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We consider unfavored light quark/antiquark to D meson fragmentation. We discuss nonperturbative
effects for small transverse momenta. The asymmetry for Dþ and D− production measured by the LHCb
collaboration provides natural constraints on the parton (quark/antiquark) fragmentation functions. We find
that already a fraction of q=q̄ → D fragmentation probability is sufficient to account for the measured
asymmetry. We make predictions for similar asymmetry for neutral D mesons. Large D-meson production
asymmetries are found for large xF which is related to dominance of light quark/antiquark q=q̄ → D
fragmentation over the standard c → D fragmentation. As a consequence, prompt atmospheric neutrino
flux at high neutrino energies can be much larger than for the conventional c → D fragmentation. The latter
can constitute a sizeable background for the cosmic neutrinos claimed to be observed recently by the
IceCube Observatory. Large rapidity-dependent Dþ=D− and D0=D̄0 asymmetries are predicted for low
(

ffiffiffi
s

p ¼ 20–100 GeV) energies. The q=q̄ → D fragmentation leads to enhanced production of D mesons at
low energies. At

ffiffiffi
s

p ¼ 20 GeV the enhancement factor with respect to the conventional contribution is
larger than a factor of five. In the considered picture the large-xF D mesons are produced dominantly via
fragmentation of light quarks/antiquarks. Predictions for fixed target pþ 4He collisions relevant for a fixed
target LHCb experiment are presented.

DOI: 10.1103/PhysRevD.97.074001

I. INTRODUCTION

It is believed that theDmesons are produced dominantly
via c → D fragmentation. However, asymmetries for Dþ
and D− production were obtained at lower energies for π−-
nucleus collisions [1] and Σ−-nucleus collisions [2] and
recently at the LHC for proton-proton collisions [3]. Rather
small asymmetries of the order of 1% were found by the
LHCb collaboration [3]. One can believe in such low
asymmetries as the CP asymmetries in decay defined as:

ACP ¼ ΓðDþÞ − ΓðD−Þ
ΓðDþÞ þ ΓðD−Þ ð1:1Þ

were found to be extremely small, consistent with zero (see,
e.g., Refs. [4–6] and references therein). The LHCb result
was obtained for D� → K0

sK� decays.

Can perturbative effects lead to any asymmetry? Higher-
order pQCD and electroweak effects on cc̄ asymmetry
(both quark and antiquark registered) was studied in
Ref. [7] for ET > 20 GeV. The predicted effect was,
however, rather small (< 1%), at least for the LHCb
(pseudo)rapidity coverage 2 < η < 4.
The intrinsic charm contribution [8] can also be important

for forward charm production. Different models of intrinsic
charm were proposed recently [9–11]. The simplest model
includes only nonperturbative gluon splitting and gives equal
amount of charm and anticharm in the initial states and
cannot explain observed asymmetries in the production ofD
and D̄ mesons to be discussed in the present paper. The
intrinsic charm was also discussed recently in the context of
atmospheric neutrino production (see, e.g., Ref. [12]).
The production asymmetries were interpreted in

Refs. [13,14] as due to meson cloud mechanism and specific
structure of the proton Fock components. The string model
approach to the problem of heavy meson production and
asymmetries in theproductionofheavymesonswasdiscussed
in extent in Ref. [15]. The LHCb asymmetry was discussed
also in the framework of heavy-quark recombination
approach [16] (for earlier work see, e.g., Ref. [17]). Here
there are four unknown parameters responsible for formation
of D mesons. It was shown that with some combination of
parameters one can describe the LHCb data [16].
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The conventional D meson production mechanism
leads to symmetry in Dþ=D− or D0=D̄0 production, i.e.,
σðDþÞ ¼ σðD−Þ and σðD0Þ ¼ σðD̄0Þ. As will be discussed
in the present paper, only a subtle isospin-violating effect in
vector D meson decays (D� → DX) leads to a significant
effect of σðDþ=D−Þ < σðD0=D̄0Þ.
Here we consider a simple alternative phenomenological

explanation using so-called unfavored fragmentation func-
tions responsible for light quark/antiquark fragmentation
to D mesons. Such unfavored fragmentation functions are
known to be important, e.g., for Kþ=K− production and
corresponding asymmetries obtained at SPS [18] and RHIC
[19]. Such asymmetries for kaon production were nicely
explained in the picture of subleading parton fragmentation
at low energies [20]. The unfavored fragmentation functions
g → D, q=q̄ → D that fulfill Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations were discussed, e.g., in
Ref. [21]. Even assuming that at the initial scale the
fragmentation functions vanish, they naturally appear at
larger scales. The parameters of fragmentation functions
were found in some fits to the eþe− data [21]. It is interesting
whether the so-obtained unfavored fragmentation functions
can describe the observed experimentally asymmetries in
proton-proton collisions.
In the present paper we wish to constrain the strength of

q → D (q̄ → D) fragmentation functions using the recent
LHCb data for Dþ=D− asymmetry. Then we shall discuss
q=q̄ → D� contribution to dσ=dxF distributions. Possible
consequences for lower energies and/or for prompt atmos-
pheric neutrino production will be discussed.

