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We discuss production cross sections of v, and v, coming from the
direct D¥ — 7% v, /U, and chain D — 7+ /7~ — 7. /v, decays in p+°5Mo
scattering with proton beam FEj,, = 400 GeV i.e. at \/ENN = 27.4 GeV.
We include two different DF meson production mechanisms: via charm
fragmentation ¢ — D7 and ¢ — D] as well as via subleading fragmentation
of strange quarks/antiquarks s — D and § — D7 . Estimates of a number
of observed v, /U, in the v, /v, +2%Pb reaction, with 2m long target are
given.
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1. Introduction

The v, and v, particles were the ones of last ingredients of the Standard
Model discovered experimentally [1]. So far, only a few v, neutrinos and 7,
antineutrinos were observed experimentally in the DONuT [2], OPERA [3]
and IceCube [4] detectors. The proposed SHiP (Search for Hidden Parti-
cles) experiment |5, 6] may change the situation |7]. It was roughly estimated
that about 300-1000 neutrinos (v + 7;) will be observed by the SHiP ex-
periment |7, 8|. This will considerably improve our knowledge in this weakly
tested corner of the Standard Model.

The v, /D, neutrinos/antineutrinos are known to be primarily produced
from DF decays. The corresponding branching fraction is relatively well-
known [9] and is BR(DF — 7%v,/7,;) = 0.0548. The Dy mesons are copi-
ously produced in proton—proton collisions at the LHC. They were measured
e.g. by the ALICE [10] and LHCb experiments [11] at /s = 7 TeV. The
LHCDb experiment in the collider-mode has observed even a small asymme-
try in the production of DF and D, [12]. So far, the asymmetry is not

* Presented at XXVI Cracow Epiphany Conference on LHC Physics: Standard Model
and Beyond, Krakéw, Poland, January 7-10, 2020.

(1461)



1462 R. MAciura

fully understood from first principles. Recently, its possible explanation in
terms of subleading s — D or § — D fragmentations was proposed [13].
However, the corresponding light-to-heavy fragmentation functions are not
well-known.

Here, we wish to investigate in detail forward production of D mesons
and forward production of v, neutrinos and 7, antineutrinos. In the pro-
posed model, DI mesons can be produced from both, charm and strange
quark/antiquark fragmentation, with a similar probability of the transition
(8% and 3% respectively). The s — Dy mechanism is expected to be espe-
cially important at large rapidities (or large Feynman xp) [13]|. In the present
paper, we wish to analyze whether this fact has consequences for forward
production of neutrinos/antineutrinos in the SHiP experiment or not. The
main goal is to make as realistic as possible predictions of the cross section
for production of v, /7, neutrinos/antineutrinos. To make the studies com-
plete, interactions of the neutrinos/antineutrinos with the matter in the case
of the Pb target will be also discussed.

2. D;t meson production

In the present paper, we discuss two mechanisms of Dy meson produc-
tion:

— ¢ — D}, é¢— Dy, called leading fragmentation,
— 5— D, s — D7, called subleading fragmentation.

The underlying leading-order pQCD partonic mechanisms for charm and
strange quark production are shown schematically in Fig. 1 and Fig. 2, re-
spectively. At high energies, for charm-quark production higher-order (NLO
and even NNLO) corrections are very important, especially when considering
differential distributions, such as quark transverse momentum distribution
or squark—antiquark correlation observables (see e.g. Refs. [14, 15]). The ¢
and ¢ cross sections are calculated in the collinear NLO approximation using
the FONLL framework [16].
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Fig. 1. Dominant mechanisms of charm-quark production at leading order: ¢g-anni-
hilation (diagram (a)) and gg-fusion (diagrams (b)). These partonic processes lead
to leading (standard) fragmentation component of D, production.
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Fig.2. An example of strange quark (or antiquark) production mechanisms at
leading order: ss — ss (diagram (a)), gg — s5 (diagram (b)), gs — ¢s and
sg — sg (diagrams (c)). These partonic processes lead to subleading (unfavored)
fragmentation component of D production.

