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We discuss cross sections for ντ and ντ production from the direct Ds± → ντ /ντ and chain
Ds± → τ + /τ − → ντ /ντ decays in p+96 Mo scattering with proton beam Elab = 400 GeV i.e. at
√
s N N = 27.4 GeV. In our calculations we include Ds± from charm fragmentation c → Ds+ and

c̄ → Ds− as well as those from subleading fragmentation of strange quarks/antiquarks s → Ds−
and s̄ → Ds+ . The diﬀerent contributions to Ds± and ντ /ντ production rates are shown explicitly.
Estimates of a number of observed ντ /ντ in the ντ /ντ +208 Pb reaction, with 2m long target are
given.
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1. Introduction

2. Some details of the approach
In our model we include two mechanisms of Ds meson production: c → Ds+ , c̄ → Ds− , called
leading fragmentation, and s̄ → Ds+ , s → Ds− , called subleading fragmentation.
The c and c̄ cross sections are calculated in the collinear NLO approximation using the Fonll
framework [5] or in the kt -factorization approach [6]. Here, both the gg-fusion and qq̄-annihilation
production mechanisms for cc̄-pairs with oﬀ-shell initial state partons are taken into consideration.
Not all charm hadrons must be created from the c/c̄ fragmentation. An extra hidden associated
production of c and c̄ can occur in a complicated hadronization process. In principle, c and c̄ partons
can also hadronize into light mesons (e.g. kaons) with non-negligible fragmentation fraction (see
e.g. Ref. [7]). Similarly, fragmentation of light partons into heavy mesons may be well possible
[8]. In the present study we will discuss also results of Pythia hadronization to Ds mesons in this
context as well as our simple model of subleading fragmentation s → Ds− and s̄ → Ds+ [4].
The s and s̄ distributions are calculated here in the leading-order (LO) collinear factorization
approach with on-shell initial state partons and with a special treatment of minijets at low transverse
momenta, as adopted e.g. in Pythia, by multiplyingcross section by a suppression factor [9]
Fsup (pt ) =

p4t
((p0t )2 + p2t )2

.

(1)

Within this framework the cross section of course strongly depends on the free parameter p0t which
could be, in principle, ﬁtted to low energy charm experimental data [10]. Here, we use rather
conservative value p0t = 1.5 GeV. We use three diﬀerent sets of the collinear parton distribution
functions (PDFs): the MMHT2014 [11] and the NNPDF30 [12] parametrizations. Both of them
provide an asymmetric strange sea quark distributions in the proton with s(x) , s̄(x). The dominant
partonic mechanisms are gs → gs, g s̄ → g s̄ (and their symmetric counterparts) and gg → s s̄. In
some numerical calculations we take into account also other 2 → 2 diagrams with s(s̄)-quarks in
the ﬁnal state, however, their contributions are found to be almost negligible.
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The ντ and ντ particles were ones of last ingredients of the Standard Model discovered
experimentally [1]. So far only a few ντ /ντ neutrinos/antineutrinos were observed experimentally.
Recently, it was roughly estimated that about 300 − 1000 neutrinos (ντ + ντ ) will be observed by
the SHiP (Search for Hidden Particles) experiment [2, 3]. If so then it could considerably improve
our knowledge in this weakly tested corner of the Standard Model.
The ντ /ντ neutrinos/antineutrinos are known to be primarily produced from Ds± decays. The
Ds mesons are abundantly produced in proton-proton collisions. Here we wish to make as realistic
as possible predictions of the cross section for production of ντ /ντ neutrinos/antineutrinos. In our
model Ds± mesons can be produced from both, charm and strange quark/antiquark fragmentation,
with a similar probability of the transition. The s → Ds mechanism is expected to be especially
important at large rapidities (or large Feynman xF ) [4]. Here we wish to answer whether it has
consequences for forward production of neutrinos/antineutrinos for the SHiP experiment or not.
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Figure 1: Energy distributions of Ds mesons in the laboratory frame for the MMHT2014 (left) and the
NNPDF30 (right) collinear PDFs. Contributions from c and s quark fragmentation are shown separately.

