR µR τR (1, 1,−2)
i = 1, 2, 3 - color, α = 1, 2, 3, ... - generation.

- Higgs (scalar) sector: Spin= 0

H =

(
H0

H−

)
, (1, 2,−1)
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? The Lagrangian of the SM:

L = Lgauge + LY ukawa + LHiggs,

where

Lgauge = −1

4
Ga

µνG
a
µν −

1

4
W i

µνW
i
µν −

1

4
BµνBµν

+iL̄αγ
µDµLα + iQ̄αγ

µDµQα + iĒαγ
µDµEα

+iŪαγ
µDµUα + iD̄αγ

µDµDα + (DµH)†(DµH),

with

Ga
µν = ∂µG

a
ν − ∂νG

a
µ + gsf

abcGb
µG

c
ν,

W i
µν = ∂µW

i
ν − ∂νW

i
µ + gεijkW j

µW
k
ν ,

Bµν = ∂µBν − ∂νBµ
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and

DµLα =

(
∂µ − i

g

2
τ iW i

µ + i
g′

2
Bµ

)
Lα,

DµEα = (∂µ + ig′Bµ)Eα,

DµQα =

(
∂µ − i

g

2
τ iW i

µ − i
g′

6
Bµ − i

gs

2
λaGa

µ

)
Qα,

DµUα =

(
∂µ − i

2g′

3
Bµ − i

gs

2
λaGa

µ

)
Uα,

DµDα =

(
∂µ + i

g′

3
Bµ − i

gs

2
λaGa

µ

)
Dα.

LY ukawa = yl
αβL̄αEβH + yd

αβQ̄αDβH + yu
αβQ̄αUβH̃ + h.c.,

where H̃ = iτ2H
†.

In the end
LHiggs = m2H†H − λ(H†H)2.
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? Particle masses - spontaneous symmetry breaking of SUL(2)
as a result of the non-zero vacuum expectation value of the
Higgs field:

〈H〉 =

(
v
0

)
, v = m/

√
2λ.

As a result the gauge group is spontaneously broken

SUc(3)⊗ SUL(2)⊗ UY (1) ⇒ SUc(3)⊗ UEM(1).

The weak bosons are

W±
µ =

W 1
µ ∓ iW 2

µ√
2

, Zµ = − sin θWBµ + cos θWW
3
µ ,

with masses

mW =
gv√

2
, mZ =

mW

cos θW

, tan θW =
g′

g
.

The photon field remains massless

γµ = cos θWBµ + sin θWW
3
µ .
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The matter fields acquire masses

Mu
αβ = yu

αβv, M d
αβ = yd

αβv, M l
αβ = yl

αβv, mH =
√

2m.



10/53

JJ
II
J
I

Back

Close

• Drawbacks of the SM

? large number of parameters.
? formal unification of strong and electroweak interactions.
? Higgs boson, its nature. It is not clear whether it is fundamental

or composite.
? number of generations is arbitrary
? origin of the mass spectrum

The answers lie beyond the SM
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• Three possible ways:

? the same fundamental fields with new interactions
− supersymmetry
− Grand Unification
− String Theory

? new fundamental fields with new interactions
− compositeness
− Technicolour
− extended Technicolor
− preons

? Exotic ways
− gravity at TeV energies
− large extra dimensions
− brane worlds
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Supersymmetry

• Motivation of SUSY

? Idea of unification toward smaller distances up to lPlanck ∼ 10−33.
But:
− graviton has spin 2, gauge bosons have spin 1: they correspond

to different representations of Poincare algebra.
− no-go theorems: their unification within unique algebra is for-

bidden
− the only possibility: supersymmetry algebra (possibility to com-

bine fields with different spins into the same supermultiplet)
− Mathematical statment: the uniqueness of SUSY
− How does it work?

If Q is generator of SUSY algebra, then

Q|boson >= |fermion > and Q|fermion >= |boson >

Thus, SUSY algebra links together various representations with
different spins by following chain of states

s = 2 → s = 3/2 → s = 1 → s = 1/2 → s = 0
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As a result: we have possibility to unify all interactions as well
as "matter" with "forces".

