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We derive limits on the intrinsic charm (IC) content of the proton, considering various theoretical
models for IC and using as a basis the experimental upper limit on the prompt neutrino flux reported
by the IceCube collaboration in their analysis of throughgoing muon tracks from the Northern
Hemisphere. Our upper limit on the IC follows from the condition that the total prompt neutrino
flux comprising the contributions from both the perturbative QCD heavy-flavour production and

the process of freeing and hadronizing IC saturates the IceCube limit.
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1. Basics: Calculation of Atmospheric Lepton Fluxes and QCD input

Atmospheric lepton fluxes are usually computed from so-called cascade equations which
contain all relevant interactions in the atmosphere. There is a critical energy above which hadron
interactions dominate over decay. For charged pions it is about 20 GeV which is relevant for the
conventional neutrino flux, whereas for charmed hadrons it is much higher, about 107 GeV, which
gives rise to the prompt neutrino flux with harder spectrum, compared to the conventional one.

Basic ingredients of the computation of prompt neutrino fluxes are perturbative QCD (pQCD)
differential cross sections for single-inclusive charmed-hadron production. The latter depend on
parton distribution functions (PDFs) and fragmentation functions (FFs), which in turn depend on
the factorization scale p¢. The PDFs also depend on the longitudinal momentum fraction x of the
parton in the initial-state hadron and the FFs on the momentum fraction z inherited by the final-state
hadron from the parton. The dependence on u ¢ can be treated perturbatively, whereas the x and
z dependences contain non-perturbative effects. The theoretical predictions for the partonic cross
sections depend on charm-quark (pole) mass m.., u s and the renormalization scale u,, and x and z.
These ingredients enter the factorization formula

doppsp+x = ZPDF(X,’,,uf) PDF(xj7ﬂf) ® da—ij—)cX(xiaxﬁ/Jfa,ur,mc’ z) ®FFC—>D(Z’/Jf) .
irJ

Theoretical differential cross sections are known to next-to-leading order (NLO), but not yet
to next-to-next-to-leading order (NNLO), whereas total cross sections o for the hadroproduction
of an heavy-quark pair are known to NNLO. We note that the present theoretical uncertainties on
the single-inclusive D—meson production cross sections are typically larger than the experimental
ones. These uncertainties can be reduced, however, by taking ratios of suitable cross sections, such
as at different center-of-mass (COM) energies or at different rapidities and the same COM energy.
These ratios in comparison with LHCb data have been used to constrain the low-x gluon and sea
quark distributions in some PDF sets, in particular the PROSA PDFs [1] and some version [2]
of the NNPDF PDFs [3]. Other PDF sets, not including this information, but also used in this
contribution, are ABMP16 [4] and CT14 [5].

2. Alternative Method for Z-moment Computation

Following Ref. [6], we introduce an alternative method for the computation of the prompt
neutrino flux. There it was shown that one can write down the prompt muon neutrino spectrum as

Ip (Ev) vy, (prompt)
va(prompt) (Ev) = 1— Zz_air(Ev,'yp) Zp—air (EVa 7p) 4 (H

where the Z—-moment ZX . (Ex, ¥p) for the production of a secondary particle X in a p—air
p—air

interaction is defined, up to p regeneration, as the ratio of the flux of X —particles Ix(Ex) at energy

Ex to the primary all-nucleon cosmic ray (CR) flux at the same energy, if the latter has a power-law

form I,(E,) o« E77r. Factorization of the proton-to-neutrino Z-moment into proton-to-charm

quark moment and fragmentation and decay moments then leads to

vy (prompt) c fi d
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where »
C
zZ, i (E,y)= /dx.x’f_l (Aair) dop, 5 (E [xc,xc) 3)
e o O-Ii;lflair(E/xc) dx. ’

with x. being the charm energy fraction. The approximation in eq. (3) is justified by the fact that
most of the cross-section for c-quark production comes from gg fusion. The factorization allows
one to study the uncertainties of the neutrino fluxes in terms of c-quark production. Currently, the
dependence of the pQCD cross section for charm production on u, and u ¢ is the biggest source of
uncertainty regarding the perturbative contribution to prompt neutrino fluxes, as can been seen in
Fig. 1. Further examples of the moment in eq. (3) computed using as input different PDF sets are
shown by the lower set of curves in Fig. 3.
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Figure 1: CR spectrum-weighted moments Z;_air(E ,v¥ = 3) of c-quark production spectra, calculated
using different (u,, py) combinations: (uys,pr) = (1, )my, (solid), (s, u,) = (2,1)m,, (dashed),
(g, pur) = (1,2)m,, (dotted-dashed), and (uys,u-) = (2,2)m,,. (dotted). The graphs in the left,
middle, and right panels are based on gluon PDFs from ABMP16_3_nlo [4], CT14nlo_NF3 [5], and

NNPDF31_nlo_pch_as_0118_nf_3 [3] PDF sets, respectively. Taken from Ref. [6].