Not all charm hadrons must be created from the ¢/¢ fragmentation. An
extra hidden associated production of ¢ and ¢ can occur in a complicated
hadronization process. In principle, ¢ and ¢ partons can also hadronize into
light mesons (e.g. kaons) with non-negligible fragmentation fraction (see e.g.
Ref. [17]). Similarly, fragmentation of light partons into heavy mesons may
be equally possible [18]. In the present study, we will also discuss results of
our simple model of subleading fragmentation s — D; and 5 — D [13].

The s and 5 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 multiplying standard cross section by a somewhat arbitrary

suppression factor [19]
4

Faup(pr) = ——. (1)
() +2)

Within this framework, the cross section, of course, strongly depends on
the free parameter p{ which could be, in principle, fitted to low-energy
charm experimental data [20]. Here, we use rather conservative value p) =
1.5 GeV. We use two different sets of the collinear parton distribution func-
tions (PDFs): the MMHT2014 |21] and the NNPDF30 [22]| parametrizations.
Both of them provide an asymmetric strange sea quark distributions in the
proton with s(x) # s(x). The dominant partonic mechanisms are gs — gs,
95 — g5 (and their symmetric counterparts) and gg — ss.

The transition from quarks to hadrons in our calculations is done within
the independent parton fragmentation picture. Here, we follow the as-
sumptions relevant for the case of low c.m.s. collision energies and/or small
transverse momenta of hadrons, as discussed in our recent analysis 23],
and we assume that the hadron H is emitted in the direction of parent
quark/antiquark ¢, i.e. ng = 1, (the same pseudorapidities or polar an-
gles). Within this approach, we set the light-cone z-scaling, i.e. we define
pl; = zpy, where p™ = E+p. For ¢/¢ — DF fragmentation, we take the tra-
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ditional Peterson fragmentation function with ¢ = 0.05 (see Fig. 3). In con-
trast to the standard mechanism, the fragmentation function for s/s — DF
transition is completely unknown which makes the situation more difficult.
For the case of light-to-light (light parton to light meson) transition, rather
soft fragmentation functions (peaked at small z-values) are supported by
phenomenological studies [24]. The massless gluon fragmentation to heavy
open charm meson is also possible (see e.g. Ref. [18]). On the other hand,
in the case of B, meson production, the b — B, fragmentation function was
found to be peaked at large-z, while the function for ¢ — B, transition is
shifted to intermediate z-values [25]. In principle, one could expect a similar
behaviour of the ¢ — D, and s — D, fragmentation functions. Therefore,
as a default set in the following calculations, we take for the s/s — DF
transition the Peterson fragmentation function with ¢ = 0.5 which is peaked
at intermediate z-values (see Fig. 3).
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Fig.3. The Peterson fragmentation function for e = 0.05 (solid) and ¢ = 0.5
(dashed) as well as the reversed Peterson function for € = 0.05 (dash-dotted).

Besides the shape of the s/s — DT fragmentation function, the rel-
evant fragmentation fraction is also unknown. The transition probability
P = P;_,p, can be treated as a free parameter and needs to be extracted
from experimental data. First attempt was done very recently in Ref. [13],
where DY /D, production asymmetry was studied. To make the following
predictions more precise, we repeat our calculations of the D} /D7 produc-
tion asymmetry from Ref. [13] but for more up-to-date PDF sets and for
different fragmentation functions (shown in Fig. 3). The updated predic-
tions for the asymmetry are presented in Fig. 4.

