
Prof. Markus Schumacher  

Physikalisches Institut, Westbau, 2. OG Room 008 

Phone 07621 203 7612 

E-Mail: Markus.Schumacher@physik.uni-freiburg.de 

 

 

http://terascale.physik.uni-freiburg.de/lehre/  

 
 

 

Particle Physics II 

Winter Semester 2011/2012 

Albert-Ludwigs-Universität Freiburg 



Kapitel 7  
 

Der Englert-Brout-Higgs-Guralnik- 
Hagen-Kibble-Mechanismus und die 
Phänomenologie des Higgs-Bosons 

M. Schumacher                        Teilchenphysik II     Kapitel 7: Higgs-Physik                                WiSe 2011/2012 



Skalares Potential für 2FG 

M. Schumacher                        Teilchenphysik II     Kapitel 7: Higgs-Physik                                WiSe 2011/2012 



Die Terme bilinear in den Vektorfelder und dem Vakuumerwartungswer vt 
lauten dann 

Massen der Eichbosonen und HVV-WW 

M. Schumacher                        Teilchenphysik II     Kapitel 7: Higgs-Physik                                WiSe 2011/2012 

The Higgs mechanism in the SM

In the slightly more complicated non–abelian case of the SM, we need to generate masses for

the three gauge bosons W± and Z but the photon should remain massless and QED must

stay an exact symmetry. Therefore, we need at least 3 degrees of freedom for the scalar

fields. The simplest choice is a complex SU(2) doublet of scalar fields φ

Φ =

(
φ+

φ0

)
, Yφ = +1 (1.29)

To the SM Lagrangian discussed in the previous subsection, but where we ignore the strong

interaction part

LSM = −
1

4
W a

µνW
µν
a −

1

4
BµνB

µν + L iDµγ
µ L + eR iDµγ

µ eR · · · (1.30)

we need to add the invariant terms of the scalar field part

LS = (DµΦ)†(DµΦ) − µ2Φ†Φ − λ(Φ†Φ)2 (1.31)

For µ2 < 0, the neutral component of the doublet field Φ will develop a vacuum expectation

value [the vev should not be in the charged direction to preserve U(1)QED]

〈Φ 〉0 ≡ 〈 0 |Φ | 0 〉 =

(
0
v√
2

)
with v =

(
−

µ2

λ

)1/2

(1.32)

We can then make the same exercise as previously:

– write the field Φ in terms of four fields θ1,2,3(x) and H(x) at first order:

Φ(x) =

(
θ2 + iθ1

1√
2
(v + H) − iθ3

)
= eiθa(x)τa(x)/v

(
0

1√
2
(v + H(x) )

)
(1.33)

– make a gauge transformation on this field to move to the unitary gauge:

Φ(x) → e−iθa(x)τa(x) Φ(x) =
1√
2

(
0

v + H(x)

)
(1.34)

– then fully expand the term |DµΦ)|2 of the Lagrangian LS:

|DµΦ)|2 =
∣∣∣
(
∂µ − ig2

τa
2

W a
µ − ig1

1

2
Bµ

)
Φ
∣∣∣
2

=
1

2

∣∣∣∣

(
∂µ − i

2(g2W 3
µ + g1Bµ) − ig2

2 (W 1
µ − iW 2

µ)
− ig2

2 (W 1
µ + iW 2

µ) ∂µ + i
2(g2W 3

µ − g1Bµ)

)(
0

v + H

)∣∣∣∣
2

=
1

2
(∂µH)2 +

1

8
g2
2(v + H)2|W 1

µ + iW 2
µ |2 +

1

8
(v + H)2|g2W

3
µ − g1Bµ|2
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– define the new fields W±
µ and Zµ [Aµ is the field orthogonal to Zµ]:

W± =
1√
2
(W 1

µ ∓ iW 2
µ) , Zµ =

g2W 3
µ − g1Bµ√
g2
2 + g2

1

, Aµ =
g2W 3

µ + g1Bµ√
g2
2 + g2

1

(1.35)

– and pick up the terms which are bilinear in the fields W±, Z, A:

M2
W W+

µ W−µ +
1

2
M2

ZZµZ
µ +

1

2
M2

AAµAµ (1.36)

The W and Z bosons have acquired masses, while the photon is still massless

MW =
1

2
vg2 , MZ =

1

2
v
√

g2
2 + g2

1 , MA = 0 (1.37)

Thus, we have achieved (half of) our goal: by spontaneously breaking the symmetry SU(2)L×
U(1)Y → U(1)Q, three Goldstone bosons have been absorbed by the W± and Z bosons to

form their longitudinal components and to get their masses. Since the U(1)Q symmetry is

still unbroken, the photon which is its generator, remains massless as it should be.

Up to now, we have discussed only the generation of gauge boson masses; but what about

the fermion masses? In fact, we can also generate the fermion masses using the same scalar

field Φ, with hypercharge Y =1, and the isodoublet Φ̃ = iτ2Φ∗, which has hypercharge Y =–1.

For any fermion generation, we introduce the SU(2)L × U(1)Y invariant Yukawa Lagrangian

LF = −λe L̄ Φ eR − λd Q̄ Φ dR − λu Q̄ Φ̃ uR + h. c. (1.38)

and repeat the same exercise as above. Taking for instance the case of the electron, one

obtains

LF = −
1√
2
λe (ν̄e, ēL)

(
0

v + H

)
eR + · · ·

= −
1√
2
λe (v + H) ēLeR + · · · (1.39)

The constant term in front of f̄LfR (and h.c.) is identified with the fermion mass

me =
λe v√

2
, mu =

λu v√
2

, md =
λd v√

2
(1.40)

Thus, with the same isodoublet Φ of scalar fields, we have generated the masses of both

the weak vector bosons W±, Z and the fermions, while preserving the SU(2)×U(1) gauge

symmetry, which is now spontaneously broken or hidden. The electromagnetic U(1)Q sym-

metry, as well as the SU(3) color symmetry, stay unbroken. The Standard Model refers, in

fact, to SU(3)×SU(2)×U(1) gauge invariance when combined with the electroweak symme-

try breaking mechanism. Very often, the electroweak sector of the theory is also referred to

as the SM; in this review we will use this name for both options.
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Higgs-Beitrag zur Lagrangedichte:  

Betrachte zunächst „kinetischen“ Term  T    (L=T-V) 

Definiere folgende Linearkombinationen 
a)  für W1,2àW± um Ladungseigenzustände zu erhalten 
b)  für W3 und B à Z und A um Masseneigenzustände zu erhalten 



HVV- und HHVV-Wechselwirkungen 
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Terme linear in H und v  und bilinear in W±,Z: 

The Higgs mechanism in the SM

In the slightly more complicated non–abelian case of the SM, we need to generate masses for

the three gauge bosons W± and Z but the photon should remain massless and QED must

stay an exact symmetry. Therefore, we need at least 3 degrees of freedom for the scalar

fields. The simplest choice is a complex SU(2) doublet of scalar fields φ

Φ =

(
φ+

φ0

)
, Yφ = +1 (1.29)

To the SM Lagrangian discussed in the previous subsection, but where we ignore the strong

interaction part

LSM = −
1

4
W a

µνW
µν
a −

1

4
BµνB

µν + L iDµγ
µ L + eR iDµγ

µ eR · · · (1.30)

we need to add the invariant terms of the scalar field part

LS = (DµΦ)†(DµΦ) − µ2Φ†Φ − λ(Φ†Φ)2 (1.31)

For µ2 < 0, the neutral component of the doublet field Φ will develop a vacuum expectation

value [the vev should not be in the charged direction to preserve U(1)QED]

〈Φ 〉0 ≡ 〈 0 |Φ | 0 〉 =

(
0
v√
2

)
with v =

(
−

µ2

λ

)1/2

(1.32)

We can then make the same exercise as previously:

– write the field Φ in terms of four fields θ1,2,3(x) and H(x) at first order:

Φ(x) =

(
θ2 + iθ1

1√
2
(v + H) − iθ3

)
= eiθa(x)τa(x)/v

(
0

1√
2
(v + H(x) )

)
(1.33)

– make a gauge transformation on this field to move to the unitary gauge:

Φ(x) → e−iθa(x)τa(x) Φ(x) =
1√
2

(
0

v + H(x)

)
(1.34)

– then fully expand the term |DµΦ)|2 of the Lagrangian LS:

|DµΦ)|2 =
∣∣∣
(
∂µ − ig2

τa
2

W a
µ − ig1

1

2
Bµ

)
Φ
∣∣∣
2

=
1

2

∣∣∣∣

(
∂µ − i

2(g2W 3
µ + g1Bµ) − ig2

2 (W 1
µ − iW 2

µ)
− ig2

2 (W 1
µ + iW 2

µ) ∂µ + i
2(g2W 3

µ − g1Bµ)

)(
0

v + H

)∣∣∣∣
2

=
1

2
(∂µH)2 +

1

8
g2
2(v + H)2|W 1

µ + iW 2
µ |2 +

1

8
(v + H)2|g2W

3
µ − g1Bµ|2
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1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)

7The Feynman rule for these vertices are obtained by multiplying the term involving the interaction by
a factor −i. One includes also a factor n! where n is the number of identical particles in the vertex.

