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Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field

L = Ψ̄ (iγµ∂µ −m)Ψ Ψ(x)→ e−iα(x)Ψ(x)

=⇒ L = Ψ̄ (iγµ∂µ −m)Ψ + Ψ̄γµ (∂µα)Ψ

We have to redefine ∂µ → Dµ, with DµΨ→ e−iα(x)DµΨ(x)

DµΨ = [∂µ + igBµ] Ψ Bµ → Bµ +
∂µα(x)

g

L = iΨ̄γµ∂µΨ −mΨ̄Ψ −
1
4

FµνFµν − gBµγµΨ̄Ψ

But mass terms for the fields, such as m2BµBµ, break gauge symmetry.

m2BµBµ → m2BµBµ +
2
g

Bµ∂µα(x) +
1
g2
∂µα(x)∂µα(x)

Sebastião Fonseca Studying Higgs production at the LHC and future colliders



Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field

L = Ψ̄ (iγµ∂µ −m)Ψ Ψ(x)→ e−iα(x)Ψ(x)

=⇒ L = Ψ̄ (iγµ∂µ −m)Ψ + Ψ̄γµ (∂µα)Ψ

We have to redefine ∂µ → Dµ, with DµΨ→ e−iα(x)DµΨ(x)

DµΨ = [∂µ + igBµ] Ψ Bµ → Bµ +
∂µα(x)

g

L = iΨ̄γµ∂µΨ −mΨ̄Ψ −
1
4

FµνFµν − gBµγµΨ̄Ψ

But mass terms for the fields, such as m2BµBµ, break gauge symmetry.

m2BµBµ → m2BµBµ +
2
g

Bµ∂µα(x) +
1
g2
∂µα(x)∂µα(x)

Sebastião Fonseca Studying Higgs production at the LHC and future colliders



Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field

L = Ψ̄ (iγµ∂µ −m)Ψ Ψ(x)→ e−iα(x)Ψ(x)

=⇒ L = Ψ̄ (iγµ∂µ −m)Ψ + Ψ̄γµ (∂µα)Ψ

We have to redefine ∂µ → Dµ, with DµΨ→ e−iα(x)DµΨ(x)

DµΨ = [∂µ + igBµ] Ψ Bµ → Bµ +
∂µα(x)

g

L = iΨ̄γµ∂µΨ −mΨ̄Ψ −
1
4

FµνFµν − gBµγµΨ̄Ψ

But mass terms for the fields, such as m2BµBµ, break gauge symmetry.

m2BµBµ → m2BµBµ +
2
g

Bµ∂µα(x) +
1
g2
∂µα(x)∂µα(x)

Sebastião Fonseca Studying Higgs production at the LHC and future colliders



Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field

L = Ψ̄ (iγµ∂µ −m)Ψ Ψ(x)→ e−iα(x)Ψ(x)

=⇒ L = Ψ̄ (iγµ∂µ −m)Ψ + Ψ̄γµ (∂µα)Ψ

We have to redefine ∂µ → Dµ, with DµΨ→ e−iα(x)DµΨ(x)

DµΨ = [∂µ + igBµ] Ψ Bµ → Bµ +
∂µα(x)

g

L = iΨ̄γµ∂µΨ −mΨ̄Ψ −
1
4

FµνFµν − gBµγµΨ̄Ψ

But mass terms for the fields, such as m2BµBµ, break gauge symmetry.

m2BµBµ → m2BµBµ +
2
g

Bµ∂µα(x) +
1
g2
∂µα(x)∂µα(x)

Sebastião Fonseca Studying Higgs production at the LHC and future colliders



Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field

L = Ψ̄ (iγµ∂µ −m)Ψ Ψ(x)→ e−iα(x)Ψ(x)

=⇒ L = Ψ̄ (iγµ∂µ −m)Ψ + Ψ̄γµ (∂µα)Ψ

We have to redefine ∂µ → Dµ, with DµΨ→ e−iα(x)DµΨ(x)

DµΨ = [∂µ + igBµ] Ψ Bµ → Bµ +
∂µα(x)

g

L = iΨ̄γµ∂µΨ −mΨ̄Ψ −
1
4

FµνFµν − gBµγµΨ̄Ψ

But mass terms for the fields, such as m2BµBµ, break gauge symmetry.

m2BµBµ → m2BµBµ +
2
g

Bµ∂µα(x) +
1
g2
∂µα(x)∂µα(x)

Sebastião Fonseca Studying Higgs production at the LHC and future colliders



Gauge Symmetries

Example: U(1) gauge symmetry on a Dirac field

L = Ψ̄ (iγµ∂µ −m)Ψ Ψ(x)→ e−iα(x)Ψ(x)

=⇒ L = Ψ̄ (iγµ∂µ −m)Ψ + Ψ̄γµ (∂µα)Ψ

We have to redefine ∂µ → Dµ, with DµΨ→ e−iα(x)DµΨ(x)

DµΨ = [∂µ + igBµ] Ψ Bµ → Bµ +
∂µα(x)

g

L = iΨ̄γµ∂µΨ −mΨ̄Ψ −
1
4

FµνFµν − gBµγµΨ̄Ψ

But mass terms for the fields, such as m2BµBµ, break gauge symmetry.

m2BµBµ → m2BµBµ +
2
g

Bµ∂µα(x) +
1
g2
∂µα(x)∂µα(x)

Sebastião Fonseca Studying Higgs production at the LHC and future colliders



Spontaneous Symmetry Breaking (SSB)

L =
1
2
(∂µϕ) (∂µϕ) − V(ϕ) ; V(ϕ) =

1
2
µ2ϕ2 +

1
4
λϕ4

µ2 > 0 µ2 < 0

ϕ(x) = v+h(x) =⇒ L =
1
2
(∂µh) (∂µh)−

1
2

(
2λv2

)
h2 −λvh3−

1
4
λh4+

1
4
λv4,

The h(x) perturbations have mass m =
√

2λv
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The U(1) Higgs Mechanism

L = (Dµϕ)∗ (Dµϕ) − µ2|ϕ|2 − λ|ϕ|4 −
1
4

FµνFµν

Introducing perturbations ϕ(x) = 1
√

2
(v + h(x) + iχ(x)).