In Fig. 5, we show the resulting energy distribution of D, mesons in
the laboratory frame from proton-proton scattering at /s = 27.4 GeV.
We compare contributions of the leading (c/é — D¥) and the subleading
(s/s — DF) mechanisms, calculated in the FONLL and in the LO collinear
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Fig.4. The D} /D, production asymmetry obtained with our approach from
Ref. [13] for /s = 7 TeV at forward rapidities together with the LHCb experi-
mental data [12]. The left panel corresponds to the MMHT2014 PDFs and the
right panel corresponds to the NNPDF30 PDF.
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Fig.5. Energy distributions of Ds; mesons in the laboratory frame for the
MMHT2014 (left) and the NNPDF30 (right) sets of collinear PDFs. Contribu-
tions from charm and strange quark fragmentation are shown separately. Details
are specified in the figure.

approach, respectively. In this calculation, P.,p, = 0.08 and Ps_,p, =
0.03 were used. Here, we show separately the leading ¢ + ¢ — DI + D
(dashed lines) and two subleading s — D (dash-dotted lines) and s — D
(dotted lines) contributions as well as their sum ¢+ ¢+ s+ 3§ — DI +
D (solid lines). The left and right panels correspond to the MMHT2014
and the NNPDF30 PDFs, respectively. A pretty much different results are
obtained for the two different PDF 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/s-
quark fragmentation.
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Summarizing this part, we see big uncertainties in our predictions for
the production of Dg mesons at the low /s = 27.4 GeV energy. A future
measurement of Dg mesons at low energies would definitely help to better
understand underlying mechanism and, in consequence, improve predictions
for v, /v, production for the SHiP experiment.

3. Direct decay of D;t mesons

The considered here decay channels: DY — 77v. and D; — 770,
which are the sources of the direct neutrinos, are analogous to the standard
text book cases of 7t — pty, and 7~ — p~ i, decays, discussed in detail
in the past (see e.g. Ref. |26]). The same formalism used for the pion decay
applies also to the D; 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 DF decays and polarization of
7% leptons.

Therefore, the 7 decay must be carefully considered. In such decays, the
T particles are strongly polarized with P.+ = —P.—. In the following, we
assume that in the rest frame of Dy meson

P =1 and P+ =-1.

This is also very good approximation in the rest frame of 7.
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Fig.6. Laboratory energy distributions of D, mesons (solid), 7 leptons (dashed)
and v, neutrinos (dotted) from the direct decay D¥ — 7%, /i,. Here, we show
only the leading contribution to Ds meson production in proton—proton collisions
from charm quarks calculated with the FONLL code. The decay branching fraction
is not included here for easier comparison.
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To calculate cross section for v, /U, production, the D¥ — 7Fu, /v,
branching fraction must be included. The decay branching fraction is rather
well-known: BR(DF — 7Fv, /) = 0.0548 4+ 0.0023 [9].

In Fig. 6, we show laboratory frame energy distribution of Dg meson
(solid line), 7 lepton (dashed line) and v, neutrino (dotted line) from the
direct decay. Here, the presented cross sections are for proton—proton in-
teractions. It can be clearly seen that the 7 lepton takes almost the whole
energy of the mother Dy meson.

4. Neutrinos from chain decay of 7 leptons

The 7 decays are rather complicated due to having many possible decay
channels [9]. Nevertheless, all confirmed decays lead to production of v, (7).
This means that the total amount of neutrinos/antineutrinos produced from
D; decays into 7 lepton is equal to the amount of antineutrinos/neutrinos
produced in subsequent 7 decay. However, their energy distributions will
be different due to D, production asymmetry in the case of the subleading
fragmentation mechanism.

The purely leptonic channels (three-body decays), analogous to the u* —
et (D, /v,) (We/e) decay (discussed e.g. in Refs. [26, 28]) cover only about
35% of all 7 lepton decays. Remaining 65% are semi-leptonic decays. They
differ quite drastically from each other and each gives slightly different en-
ergy distribution for v, (7). In our model for the decay of D, mesons, there
is almost full polarization of 7 particles with respect to the direction of their
motion.

Since P,+ = —P,— (see the previous subsection) and the angular distri-
butions of polarized 7& are antisymmetric with respect to the spin axis, the
resulting distributions of v, and 7, from decays of D¥ are then identical,
consistent with CP symmetry (see e.g. Ref. [27]).