21

1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)

7The Feynman rule for these vertices are obtained by multiplying the term involving the interaction by
a factor −i. One includes also a factor n! where n is the number of identical particles in the vertex.

21

1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)

7The Feynman rule for these vertices are obtained by multiplying the term involving the interaction by
a factor −i. One includes also a factor n! where n is the number of identical particles in the vertex.

21

1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)

7The Feynman rule for these vertices are obtained by multiplying the term involving the interaction by
a factor −i. One includes also a factor n! where n is the number of identical particles in the vertex.

21

1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)

7The Feynman rule for these vertices are obtained by multiplying the term involving the interaction by
a factor −i. One includes also a factor n! where n is the number of identical particles in the vertex.

21

1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)

7The Feynman rule for these vertices are obtained by multiplying the term involving the interaction by
a factor −i. One includes also a factor n! where n is the number of identical particles in the vertex.

21

Betrachte nun den Potentialterm:  

Ergibt: 

+λ/4 v4  

Bilinear in H à Massenterm mit korrektem Vorzeichen:  

Tril- und Quadrolinear in H à Selbst-WW: 

The SM, the Higgs potential and boson masses

V (�†�) = µ2�†� + �(�†�)2

Dµ = @µ � i
gp
2
(W+

µ t+ + W�
µ t�)� i

1p
g2 + g02

Zµ(g2t3 � g02Y )� i
gg0p

g2 + g02
Aµ(t3 + Y )

� =
✓ 0

v+hp
2

◆

h

h h

h

h

h

h

= �i
3
2

g m2
h

mW
= �i

3
4

g2 m2
h

m2
W

=
1
2
m2

hh2 +
r

�

2
mhh3 +

�

4
h4

m2
h =

�v2

2

13

The SM, the Higgs potential and boson masses

V (�†�) = µ2�†� + �(�†�)2

Dµ = @µ � i
gp
2
(W+

µ t+ + W�
µ t�)� i

1p
g2 + g02

Zµ(g2t3 � g02Y )� i
gg0p

g2 + g02
Aµ(t3 + Y )

� =
✓ 0

v+hp
2

◆

h

h h

h

h

h

h

= �i
3
2

g m2
h

mW
= �i

3
4

g2 m2
h

m2
W

=
1
2
m2

hh2 +
r

�

2
mhh3 +

�

4
h4

m2
h =

�v2

2

13

Beitrag zur dunklen Energie: VDE = - λ/4 v4     ca -1060 mal beoachteten Wert    



Massen der Fermionen 

M. Schumacher                        Teilchenphysik II     Kapitel 7: Higgs-Physik                                WiSe 2011/2012 

4.5 Fermion masses

H

f

f

fm
v

Fig. 14: Fermionic coupling of the Higgs boson.

A fermionic mass term Lm = −mψψ = −m
(
ψLψR + ψRψL

)
is not allowed, because it breaks

the gauge symmetry. However, since we have introduced an additional scalar doublet into the model, we
can write the following gauge-invariant fermion-scalar coupling:

LY = −c1
(
ū, d̄
)
L

(
φ(+)

φ(0)

)
dR − c2

(
ū, d̄
)
L

(
φ(0)∗

−φ(−)

)
uR − c3 (ν̄e, ē)L

(
φ(+)

φ(0)

)
eR + h.c. ,

(4.25)
where the second term involves the C-conjugate scalar field φc ≡ iσ2 φ∗. In the unitary gauge (after
SSB), this Yukawa-type Lagrangian takes the simpler form

LY = −
1√
2

(v + H)
{
c1 d̄d + c2 ūu + c3 ēe

}
. (4.26)

Therefore, the SSB mechanism generates also fermion masses:

md = c1
v√
2

, mu = c2
v√
2

, me = c3
v√
2

. (4.27)

Since we do not know the parameters ci, the values of the fermion masses are arbitrary. Note,
however, that all Yukawa couplings are fixed in terms of the masses (Fig. 14):

LY = −
(

1 +
H

v

) {
md d̄d + mu ūu + me ēe

}
. (4.28)

5 Electroweak Phenomenology
In the gauge and scalar sectors, the SM Lagrangian contains only four parameters: g, g ′, µ2 and h. One
could trade them by α, θW ,MW andMH . Alternatively, we can choose as free parameters:

GF = (1.166 371 ± 0.000 006) · 10−5 GeV−2 [31] ,
α−1 = 137.035 999 710 ± 0.000 000 096 [15] , (5.1)
MZ = (91.1875 ± 0.0021)GeV [29, 30]

and the Higgs mass MH . This has the advantage of using the three most precise experimental determi-
nations to fix the interaction. The relations

sin2 θW = 1 −
M2

W

M2
Z

, M2
W sin2 θW =

πα√
2 GF

(5.2)

determine then sin2 θW = 0.212 and MW = 80.94 GeV. The predicted MW is in good agreement
with the measured value in (4.13).
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}
. (4.26)

Therefore, the SSB mechanism generates also fermion masses:

md = c1
v√
2

, mu = c2
v√
2

, me = c3
v√
2

. (4.27)

Since we do not know the parameters ci, the values of the fermion masses are arbitrary. Note,
however, that all Yukawa couplings are fixed in terms of the masses (Fig. 14):

LY = −
(

1 +
H

v

) {
md d̄d + mu ūu + me ēe
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ū, d̄
)
L

(
φ(0)∗

−φ(−)

)
uR − c3 (ν̄e, ē)L

(
φ(+)

φ(0)

)
eR + h.c. ,

(4.25)
where the second term involves the C-conjugate scalar field φc ≡ iσ2 φ∗. In the unitary gauge (after
SSB), this Yukawa-type Lagrangian takes the simpler form

LY = −
1√
2

(v + H)
{
c1 d̄d + c2 ūu + c3 ēe
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however, that all Yukawa couplings are fixed in terms of the masses (Fig. 14):

LY = −
(

1 +
H

v

) {
md d̄d + mu ūu + me ēe

}
. (4.28)

5 Electroweak Phenomenology
In the gauge and scalar sectors, the SM Lagrangian contains only four parameters: g, g ′, µ2 and h. One
could trade them by α, θW ,MW andMH . Alternatively, we can choose as free parameters:

GF = (1.166 371 ± 0.000 006) · 10−5 GeV−2 [31] ,
α−1 = 137.035 999 710 ± 0.000 000 096 [15] , (5.1)
MZ = (91.1875 ± 0.0021)GeV [29, 30]

and the Higgs mass MH . This has the advantage of using the three most precise experimental determi-
nations to fix the interaction. The relations

sin2 θW = 1 −
M2

W

M2
Z

, M2
W sin2 θW =

πα√
2 GF

(5.2)

determine then sin2 θW = 0.212 and MW = 80.94 GeV. The predicted MW is in good agreement
with the measured value in (4.13).
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(
φ(+)

φ(0)

)
eR + h.c. ,

(4.25)
where the second term involves the C-conjugate scalar field φc ≡ iσ2 φ∗. In the unitary gauge (after
SSB), this Yukawa-type Lagrangian takes the simpler form

LY = −
1√
2

(v + H)
{
c1 d̄d + c2 ūu + c3 ēe
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1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)

7The Feynman rule for these vertices are obtained by multiplying the term involving the interaction by
a factor −i. One includes also a factor n! where n is the number of identical particles in the vertex.
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Neue Terme in Langrangedichte:  
sogenannte Yukawakopplungen zwischen Higgs-Feld  und Fermionen 

Einsetzen des Higgs-Feldes nach SSB 

Massenterme für Fermionen: 

Wechselwirkungterme: Kopplung ~ Masse des Fermions à Unitarität 

– define the new fields W±
µ and Zµ [Aµ is the field orthogonal to Zµ]:

W± =
1√
2
(W 1

µ ∓ iW 2
µ) , Zµ =

g2W 3
µ − g1Bµ√
g2
2 + g2

1

, Aµ =
g2W 3

µ + g1Bµ√
g2
2 + g2

1

(1.35)

– and pick up the terms which are bilinear in the fields W±, Z, A:

M2
W W+

µ W−µ +
1

2
M2

ZZµZ
µ +

1

2
M2

AAµAµ (1.36)

The W and Z bosons have acquired masses, while the photon is still massless

MW =
1

2
vg2 , MZ =

1

2
v
√

g2
2 + g2

1 , MA = 0 (1.37)

Thus, we have achieved (half of) our goal: by spontaneously breaking the symmetry SU(2)L×
U(1)Y → U(1)Q, three Goldstone bosons have been absorbed by the W± and Z bosons to

form their longitudinal components and to get their masses. Since the U(1)Q symmetry is

still unbroken, the photon which is its generator, remains massless as it should be.

