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Introduction

Measuring neutrino-proton cross
sections providing crucial insights
into small-x parton distribution
functions

In neutrino-proton interactions we observed:

High-energy multimuon production.

Angular separation between muons.

The heavy quarks production generates
multiple muons through their decays
and hadronization.

νµ

µ−

W+ t

b

b

W+

µ−

νµ

µ+

p

µ+

X

σdip

2 / 16



Introduction Objective Theoretical background Results Conclusion Acknowledgments

Objective

νp Interaction (Color dipole model) + Pythia8
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Theoretical background
Differential cross section for the production of a heavy quark in parton
model to neutrino–proton charged-current DIS is given by Deep inelastic scattering,

Oxford University; Quantum Chromodynamics at High Energy, Oxford University; Particle Data Group:

d2σνp→qq̄′

dxdy
=

s
4π

G2
FM4

W

(M2
W +Q2)2

[
(1− y)2Fqq̄′

+ +2(1− y)Fqq̄′
0 +Fqq̄′

−
]

(1)

s = 2mpEν ,

mp, proton mass,

Eν , energy of the neutrino

Q2, virtuality of the vector boson,

x = Q2/2p ·q, standard Bjorken variable,

y = (Eν −El)/Eν , inelasticity parameter from y = Q2/xs.

For the W boson interaction with the proton, the structure functions with
λ =+1,0,−1 are proportional to the boson–proton cross sections:

FW,Z
λ

(x,Q2) ∝
Q2

4π2 σ
Wp
λ

, (2)

OBS: when we considere neutral corrent q̄
′
= q̄ and used MZ rather MW
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Theoretical background
The vector boson–proton differential cross section is given by (eq. 81 of Ref.
Nucl. Phys. A 710, 180-217 (2002)):

dσVp

d2ptdz
=
∫

d2r1d2r2
ei⃗pt·(⃗r1−⃗r2)

(2π)2 Ψ
†
Ψ(z,⃗r1 ,⃗r2)σdip(x,z,⃗r1 ,⃗r2). (3)

The structure functions are convolutions over
the dipole size r of wave functions and the
proton–dipole cross section Z. Phys. C 49, 607-618

(1991), Eur. Phys. J. C 29, 521 (2003), JETP Lett. 82, 385-389

(2005), JETP Lett. 95, 55-60 (2012).

Fλ =
Q2

4π2

∫
d2r

∫ 1

0
dzΨ

†
Ψλ (z,r)σdip(ξ ,r),

For heavy quarks, the kinematic shift in the
momentum fraction is explicitly:

ξ = x

(
1+

(mq +mq̄′ )
2

Q2

)
,

The W → qq̄′ wave functions, calculated in the proton rest
frame, are given by

Ψ
†
Ψ

qq̄′
+ (z,r) =

2NcV2
qq̄′

π2 (1− z)2
{

ε
2K1(εr)2 +m2

qK0(εr)2
}
,

Ψ
†
Ψ

qq̄′
− (z,r) =

2NcV2
qq̄′

π2 z2
{

ε
2K1(εr)2 +m2

q̄′K0(εr)2
}

Ψ
†
Ψ

qq̄′
0 (z,r) =

NcV2
qq̄′

π2Q2

{
(m2

q +m2
q̄′ )ε

2K1(εr)2,

+

((
ε

2 + z(1− z)Q2
)2

+m2
qm2

q̄′

)
K0(εr)2

}
.

with:
ε

2 = z(1− z)Q2 +(1− z)m2
q + zm2

q̄′ .
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Theoretical background
Golec-Biernat-Wusthoff (GBW)
parameterization Phys. Rev. D 59 (1998),

Phys. Rev. D 60 (1999):

σdip(x,r) = σ0

(
1− exp

(
− r2Q2

s (x)
4

))
,

Q2
s (x) = Q2

0
( x0

x

)λ

The GBW parametrization has the
advantage of being a analytical
function, making it easy to Fourier
transform. Phys. Rev. D 98, 036002 (2018) 10−2
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The most recent fit of HERA data to the GBW model parameters is presented in Ref. JHEP 03

(2018), 102:
σ0 = 27.43mb, λ = 0.248, Q2

0 = 1.0GeV2, x0 = 4×10−5.

We use the same quark masses as in the fit, namely, mu = md = ms = 0.14 GeV, mc = 1.4 GeV,
and mb = 4.6 GeV. We also use mt = 173 GeV.
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Theoretical background
Pythia simulation

proton proton
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Theoretical background
Pythia simulation

Color dipole 
model

LHA interface.
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Results

dσVp

d2ptdz
∝ V2

qq̄′

Matriz CKM (Cabibbo–Kobayashi–Maskawa matrix)[
|Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
|Vtd| |Vts| |Vtb|

]
=

[
0.97435±0.00016 0.22500±0.00067 0.00369±0.00011
0.22486±0.00067 0.97349±0.00016 0.04182+0.00085

−0.00074
0.00857+0.00020

−0.00018 0.04110+0.00083
−0.00072 0.999118+0.000031

−0.000036

]

Excluding small values (marked by the red line) and disregarding the
production of light quarks, because the production of energetic muons
remains low (marked by the blue line).[
��|Vud| ��|Vus| ��|Vub|
|Vcd| |Vcs| ��|Vcb|
��|Vtd| ��|Vts| |Vtb|

]
=

(((((((
0.97435±0.00016 (((((((

0.22500±0.00067 (((((((
0.00369±0.00011

0.22486±0.00067 0.97349±0.00016 ������
0.04182+0.00085

−0.00074

������
0.00857+0.00020

−0.00018 ������
0.04110+0.00083

−0.00072 0.999118+0.000031
−0.000036


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Figure: Inclusive cross section for heavy quark production in muon neutrino–proton collisions,
shown as a function of neutrino energy and calculated using the color dipole event generator. In
the case of the µcd̄ final state, the large valence quark contribution necessitates the use of
standard Pythia (without the color dipole model event generator) as indicated by the ‡ symbol.
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Figure: The cross section as a function neutrino energy for the production of pairs of muons
with energy larger than 500 GeV and with angular separation larger than 0.3◦. The main
channels are shown, the labels specify the three particles in the final state of the matrix element.
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Figure: The cross section is presented as a histogram on the largest angular separation between
muons
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Figure: We compare the color dipole model event generator combined with Pythia for
showering and hadronization to the standard Pythia (µcs̄‡) or Pythia plus MadGraph (µtb̄‡).
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Conclusion

We have predicted the cross sections for high-energy dimuon
production in interactions between high-energy neutrinos and protons.

We are using the color dipole model in conjunction with Pythia8
Monte Carlo to obtain these predictions.

The main channels identified are W+ → cs̄ and W+ → tb̄, at lower and
higher energies respectively.

Our predictions include the dependence on the angle between the
muons, as this observable is particularly sensitive to transverse
momentum generated in the hard matrix element.

The color dipole formalism predicts a nonzero transverse momentum
at the matrix element, resulting in dimouns with larger angular
separation compared to default LO Pythia8 predictions, as observed in
the cs̄ case.
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Conclusion
These results are available at JHEP,
https://link.springer.com/article/10.1007/JHEP05(2025)025
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