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Introduction

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.

@ Measuring neutrino-proton cross
sections providing crucial insights
into small-x parton distribution
functions
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vp Interaction (Color dipole model) + Pythia8
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Matrix Element

3/16



Theoretical background
[ leJele]e]

Theoretical background

Differential cross section for the production of a heavy quark in parton
model to neutrino—proton charged-current DIS is given by pecp inclastic scattering,
Oxford University; Quantum Chromodynamics at High Energy, Oxford University; Particle Data Group:

e’ s GiM;

= 2 _ZEW (2 F 21—y P F ()
dxdy 4m (M3, + Q2)?

Q@ s=2myEy, @ (2, virtuality of the vector boson,
@ my, proton mass, @ x = Q?/2p-q, standard Bjorken variable,
@ E,, energy of the neutrino @ y=(E, —E))/E,, inelasticity parameter from y = Q> /xs.

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

Q2
472 % £

OBS: when we considere neutral corrent E]l = g and used Mz rather My 63
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The vector boson—proton differential cross section is given by (eq. 81 of Ref.
Nucl. Phys. A 710, 180-217 (2002))

do"? eipr(Fi=12)

2 0 i - -
—_ = drld rzi‘P‘Pz.rhrz Ogip(X,2,71,12). (3)
dzpzdz / (271.)2 ( ’ ) ) 1p( 94Ky ) )
The structure functions are convolutions over ~ The W — gg’ wave functions, calculated in the proton rest
the dipole size r of wave functions and the frame, are given by
proton—dipole cross section Z. Phys. C 49, 607-618 ‘ 2NV,

c
(=2 {eKa(er) +miKo (er)? .

whpdd (, 2Ne ti/ 2{e? 2 2
Vi (z,r) = = e2K, (er)? +my Ko(er)

L
(1991), Eur. Phys. I. C 29, 521 (2003), JETP Lett. 82, 385-389 ‘P“P";’ (z,r) =
(2005), JETP Lett. 95, 55-60 (2012).

d*r / dz¥'w in(E,7),
F = 4ﬂ2/ 2P (z,7)Odip (8, 7) N2,

W (2,r) = 4 {(mg +m2)eKy (er)?,
For heavy quarks, the kinematic shift in the LY
momentum fraction is explicitly: i ((82 +2(1 —Z)Q2> +m e /) Ko(er) }
(mg +mgz)?
§_x<1+qQ2q ) with:
e =z(1-20°+(1 7z)m{2] +zm§,.
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Golec-Biernat-Wusthoff (GBW) 102; _
parameterization Phys. Rev. D 59 (1998), 3 F 3
Phys. Rev. D 60 (1999): g F -
~ 101 I - e
E $ V- 3
Gaip(x,7) = 0o | 1 —exp _ oW — F - E
ip \ Ay 4 ; o r ]
2 2 X0\ A G 109 <
Q\-(«Y>:Q0(*) Q. —4 7
x = — o — () 3
< _3
o o _1 — — - — ]_0

The GBW parametrization has the 10 f—— oy — 10273
advantage of being a analytical : 10-1 3
function, making it easy to Fourier === mr=10 ]

transform. Phy\ Rev. D ()x’ 0‘;60“2 (20[8) 72 111 J L1l J L1l J 1111 J 1111 J - J 1111 J 1111
0 0.250.50.75 1 1.251.51.75 2

r (fm)
The most recent fit of HERA data to the GBW model parameters is presented in Ref. JHEP 03

(2018), 102:
0y =27.43mb, L = 0.248, 03 = 1.0Ge V2, xo =4 x 1075,

‘We use the same quark masses as in the fit, namely, m, = my = m; = 0.14 GeV, m. = 1.4 GeV,
and my, = 4.6 GeV. We also use m; = 173 GeV.
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Pythia simulation

o @0 ®e O Hard Interaction
4 @ Resonance Decays

B MECs, Matching & Merging
M FSR
W ISR*

QED
M Weak Showers
M Hard Onium

(O Multiparton Interactions

O Beam Remnants*
[ Strings

pfOtOIZ L - Ministrings / Clusters
L2 i~ L X Colour Reconnections
... String Interactions
.

[ X3 Bose-Einstein & Fermi-Dirac
* W Primary Hadrons

M Secondary Hadrons

A ayor M Hadronic Reinteractions

@ Hiayy/Flavour (*:incoming lines are crossed)




Theoretical background

Pythia simulation

Color dipole
model

@ LHA interface.
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dva =< V2
Ppdz 9

/!

Matriz CKM (Cabibbo—Kobayashi—Maskawa matrix)

Vil Vas| Vil 0.9743540.00016  0.2250040.00067  0.00369 +0.00011
Veal  |Ves|  [Veo|| = [0.22486£0.00067 0.97349+£0.00016  0.04182F99008
Vil Vil Vil 0.00857 100002 0.04110F000083 0.999118 000006

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).

Wl Wl VT 0.97 00016 0.22500--6-00067  0.00 00011

Veal  Ves|  VaT| = |0.22486+0.00067  0.97349 +0.00016 Wﬁgﬂﬁ

. 0 - 3 0.000031
Wl el 1Val 0.00857-0%070 0.0411056408 0,991 00003 ()
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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 picd 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 (1c5%) or Pythia plus MadGraph (utbi). GED
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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 — ¢5 and W+ — b, 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 c5 case.
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@ These results are available at JHEP,
https://link.springer.com/article/10.1007/JHEP05(2025)025

EHE

A By & SPRINGER

FOR SI

RECEIVED: December 17, 202
Revisen: February 18,
Accerren: March 28, 2

5, 2023

PusLisED: M

Predictions for dimuon production in high-energy
neutrino-proton collisions using the color dipole model

Caetano Ternes(?," Daniel Almeida Fagundes,” Edgar Huayra
and Emmanuel G. de Oliveira ()

Unéversidade Federal de Santa Catarina
iandpolis, SC, Brazil

*Departamento de
C.P. 5064, CEP 85035972, Fi
“Institito de Fisica Gleb Wataghin, Un
CEP 13083-859, Campinas, SP, Bro
“Department of Exact Sciences and Education

CEE. Federal University of Sunta Catarina (UFSC) - Bhamenaw Campus
89065-300, Blumenaw, SC, Brazil

rsidade Estadual de Campinas,

E-muil: caeternes@guail.con, daniel.fagundes@ufsc.br,
yuberth022@gmail .com, emmanuel.de.oliveira@ufsc.br

ABSTRACT: Interactions of high-energy neutrinos with matter can be studied through the
sitive to the

separation observed in dimuon production, an observable particularly se

transverse momentum dynamics of partons. In this work, we develop a Monte Carlo event
generator based on the color dipole model, interfaced with Pythia8 for parton showering and
hadronization simulations, to predict dimmon production cross sections in neutrino-proton
collisions at encrgies relevant to IeeCube and future detectors. The eolor dipole formalism

generates larger transverse momentum compared fo standard Pythia predictions, enhancing

the yield of angularly separated high-energy muons
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