Up to now, we have discussed only the generation of gauge boson masses; but what about

the fermion masses? In fact, we can also generate the fermion masses using the same scalar

field Φ, with hypercharge Y =1, and the isodoublet Φ̃ = iτ2Φ∗, which has hypercharge Y =–1.

For any fermion generation, we introduce the SU(2)L × U(1)Y invariant Yukawa Lagrangian

LF = −λe L̄ Φ eR − λd Q̄ Φ dR − λu Q̄ Φ̃ uR + h. c. (1.38)

and repeat the same exercise as above. Taking for instance the case of the electron, one

obtains

LF = −
1√
2
λe (ν̄e, ēL)

(
0

v + H

)
eR + · · ·

= −
1√
2
λe (v + H) ēLeR + · · · (1.39)

The constant term in front of f̄LfR (and h.c.) is identified with the fermion mass

me =
λe v√

2
, mu =

λu v√
2

, md =
λd v√

2
(1.40)

Thus, with the same isodoublet Φ of scalar fields, we have generated the masses of both

the weak vector bosons W±, Z and the fermions, while preserving the SU(2)×U(1) gauge

symmetry, which is now spontaneously broken or hidden. The electromagnetic U(1)Q sym-

metry, as well as the SU(3) color symmetry, stay unbroken. The Standard Model refers, in

fact, to SU(3)×SU(2)×U(1) gauge invariance when combined with the electroweak symme-

try breaking mechanism. Very often, the electroweak sector of the theory is also referred to

as the SM; in this review we will use this name for both options.
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fermion fields, gauge fields and a scalar field coupled by the standard gauge interactions and Yukawa
interactions to the other fields. Moreover, a self-interaction

V =
λ

2

[

|φ|2 − v2

2

]2

(2.2)

is introduced in the scalar sector, which leads to a non-zero ground-state value v/
√

2 of the scalar field.
By fixing the phase of the vacuum amplitude at an arbitrarily chosen value, say zero, the gauge symmetry
is broken spontaneously in the scalar sector. Interactions of the gauge fields with the scalar background
field, Fig. 2.2a, and Yukawa interactions of the fermion fields with the background field, Fig. 2.2b, shift
the masses of these fields from zero to non-zero values:

(a)
1

q2
→ 1

q2
+
∑

j

1

q2

[

(gv

2

)2 1

q2

]j

=
1

q2 − M2
: M2 = g2 v2

4

(b)
1

$q
→ 1

$q
+
∑

j

1

$q

[

gfv√
2

1

$q

]j

=
1

$q − mf
: mf = gf

v√
2

(2.3)

Thus, in theories with gauge and Yukawa interactions, in which the scalar field acquires a non-zero
ground-state value, the couplings are naturally proportional to the masses. This ensures the unitarity of
the theory as discussed before. These theories are renormalizable (as a result of the gauge invariance,
which is only disguised in the unitary formulation adopted here), and thus they describe a well-defined
physical system.

V
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+

H

+ + · · ·

f

(b)

+

H

+ + · · ·

Figure 2.2: Generating (a) gauge boson and (b) fermion masses through interactions with the scalar background
field.

2.2 The Higgs Mechanism in the Standard Model

Besides the Yang–Mills and the fermion parts, the electroweak SU2 × U1 Lagrangian includes a scalar
isodoublet field φ, coupled to itself in the potential V , cf. eq. (2.2), to the gauge fields through the
covariant derivative iD = i∂ − g$I $W − g′Y B, and to the up and down fermion fields u, d by Yukawa
interactions:

L0 = |Dφ|2 − λ

2

[

|φ|2 − v2

2

]2

− gdd̄LφdR − guūLφcuR + hc . (2.4)

In the unitary gauge, the isodoublet φ is effectively replaced by the physical Higgs fieldH , φ → [0, (v +
H)/

√
2], which describes the fluctuation of the I3 = −1/2 component about the ground-state value

v/
√

2. The scale v of the electroweak symmetry breaking is fixed by the weak gauge coupling and the
W mass, which in turn can be reexpressed by the Fermi coupling:

v = 1/

√√
2GF ≈ 246GeV. (2.5)
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We will see in the course of this review that it will be appropriate to use the Fermi coupling

constant Gµ to describe the couplings of the Higgs boson, as some higher–order effects are

effectively absorbed in this way. The Higgs couplings to fermions, massive gauge bosons as

well as the self–couplings, are given in Fig. 1.2 using both v and Gµ. This general form of

the couplings will be useful when discussing the Higgs properties in extensions of the SM.

•H

f

f̄

gHff = mf/v = (
√

2Gµ)1/2 mf × (i)

•H

Vµ

Vν

gHV V = 2M2
V /v = 2(

√
2Gµ)1/2 M2

V × (−igµν)

•H

H

Vµ

Vν

gHHV V = 2M2
V /v2 = 2

√
2Gµ M2

V × (−igµν)

•H
H

H

gHHH = 3M2
H/v = 3(

√
2Gµ)1/2 M2

H × (i)

•H

H

H

H

gHHHH = 3M2
H/v2 = 3

√
2Gµ M2

H × (i)

Figure 1.2: The Higgs boson couplings to fermions and gauge bosons and the Higgs self–
couplings in the SM. The normalization factors of the Feynman rules are also displayed.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

∆HH(q2) =
i

q2 − M2
H + iε

(1.49)
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1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)
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6.2
Higgs-boson decays

The partial width of Higgs-boson decays to lepton and quark pairs is given at leading
order by

�(H ! f ¯f) = nc
GF

4

p
2⇡

m2
f (M

2
H)MH�3

f , (6.4)

nc = 1 or 3 being the colour factor, mf the fermion mass and �f =

q
1� 4m2

f/M
2
H

the fermion velocity. Asymptotically, the fermionic width grows only linearly with
the Higgs-boson mass. The bulk of QCD radiative corrections can be mapped into
the scale dependence of the quark mass, evaluated at the Higgs-boson mass.

Above the WW and ZZ decay thresholds, the partial widths for the decays into
WW and ZZ may be written as

�(H ! V V ) = �V
GF

16

p
2⇡

M3
H(1� 4x+ 12x2)�V , (6.5)

where x = M2
V /M2

H and �V = 2 and 1 for V = W and Z, respectively. The
factor of 2 di�erence between the decays into WW and ZZ is due to the fact that the
two identical Z bosons cannot be distinguished. For large Higgs-boson masses, the
vector bosons are longitudinally polarised. Since the wave functions of these states
are linear in the energy, the widths grow as the third power of the Higgs-boson mass.
Below the threshold for two real bosons, the Higgs particle can decay into V (⇤)V (⇤)

pairs, one or both of the vector bosons being virtual. The electroweak corrections to
these decay widths are of moderate size.

In the Standard Model, gluonic Higgs-boson decays are mediated by top-quark
and bottom-quark loops, photonic decays in addition by W loops. Since these decay
modes are significant only far below the top and W thresholds, they are described by
the approximate expressions [10, 11] which are valid in the limit M2

H ⌧ 4M2
W , 4m2

t .