II. A THEORETICAL BASIS OF THE PRESENT
CALCULATIONS

In this section we briefly review basic ingredients needed
in the present analysis.

A. Light quark/antiquark production

We start with high collision energies. We calculate the
dominant at large xF high-energy processes: ug → ug,
dg → dg, ūg → ūg and d̄g → d̄g and subsequent light
quark/antiquark to D meson fragmentation and/or decays.
The calculations are done in the leading-order (LO)
collinear factorization approach with a special treatment
of minijets at low transverse momenta, as adopted in
PYTHIA, by multiplying standard cross section by a some-
what arbitrary suppression factor [22]

FsupðpTÞ ¼
p4
T

ððp0
TÞ2 þ p2

TÞ2
θðpT − pT;cutÞ: ð2:1Þ

First we calculate distributions of u, d, ū, d̄ in Feynman
xF in the forward (projectile) region. In Fig. 1 we show
distributions in xF of the light-quarks/antiquarks obtained
in the collinear-factorization approach. In this calculation
we use the MMHT2014lo [23] parton distributions. The
factorization and renormalization scales are taken as: μ2F,
μ2R ¼ μ20 þ p2

T . Here we take μ
2
0 ¼ 0.52 GeV2. In Fig. 2 we

show results for different values of p0
T ¼ 0.5, 1.0, and

1.5 GeV. We think that already with p0
T ¼ 0.5 GeV reliable

quark/antiquark distributions in y and xF are obtained. The
shapes for different p0

T are rather similar.
At large xF the distribution of produced quarks/anti-

quarks can be approximated in terms of partons in the initial
hadron as

dσ
dxF

ðxFÞ ≈ Cð ffiffiffi
s

p ÞxFqfðxF; μ2effÞ; ð2:2Þ

where μ2eff is the scale relevant for low transverse momentum
quark/antiquark production. In Fig. 3 we compare results
of calculations performed in the collinear-factorization

Fx

0 0.2 0.4 0.6 0.8 1

b)μ(
F

/d
x

σd

1

10

210

310

410

510

610

710

 = 7 TeVs

LO collinear

 u g
→u g 

 d g
→

d g  gu
→ g 

u

 gd
→ g 

d

c c 
→

g g 

MMHT2014lo

 = 0.5 GeV0
T

p

Fx

0 0.2 0.4 0.6 0.8 1

b)μ
   

  ( F
/d

x
σd

1

10

210

310

410

510

610

710
 = 43 TeVs

LO collinear

 u g
→u g 

 d g
→

d g  gu
→ g 

u

 gd
→ g 

d

c c 
→

g g 

MMHT2014lo

 = 0.5 GeV0
T

p

FIG. 1. Quark and antiquark distributions in Feynman xF for
ffiffiffi
s

p ¼ 7 TeV (left panel) and
ffiffiffi
s

p ¼ 43 TeV (right panel) corresponding
to ElabðpÞ ¼ 109 GeV (relevant for high-energy prompt atmospheric neutrinos). This calculation was performed within collinear-
factorization approach with p0

T ¼ 0.5 GeV.
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approach with those obtained with the very simple
approximation given by Eq. (2.2). We see a reasonably
good agreement of the results of the two calculations.
The same parton distribution set was used in both cases.
In this calculation μeff ¼ 0.5–3 GeV was taken. The
agreement for u and d quarks is much better than that
for ū and d̄ antiquarks. The best agreement is obtained
for μeff ≈ 2–3 GeV.
The dependence on transverse momentum of quarks/

antiquarks is very steep. In Fig. 4 we show the transverse
momentum distribution of produced light quarks and
antiquarks. Here we have assumed a lower cut on xF >
0.2 to concentrate on the interesting for us region related
to fast prompt atmospheric neutrinos [24]. Although there
is a strong dependence of the cross section on pT the
integrated cross sections are finite. The averaged transverse
momentum is pT ∼ 2 GeV.
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FIG. 2. Light u-quark distribution in Feynman xF for
ffiffiffi
s

p ¼
7 TeV for different values of p0

T ¼ 0.5, 1.0, and 1.5 GeV.
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FIG. 3. Distribution in Feynman xF for u and d quarks and ū antiquarks calculated with formula (2.2) for different factorization scales
given explicitly in the figures.
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B. Unfavored fragmentation functions