In Fig. 1 we show the energy distribution of Ds mesons in the laboratory frame from proton√
proton scattering at s = 27.4 GeV. Here we show separately the leading c + c̄ → Ds+ + Ds− (dashed
lines) and two subleading s → Ds− (dash-dotted lines) and s → Ds− (dotted lines) contributions as
well as their sum c + c̄ + s + s̄ → Ds+ + Ds− (solid lines). The left and right panels correspond
to the MMHT2014 and the NNPDF30 PDFs, respectively. In this calculation Pc→D s = 0.08 and
Ps→D s = 0.05 were used. A pretty much diﬀerent results are obtained for the two diﬀerent PDF
3
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The transition from quarks to hadrons in our calculations is done within the independent parton
fragmentation picture. Here, we follow the assumptions relevant for the case of low c.m.s. collision
energies and/or small transverse momenta of hadrons, as discussed in our recent analysis [13], and
we assume that the hadron H is emitted in the direction of parent quark/antiquark q, i.e. η H = ηq
(the same pseudorapidities or polar angles). Within this approach we set the light-cone z-scaling,
i.e. we deﬁne p+H = zp+q , where p+ = E + p. In the numerical calculations we also include
“energy conservation” conditions: EH > m H and EH ≤ Eq . If we take the parton as the only
reservoir of energy (independent parton fragmentation) these conditions (especially the latter one)
may be strongly broken in the standard fragmentation framework with constant rapidity yq = yH
scenario, especially, when discussing small transverse momenta of hadrons. The light-cone scaling
prescription reproduces the standard approach in the limit: mq, m H → 0.
For c/c̄ → Ds± fragmentation we take the traditional Peterson fragmentation function with ε =
0.05. In contrast to the standard mechanism, the fragmentation function for s/ s̄ → Ds∓ transition is
completely unknown which makes the situation more diﬃcult. For the case of light-to-light (light
parton to light meson) transition rather softer fragmentation functions (peaked at smaller z-values)
are supported by phenomenological studies [14]. However, the light-to-heavy fragmentation should
not be signiﬁcantly diﬀerent than for the heavy-to-heavy case. The shape of the fragmentation
function depends on mass of the hadron rather than on the mass of parton (see e.g. Ref. [8]).
Therefore, here we take the same fragmentation function for the s/ s̄ → Ds∓ as for the c/c̄ → Ds± .
Besides the shape of the s/ s̄ → Ds∓ fragmentation function the relevant fragmentation fraction is
also unknown. The transition probability P = Ps→D s can be treated as a free parameter and needs
to be extracted from experimental data. First attempt was done very recently in Ref. [4], where
Ds+ /Ds− production asymmetry was studied.
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sets, especially for large meson energies. Depending on the collinear PDFs used our model leads to
a rather small (the MMHT2014 PDF) or a fairly signiﬁcant (the NNPDF30 PDF) contribution to the
Ds meson production at large energies which comes from the s/ s̄-quark fragmentation. A future
measurement of Ds mesons at low energies would help to better understand underlying mechanism
and improve predictions for ντ /ντ production for the SHiP experiment.

The τ decays are rather complicated due to having many possible decay channels [16]. Nevertheless, all conﬁrmed decays lead to production of ντ (ντ ). This means total amount of neutrinos/antineutrinos produced from Ds decays into τ lepton is equal to the amount of antineutrinos/neutrinos produced in subsequent τ decay. But, their energy distributions will be diﬀerent due
to Ds production asymmetry in the case of the subleading fragmentation mechanism.
The purely leptonic channels, analogous to the µ± → e± (ν µ /νµ )(νe /ν e ) decay cover only about
35% of all τ lepton decays. Remaining 65% are semi-leptonic decays. They diﬀer quite drastically
from each other and each gives slightly diﬀerent energy distribution for ντ (ντ ). In our model for
the decay of Ds mesons there is almost full polarization of τ particles with respect to the direction
of their motion. The mass of the τ lepton (1.777 GeV) is very similar as the mass of the Ds meson
(1.968 GeV). Therefore, direct neutrino takes away only a small fraction of energy/momentum of
the mother Ds . In this calculation we use Tauola code [17].

In the case of the SHiP experiment a dedicated lead target was proposed. At not too small
√
energies ( s N N > 5 GeV), the cross section for ντ Pb and ντ Pb interactions can be obtained from
elementary cross sections as: σ(ντ Pb) = Z σ(ντ p) + (A − Z)σ(ντ n), and σ(ντ Pb) = Z σ(ντ p) +
(A − Z)σ(ντ n). Shadowing eﬀects depend on x variable (parton longitudinal momentum fraction),
i.e. on neutrino/antineutrino energy. At not too high energies (not too small x) shadowing eﬀects
are rather small and can be neglected at present accuracy having in mind other uncertainties. On
the other hand for the x-ranges considered here the antishadowing and/or EMC-eﬀect may appear
non-negligible but still rather small and shall not aﬀect the numerical predictions presented here.
The probability of interacting of neutrino with the lead target can be calculated as:
target
(E)
τ /ν τ

