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Motivation

Effective Chiral Lagrangian formulation with massive spin 1
fields is motivated by:

Absence of experimental evidence of the Higgs boson.

Need of an Effective Field Theory description of the Standard
Model.

Need of keeping unitarity of the longitudinal W boson scattering
under control up to energies of the order of TeV.

Chiral perturbation theory in QCD which describes SSB in
strong interactions.



Motivation Effective Chiral Lagrangian with massive spin 1 fields. Scattering amplitude for the process π
a
π

b → π
c
π

d . Scattering

Outline

1 Motivation.

2 Effective Chiral Lagrangian with massive spin 1 fields.

3 Scattering amplitude for the process πaπb → πcπd .

4 Scattering amplitude for the process πaπb → V c
L V d

L .

5 Hadronic cross section of vector production by VBF.

6 Hadronic cross section of vector production by DYM.

7 Cross section for the V+V− production in e+e− collisions.

8 Conclusions.



Motivation Effective Chiral Lagrangian with massive spin 1 fields. Scattering amplitude for the process π
a
π

b → π
c
π

d . Scattering

Effective Chiral Lagrangian with massive spin 1
fields.

The following SU (2)L × SU (2)R invariant Lagrangian at O
(
p2
)

describing the coupling of heavy fields V µν and Aµν to
Goldstone bosons and Standard Model gauge fields, invariant
under parity is considered [1]:
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where the covariant derivate ∇µ acting on the Vµν and Aµν

antisymmetric spin one tensor fields is defined as:

∇µR = ∂µR + [Γµ, R] , R = V , A (2)

with Γµ the connection which contains Goldstone bosons and
the Standard Model Gauge fields and is given by:

Γµ =
1
2

[
u†
(
∂µ − i B̂µ

)
u + u

(
∂µ − iŴµ

)
u†
]

u = exp
(

i
φ (x)

2v

)
, Ŵµ =

g
2

τaW a
µ

B̂µ =
g′

2
τ3Bµ (3)

Besides that, we have that the term uµ which transforms like a
triplet is given by:

uµ = u†
µ = iu†DµUu† = iu†

(
∂µU − i B̂µU + iUŴµ

)
u† (4)
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It is important to mention that under the group
SU (2)L × SU (2)R, U has the following transformation property:

U → gRUg†
L, gL,R ∈ SU (2)L,R (5)

While under SU (2)L+R, we have that U transforms as:

U → hUh†, h ∈ SU (2)L+R (6)

Moreover, we have that R and ∇µR have the following
transformation properties under the group SU (2)L × SU (2)R:

R → hRh†, ∇µR → h∇µRh†, h ∈ SU (2)L+R (7)

And the antisymmetric spin one tensor fields Vµν and Aµν are
given by:

Vµν =
1√
2

3∑

a=1

τaV a
µν , Aµν =

1√
2

3∑

a=1

τaAa
µν (8)
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Scattering amplitude for the process π
a
π

b → π
c
π

d .

The scattering amplitude for the process πaπb → πcπd is:

A
(
πaπb → πcπd

)
= A

(
πaπb → πcπd

)

π4
+ A

(
πaπb → πcπd

)

V

+ A
(
πaπb → πcπd

)

W
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+ A (u, t , s) δadδbc (9)

where A (s, t , u) is given by:
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Figure 1: Strongest unitarity constraint in the (MV , GV ) plane for the

process π
a
π

b → π
c
π

d at
√

s = 3TeV .
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Scattering amplitude for the process π
a
π

b → V c
L V d

L .

The scattering amplitude for the process πaπb → V c
L V d

L is:
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Total cross sections at LHC for the processes
qq → GκGκ′qq → VVqq.

In the framework of the effective vector boson approximation
one has that the total cross section for the process
qq → GκGκ′qq → VVqq where G = W , Z can be written as:

σqq→GκG
κ
′qq→VVqq (s) =

∫ 1

2MV√
s

dx
∫ 1

2MV√
s

dyfp/Gκ
(x) fp/G

κ
′ (y)

× σGκG
κ
′→VV (xys)

=

∫ 1

4M2
V

s

dz
dL
dz

∣∣∣∣
pp/GκG

κ
′

σGκG
κ
′→VV (zs)
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Where dL
dz

∣∣∣∣
pp/GκG

κ
′

is the luminosity of the Gκ vector bosons in

a proton-proton system given by:
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where i and j are flavour index, µ ≃ O (2MV ) is the factorization
scale
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dL
dξ

∣∣∣∣
qi qj/GκG

κ
′

is the effective luminosity for emission of a pair of

gauge bosons Gκ and Gκ′ from a pair of quarks qi and qj

defined as:

dL
dξ
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qi qj/GκG

κ
′

(ξ) =

∫ 1

ξ

dx
x

fqi/Gκ
(x) fqj/G

κ
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(
ξ

x

)
(12)

being fqi/Gκ
(x) the Gκ distribution in a quark qi , with

κ = −1, 0.1. In the case of longitudinal polarized gauge boson,
the splitting function fqi/G0

(x), for very high energies such that
E >> MG, is given by:

fqi/G
κ=0

(x) =
C2

V + C2
A

4π2

1 − x
x

(13)
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While in the case of transverse polarized gauge boson, the
corresponding spliting function is given by:

fqi/G
κ=±1

(x) =
1

16π2

[
(CV ∓ CA)2 + (CV ± CA)2 (1 − x)2

x

]

× ln

(
ŝ

M2
G

)
(14)

where ŝ = zs is the center of mass energy of the incoming
quarks, being s = 196 (TeV )2 the square of ther center of mass
energy of the proton-proton system.
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We also have that CV and CA are the vector and axial couplings
for the quark-quark-gauge boson interaction. For G = W , we
have:

CV = −CA =
g

2
√

2
=

√
πα (MZ )

sin θW
√

2
, α (MZ ) =

1
128

(15)
and for G = Z :

CV =

√
πα (MZ )

sin θW cos θW

(
T3L − 2Q sin2 θW

)
(16)

CA =
g

2 cos θW
T3L =

√
πα (MZ )

sin θW cos θW
T3L (17)
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Figure 1: Total cross sections at LHC for the vector production p rocess

W +

L ZL → V +V 0, W +

L W−
L → V +V−, W−

L ZL → V−V 0, W +

L W +

L → V +V +,

W +

L W−
L → V 0V 0, ZLZL → V +V− and W−

L W−
L → V−V− from longitudinal

gauge boson fusion.
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Figure 2: Total cross sections at LHC for the longitudinal vector

production process W +

L W +

L → V +

L V +

L , W +

L ZL → V +

L V 0
L , W +

L W−
L → V 0

L V 0
L ,

ZLZL → V +

L V−
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L W−
L → V +

L V−
L , W−

L ZL → V−
L V 0

L and W−
L W−

L → V−
L V−

L

from longitudinal gauge boson fusion.
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Process σ (fb) Process σ (fb)

W +

L W−
L → V+

L V−
L 0.83 W +

L W−
L → V+V− 5.18

W +

L W−
L → V 0

L V 0
L 1.14 W +

L W−
L → V 0V 0 2.07

W +

L W +

L → V+

L V+

L 1.34 W +

L W +

L → V+V+ 2.31
W−

L W−
L → V−

L V−
L 0.24 W−

L W−
L → V−V− 0.45

ZLZL → V+

L V−
L 0.88 ZLZL → V+V− 1.66

W +

L ZL → V+

L V 0
L 1.15 W +

L ZL → V+V 0 7.42
W−

L ZL → V−
L V 0

L 0.48 W−
L ZL → V−V 0 2.91

Table 1: Total cross sections at LHC for the processes of longitud inal

and vector production by longitudinal vector boson fusion at

MV = 500GeV.
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Figure 3: Total cross sections at LHC for the vector production

processes by transverse gauge boson fusion. Right-right polariz ation

case.
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Figure 4: Total cross sections at LHC for the vector production

processes by transverse gauge boson fusion. Right-left polariza tion

case.
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Figure 5: Total cross sections at LHC for the vector production

processes by transverse gauge boson fusion. Left-left polariza tion

case.
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Figure 6: Total cross sections at LHC for the vector production

processes by longitudinal-transverse right polarized gauge boson

fusion.
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Figure 7: Total cross sections at LHC for the vector production

processes by longitudinal-transverse left polarized gauge boson f usion.
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Total cross sections at LHC for vector production
by Drell Yan Mechanism.

The squared amplitude for the processes qq → V+V− and
qiqj → V±V 0 with i = u, c, j = d , s, b or j = u, c, i = d , s, b
summed over the polarization states of V ’s and over the spin
states of the quarks and antiquarks is given by:

∑

ξ,ξ′,χ,χ′

∣∣A
(
qq → V+V−

)∣∣2

=
g4

M2
V




(
g2

V + g2
A

) (
cos2 θW − sin2 θW

)2

8 cos4 θW
(
ŝ − M2

Z

)
2

+
2Q2 sin4 θW

ŝ2

+
2QgV sin2 θW

(
cos2 θW − sin2 θW

)

cos2 θW ŝ
(
ŝ − M2

Z

)



 f
(

ŝ, t̂ , û
)
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∑

ξ,ξ′,χ,χ′

∣∣∣A
(

qiq j → V+V 0
)∣∣∣

2
=

g4
∣∣Vij
∣∣2

8M2
V

(
ŝ − M2

W

)2 f
(

ŝ, t̂ , û
)

where f
(

ŝ, t̂ , û
)

is givwen by:

f
(

ŝ, t̂ , û
)

= ŝ
(

ŝ − 4M2
V

)(
ŝ + 3M2

V

)

−2M2
V

[(
t̂ − û

)2
− 4ŝM2

V

]

−1
2

(
t̂ + û

)[
ŝ
(

t̂ + û
)

+
(

t̂ − û
)2
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Figure 8: Total cross sections at LHC for the V +V−, V+V0 and V−V0

vector production, respectively by Drell Yan Mechanism.
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Cross section for the V +V− production in e+e−

collisions.

The squared amplitude for the process e+e− → V+V−

summed over the polarization states of V ’s and over the spin
states of the electron and positron is given by:

∑

ξ,ξ′,χ,χ′

∣∣A
(
e+e− → V+V−

)∣∣2

=
g4

M2
V




(
g2

V + g2
A

) (
cos2 θW − sin2 θW

)2

8 cos4 θW
(
ŝ − M2

Z

)
2

+
2 sin4 θW

ŝ2

−
2gV sin2 θW

(
cos2 θW − sin2 θW

)

cos2 θW ŝ
(
ŝ − M2

Z

)



 f
(

ŝ, t̂ , û
)
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Figure 9: Cross section for the V +V− vector production in e +e−

collisions at
√

s = 3TeV.
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Conclusions.

The transverse polarization states and the interference
between longitudinal and transverse polarization states of
V give a significant contribution to the total cross section
for vector production.

The most relevant vector production processes at LHC are
longitudinal vector boson fusion and Drell Yang
mechanism.

Transverse polarization states of gauge bosons are
irrelevant for vector production.

Charged vector production process in e+e− collisions is
very promising.
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