�(H ! gg) =
GF↵

2
s(M

2
H)

36

p
2⇡3

M3
H

h
1 +

⇣
95

4

� 7nF

6

⌘ ↵s

⇡

i
, (6.6)

�(H ! ��) =
GF↵

2

128

p
2⇡3

M3
H

h
4

3

nce
2
t � 7

i2
, (6.7)

where nF is the number of quark flavours and et is the electric charge of the top
quark. The QCD radiative corrections, which include the ggg and gqq̄ final states
in equation (6.6), are very important; they increase the partial width by about 65%.
Even though photonic Higgs-boson decays are very rare, they nevertheless open an
attractive resonance-type channel for the search for Higgs particles. The higher-order
corrections to the photonic Higgs-boson decay mode are small in the Higgs-boson
mass range relevant for the LHC.

The Higgs-boson decay modes can be divided into two di�erent mass ranges. For
MH . 135 GeV the Higgs boson mainly decays into b¯b and ⌧+⌧� pairs with branch-
ing ratios of about 85% and 8%, respectively (see figure 6.3b). The decay modes into
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the approximate expressions [10, 11] which are valid in the limit M2
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where nF is the number of quark flavours and et is the electric charge of the top
quark. The QCD radiative corrections, which include the ggg and gqq̄ final states
in equation (6.6), are very important; they increase the partial width by about 65%.
Even though photonic Higgs-boson decays are very rare, they nevertheless open an
attractive resonance-type channel for the search for Higgs particles. The higher-order
corrections to the photonic Higgs-boson decay mode are small in the Higgs-boson
mass range relevant for the LHC.

The Higgs-boson decay modes can be divided into two di�erent mass ranges. For
MH . 135 GeV the Higgs boson mainly decays into b¯b and ⌧+⌧� pairs with branch-
ing ratios of about 85% and 8%, respectively (see figure 6.3b). The decay modes into

2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]
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The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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2.2 Decays into electroweak gauge bosons

2.2.1 Two body decays

Above the WW and ZZ kinematical thresholds, the Higgs boson will decay mainly into pairs

of massive gauge bosons; Fig. 2.9a. The decay widths are directly proportional to the HV V

couplings given in eq. (2.2) which, as discussed in the beginning of this chapter, correspond

to the JPC = 0++ assignment of the SM Higgs boson spin and parity quantum numbers.

These are S–wave couplings, ∼ !ε1 · !ε2 in the laboratory frame, and linear in sin θ, with θ

being the angle between the Higgs and one of the vector bosons.
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•H V

V

•

b)

H
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f

f̄
•

c)

H

f3

f̄4

f1

f̄2

Figure 2.9: Diagrams for the Higgs boson decays into real and/or virtual gauge bosons.

The partial width for a Higgs boson decaying into two real gauge bosons, H → V V with

V = W or Z, are given by [32, 145]

Γ(H → V V ) =
GµM3

H

16
√

2π
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√
1 − 4x (1 − 4x + 12x2) , x =

M2
V

M2
H

(2.27)

with δW = 2 and δZ = 1. For large enough Higgs boson masses, when the phase space factors

can be ignored, the decay width into WW bosons is two times larger than the decay width

into ZZ bosons and the branching ratios for the decays would be, respectively, 2/3 and 1/3

if no other decay channel is kinematically open.

For large Higgs masses, the vector bosons are longitudinally polarized [159]

ΓL

ΓL + ΓT
=

1 − 4x + 4x2

1 − 4x + 12x2

MH!MV−→ 1 (2.28)

while the L, T polarization states are democratically populated near the threshold, at x =

1/4. Since the longitudinal wave functions are linear in the energy, the width grows as the

third power of the Higgs mass, Γ(H → V V ) ∝ M3
H . As discussed in §1.4.1, a heavy Higgs

boson would be obese since its total decay width becomes comparable to its mass

Γ(H → WW + ZZ) ∼ 0.5 TeV [MH/1 TeV]3 (2.29)

and behaves hardly as a resonance.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Fig. 27: Measured energy dependence of σ(e+e− → W +W−) (left) and σ(e+e− → ZZ) (right). The three curves
shown for the W -pair production cross-section correspond to only the νe-exchange contribution (upper curve), νe exchange
plus photon exchange (middle curve) and all contributions including also the ZWW vertex (lower curve). Only the e-exchange
mechanism contributes to Z–pair production [29, 30].

Since the Z is electrically neutral, it does not interact with the photon. Moreover, the SM does not
include any local ZZZ vertex. Therefore, the e+e− → ZZ cross-section only involves the contribution
from e exchange. The agreement of the SM predictions with the experimental measurements in both
production channels, W+W− and ZZ , provides a test of the gauge self-interactions. There is a clear
signal of the presence of a ZWW vertex, with the predicted strength, and no evidence for any γZZ or
ZZZ interactions. The gauge structure of the SU(2)L ⊗ U(1)Y theory is nicely confirmed by the data.
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Fig. 28: Branching fractions of the different Higgs decay modes (left) and total decay width of the Higgs boson (right) as
function ofMH [44].

The couplings of the Higgs boson are always proportional to some mass scale. The Hff̄ inter-
action grows linearly with the fermion mass, while the HWW and HZZ vertices are proportional to
M2

W and M2
Z , respectively. Therefore, the most probable decay mode of the Higgs will be the one into

the heaviest possible final state. This is clearly illustrated in Fig. 28. The H → bb̄ decay channel is
by far the dominant one below the W+W− production threshold. When MH is large enough to al-
low the production of a pair of gauge bosons, H → W+W− and H → ZZ become dominant. For

28

For the charm quark mass for instance, the evolution is determined by the equation for

mc < µ < mb up to the scale µ = mb, while for scales above the bottom mass the evolution

must be restarted at µ = mb. Using as starting points the values of the t, b, c quark pole

masses given previously and for αs(MZ) = 0.1172 and µ = 100 GeV, the MS running t, b, c

quark masses are displayed in Table 1.1. As can be seen, the values of the running b, c

masses at the scale µ ∼ 100 GeV are, respectively, ∼ 1.5 and ∼ 2 times smaller than the

pole masses, while the top quark mass is only slightly different.

For the strange quark, this approach fails badly below scales of O(1 GeV) because of the

the too strong QCD coupling. Fortunately, ms will play only a minor role in Higgs physics

and whenever it appears, we will use the value ms(1 GeV) = 0.2 GeV.

Q mQ mQ(mQ) mQ(100 GeV)

c 1.64 GeV 1.23 GeV 0.63 GeV

b 4.88 GeV 4.25 GeV 2.95 GeV

t 178 GeV 170.3 GeV 178.3 GeV

Table 1.1: The pole quark masses and the mass values in the MS scheme for the running
masses at the scale mQ and at a scale µ = 100 GeV; αs(MZ) = 0.1172.

The masses of the charged leptons are given by

mτ = 1.777 GeV , mµ = 0.1056 GeV , me = 0.511 MeV (1.87)

with the electron being too light to play any role in Higgs physics. The approximation of

massless neutrinos will also have no impact on our discussion.

The gauge boson masses and total widths

Finally, an enormous number of Z bosons has been produced at LEP1 and SLC at c.m.

energies close to the Z resonance,
√

s # MZ , and of W bosons at LEP2 and at the Tevatron.