− The key relation in SUSY algebra

{Qα, Q̄α̇} = 2σµ
α,α̇Pµ.

Now using of the infinitesimal transformations δε = εαQα, δ̄ε̄ =
Q̄α̇ε̄

α̇ one gets
{δε, δ̄ε̄} = 2(εσµε̄)Pµ.

Now choosing ε to be local, i.e., ε = ε(x), then it is a local
coordinate transformation - General Relativity.

Local SUSY ⇒ supergravity
? Unification of gauge couplings
− Philosophy of Grand Unification: gauge symmetry increases

with energy
− at high energy: one GGUT = SU(5), SO(10), ... with one cou-

pling constant gGUT

− crucial point: running coupling constants given by the renor-
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malization group equations

dα̃i

dt
= biα̃

2
i , α̃i =

αi

4π
,

where

α1 = (5/3)g′2/(4π) = 5α/(3 cos2 θW ),

α2 = g2/(4π) = α/ sin2 θW ,

α3 = g2
s/(4π),

where α - fine structure constant, bi depend on the model and

α1(MZ) = 0.017, α2(MZ) = 0.034, α3(MZ) = 0.118±0.003,

− The SM: unification is impossible !!!
− Minimal supersymmetric extensions lead to unification with

MSUSY = 103 − 104GeV, MGUT ' 1016GeV, α−1
GUT ' 25,
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? Solution of the hierarchy problem
− existence of two different scales V > v (MW and MGUT ) in

GUT theories - hierarchy problem
− two different aspects of the problem

1. the very existence of the hierarchy: for desired spontaneous
symmetry breaking one needs

mH ∼ v ∼ 102Gev,

mΣ ∼ V ∼ 1016GeV,

where H,Σ - Higgs fields responsible for the SB of SUL(2)
and GUT groups.
Question: how to get so small number 102/1016 in natural way.
2. preservation of the hierarchy: radiative corrections can de-
stroy and will destroy it.
Supersymmetry - the only way how to cancel quadratic diver-
gences.
Nice example: radiative corrections to the Higgs boson mass:
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When supersymmetry is broken with the SUSY breaking scale
MSUSY , then

δm2
h ∼ λ2M 2

SUSY ∼ m2
h

and MSUSY ∼ 1TeV .
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? Beyond GUTs - superstrings

• Basic facts about SUSY

? SUSY - symmetry between bosons and fermions
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? Algebra of SUSY - Super-Poincare Lie algebra:

[Pµ, Pν] = 0,

[Pµ,Mρσ] = i(gµρPσ − gµσPρ),

[Mµν,Mρσ] = i(gνρMµσ − gνσMµρ − gµρMνσ + gµσMνρ),

[Br, Bs] = iC t
rsBt,

[Br, Pµ] = [Br,Mµσ] = 0,

[Qi
α, Pµ] = [Q̄i

α̇, Pµ] = 0,

[Qi
α,Mµν] =

1

2
(σµν)

β
αQ

i
β, [Q̄i

α̇,Mµν] = −1

2
Q̄i

β̇
(σ̄µν)

β̇
α̇,

[Qi
α, Br] = (br)

i
jQ

j
α, [Q̄i

α̇, Br] = −Q̄j
α̇(br)

i
j,

{Qi
α, Q̄

j

β̇
} = 2δij(σµ)αβ̇Pµ,

{Qi
α, Q

j
β} = 2εαβZ

ij, Zij = ar
ijbr, Z ij = Z+

ij ,

{Q̄i
α̇, Q̄

j

β̇
} = −2εα̇β̇Z

ij, [Zij, anything] = 0,

where i, j = 1, 2, ..., N .
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? how many SUSY generators are possible: the restriction is N ≤
4S, where S is the maximal spin of the particles. Thus, N ≤ 8
We shall consider only N = 1 supersymmetry.