3. Intrinsic Charm

Intrinsic charm (IC) is represented by proton Fock states of the kind |uudcc), |uudécéce),
etc. in which the momentum fraction carried by the c-(anti)quark should be significant, due to the
comparable velocities of all quarks [7, 8]. Hadronization of a five-quark Fock state upon interaction
with another proton gives rise to processes like pp — D%+ A¥+ X, D*0+ A} + X, etc. . Analogous
processes can occur in proton-lepton deep inelastic scattering.

The differential cross section for IC production can be written as [6]

¢ (intr)
dO-P—air (E’ xC) c inel (intr)
T = Wintr o-p—air(E) fc (XC) ’ (4)
c

with we = representing the overall weight of proton Fock states containing IC, that can be

decomposed into a product of wﬁn(ro) representing the total IC content of the nucleon and w;frfmg) ,
i.e. the probability of freeing the IC from the initial bound state and hadronizing it, respectively,
and fc(imr) (x) being the constituent c-quark light-cone momentum fraction distribution, always
normalised to unity. For the latter we may consider two models, the corresponding distribu-
tions being plotted in Fig. 2. The first one is the original IC model of Brodsky-Hoyer-Peterson-

Sakai (BHPS) [7, 8], fc(imr) (x) oc x? [%(1 —x)(1+10x +x?) +2x(1 +x) In x] , whereas our second
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choice is a Regge ansatz [9, 10] C(imr) (x) occ x~ @ (1 —x)~@w+2(-an) ith @y and ay being the
intercepts for the yy-meson and nucleon Regge trajectories, respectively.
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Figure 2: Normalised IC distributions, according to different models.

Using Eq. (4), the Z-moment for the IC contribution follows as
ZeM (y) = Zpy™ (7) = W / deexX " M (xe) 5)

This is neither energy nor target dependent, hence, the corresponding contribution to the neutrino
flux follows the primary CR spectrum. In contrast, the prompt component from perturbative charm
production is flatter than the primary spectrum, as is obvious from the different slopes of the upper
and lower sets of curves in Fig. 3.

While the BHPS model does not provide a prescription for IC hadronization and one often
assumes that it proceeds as for the perturbative charm, Regge ansatzs for fgg‘ ™ (x) and f /&mr) (x)
making use of the Regge intercepts exist. They are similar, but not identical to the Regge expression
for fc(imr) (x) (see above), as detailed elsewhere. In fact, it is noteworthy that the hadronisation of
constituent c-(anti)quarks may proceed differently, compared to the perturbatively generated ones.
For deriving the upper limit on IC, beside the Regge ansatzs with ay, = -2, @,, = —0.5, we also use
the model from Hobbs et al. [11], which also comprises the fragmentation of c-(anti)quarks into
charmed hadrons.

In turn, to derive a limit on the IC contribution to the prompt neutrino flux, we vary the
normalization of the IC contribution w{ in such a way that the sum of the perturbative contribution,
that we assume to coincide with the pQCD prediction using the PROSA PDFs [1], and the non-
perturbative one, saturates the most stringent present IceCube upper limit [12]. In Fig. 4, we show
our preliminary results for corresponding constraints, based on the IceCube upper limit for the
prompt neutrino flux [12].

4. Conclusions

Recent updates on the prompt neutrino component, based on latest QCD results and expe-
rimental data, are important to interpret the measurements of high-energy neutrino fluxes and



Limits on intrinsic charm from neutrino fluxes at IceCube Giinter Sigl

Zcp-air

10 e TR oo

Figure 3: Energy dependence of the CR spectrum-weighted moment, Z;_air(E ,y), for perturbative c-quark
production in proton-air collisions, calculated using y = 3 and employing gluon PDFs from CT14nlo_NF3 [5],
PROSA [1], and NNPDF31_nlo_pch_as_0118_nf_3 [3] PDF sets — lower solid, dashed, and dashed-dotted
lines, respectively. Shown by the upper solid, dashed, and dashed-dotted lines is the moment Z;(_i’;};) for the
IC contribution, calculated using the BHPS model, the Regge ansatz with ay = —0.5, and with ay = 0,
correspondingly, all for wi ~=0.01 and puy = p, =m .
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Figure 4: Preliminary upper limits on the IC-induced atmospheric neutrino flux, for the model of Ref. [11],
here labelled as “IC Meln”, (left panel) and for the Regge model (right panel), based on IceCube data. The
contribution of IC hadronizing in A} and DO are shown separately.

to disentangle astrophysical neutrinos from atmospheric ones. The deduced uncertainties on the
prompt neutrino component are relatively large, up to a factor ~5, being dominated by pQCD, and
for E, rap 2 10°GeV by the poorly understood CR all-nucleon flux. For neutrinos produced in
the atmosphere by interactions of CRs with energies below the “knee”, the prompt flux from IC has
a slightly softer spectrum than the prompt flux from perturbative charm production and can thus
potentially be disentangled. This allows one to put constraints on IC, based on IceCube data, if the
difference in the slopes is sufficiently large. In light of our computations, IceCube results lead to
an upper bound on IC normalization of order wj ==~ 0.001, rather independent of the IC model.
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