This allowed to make very precise measurements of the properties of these particles which

provided stringent tests of the SM. This subject will be postponed to the next section. Here,

we simply write the obtained masses and total decay widths of the two particles [8]

MZ = 91.1875 ± 0.0021 GeV (1.88)

ΓZ = 2.4952 ± 0.0023 GeV (1.89)

and, averaging the LEP2 [51] and Tevatron [52] measurements,

MW = 80.425 ± 0.034 GeV (1.90)

ΓW = 2.133 ± 0.069 GeV (1.91)

which completes the list of SM parameters that we will use throughout this review.
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Grenze aus der Theorie: 
     -  Unitaritätsgrenze 
     -  Trivialitätsgrenze, kein Landau-Pol  
     -  Vakuumstabilität 

Indirekte Vorhersage im SM 

Direkte Suche an 
- LEP 
- TEVATRON 
- LHC 
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• probability conservation in scattering processes (unitarity) problematic for 
heavy Higgs masses
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This leads to the unitary conditions [119]
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If one takes the J = 0 partial wave for the amplitude A(w+w− → w+w−)
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and assumes the Higgs boson mass to be much smaller than
√

s, which leads to
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8πv2
(1.157)

From the requirement of the unitarity condition, eq. (1.155), one obtains the upper bound [32]

MH <∼ 870 GeV (1.158)

In fact the scattering channel W+
L W−

L considered above can be coupled with other channels:

ZLZL, HH and ZLH [for a recent discussion, see Ref. [120] e.g.]. In addition to the four

neutral particle initial states, one can also consider the two charged channels W+
L H and

W+
L ZL which, because of charge conservation, are not coupled to the neutral ones. The

scattering amplitude is then given by a 6 × 6 matrix which is diagonal by block: a 4 × 4

block for the neutral channels and a 2× 2 block for the charged channels. At high energies,

the matrix elements are dominated by the quartic couplings and the full matrix in the basis
(
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2
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Implications of the Higgs mechanism: theoretical bounds
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Implications of the Higgs mechanism: theoretical bounds

• two additional theoretical bounds follow from the analysis of the Higgs 
potential beyond leading order
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• two additional theoretical bounds follow from the analysis of the Higgs 
potential beyond leading order

• beyond tree level all parameters become scale dependent
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1.2.3 Renormalization group analysis

Two additional theoretical constraints we can derive from the renormalization group equation of the Higgs potential,
specifically from the renormalization scale dependence of the self coupling �(Q2

). Such a scale dependence arises
automatically when we encounter ultraviolet divergences and absorb the 1/✏ poles into a minimal counter term. We
will discuss this running of couplings in more detail in Section 2.2.1 for the running QCD coupling ↵s. In the case of
a running quartic Higgs coupling � the relevant s, t and u-channel diagrams only depending on � itself are

+ + +

Skipping the calculation we quote the complete renormalization group equation including diagrams with the Higgs
boson, the top quark and the weak gauge bosons inside the loops
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with �t =

p
2mt/v. This formula will be the basis of the discussion in this section.

The first regime we study is where the Higgs self coupling � becomes strong. Fixed order perturbation theory as we
use it in the unitarity argument runs into problems in this regime and the renormalization group equation is the
appropriate tool to describe this region. The leading term in Eq.(1.93) reads
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Because of the positive sign on the right hand side the quartic coupling will become stronger and stronger and
eventually diverge for larger scales Q2. Obviously, this divergence should not happen in a physical model and will
give us a constraint on the maximum value of � allowed. The approximate renormalization group equation we can
solve by replacing � = g�1

d �

d log Q2

=

d

d log Q2

1

g
= � 1

g2

d g

d log Q2

!

=

3

4⇡2

1

g2

, d g

d log Q2

= � 3

4⇡2

, g(Q2

) = � 3

4⇡2

log Q2

+ C . (1.95)

A boundary condition �(Q2

= v2

) = �
0

fixes the integration constant C

g
0

=

1

�
0

= � 3

4⇡2

log v2

+ C , C = g
0

+

3

4⇡2

log v2

) g(Q2

) = � 3

4⇡2

log Q2

+ g
0

+

3

4⇡2

log v2

= � 3

4⇡2

log

Q2

v2

+ g
0

, �(Q2

) =



� 3

4⇡2

log

Q2

v2

+

1

�
0

��1

= �
0



1� 3

4⇡2

�
0

log

Q2

v2

��1

. (1.96)

Starting from scales Q ⇠ v where the expression in brackets is close to one and moving towards larger scales the
denominator becomes smaller until � actually hits a pole at the critical value Qpole
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1.2.3 Renormalization group analysis

Two additional theoretical constraints we can derive from the renormalization group equation of the Higgs potential,
specifically from the renormalization scale dependence of the self coupling �(Q2

). Such a scale dependence arises
automatically when we encounter ultraviolet divergences and absorb the 1/✏ poles into a minimal counter term. We
will discuss this running of couplings in more detail in Section 2.2.1 for the running QCD coupling ↵s. In the case of
a running quartic Higgs coupling � the relevant s, t and u-channel diagrams only depending on � itself are

+ + +

Skipping the calculation we quote the complete renormalization group equation including diagrams with the Higgs
boson, the top quark and the weak gauge bosons inside the loops
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with �t =

p
2mt/v. This formula will be the basis of the discussion in this section.

The first regime we study is where the Higgs self coupling � becomes strong. Fixed order perturbation theory as we
use it in the unitarity argument runs into problems in this regime and the renormalization group equation is the
appropriate tool to describe this region. The leading term in Eq.(1.93) reads
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Because of the positive sign on the right hand side the quartic coupling will become stronger and stronger and
eventually diverge for larger scales Q2. Obviously, this divergence should not happen in a physical model and will
give us a constraint on the maximum value of � allowed. The approximate renormalization group equation we can
solve by replacing � = g�1
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Starting from scales Q ⇠ v where the expression in brackets is close to one and moving towards larger scales the
denominator becomes smaller until � actually hits a pole at the critical value Qpole
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1.2.3 Renormalization group analysis

Two additional theoretical constraints we can derive from the renormalization group equation of the Higgs potential,
specifically from the renormalization scale dependence of the self coupling �(Q2

). Such a scale dependence arises
automatically when we encounter ultraviolet divergences and absorb the 1/✏ poles into a minimal counter term. We
will discuss this running of couplings in more detail in Section 2.2.1 for the running QCD coupling ↵s. In the case of
a running quartic Higgs coupling � the relevant s, t and u-channel diagrams only depending on � itself are

+ + +

Skipping the calculation we quote the complete renormalization group equation including diagrams with the Higgs
boson, the top quark and the weak gauge bosons inside the loops
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with �t =

p
2mt/v. This formula will be the basis of the discussion in this section.

The first regime we study is where the Higgs self coupling � becomes strong. Fixed order perturbation theory as we
use it in the unitarity argument runs into problems in this regime and the renormalization group equation is the
appropriate tool to describe this region. The leading term in Eq.(1.93) reads
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Because of the positive sign on the right hand side the quartic coupling will become stronger and stronger and
eventually diverge for larger scales Q2. Obviously, this divergence should not happen in a physical model and will
give us a constraint on the maximum value of � allowed. The approximate renormalization group equation we can
solve by replacing � = g�1
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Starting from scales Q ⇠ v where the expression in brackets is close to one and moving towards larger scales the
denominator becomes smaller until � actually hits a pole at the critical value Qpole

1� 3

4⇡2

�
0

log

Q2

pole

v2

!

= 0 , 3

4⇡2

�
0

log

Q2

pole

v2

= 1

, log

Q2

pole

v2

=

4⇡2

3�
0

, Qpole = v exp

2⇡2

3�
0

= v exp

4⇡2v2

3m2

H

(1.97)

8

Grenzen auf MH aus Störungstheorie für λ	




Trivialitätsgrenze / kein Landau-Pol 
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λ  < unendlich oder 1 bis Energiskala Λ für Störungstheorie 
λ  < 1 für Λ unendlich à λ = 0 bei kleinen Energien à kein SSB (trivial) 
λ  <  1 für „Cut off“ Λ à obere Grenze auf MH     



Stabiles Vakuum 

M. Schumacher                        Teilchenphysik II     Kapitel 7: Higgs-Physik                                WiSe 2011/2012 

λ  > 0 bis Energieskala Λ für Vakuumstabilität 
à untere Grenze auf MH     
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Implications of the Higgs mechanism: theoretical bounds
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1.2.3 Renormalization group analysis

Two additional theoretical constraints we can derive from the renormalization group equation of the Higgs potential,
specifically from the renormalization scale dependence of the self coupling �(Q2

). Such a scale dependence arises
automatically when we encounter ultraviolet divergences and absorb the 1/✏ poles into a minimal counter term. We
will discuss this running of couplings in more detail in Section 2.2.1 for the running QCD coupling ↵s. In the case of
a running quartic Higgs coupling � the relevant s, t and u-channel diagrams only depending on � itself are

+ + +

Skipping the calculation we quote the complete renormalization group equation including diagrams with the Higgs
boson, the top quark and the weak gauge bosons inside the loops
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with �t =

p
2mt/v. This formula will be the basis of the discussion in this section.