L =
1
2
(∂µχ) (∂µχ)+

1
2
(∂µh) (∂µh)−λv2h2+

1
2

g2v2BµBµ+gvBµ∂µχ+(...)

Performing the gauge transformation Bµ = Bµ + 1
gv ∂µχ.

L =
1
2
(∂µh) (∂µh) − λv2h2 +

1
2

g2v2BµBµ + (...)

The B field now has mass mB = gv.
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Higgs Production Processes

There are four main production processes for the higgs: gluon fusion, top anti-top
fusion, vector boson fusion, and vector boson bremsstrahlung.
Of these, gluon fusion (ggF) is by far the most important, and it will be the focus
of this project
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Gluon Fusion at LO

There are two Feynman diagrams at leading order, both with the same amplitude

M = −i
∫

d4q
(2π)4 ε

µ
1

(
igsγµTa

jk

)
i
(/q + /k 1 + m)

(q + k1)2 −m2

(
−igsγνTb

kl

)
εν2 i

(/q + /k1 + /k2 + m)

(q + k1 + k2)2 −m2

(
−i

g
2

m
mW

)
i
(/q + m)

q2 −m2 δ
jl

M =
1
4π

(√
2GF

) 1
2 mαsTr

(
TaTb

)
ε
µ
1ε
ν
2

∫
d4q
iπ2

Tµν
D0D1D2

Tµν = Tr [(/q + m)γµ(/q + /k 1 + m)γν(/q + /k1 + /k2 + m)]
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Gluon Fusion at LO (cont.)

Since gluons are massless, they only have transversal components, and we can
introduce the transverse projector, PTµν = ηµν −

k1µk2ν
k1 .k2

, without losing any
information.

=⇒ ε
µ
1ε
ν
2FPTµν , with F =

1
4

PµνT

∫
d4q
iπ2

Tµν
D0D1D2

.

Now square the amplitude and sum over all the initial states of the gluons.

|M|2 =
1

2.2.8.8
1

16π2
α2

S

(√
2GF

)
m2

∑
pol.

8∑
a,b=1

∣∣∣∣∣∣δab

2
ε
µ
1ε
ν
2FPTµν

∣∣∣∣∣∣2
8∑

a=1

(
PTµνη

µαηνβPTαβ

4
F2

)
= 8

(
PµνT PTµν

4
F2

)
= 4F2

So the expression for total amplitude squared is

=⇒ |M|2 =

√
2GFα

2
S

322π2
m2F2
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Result for the Amplitude

F = 2m + m
(
4m2 −m2

H

)
C0 (k1, k2,m)

C0(k1, k2,m) =


− 2

m2
H
arcsin2

(√
1
ρ

)
, ρ = 4m2

m2
H
> 1

1
m2

H

(
log

(
1+
√

1−ρ
1−
√

1−ρ

)
− iπ

)2
, ρ = 4m2

m2
H
< 1

|M|2 =

√
2GFα

2
Sm4

H

642π2
A (ρ)

with

A (ρ) =


ρ2

(
1 + (1 − ρ) arcsin2

(√
1
ρ

))2
, ρ > 1

ρ2
(
1 − 1

4 (1 − ρ)
∣∣∣∣log (

1+
√

1−ρ
1−
√

1−ρ

)
− iπ

∣∣∣∣2)2

, ρ < 1.
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Amplitude Plot

0.5 1.0 1.5 2.0

0.5

1.0

1.5

Figure: Plot of A (ρ) for quark masses from 0 to 2mH

|Mt |2 ≃ 150|Mb |2
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Cross Section at LO

Mtotal =
∑

quarks

Mq =⇒ |Mtotal |
2 ≃ |2Mt |2 = 4|Mt |2

|Mtotal |
2 =

√
2GFα

2
Sm4

H

322π2 ρ2

1 + (1 − ρ) arcsin2


√

1
ρ




2

The cross section is

σpart =
1
2s

∫
d3p

(2π)32p0
(2π)4|Mtotal |

2 =
π

m2
H

δ
(
s −m2

H

)
|Mtotal |

2

σtotal =

√
2GFα

2
Sm2

H

322πS
A (ρ)

∫
dy f


√

m2
H

S
exp(y)

 f


√

m2
H

S
exp(−y)


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Computational Results

Ihixs 2 - configuration
mH = 125GeV, µR = 62.5 GeV, µF = 62.5 GeV
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Figure: Plot of the cross section as a
function of the collision energy
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Figure: Plot of the relative contributions
of each order as a function of the
collision energy
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Computational Results (cont.)
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Figure: Plot of the cross section result
for various PDFs at 8 TeV
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Figure: Plot of the cross section result
for various PDFs at 13 TeV
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Conclusions

NH→γγ = BRH→γγ ×
[
σ7TeV × 4.8fb−1 + σ8TeV × 20.7fb−1

]
≈ 1000

Future Circular Collider (FCC)

NH→γγ = BRH→γγ×
[
σ100TeV × (0.2 − 2)ab−1

]
≈ (0.32−3.2)×106 per year!
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