The mass of the 7 lepton (1.777 GeV) is very similar to the mass of the Dj
meson (1.968 GeV). Therefore, the direct neutrino takes away only a small
fraction of energy /momentum of the mother Dy. In this approximation,

777— = ﬁDs 5 ﬁ‘r = ﬁDS (2)

polarization of 7 in its rest frame is 100%. In reality, polarization of 77 is
somewhat smaller. In the approximate Z-moment method often used for
production of neutrinos/antineutrinos in the atmosphere discussed e.g. in
Ref. 28], the polarization is a function of E;/Ep, (see also Ref. [29]).
Before we go to distribution of neutrinos/antineutrinos in the labora-
tory system (fixed target p +%Mo collisions), we shall present distributions
of neutrinos/antineutrinos in the 7+ center-of-mass system, separately for
different decay channels of 7. In this calculation, we use TAUOLA code [30].
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5. Neutrino/antineutrino interactions with the Pb target

How many neutrinos/antineutrinos will be observed in the SHiP exper-
iment depends on the cross section for neutrino/antineutrino scattering of
nuclei off the target. In the case of the SHiP experiment, a dedicated lead
target was proposed. At not too small energies (\/syn > 5 GeV), the cross
section for v.Pb and 7,Pb interactions can be obtained from elementary
cross sections as

o(v:Pb) = Zo(v:p) + (A — Z)o(v.n), (3)
o(v;Pb) = Zo(vrp) + (A—Z)o(vrn). (4)

Shadowing effects depend on z 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 z-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 nuclear modifications of the PDFs goes
beyond the scope of the present study and will be considered elsewhere.

The probability of interacting of neutrino/antineutrino with the lead
target can be calculated as

7

d
Ptarget(E) _ /nceno'uTPb(E)dz = nceno-yTPb(E)d7 (5)
0

where ncen is @ number of scattering centers (lead nuclei) per volume element
and the target thickness is d &~ 2 m [7]. Using the NuWro Monte Carlo
generator [31], we obtain o(E)/E ~ 1.09 x 1073 cm?/GeV for neutrino and
0.41 x 1073 ¢cm?/GeV for antineutrino for the E = 100 GeV. The number
of scattering centers is

Neen = (11.340/207.2) Ny (6)

where Na = 6.02 x 10 is the Avogadro number.
The energy dependent flux of neutrinos can be written as

N,
@VT/"_/T (E) = ﬁdo’PA—WT (E)/dE ) (7)

p

where N, is integrated number of beam protons (N, = 2 X 10%° according
to the current SHiP project). The o4 in Eq. (7) is a crucial quantity which
requires a short discussion. Usually, it is defined as 0,4 = Ao,n, where
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opn is the inelastic hadronic cross section per nucleon on a target with A
nucleons. For the molybdenum target, the latter is rather not well-known.
In Refs. [5, 8], it was taken to be equal to o, = 10.7 mb which is obtained
from the approximate expression o,y = opa/A = 1/AingpNa, where Aip is
the nuclear interaction length, p is the target density and N4 is the Avogadro
number. A realistic estimation of the quantity at this stage is not simple
and the number is rather uncertain.

The formula from Eq. (7) can be used to estimate number of neutri-
nos/antineutrinos produced at the beam dump. For the decays of Dy meson
produced from charm quark fragmentation, it reads

N N
N,, =220, 4, x =2—L0ppscex BR(DE — 750, /0,) P(c — Dy).
OpA OpN
(8)

The factor of 2 accounts for neutrinos from the direct decay of D} and
neutrinos from the chain decay of D . A similar formula can be written for
antineutrinos. Taking P(c — D) = 0.08, BR(DF — 7%v, /i) = 0.0548,
Opp—scex = 10 pb, and o,y = 20 mb, we get N, = 1.32 x 10'5. The
number o,y = 20 mb is a bit larger than the corresponding numbers used
in Refs. [5, 6, 8] and leads to rather more conservative predictions for N, .
This appears to account for the small (about factor 2) discrepancy with the
corresponding results for N,_ presented there, i.e. 2.85 x 10 in Ref. [5]
and 3.1 x 10' in Ref. [6]. Summarizing, the number of neutrinos is rather
uncertain mostly due to the choice of 0,4 and pp — ccX cross sections. In
general, for the pA inelastic cross section, one could expect slightly different

scaling with A as for pA production of charm pairs in Eq. (8).
Finally, the number of neutrinos/antineutrinos observed in the Pb target

is calculated from the formula

N~ [, ()P E). 9)
Here, @, /5. (E) is calculated from different approaches to Ds; meson pro-
Ptargiet
vr /Uy
Eq. (5). The cross sections for neutrino/antineutrino interactions with the
lead target is shown in Fig. 7 and are calculated using the NuWro Monte