The first regime we study is where the Higgs self coupling � becomes strong. Fixed order perturbation theory as we
use it in the unitarity argument runs into problems in this regime and the renormalization group equation is the
appropriate tool to describe this region. The leading term in Eq.(1.93) reads
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Because of the positive sign on the right hand side the quartic coupling will become stronger and stronger and
eventually diverge for larger scales Q2. Obviously, this divergence should not happen in a physical model and will
give us a constraint on the maximum value of � allowed. The approximate renormalization group equation we can
solve by replacing � = g�1
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Starting from scales Q ⇠ v where the expression in brackets is close to one and moving towards larger scales the
denominator becomes smaller until � actually hits a pole at the critical value Qpole
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vacuum stability boundtriviality bound
1.2 The Standard Model 27

Figure 2: Triviality or Landau pole (upper) and stability bounds (lower) for the Standard Model Higgs boson in the
mH �Q plane. Similar figures first appeared in Ref. [2], involving this kind of physics argument from Ref. [3].

Such a pole is called a Landau pole and gives us a maximum scale beyond which we cannot rely on our perturbative
theory to work. In the upper line of Figure 2 we show Qpole versus the Higgs mass, approximately computed in
Eq.(1.97). As a function of the Higgs mass Qpole gives the maximum scale were our theory is valid, which means we
have to reside below the upper line in Figure 2. Turning the argument around, for given Qpole we can read off the
maximum allowed Higgs mass which in the limit of large cutoff values around the Planck scale 10

19 GeV becomes
mH . 180 GeV.
This limit is often referred to as the triviality bound, which at first glance is precisely not what this theory is — trivial
or non-interacting. The name originates from the fact that if we want our Higgs potential to be perturbative at all
scales, the coupling � can only be zero everywhere. Any finite coupling will hit a Landau pole at some scale. Such a
theory with zero interaction is called trivial.

After looking at the ultraviolet regime we can go back to the full renormalization group equation Eq.(1.93) and ask a
completely different question: how long will � > 0 ensure that our Higgs potential is bounded from below?
This bound is called the stability bound. On the right hand side of Eq.(1.93) there are two terms with a negative sign
which in principle drive � through zero. One of them vanishes for small � ⇠ 0, so we can neglect it. In the small-�
regime we therefore encounter two finite competing terms
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The usual boundary condition at �(v2

) = m2

H/(2v2

) is the starting point from which the top Yukawa coupling drives
� to zero at another critical scale �(Q2

stable) = 0 which depends on the Higgs mass mH . The second (smaller)
contribution from the weak gauge coupling ameliorates this behavior
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From Eq.(1.98) we see that only for energy scales below Qstable(mH) the Higgs potential is bounded from below and
our vacuum stable. For a given maximum validity scale Qstable this stability bound translates into a minimum Higgs

allowed
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However, it is for small values of the quartic couplings that the additional contributions

can have a large impact and give some new information. Indeed, for λ! λt, g1, g2, the RGE

can be approximated by

dλ

dlogQ2
"

1

16π2

[
12λ2 − 12

m4
t

v4
+

3

16

(
2g4

2 + (g2
2 + g2

1)
2
)]

(1.175)

and its solution, taking again the weak scale as the reference point, is
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If the coupling λ is too small, the top quark contribution can be dominant and could drive

it to a negative value λ(Q2) < 0, leading to a scalar potential V (Q2) < V (v). The vacuum is

not stable anymore since it has no minimum. The stability argument [131–133] tells us that

to have a scalar potential which is bounded from below and, therefore, to keep λ(Q2) > 0,

the Higgs boson mass should be larger than the value

M2
H >
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This puts a strong constraint on the Higgs boson mass, which depends on the value of the

cut–off ΛC . For relatively low and very high values for this cut–off, one obtains

ΛC ∼ 103 GeV ⇒ MH >∼ 70 GeV

ΛC ∼ 1016 GeV ⇒ MH >∼ 130 GeV (1.178)

Note, however, that the stability bound on the New Physics scale can be relaxed if the

vacuum is metastable as discussed in Ref. [134]. Indeed, the SM effective potential can have

a minimum which is deeper than the standard electroweak minimum if the decay of the latter

into the former, via thermal fluctuations in the hot universe or quantum fluctuations at zero

temperature, is suppressed. In this case, a lower bound on the Higgs mass follows from the

requirement that no transition between the two vacua occurs and we always remain in the

electroweak minimum. The obtained bound on MH is in general much weaker than in the

case of absolute stability of the vacuum and even disappears if the cut–off of the theory is

at the TeV scale17.
17Note that the first argument, i.e. thermal fluctuations, relies on several cosmological assumptions such

as that the universe went through a phase of very high temperature, which has been indirectly tested so far
only for temperatures of the order of a few MeV. The second argument, quantum tunneling, where the only
cosmological input is the knowledge of the age of the universe which should be larger than the lifetime of
the instability of the vacuum, gives less severe bounds; see Ref. [133] for instance.
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Λ MH

1 TeV 60 GeV <∼ MH <∼ 700 GeV

1019 GeV 130 GeV <∼ MH <∼ 190 GeV

Table 2.1: Higgs mass bounds for two values of the cut-off Λ.

The scales Λ up to which the Standard Model can be extended before new interactions must
become effective, are displayed in Fig. 2.4 as a function of the Higgs mass. The allowed Higgs mass
values are collected in Table 2.1 for two specific cut-off values Λ. If the Standard Model is assumed to be
valid up to the Planck scale, the Higgs mass is restricted to a narrow window between 130 and 190 GeV.
The window is widened to 200 GeV for the cut-off near the grand unification scale. The observation of
a Higgs mass above or below this window would demand a new physics scale below the Planck/GUT
scales.

3. Indirect evidence for a light Higgs boson can be derived from the high-precision measurements of
electroweak observables at LEP and elsewhere. Indeed, the fact that the Standard Model is renormaliz-
able only after including the top and Higgs particles in the loop corrections, indicates that the electroweak
observables are sensitive to the masses of these particles.

The Fermi coupling can be rewritten in terms of the weak coupling and the W mass; to lowest
order, GF /

√
2 = g2/8M2

W . After substituting the electromagnetic coupling α, the electroweak mixing
angle and the Z mass for the weak coupling and theW mass, this relation can be rewritten as

GF√
2

=
2πα

sin2 2θW M2
Z

[1 + ∆rα + ∆rt + ∆rH ] . (2.11)

The terms ∆ take account of the radiative corrections, cf. Fig. 2.5: ∆rα describes the shift in the
electromagnetic coupling α if evaluated at the scale M2

Z instead of zero-momentum; ∆rt denotes the
top/bottom quark contributions to the W and Z masses, which are quadratic in the top mass. Finally,

W

t

b

W W

H

W

W

Figure 2.5: Virtual t,b and W,Higgs radiative corrections to the propagators of the electroweak gauge boson.

∆rH accounts for the virtual Higgs contribution to the masses; this term depends only logarithmically
[9] on the Higgs mass at leading order:

∆rH =
GF M2

Z(1 + 9 sin2 θW )

24
√

2π2
log

M2
H

M2
W

+ ... (M2
H # M2

W ) . (2.12)

The screening effect reflects the role of the Higgs field as a regulator that renders the electroweak theory
renormalizable.

Although the sensitivity on the Higgs mass is only logarithmic, the increasing precision in the
measurement of the electroweak observables allows us to derive interesting estimates and constraints on
the Higgs mass [10], cf. Fig. 1.1:
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Markus Schumacher,  Higgs Physics, WS 04/05  Bonn University 

Vorhersage von MH im SM Sommer 2011 
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Measurement Fit |Omeas<Ofit|/mmeas
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0 1 2 3

6_had(mZ)6_(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
KZ [GeV]KZ [GeV] 2.4952 ± 0.0023 2.4959
mhad [nb]m0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01646
Al(Po)Al(Po) 0.1465 ± 0.0032 0.1482
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1039
AfbA0,c 0.0707 ± 0.0035 0.0743
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1482
sin2eeffsin2elept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.023 80.378
KW [GeV]KW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.27

July 2011

Angepasste SM-Parameter: MH, MZ, GF, α(MZ), mt     
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Figure 6.7 Comparison of leading-order cross sections for Higgs-boson production and
various background processes at e+e� colliders (left) and hadron colliders (right)
calculated with ������ [20]. The discontinuities in the cross-section curves at hadron
colliders are due to the change from pp̄ to pp colliders.

