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Weak Interaction in Cosmic Rays

The weak interaction commonly was more useful in neutrino physics by
cosmic ray experiments

Deep inelastic neutrino scattering

Clean signal from τ decay in Ice Cube [1].

Credit image: IceCube/NASA
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Future colliders detect neutrinos

Important implications for QCD, astroparticle physics and physics of BSM [2].

EIC, LHC, and FCC of FPF [1,2]. DIS by W boson

Neutrino(anti) flux and lepton current with 6 ≤ η and Eν ≤ 104GeV

FASERν estimates detection: 105 νe , 106 νµ , and 103 ντ
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Neutrino-Proton Deep Inelastic Scattering
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Light-Cone Wave Function of a W Boson

Using the light-cone coordinates and the feynman rules, we can write the
massive wave function of a W boson with the vertex:

|ΨW+

L (z, r⃗)|2 =
2αWNcVqq̄′

(2π)2Q2

{[[
2Q2z(1 − z) + (m − µ) [(1 − z)m − zµ]

]2
+

[
2Q2z(1 − z) + (m + µ) [(1 − z)m + zµ]

]2]
K2
0 (ϵr)

+
[
(m − µ)2 + (m + µ)2ϵ2K2

1 (ϵr)
]}

, (1)

|ΨW+

T (z, r⃗)|2 =
4αWNcVqq̄′

(2π)2

{[
(1 − z)2m2 + z2µ2

]
K2
0 (ϵr)

+
[
(1 − z)2 + z2

]
ϵ
2K2

1 (ϵr)
}

. (2)

Where the Vqq̄′ is the CKM matrix and ϵ2 = z(1− z)Q2 + zm2 + (1− z)µ2
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Flavour Contributions

Including all flavour contributions Nf = 6:

W+ boson fluctuates into different dipole flavours.
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Proton Structure Function W Boson

Unlike F p
2 for the photon-proton interaction, with the W boson we have

different flavors investigating the structure of the proton.

F p
2 =

∑
T ,L

Nf∑
q,q̄′

Q2

4π2

∫
d2r

∫ 1

0

dz |ΨW+→qq̄′

T ,L (r, z ;Q2)|2σdip(r, ξ) =
Q2

4π2

(
σW+p
T + σW+p

L

)

Reaction: e±p → νpW± → νX

With W boson mass Mw = 80.4GeV.
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Scattering Amplitude Models

The dipole-proton scattering amplitude models carry the QCD information of
the interaction that describes the transition of dilute → saturation region

Saturation regime

GBW (Golec-Biernat-Wüsthoff) [14].

IIMS (Iancu-Itakura-Munier-Soyez) [15].

rcBK (Running coupling of BK equation [16])
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Proton Structure Function (F p
2 )

Using the virtuality in mass scale of W boson, Q2 = M2
w
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Flavour contribution in (F p
2 )

All flavour contributions are shown separately with Q2 = M2
w .
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Two W Boson Interaction
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W+W− boson interaction

60% of WW interaction cross section is the hadronic final state and it
dominates the backgroud [7].

Reaction:
e+e− → ν̄eνeW

+W− → ν̄eνeX
Prediction to ILC and CLIC.

Monte Carlo and Parton Model are the main approach used to describe
W+W− → X that do not include the QCD evolution with energy.
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W+W− like two hadron interaction

The W+W− cross section can be written by dipole-dipole interaction which
includes QCD interactions from the (non-linear) equations of evolution with
energy

σW+W−
i,j (W 2,Q2

1,2) =

Nf∑
f ,f̄ ′

∫ 1

0
dz1,2

∫
d2r1,2|ΨW+→f f̄ ′

i (z1, r1)|2|ΨW−→f̄ f ′
j (z2, r2)|2σf ,f̄ ′

dd (r1,2, ξ)

WW into dipole-dipole

The momentum fraction of two flavour partons is ξ = x

(
1 +

(mf +mf ′ )
2

Q2

)
and the

(i , j = T , L) is the polarized wave state.
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Dipole-Dipole Cross Section Prescription

Prescription IKT: Based in dipole-proton scattering amplitude and
using the Heavyside function (Θ) [12].

σ̂dd(r1, r2, x) = 2πr 21T (r2, x2)Θ(r1 − r2) + 2πr 22T (r1, x1)Θ(r2 − r1)

W+W− interaction for the Heavyside case r1 > r2.

Free parameter: 0 ≤ r1,2 ≤ rmax = 1
Λ
, where Λ ≈ ΛQCD .

x-correction: σdd = σ̂dd(1− ξ)2ηs−1, for ηs = Nf = 6
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WW Boson Cross Section (σWW )

Using the virtuality as mass scale to both W bosons, Q2
1,2 = M2

w , with
the sum of all polarized contributions:

σW+W−
total (W 2,Q2

1,2) = σW+W−
LL + σW+W−

TT + σW+W−
LT + σW+W−

TL
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Polarized WW Boson interaction

The polarized contribution of both W bosons are shown
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W Structure Function

The parton distribution inside of W+ boson (Q2
1 = MW ) and investigated by

W− boson (Q2
2 = 100GeV2)

FW
2 /αs =

Q2

4π2

(
σW+W−
TT + σW+W−

TL

)
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Two γ Interaction
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Light-Cone Wave function to γ → qq̄

The squared modulus of the wave function of a photon with its
transverse (T) and longitudinal (L) polarization states is given by [7]:

|Ψi (r , z ;Q
2)|2 = 2Ncαem

4π2

∑
q

e2q

{
[z2 + (1− z)2]Q̄2

qK
2
1 (Q̄qr) +m2

qK
2
0 (Q̄qr) , i = T

4Q2z2(1− z)2K 2
0 (Q̄qr) , i = L

(3)

