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σ: p+ p→ anything

i:u, d, s, ū , d̄ , s̄ , g.

i+ j→ anything. σ̂ij(x1P1, x2P2) where P1, P2 is the proton 4-momentum.

σ=
∑

ij

∫

0

1

dx1

∫

0

1

dx2 fi(x1) fj(x2) σ̂ij(x1P1, x2P2, s)

d2σ̂

dx1dx2

µR ← Renormalisation scale
µF ← Factorisation scale

Figure 1.
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Top decay t→W+ + b. Charge:
2

3
→+ 1− 1

3
. When you make a quark, you don’t actually see

a quark, you see a jet of particles. Here, a b jet. Every quark will be seen in the detector as a jet
of particles.

The W+ on the other hand can decay into e+ + ν , µ+ + ν , τ+ + ν (10% each), or it could go into
a quark–antiquark pair, some light quarks: u d̄ , u s̄ (2 jets, 70%).

Dilepton:

t t̄ → 2 b (jets)+ µ+ + µ−+ ν+ ν̄

Hadron:

t t̄ → 6 jets

The Standard Model

Quarks (spin
1

2
)

u c t +
2

3

d s b − 1

3

— Hadrons
{

Baryons: 3q (and anti-)
Mesons: q q̄

Leptons (spin
1

2
) e, µ, τ , νe, νµ, ντ

Gauge bosons γ,W±, Z0, 8 gluons
Higgs φ

L=F 2 + ψ̄Dψ+(Dφ)
2 + ψ̄φψ+ φ2 + φ4

Gauge group: SU(3)× SU(2)W ×U(1)Y

If I have a Fermi field with Dirac spinor ψ I can construct a left-handed ψL or a right-handed
ψR: ψL,R =

1

2
(1± γ5)ψ=PL,Rψ where γ5 = i γ0 γ1 γ2 γ3.

PL
2 =PL, PR

2 =PR, PL +PR = 1, PLPR =PRPL = 0
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In the Standard Model the left-handed and right-handed components interact in different ways.

QL =

(

uL

dL

)

SU(2) s= 0
1

2
1 �

dim= 1 2 3

ψ

(

ψ1

ψ2

)





.

.

.





singlet doublet triplet

•

SU(3): triplet, ¯ anti-triplet, = fundamental representation.

Figure 2. Table

SU(N)= {Unitary N ×N matrices of det=1}

g= eiA, g−1 = g†⇔A†=A Hermitian: Lie algebra

det(g)= 1⇔ tr(A)= 0
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It is much easier to work at the level of the Lie algebra, rather than the gauge group.

SU(2), 2× 2 Hermitian matrix, traceless. 3 matrices σi.

A=Aiσi whereσ1 =

(

0 1
1 0

)

,�
SU(3), 3× 3 matrices. Gell–Mann matrices. 8 matrices.

λ1 =





0 1 0
1 0 0
0 0 0



,





0 − i 0
i 0 0
0 0 0



,

λ3 =





1
− 1

0



,� , λ8 =
1

3
√





1
1
− 2





[

σi, σj
]

= 2 i εijkσk

[

λA, λB
]

= 2 i fABCλC

where fABC is called the structure constant. All the properties of the Lie algebra is encoded
into the structure constant.

τa =
1

2
σa:

[τa, τb] = i εabcτ c

TA =
1

2
λA.

Gluon field Gµ where µ= 0,� , 3 is a 3× 3 Hermitian matrix.

gs, SU(3): Gµ =Gµ
ATA

g, SU(2): Aµ =Aµ
aτa

g ′, U(1): Bµ

DµQL = ∂µQ− i gs Gµ
ATAQL− i gAµ

aτaQL− i g ′
1

6
BµQL

QL,α,c,ξ
i :

α spinor index
c= 1, 2, 3 colour index
i flavour
ξ=1, 2 up or down

A colour transformation

Qc→Qc
′ = gc

c′

(x)Qc(x)

where g is a SU(3) gauge transformation.

DµdR = ∂µdR− i gsGµ
ATAdR− ig ′

(

− 1

3

)

Bµ dR

DµeR = ∂µeR− i g ′ (− 1)BµdR
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Higgs:

DµΦ = ∂µΦ− i gAµ
a τaΦ− i g ′ · 1

2
BµΦ

ψ̄Dψ=
∑

i=1,2,3

Q̄L
βciξγβ

µα
(DµΦL)α,c,ξ

i

Q̄LDQL + ūRDuR + d̄RD dR + L̄LDLL + ēRDeR

“F 2”: Maxwell L=− 1

4
FµνF

µν with Fµν = ∂µAν − ∂νAµ. Here Fµν = ∂µBν − ∂νBµ:

LSM =− 1

4
Fµν

A FAµν�
SU(3)

− 1

4
Fµν

a F aµν�
SU(2)

− 1

4
FµνF

µν�
U(1)

Fµν
A = ∂µGν

A− ∂νGµ
A + i gsF

ABCGµ
BGν

C

Fµν =Fµν
A TA, tr(TATB)=

1

2
δAB

− 1

4
Fµν

AFAµν =− 1

2
tr(FµνF

µν)

Q̄LDQL, D= ∂− igsG− i g A− i g ′
1

6
B

Q̄LDQL = Q̄L∂QL +� − i g Q̄Lγ
µτaQLAµ

a

Figure 3.
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Gluon: F 2 = (∂G)
2 + gsG

2∂G+ gs
2G4.

(DΦ)
2
= |DµΦ|2 = (DµΦ)

†
(DµΦ)

m2BµB
µ→ as Bµ + ∂µχ.
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