6.5.1
Searches at LEP

The most stringent exclusion until recently was provided by searches at the e+e�

collider LEP. Until 2000, a data sample of approximately 0.5 (2.5) fb�1 was collec-
ted during the LEP 2 programme by the four experiments ALEPH, DELPHI, L3 and
OPAL at centre-of-mass energies in excess of 206 (189) GeV [21]. Searches have
been performed for the Higgs-strahlung process e+e� ! Z⇤ ! ZH in various com-
binations of Z and Higgs-boson decay modes: ZH ! qq̄b¯b, ⌫⌫̄b¯b, e+e�b¯b, µ+µ�b¯b,
⌧+⌧�qq̄, qq̄⌧+⌧�. These final states cover approximately 80% of the total produc-
tion rate for a Higgs boson with a mass of 115 GeV. The signal cross section in
comparison to the dominant background processes is shown in figure 6.7 (left). The
strong dependence of the cross section on the Higgs-boson mass at a given centre-of-
mass energy is clearly visible. The a priori signal-to-background ratio is of the order
of 10�4 at the edge of the LEP sensitivity. Given the long time intervals between
bunch crossings of 22 µs, the instantaneous luminosity of 1032 cm�2 s�1 and the
magnitude of the total cross section, triggering on all signal topologies was not a prob-
lem. The selection made use of the good identification performance for b-flavoured
jets, tau leptons, electrons and muons. The Higgs-boson candidate mass could be
reconstructed in all final states including the decay Z ! ⌫⌫̄ by exploiting energy–
momentum conservation and constraining the mass of two final-state particles to the
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Higgsproduktion bei LEP: ECM<209 GeV 
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Ergebnis der Higgs-Suche bei LEP 
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Figure 5: Distributions of the reconstructed Higgs boson mass, mrec
H , obtained from two selections

with differing signal purities. The histograms show the Monte Carlo predictions, lightly shaded for
the background, heavily shaded for an assumed Standard Model Higgs boson of mass 115 GeV/c2,
together with the data. In the loose and tight selections the cuts are adjusted in such a way as to
obtain, for a Higgs boson of mass 115 GeV/c2, approximately 0.5 or 2 times more expected signal
than background events when integrated over the region mrec

H > 109 GeV/c2. In the searches where
the event selection depends on the test mass (see the Appendix), its value is set at 115 GeV/c2.
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Figure 6.6 Higgs-boson production cross sections at the Tevatron (left) and the LHC
(right) for the various production mechanisms as a function of the Higgs-boson mass. The
full QCD-corrected results for gluon fusion, gg ! H, vector-boson fusion,
qq ! V V qq ! Hqq, vector-boson bremsstrahlung, qq̄ ! V ⇤ ! HV , and associated
production, gg, qq̄ ! Ht¯t, are shown. (Adapted from [16, 17, 10, 18].)

order 1/1 to 1/10. In order to reach this goal, sophisticated selection strategies have
been developed using either simple rectangular cuts or making use of multivariate
techniques such as likelihood ratios, artificial neural networks or boosted decision
trees. The combination of production mechanisms and decay modes of the Higgs
boson and the particles, which are eventually produced in association with the Higgs
particle, yields a plethora of final-state topologies which can be used to search for
Higgs-boson production. The following considerations have to be taken into account
when choosing the most promising search channels: su�cient a priori signal rate de-
termined by cross sections and branching ratios; methods to trigger on signal events
with high e�ciency; methods to suppress the background to an acceptable level; and
means to estimate the uncertainties on the background prediction and, in the case
of exclusion, also the uncertainties on the signal prediction. For the discovery of a
new resonance (which means that the probability to observe the actual number of
events is less than 2.85 · 10�7 under the background-only hypothesis) only the back-
ground prediction and its uncertainty is needed. Wrong assumptions on the shape of
discriminating observables for the signal process will lead to a reduced sensitivity.
Hypothetically, one observed event can lead to a claim of discovery, given the search
is basically background-free (⇡ 3 · 10�7 expected background events). In order to
exclude the signal hypothesis at the 95% confidence level, a minimum signal yield of
3 expected events after application of the full selection chain is needed. In this case,
also the uncertainties on the signal rate and shape of the discriminating distributions
will influence the derived exclusion limits — e.g. a too optimistic assumption for the
mass resolution for Higgs-boson candidates will yield a too stringent exclusion.

Although the Higgs mechanism was incorporated in the electroweak theory four
decades ago, significant parts of the mass range of the SM Higgs boson could only
be investigated after the start of the Large Electron Positron Collider (LEP) in 1989.
According to the 1988 Particle Data Book [19], “the only cast-iron constraint on the
mass of the Higgs boson was MH > 14 MeV at 95% confidence level. A combina-
tion of theoretical arguments and bounds from K, B and ⌥ decays probably excluded
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6.4
Higgs-boson production at hadron colliders

The main Higgs-boson production mechanism at the Tevatron and the LHC will be the
gluon-fusion process gg ! H . This process is mediated by top-quark and bottom-
quark loops (see figure 6.5a). Due to the large size of the top-Yukawa couplings
and the gluon densities in the relevant Bjorken-x range, gluon fusion comprises the
dominant Higgs boson production mechanism for the whole Higgs-boson mass range.

g

g

t, b
H

(a)

H

q

q

W, Z

W, Z

q

q

(b)

H

q

W*, Z *

W, Z

(c)

H

g

g

t

(d)

q t

Figure 6.5 Typical diagrams for all relevant Higgs-boson production mechanisms at
hadron colliders at leading order: (a) gluon fusion, (b) vector-boson fusion, (c)
Higgs-strahlung, (d) Higgs bremsstrahlung o� top quarks.

The QCD corrections to the top-quark and bottom-quark loops have been known
for a long time and include the full Higgs-boson and quark-mass dependencies [10,
11]. They increase the total cross section by 50–100%. Setting the top-quark mass
to a very large value provides an approximation that is accurate to ⇠ 10% for all
Higgs-boson masses. In this limit the next-to-next-to-leading order (NNLO) QCD
corrections have been calculated; they increase the total cross section by a further
⇠ 20–30%. A full massive NNLO calculation is only partially available [14, 15],
so that the NNLO results can only be trusted for intermediate Higgs-boson masses,
MH . 300 GeV. The approximate NNLO results have been improved by a soft-
gluon resummation at the next-to-next-to-leading log (NNLL) level, which yields
another increase of the total cross section by ⇠ 10%. Electroweak corrections have
been computed as well and turn out to be small. The theoretical uncertainties of the
total cross section can be estimated to be ⇠ 15%.

For large Higgs-boson masses, the W and Z boson-fusion processes qq ! qq +

WW/ZZ ! qqH (see figure 6.5b) become competitive at the LHC. These pro-
cesses do not play a role at the Tevatron, They are, however, relevant at the LHC in
the intermediate Higgs-boson mass range, since the additional forward jets o�er the
opportunity to reduce the background processes significantly. Since there is no col-
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Figure 13: The combined 95% C.L. upper limits on the signal strength modifier µ =
�/�SM , obtained with the CL

s

method, as a function of the SM Higgs boson mass in the
range 110-600 GeV/c2. The observed limits are shown by solid symbols. The dashed line
indicates the median expected µ95% value for the background-only hypothesis, while the
green (yellow) bands indicate the ranges expected to contain 68% (95%) of all observed
limit excursions from the median. The SM Higgs boson mass ranges excluded by LEP,
by the Tevatron and by this combination are shown as hatched areas.
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Status der Suche bei ATLAS: heute 
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results — within 0.2 standard deviations — in the
entire mass range.

The quoted values do not account for the so-
called look-elsewhere effect, which takes into ac-
count that such an excess (or a larger one) can ap-
pear anywhere in the search range as a result of
an upward fluctuation of the background. When
considering the complete mass range of this search,
using the method of Ref. [80], the global p0-value
for each of the three excesses becomes of O(50%).
Thus, once the look-elsewhere effect is considered,
none of the observed local excesses are significant.