? Superspace and superfields
− Superspace: xµ, θα, θ̄α̇

{θα, θβ} = 0, {θ̄α̇, θ̄β̇} = 0, θ2
α = 0, θ̄2

α̇ = 0

− SUSY group element in superspace:

G(x, θ, θ̄) = ei(−xµPµ+θQ+θ̄Q̄),

then supertranslation:

xµ → xµ + iθσµε̄− iεσµθ̄,

θ → θ + ε,

θ̄ → θ̄ + ε̄.
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− Superfields:
1. Scalar superfield F (x, θ, θ̄) - SUSY invariant.
It is reducible: a) chiral superfield; b) antichiral superfield
Chiral superfield:

D̄F = 0, D̄ = − ∂

∂θ̄
− iθσµ∂µ (1)

In components:

Φ(x, θ, θ̄) = A(x)iθσµθ̄∂µA(x) +
1

4
θθθ̄θ̄�A(x)

+
√

2θψ(x)− i√
2
θθ∂µψ(x)σµθ̄ + θθF (x),

where A(x) is complex scalar, ψ(x) is Weyl spinor - super-
partners
F (x) - is an auxiliary field.
Antichiral superfield: Φ+

DF = 0, D =
∂

∂θ
+ iσµθ̄∂µ.
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2. real vector superfield: V = V +:
In the so-called Wess-Zumino gauge:

V = −θσµθ̄vµ(x) + iθθθ̄λ̄(x)− iθ̄θ̄θλ(x) +
1

2
θθθ̄θ̄D(x),

where vµ - gauge vector field, λ - Majorana spinor.
Analog of the Fµν in gauge theories - field strength tensor

Wα = −1

4
D̄2eVDαe

−V , W̄α̇ = −1

4
D2eV D̄α̇e

−V (2)

• SUSY Lagrangians

? Lagrangian without local gauge invariance

L =

∫
d2θd2θ̄Φ+

i Φi+

∫
d2θ[λiΦi+

1

2
mijΦiΦj+

1

3
yijkΦiΦjΦk]+h.c.

First integral - kinetic term.
Second integral - superpotential W .
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Explicit form:

L = i∂µψ̄iσ̄
µψi + A∗

i�Ai −
1

2
mijψiψj −

1

2
m∗

ijψ̄iψ̄j

yijkψiψjAk − y∗ijkψ̄iψ̄jA
∗
k − V (Ai, Aj).

? Gauge invariant SUSY Lagrangian

L =
1

4

∫
d2θW αWα +

1

4

∫
d2θ̄W̄ α̇W̄α̇

=
1

2
D2 − 1

4
FµνF

µν − iλσµDµλ̄.

? The scalar potential is completely defined by superpotential!!
? The Lagrangian is practically fixed by symmetry requirement

The only freedom: field content, gauge coupling, Yukawa cou-
plings, and masses.

• Spontaneous breaking of SUSY
Physics - supersymmetry have to be broken!
Two possibilities: explicit or spontaneous
Spontaneous breaking preserves needed properties of SUSY.
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MSSM and NMSSM
• Particle content

SUSY - number of bosonic degree of freedom = number of fermionic
Thus, the SM is non-supersymmetric:
1. no fermions with the quantum numbers of gauge bosons
2. Higgs fields and his nonzero v.e.v.
3. One needs at least two complex chiral Higgs multiplets to give
masses to up and down quarks
Conclusion: for each known boson - new fermion, and for each known
fermion - new boson.
L̂ leptons LL =

(
νe

e

)
L

sleptons L̃L =
(

ν̃
ẽ

)
L

(1,2,-1)
Ê lR = eR l̃R = ẽR (1,1,-2)
Q̂ quarks QL =

(
u
d

)
L

squarks Q̃L =
(

ũ
d̃

)
L

(3,2,1/3)
Û UR = uR ŨR = ũR (3,1,4/3)
D̂ DR = dR D̃R = d̃R (3,1,-2/3)
Ĥ1 higgsinos (H̃0

1 , H̃
−
1 )L Higgses

(
H0

1

H−
1

)
L

(1,2,-1)

Ĥ2 (H̃+
2 , H̃

0
2 )L

(
H+

2

H0
2

)
L

(1,2,1)
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Ĝ gluons Ga
µ gluinos G̃a

µ (8,1,0)
V̂ SU(2)-gauge bosons Ai

µ gauginos Ãi
µ (1,3,0)

V̂ ′ U(1)-gauge boson Bµ gauginos B̃µ (1,1,0)

• Higgs bosons
Two Higgs doublets: 5 Higgs boson (physical states) - two CP-even
neutral (h,H), one CP- odd neutral (A) and two charged H±.