Pν

=

∫

0

d

ncen σντ Pb (E)dz = ncen σντ Pb (E)d ,

(2)

where ncen is a number of scattering centers (lead nuclei) per volume element and the target thickness
is d ≈ 2 m [2]. Using the NuWro Monte Carlo generator [18], we obtain σ(E)/E ∼ 1.09 × 10−38
cm2 /GeV for neutrino and 0.41×10−38 cm2 /GeV for antineutrino for the E = 100 GeV. The number
of scattering centers is ncen = (11.340/207.2)N A , where N A = 6.02 × 1023 is the Avogadro number.
4
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The considered here decay channels: Ds+ → τ + ντ and Ds− → τ − ντ , which are the sources of
the direct neutrinos, are analogous to the standard text book cases of π + → µ+ νµ and π − → µ− ν µ
decays, discussed in detail in the past (see e.g. Ref [15]). The same formalism used for the pion
decay applies also to the Ds meson decays. Since pion has spin zero it decays isotropically in
its rest frame. However, the produced muons are polarized in its direction of motion which is
due to the structure of weak interaction in the Standard Model. The same is true for Ds± decays
and polarization of τ ± leptons.To calculate cross section for ντ /ντ production the decay branching
fraction BR(Ds± → τ ± ντ /ντ ) = 0.0548± 0.0023 [16] must be included.

Rafał Maciuła

Production of ντ neutrinos and ντ antineutrinos at SHiP

The energy dependent ﬂux of neutrinos can be written as:
Φντ /ν τ (E) =

Np
dσp A→ντ (E)/dE ,
σp A

(3)

τ

τ

τ

τ

Here Φντ /ντ (E) is calculated from diﬀerent approaches to Ds meson production including their
target
subsequent decays and Pν /ν (E) is obtained using Eq.(2).
τ

τ

3. Numerical results
In Fig. 2 we show the impact of the subleading contribution for the predictions of ντ and/or ντ
energy distributions for the SHiP experiment. Again we obtain two diﬀerent scenarios for the two
diﬀerent PDF sets. The MMHT2014 PDFs set leads to an almost negligible subleading contribution
in the whole energy range while the NNPDF30 PDFs set provides the subleading contribution to be
dominant at larger energies (Elab > 100 GeV). If such distributions could be measured by the SHiP
then they could be useful to constrain the PDFs in the purely known kinematical region.
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Figure 2: Laboratory frame energy distributions of ντ (or ντ ) neutrinos for MMHT2014 (left) and NNPDF30
(right) sets of collinear PDFs. Here we show in the same panel the leading and subleading contributions as
well as their sum.

Predictions for observed numbers of neutrinos/antineutrinos for the SHIP experiment are
collected in Table 1. Quite diﬀerent numbers are obtained for the diﬀerent considered scenarios.
We have predicted ∼ 800−2000 tau neutrino events from charm quark fragmentation and ∼ 200−400
tau neutrino events from strange quark fragmentation. The subleading fragmentation may increase
the probability of observing ντ /ντ neutrinos/antineutrinos. We get larger numbers than in Ref. [3]
5
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where Np is integrated number of beam protons (Np = 2 × 1020 according to the current SHiP
project). The σp A in Eq. (3) is a crucial quantity which requires a short disscusion. In Ref. [3]
it was taken as σp A = A · σp N where σp N = 10.7 was used. We do not know the origin of this
number. Naively σp N should be the inelastic pN cross section.
Finally the number of ντ or ντ observed in the Pb target is calculated from the formula:
∫
target
target
dEΦντ /ν τ (E)Pν /ν (E) .
(4)
Nν /ν =
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Table 1: Number of observed ντ and ντ for the SHiP experiment.

Framework/mechanism
FONLL + NNPDF30 NLO PDF
c/c̄ → Ds± → ντ /ντ
LO coll. + NNPDF30 LO PDF
s/ s̄ → Ds± → ντ /ντ

Number of observed neutrinos
direct
chain
ντ + ντ

ντ
ντ
ντ
ντ

96
27
93
75

515
180
1092
156

ντ
ντ
ντ
ντ

277
80
59
21

1427
508
435
117

ντ −ν τ
ντ +ν τ

818

0.49

1416

0.67

2292

0.49

632

0.56

but smaller than in Ref. [2]. The chain contribution is signiﬁcantly larger (about factor 7) than the
direct one. For the MMHT2014 distribution the contribution of the leading mechanism is much
larger than for the subleading one. For the NNPDF30 distributions the situation is reversed. We
predict large observation asymmetry (see the last column) for ντ and ντ . This asymmetry is bigger
than shown e.g. in Refs. [2, 3]. This is due to the subleading mechanism for Ds± meson production
included in the present paper. The observation asymmetry for the leading contribution which comes
from the diﬀerences of the ντ and ντ interactions with target are estimated at the level of 50%. In
the case of the subleading contribution the asymmetry increases to 60-70%. More details of the
study can be found in original article [19].
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FONLL + MMHT2014nlo PDF
c/c̄ → Ds± → ντ /ντ
LO coll. + MMHT2014lo PDF
s/ s̄ → Ds± → ντ /ντ
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