σγ(∗)γ(∗)

gluon (W 2, r1,2,Q
2
1,2) =

T ,L∑
i,j

Nf∑
a,b=1

∫ 1

0

d2r1,2

∫ 1

0

dz1,2|Ψa
i (z1,2, r1,2,Q

2
1,2)|2σdd

a,b(r1,2,Y )

Two γ interaction by QCD.
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Hadron production from real photons γγ → X

The polarized contribution of both W bosons are shown

σγ(∗)γ(∗)

total (W 2,Q2
1,2) = σγ(∗)γ(∗)

gluon (W 2,Q2
1,2) + σγ(∗)γ(∗)

R (W 2,Q2
1,2) + σγ(∗)γ(∗)

QPM (W 2,Q2
1,2)
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Conclusions & Forthcoming Projects
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Conclusions & Forthcoming Projects

Conclusions:

We demonstrate the application of the dipole formalism (with
saturation physics) to describe weak interactions in colliders: Wp
and WW .
We analyze both the polarization states of the bosons and the
contribution of each flavor of quarks.
Predictions of hadron production from two W boson interaction
with energy evolution equation.
We consider the interaction between bosons similar to the
interaction between hadrons.
We analyze the hadronic structure of bosons.

Forthcoming Projects: We are already calculating observables of all
two-boson interaction types by dipole-dipole cross section:

γγ,WW ,ZZ , gg ,W γ,Zγ, gγ,WZ ,Wg ,Zg → X

19/24



Acknowledgment

Thank you for your attention

20/24



References

[1] PELICER, M. R.; DE OLIVEIRA, E. G.; Martin, A. D.; Ryskin, M. G. Absorptive effects
and power corrections in low x DGLAP evolution. EUROPEAN PHYSICAL JOURNAL C,
v. 79, p. 9, 2019.https://doi.org/10.1140/epjc/s10052-018-6515-4
[2]L3 - Measurement of the cross section of W-boson pair production at
LEP.https://doi.org/10.1016%2Fj.physletb.2004.08.060
[7] Nikolaev, Nikolai N. and Zakharov, B.G. Color transparency and scaling properties of
nuclear shadowing in deep inelastic scattering
[3] Schopper, H. LEP: The lord of the collider rings at CERN 1980-2000: The making,
operation and legacy of the world’s largest scientific instrument, DOI
10.1007/978-3-540-89301-1, (2009)
[4] Kolanoski, H. Two-Photon Physics at ee+e− Storage Rings, Springer Tracts in Modern
Physics,V.105, (1984).
[5] Erdmann, M. The Partonic Structure of the Photon, Springer Tracts in Modern
Physics,V.138 (1997).
[6] Baer et al. The International Linear Collider Technical Design Report - Volume 2:
Physics, (2013).
[7] Gounaris,G.J. ; Porfyriadis, P.I.; Renard, F.M. The γγ → γγ process in the standard
and SUSY models at high energies. Eur. Phys. J. C9, 673-686, (1999).
[8] Machado, M.V.T.Graviton production by two-photon processes in TeV-scale
gravitational interactions.Astron. Nachr, (2017).
[9] Krupa, B.et al. Fγ

2 at the ILC, CLIC and FCC-ee. Proceedings of the PHOTON-2017
Conference (2018).
[10] Nisius, R. The photon structure from deep inelastic electron-photon scattering. Phys.
Reports 332 (2000) 165-317.

21/24

https://doi.org/10.1140/epjc/s10052-018-6515-4
https://doi.org/10.1016%2Fj.physletb.2004.08.060


Referências

[11] Timneanu,N.; Kwiecinski, J.; Motyka, L. Saturation model for two-photon interactions
at high energies Eur. Phys. J. C23 (2002) 513.
[12] Goncalves, V.P. ; Kugeratski,M.S.; Cazaroto, E.R.; Carvalho, F. and F.S.Navarra,F.S.
Non-linear QCD dynamics in two-photon interactions at high energies Eur. Phys. J. C71
(2011) 1779.
[13] L. J. Albacete et al. Eur. Phys. J. C 71 (2011).
[14] Golec-Biernat, K. ; Sapeta, S. Saturation model of DIS: an update. J. H. Ener. Phys.
(2018) 102.
[15] Soyez, G. Saturation QCD predictions with heavy quarks et HERA. Phys. Lett. B655,
32 (2007).
[16] Amaral, J.T.S.; Gay Ducati, M.B.; Betemps, M.A.;Soyez, G. γ∗p cross section from
the dipole model in momentum space.Phys. Rev. D76, 094018 (2007).
[17] M. Acciarri et al. [L3], Phys. Lett. B 519, 33 (2001); G. Abbiendi et al. [OPAL], Eur.
Phys. J. C 14, 199 (2000).
[18] G. Abbiendi et al. [OPAL] Eur. Phys. J. C 24, 17 (2002); P. Achard et al. [L3] Phys.
Lett. B 531, 39 (2002).
[19] M. Acciarri et al. [L3] Phys. Lett. B 436, 403 (1998); G. Abbiendi et al. [OPAL] Eur.
Phys. J. C 14, 199 (2000).
[20] M. Acciarri et al. [L3] Phys. Lett. B 514, 19-28, (2001).
[21] M. Sangal, C.H. Keitel and M. Tamburini. Observing Light-by-Light Scattering in
Vacuum with an Asymmetric Photon Collider, (2021),
https://arxiv.org/abs/2101.02671v1

22/24

https://arxiv.org/abs/2101.02671v1


γ Strucure Function
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Virtual Cross Section from γγ
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