• Lagrangian of the MSSM

L = Lgauge + LY ukawa + Lbreaking, (3)
where Lgauge is defined as

Lgauge =
∑

SU(3),SU(2),U(1)

1

4

[
TrW αWα + TrW̄ α̇W̄α̇

]
(4)

+
∑

Matter

Φ†
ie

g3Ĝ+g2V̂ +g1V̂
′
Φi,

and LY ukawa part which is responsible for the generation of masses
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of the particles has the following form:

LY ukawa = hu
αβQ̂αÛ

c
βĤ2+h

d
αβQ̂αD̂

c
βĤ1+h

l
αβL̂αl̂

c
βĤ1+µĤ1Ĥ2. (5)

• Lagrangian of the NMSSM
superpotential:

W = λH1H2S +
λ′

3
S3 + ...,

where S is new gauge singlet superfield.
Then: 3 - CP-even Higgs bosons (one of them is the lightest), 2 -
CP-odd, and 2 - charged.

• Breaking of SUSY in the MSSM:
- gravity mediated SUSY breaking: two sector, SUSY is broken in
hidden sector and it is mediated into the visible sector via gravity
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− LBreaking = m2
0

∑
i

|ϕi|2 +
(1

2
m1/2

∑
α

λ̃αλ̃α

+ A[hU
abq̃aũ

c
bh2 + hD

abq̃ad̃
c
bh1 + hL

abl̃aẽ
c
bh1]

+ B[µh1h2] + h.c.
)
. (6)

Here ϕi are all scalar fields, λ̃α are the gaugino fields, h1 and h2 are
the SU(2) doublet Higgs fields. We assume so-called universality of
the soft terms.

• Gaugino-higgsino mass terms
nondiagonality of the matrices - mixing

LG−H = −1

2
M3λ̄aλa −

1

2
χ̄M (0)χ− (ψ̄M (c)ψ + h.c.),
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where λa with a = 1, 2, ..., 8 are the Majorana gluino fields,

χ =


B̃0

W̃ 3

H̃0
1

H̃0
2


are the Majorana neutralino fields and

ψ =

(
W̃+

H̃+

)
are Dirac chargino fields. The neutralino mass matrix is the following

M (0) =

 M1 0 a b
0 M2 c d
a c 0 −µ
b d −µ 0

 ,
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where

a = −MZ cos β sin θW ,

b = MZ sin β sin θW ,

c = MZ cos β cos θW ,

d = −MZ sin β cos θW

where tan β = v2/v1 and sin θW is the usual sinus of the weak mixing
angle.
For charginos we have the following mixing matrix

M (c) =

(
M2

√
2MW sin β√

2MW cos β µ

)
.

The masses of its eigenstates χ̃±1,2 are given by diagonalization of the
above matrix

m2
χ1,2

=
1

2

[
M 2

2 + µ2 + 2M 2
W

∓
(
(M 2

2 − µ2)2 + 4M 4
W cos2(2β)

+ 4M 2
W (M 2

2 + µ2 + 2M2µ sin(2β)
)1/2]

.
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• Squarks and sleptons masses

(
m̃2

tL mt(At − µ cot β)
mt(At − µ cot β) m̃2

tR

)
,(

m̃2
bL mb(Ab − µ tan β)

mb(Ab − µ tan β) m̃2
bR

)
,(

m̃2
τL mτ(Aτ − µ tan β)

mτ(Aτ − µ tan β) m̃2
τR

)
,
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where

m̃2
tL = m̃2

Q +m2
t +

1

6
(4M 2

W −M 2
Z) cos(2β),

m̃2
tR = m̃2

U +m2
t −

2

3
(M 2

W −M 2
Z) cos(2β),

m̃2
bL = m̃2

Q +m2
b −

1

6
(2M 2

W +M 2
Z) cos(2β),

m̃2
bR = m̃2

D +m2
b +

1

3
(M 2

W −M 2
Z) cos(2β),

m̃2
τL = m̃2

L +m2
τ −

1

2
(2M 2

W −M 2
Z) cos(2β),

m̃2
τR = m̃2

E +m2
τ + (M 2

W −M 2
Z) cos(2β).
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Tree-level masses:

m̃2
t1,2

=
1

2

[
m̃2

tL
+ m̃2

tR

∓
√

(m̃2
tL − m̃2

tR)2 + 4m2
t (At − µ cot β)2

]
,

m̃2
b1,2

=
1

2

[
m̃2

bL
+ m̃2

bR

∓
√

(m̃2
bL
− m̃2

bR
)2 + 4m2

b(Ab − µ tan β)2
]
,

m̃2
τ1,2

=
1

2

[
m̃2

τL
+ m̃2

τR

∓
√

(m̃2
τL
− m̃2

τR
)2 + 4m2

τ(Aτ − µ tan β)2
]
.

• Masses of the lightest Higgs boson
In MSSM – two Higgs doublet:

H1 =

(
H0

1
H−

1

)
, H2 =

(
H+

2
H0

2

)
⇒ 5 physical Higgs bosons:
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– neutral CP- even: h,H
– neutral CP- odd: A
– charged: H±

one-loop effective potential:

V = Vtree + ∆V,

Vtree = m2
1|H1|2 +m2

2|H2|2 −m2
3(H1H2 + h.c.)

+
g2 + g′2

8
(|H1|2 − |H2|2)2 +

g2

2
|H+

1 H2|2,

where m2
i = m2

Hi
+ µ2, i = 1, 2 and m2

3 = −Bµ.
– Minimization of the potential:

v2 =
4((m2

1 + Σ1)− (m2
2 + Σ2) tan2 β)

(g2 + g′2)(tan2 β − 1)
,

sin(2β) =
2m2

3

m2
1 +m2

2 + Σ1 + Σ2
,

where v2 = v2
1 + v2

2, v1 =< H1 >= v cos β, v2 =< H2 >= v sin β
and tan β = v2/v1. Futher: m2

1 = m2
2 = m2

0 + µ2
0 (GUT scale)
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– tree level masses:

m2
A = m2

1 +m2
2,

m2
H± = m2

A +M 2
W ,

m2
h,H =

1

2
(M 2

Z +m2
A

∓
√

(M 2
Z +m2

A)2 − 4M 2
Zm

2
A cos2 2β)

• In the NMSSM: µ = λy, where y =< S >



34/53

JJ
II
J
I

Back

Close

• Parameter freedom in the MSSM

? gauge couplings αi, i = 1, 2, 3

? Yukawa couplings hi
ab

? Higgs mixing parameter µ
? soft breaking parameters (universal case)

– m0 - common scalar mass
– m1/2 - common gaugino mass
– A - common trilinear scalar coupling
– B - bilinear Higgs coupling
– tan β = v2/v1 - ratio of two v.e.v
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• The 3rd generation 1-loop RGEs in the MSSM:

dYt

dt
= Yt

(
16

3
α̃3 + 3α̃2 +

13

15
α̃1 − 6Yt − Yb

)
,

dYb

dt
= Yb

(
16

3
α̃3 + 3α̃2 +

7

15
α̃1 − Yt − 6Yb − Yτ

)
,

dYτ

dt
= Yτ

(
3α̃2 +

9

5
α̃1 − 3Yb − 4Yτ

)
,

dAt

dt
= −

(
16

3
α̃3M3 + 3α̃2M2 +

13

15
α̃1M1

)
−6YtAt − YbAb,

dAb

dt
= −

(
16

3
α̃3M3 + 3α̃2M2 +

7

15
α̃1M1

)
−6YbAb − YtAt − YτAτ ,

dAτ

dt
= −

(
3α̃2M2 +

9

5
α̃1M1

)
− 3YbAb − 4YτAτ ,
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dB

dt
= −3

(
α̃2M2 +

1

5
α̃1M1

)
−3YtAt − 3YbAb − YτAτ ,

dm2
Q

dt
=

(
16

3
α̃3M

2
3 + 3α̃2M

2
2 +

1

15
α̃1M

2
1

)
−Yt

(
m2

Q +m2
U +m2

H2
+ A2

t

)
−Yb

(
m2

Q +m2
D +m2

H1
+ A2

b

)
,

dm2
U

dt
=

(
16

3
α̃3M

2
3 +

16

15
α̃1M

2
1

)
−2Yt

(
m2

Q +m2
U +m2

H2
+ A2

t

)
,

dm2
D

dt
=

(
16

3
α̃3M

2
3 +

4

15
α̃1M

2
1

)
−2Yb

(
m2

Q +m2
D +m2

H1
+ A2

b

)
,
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dm2
H1

dt
= 3

(
α̃2M

2
2 +

1

5
α̃1M

2
1

)
−3Yb

(
m2

Q +m2
D +m2

H1
+ A2

b

)
−Yτ

(
m2

L +m2
E +m2

H1
+ A2

τ

)
,

dm2
H2

dt
= 3

(
α̃2M

2
2 +

1

5
α̃1M

2
1

)
−3Yt

(
m2

Q +m2
U +m2

H2
+ A2

t

)
,

dm2
L

dt
= 3

(
α̃2M

2
2 +

1

5
α̃1M

2
1

)
−Yτ

(
m2

L +m2
E +m2

H1
+ A2

τ

)
,

dm2
E

dt
=

12

5
α̃1M

2
1 − 2Yτ

(
m2

L +m2
E +m2

H1
+ A2

τ

)
,

dMi

dt
= −biα̃2

iMi,

dα̃i

dt
= −biα̃2

i ,
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where

Yi = h2
i/(4π)2,

α̃i = αi/(4π) = g2
i /(4π)2,

(b1, b2, b3) = (33/5, 1,−3),

t = log(M 2
GUT/Q

2)

• In the NMSSM we have in addition

dYλ

dt
= −Yλ(3Yt + 4Yλ + 2Yλ′ − 3α̃2 −

3

5
α̃1) ,

dYλ′

dt
= −6Yλ′(Yλ + Yλ′) ,

where Yλ = λ2/(4π)2 and Yλ′ = λ′2/(4π)2.
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Infrared Quasi Fixed Points

• infrared behavior of RGEs (small tan β):
example:

Yt(t) =
Y0E(t)

1 + 6Y0F (t)
; Y0 = Yt(0),

E(t) = (1 + β3t)
16/(3b3)(1 + β2t)

3/b2(1 + β1t)
13/(15b1),

F (t) =

t∫
0

E(t′)dt′.

if Y0 = Yt(0) →∞:

Y (t) ⇒ YFP =
E(t)

6F (t)
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where ρt = Yt/α̃3.
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where ρAt
= At/M3.
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• Possible deviations from IRQFPs must be taken into account

• infrared behavior of RGEs in the large tan β case:

? all equations are relevant
? no exact solutions exist
? two possible ways:

a) numerical solutions
b) iterative solutions
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• The lightest Higgs boson in the MSSM: tan β ∼ 1

at MSUSY = (m̃t1m̃t2)
1/2 = 1TeV :

mh = (94.3 + 1.6 + 0.6± 5± 0.4) GeV
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• The lightest Higgs boson in the MSSM: tan β ∼ 50
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at MSUSY = 1 TeV (M3 ≈ 1.3TeV):

mh = 123.7− 0.9− 6.5± 5 GeV, for µ > 0 ,

mh = 119.1− 0.4− 2.8± 5 GeV, for µ < 0 .
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• The lightest Higgs boson in the NMSSM: tan β ∼ 1

at MSUSY = 1TeV

mh = 121+1.8+1.3
−3.0−1.3 ± 5GeV. (7)



50/53

JJ
II
J
I

Back

Close



51/53

JJ
II
J
I

Back

Close

Focus Points in the MSSM - mass of the lightest
Higgs boson

• to have both focus points at the MZ scale
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with mpole
t = 174.2 GeV and tan β = 58 and

mh = 115.9 +6.4
−3.2 ± 0.4 GeV, for MSUSY = 1 TeV.
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Conclusions

• There is still space for SUSY Higgs
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