8. Summary

A search for the SM Higgs boson in the decay
channel H → ZZ(∗) → 4! based on 4.8 fb−1 of data
recorded by the ATLAS detector at

√
s = 7 TeV

during the 2011 run has been presented. The SM
Higgs boson is excluded at 95% CL in the mass
ranges 134−156 GeV, 182−233 GeV, 256−265 GeV
and 266−415 GeV. The largest upward deviations
from the background-only hypothesis are observed
for mH = 125 GeV, 244 GeV and 500 GeV with lo-
cal significances of 2.1, 2.2 and 2.1 standard devi-
ations, respectively. Once the look-elsewhere effect
is considered, none of these excesses are significant.
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Figure 5: The expected (dashed) and observed (full line)
95% CL upper limits on the Standard Model Higgs boson
production cross section as a function of mH , divided by the
expected SM Higgs boson cross section. The dark (green)
and light (yellow) bands indicate the expected limits with
±1σ and ±2σ fluctuations, respectively.
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background fluctuates to the observed number of events or
higher, is shown as the solid line. The dashed curve shows
the expected median local p0 for the signal hypothesis when
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p0 values corresponding to local significances of 2σ and 3σ.
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FIG. 1. Invariant mass distribution for the selected data sam-
ple, overlaid with the total background (see text). The bot-
tom inset displays the residual of the data with respect to the
total background. The Higgs boson expectation for a mass
hypothesis of 120 GeV corresponding to the SM cross section
is also shown.

boson cross sections, branching ratios [30] and their un-
certainties are compiled in Ref. [31].2

The cross sections multiplied by the branching ratio
into two photons are listed in Table III. The number4

of signal events produced by gluon fusion is rescaled to
take into account the expected destructive interference6

between the gg → γγ continuum background and the
gg → H → γγ process [32], leading to a reduction of the8

production rate by 2−5% depending on mH and analysis
category. The fractions of gluon-fusion, VBF, WH, ZH10

and tt̄H production are approximately 87%, 7%, 3%, 2%
and 1%, respectively, for mH = 120 GeV.12

The shower shape variables of the simulated samples
are shifted to agree with the corresponding distributions14

in the data [11] and the photon energy resolution is
broadened to account for differences observed between16

Z → ee data and MC events. Powheg NLO MC has
been reweighted to match the Higgs boson pT distribu-18

tion predicted by HqT [33]. The signal yields expected
for 4.9 fb−1 and selection efficiencies are given in Ta-20

ble III.

The invariant mass shape of the signal in each category22

is modeled by the sum of a Crystal Ball function [34] de-
scribing the core of the distribution with a width σCB ,24

and a wide Gaussian with a small amplitude describing
the tails of the mass distribution. In Fig. 2 the sum of26

all signal processes in all categories is shown for a Higgs
boson with mH = 120 GeV. The expected full-width-at-28

half-maximum (FWHM) is 4.1 GeV and σCB is 1.7 GeV.
The resolution varies with category (see Table II). The30

signal-to-background ratio (S/B), calculated in a mass

window symmetric about the signal maximum and con-32

taining 90% of the signal, varies from 0.11 to 0.01 de-
pending on the category and is also shown in Table II.34

The background in each category is estimated from the
data by fitting the diphoton mass spectrum in the range36

100−160 GeV with an exponential function with free
slope and normalization parameters. The background38

curve in Fig. 1 is the sum of these nine contributions.
For each category, a single exponential fit satisfactorily40

describes the mass spectrum. This has been checked us-
ing large samples of diphoton events produced by the42

Resbos [35] and Diphox [36] MC generators.

 [GeV]γγm

100 105 110 115 120 125 130 135 140

 / 
0.

5 
G

eV
γγ

1/
N

 d
N

/d
m

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

ATLAS

(Simulation)

γγ→H
 = 120 GeVHm

 = 1.7 GeVCBσ

FWHM = 4.1 GeV

FIG. 2. Reconstructed invariant mass distribution for a sim-
ulated signal of mH = 120 GeV summed over all categories,
superimposed with the fit to the signal model.

To account for a possible difference between the expo-44

nential function and the true background shape, a term
is included into the likelihood function (described below)46

that allows for a signal-like component still consistent
with the background uncertainty. For each category this48

uncertainty is estimated from MC by the difference be-
tween the mass distribution of diphoton events gener-50

ated with Resbos and the result of the exponential fit
to this distribution. Photon reconstruction and identifi-52

cation efficiencies are taken into account. The MC events
are scaled to correspond to 4.9 fb−1 of data. The uncer-54

tainty is then the maximal difference between the MC
shape and the model integrated in a sliding mass win-56

dow of 4 GeV, the approximate FWHM of the expected
signal. The uncertainties obtained are ±(0.1−7.9) events58

depending on the category. Pseudo experiments are used
to check that the sum of γγ, γj and jj events can also60

be described well by the exponential model. The back-
ground uncertainties are further validated by fitting the62

data with functions that have more degrees of freedom
than the single exponential, and comparing the residuals64

to those obtained with the exponential fit.
The dominant experimental uncertainty on the signal66

yield is the photon reconstruction and identification ef-
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4

TABLE III. Higgs boson production cross section multiplied
by the branching ratio into two photons, expected number
of signal events summed over all categories for 4.9 fb−1 and
selection efficiencies for various Higgs boson masses.

mH [GeV] 110 115 120 125 130 135 140 145 150

σ ×BR [fb] 45 44 43 40 36 32 27 22 16

Signal events 69 72 72 69 65 58 50 41 31

Efficiency [%] 31 33 34 35 37 37 38 38 39

ficiency (±11%), which is estimated with data by using
electrons from Z and W decays and photons selected2

from Z → !!γ (! = e, µ) events. Pileup also affects
the identification efficiency and contributes to the uncer-4

tainty (±4%). Further uncertainties on the signal yield
are related to the trigger (±1%), Higgs boson pT model-6

ing (±1%), isolation (±5%) and luminosity (±3.9%). Un-
certainties on the predicted cross sections are due to un-8

certainties on the QCD renormalization and factorization
scales (+12

−8 %) and on the parton density functions (PDF,10

[37] and references therein) and αs (±8%). The total
uncertainty on the signal yield is +20

−17%. The total uncer-12

tainty on the mass resolution is ±14%, dominated by the
uncertainty on the energy resolution of the calorimeter,14

determined from Z → ee events (±12%). Further uncer-
tainties on the mass resolution result from an imperfect16

knowledge of material in front of the calorimeter affect-
ing the extrapolation from electron to photon calibration18

(±6%), the impact of pileup (±3%) estimated from ran-
domly triggered events, and the photon angle measure-20

ment (±1%) estimated using Z → ee events. The uncer-
tainty on the knowledge of the material in front of the22

calorimeter is used to derive the amount of event migra-
tion between the converted and unconverted categories24

(±4.5%). Different PDFs and scale variations in HqT

calculations are used to derive possible event migration26

between high and low pTt categories (±8%).

A modified frequentist approach (CLS) [38] for set-28

ting limits and a frequentist approach to calculate the p0
value are used [39]. The p0 is the probability that the30

background fluctuates to the observed number of events
or higher. The combined likelihood, which is a function32

of the ratio of the measured cross-section relative to that
of the SM prediction, is constructed from the unbinned34

likelihood functions of the nine categories. Systematic
uncertainties are incorporated by introducing nuisance36

parameters with constraints. Asymptotic formulae [40]
are used to derive the limits and p0 values, which are38

refined with pseudo experiments [41], as functions of the
hypothetical Higgs boson mass.40

The observed and expected local p0 values and the
95% CL limits on the Higgs boson production in units42

of the SM cross section are displayed in Figs. 3 and 4.

Before considering the uncertainty on the signal mass po-44

sition, the largest excess with respect to the background-
only hypothesis in the mass range 110-150 GeV is ob-46

served at 126.5 GeV with a local significance of 2.9 stan-
dard deviations. The uncertainty on the mass position48

(±0.7 GeV) due to the imperfect knowledge of the pho-
ton energy scale has a small effect on the significance.50

When this uncertainty is taken into account using pseudo
experiments, the significance is 2.8 standard deviations;52

this becomes 1.5 standard deviations when the look else-
where effect [42] for the mass range 110-150 GeV is in-54

cluded. The median expected upper limits of the cross
section in the absence of a true signal, at the 95% CL,56

vary between 1.6 and 1.7 times the SM cross section in
the mass range 115−130 GeV, and between 1.6 and 2.758

in the mass range 110−150 GeV. The observed 95% CL
upper limit of the cross section relative to the SM cross60

section is between 0.83 and 3.6 over the full mass range.
A SM Higgs boson is excluded at 95% CL in the mass62

ranges of 113−115 GeV and 134.5−136 GeV.
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FIG. 3. The observed local p0, the probability that the back-
ground fluctuates to the observed number of events or higher
(solid line). The open points indicate the observed local p0
value when energy scale uncertainties are taken into account.
The dotted line shows the expected median local p0 for the
signal hypothesis when tested at mH .
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