Carlo generator.

duction including their subsequent decays and (E) is obtained using
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Fig. 7. Left: The elementary cross sections o(v;p), o(v,n), o(7;p) and o(7,;n) as a
function of neutrino/antineutrino energy. Right: The o(v,Pb) and o(7,Pb) cross
sections per nucleon as a function of neutrino/antineutrino energy. The results are
obtained within the NuWro Monte Carlo generator. Details are specified in the
figure.

6. Numerical predictions for the SHiP experiment

After integrating the integrands of the integral in Eq. (9), one gets num-
bers of neutrinos/antineutrinos collected in Table I. Quite different numbers
are obtained for the different considered scenarios. We get larger numbers
than in Ref. [8] but smaller than in Ref. [7]. The chain contribution is signifi-
cantly larger (by about factor of 7) than the direct one. For the MMHT?2014
distribution, the contribution of the leading mechanism is much larger than
for the subleading one (by about factor of 10). For the NNPDF30 distribu-
tions, the situation is changed and the difference between the leading and
the subleading components is much smaller (by about factor of 2). We pre-

TABLE I

Number of observed v, and v, for the SHiP experiment.

. Number of observed neutrinos
Framework/mechanism . . _
Flavour Direct Chain v, + 0, ZT;;T

FONLL + NNPDF30 NLO vy 96 515 818 0.49
c/e¢ = D - v, /b, 7 27 180 :
LO coll. + NNPDF30 LO vy 28 336
s/ — D v /v, U, 22 49 435 0-67
FONLL -+ MMHT2014nlo vy 277 1427
c/¢ — D — v, /v, U, 80 508 2202 049
LO coll. + MMHT2014lo vy 17 142
s/5— DX S v, /o, 7, 7 37 208 0.58
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dict large observation asymmetry (see the last column) for v, and ;. This
asymmetry is bigger than shown e.g. in Refs. [7, 8]. This is due to the sub-
leading mechanism for D;t meson production included in the present paper.
The observation asymmetry for the leading contribution which comes from
the differences of the v, and 7 interactions with target is estimated at the
level of 50%. In the case of the subleading contribution, the asymmetry
increases to 60-70%, depending on PDF model.

7. Conclusions

In the present paper, we have discussed the mechanism and cross sections
for production of v, and 7, in fixed target experiment for \/syn = 27.4 GeV
with 400 GeV proton beam and molybdenum target. In the present analysis,
we have assumed that the neutrinos/antineutrinos are produced exclusively
from DF mesons. Other, probably small, contributions (Drell-Yan, vy fu-
sion, B decays, etc.) have been neglected here.

We include two different contributions of Dg meson production: the lead-
ing fragmentation of ¢ and ¢ and the subleading fragmentation of s and s.
The subleading fragmentation leads to asymmetry provided s and s distri-
butions are different. We have discussed a possible role of the subleading
production of Dg mesons in the context of “increasing” the production of
v;/Ur neutrino/antineutrino at the SHiP experiment. A similar effect for
production of high-energy v, /U, neutrinos/antineutrinos was discussed very
recently in Ref. [13]. The subleading fragmentation may increase the proba-
bility of observing v, /v, neutrinos/antineutrinos by the planned SHiP fixed
target experiment at CERN. We have found that present knowledge of s/s
parton distributions and especially s/s fragmentation to Dy mesons does
not allow for precise estimations. The SHiP experiment could be therefore
useful to test s/s distributions.

More details of the present study can be found in the original publica-
tion [33].
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