Let us start with direct fragmentation. Then we have to
include u, ū, d, d̄ → Di parton fragmentation. The corre-
sponding fragmentation functions fulfill the following
flavor symmetry conditions:

Dd→D−ðzÞ ¼ Dd̄→DþðzÞ ¼ Dð0ÞðzÞ: ð2:3Þ

Similar symmetry relations hold for fragmentation of u and
ū to D0 and D̄0 mesons. However Dq→D0ðzÞ ≠ Dq→DþðzÞ
which is caused by the contributions from decays of vector
D� mesons. Furthermore we assume for doubly suppressed
fragmentations:

Dū→D�ðzÞ ¼ Du→D�ðzÞ ¼ 0: ð2:4Þ

The fragmentation functions at sufficiently large scales
undergo DGLAP evolution equations [21]. In the case of
eþe− collisions the scale is usually taken as μ2 ¼ s. When
fitting fragmentation functions to eþe− → D data one
usually assumes

Dq=q̄→Dðz; μ20Þ ¼ 0 ð2:5Þ

at some initial scale usually taken as μ0 ¼ mc, 2mc, where
mc is charm quark mass. This simplification is not a good
approximation for the case of proton-proton collisions
where the asymmetry was observed [3] even at very low
transverse momenta. Here we are particularly interested in
low transverse momentum D mesons. Then our typical
factorization scales μ2 ¼ p2

T þm2
q are very small.

Therefore we limit in the following to a phenomenological
approach and ignore possible DGLAP evolution effects
important at somewhat larger transverse momenta. We can
parametrize the unfavored fragmentation functions in this
phase space region as:

Dq→DðzÞ ¼ Aαð1 − zÞα: ð2:6Þ

Instead of fixing the unknown Aα we will operate rather
with the fragmentation probability:

Pq→D ¼
Z

dzAαð1 − zÞα: ð2:7Þ

and calculate corresponding Aα for a fixed Pq→D and α.
Therefore in our effective approach we have only two free
parameters.
Another simple option one could consider is

Dqf→DðzÞ ¼ Pqf→D ·DPetersonð1 − zÞ: ð2:8Þ

Then Pqf→D would be the only free parameter. For heavy
quark fragmentation (c → D) the Peterson fragmentation
function is peaked at large z. However, the light quark/
antiquark fragmentation is expected to be dominant at small
z. This is the case of Peterson fragmentation function
reflected with respect to z ¼ 1=2. We use such a function
purely phenomenologically to test uncertainties related to
the shape of the a priori unknown function.
In addition to the direct fragmentation [given byDð0ÞðzÞ]

there are also contributions with intermediate vector D�
mesons. Then the chain of production of chargedDmesons
is naively as follows:

ū → D�;0 → Dþ ðforbiddenÞ;
u → D̄�;0 → D− ðforbiddenÞ;
d̄ → D�;þ → Dþ ðallowedÞ;
d → D�;− → D− ðallowedÞ: ð2:9Þ

In reality the first two chains are not possible as the decays
of corresponding vector mesons (D�;0 and D̄�;0) are
forbidden by lack of phase space. This would be, however,
possible for D0 and D̄0 production where D�;� may decay
producingD0 or D̄0 mesons. In the latter case the two terms
have different flavor structure and the production asym-
metry is more complicated. In addition D0-D̄0 oscillations
occur (see, e.g., Refs. [25,26]) which makes the extraction
of initialD0=D̄0 production asymmetry a bit more difficult.
According to our knowledge this has not been studied so far
by the LHCb collaboration.
Including both direct and resonant contributions the

combined fragmentation function of light quarks/antiquarks
to charged D mesons can be written as:

Deff
d=d̄→D∓ðzÞ ¼ D0

d=d̄→D∓ðzÞ þ P∓→∓ ·D1
d=d̄→D�;∓ðzÞ:

ð2:10Þ

The decay branching ratios can be found in Ref. [27] and is
P�→� ¼ 0.323. The indirect vector meson contributions
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FIG. 4. Transverse momentum distribution of light quarks/
antiquarks for xF > 0.2.
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have the same flavor structure as the direct one. It is easy to
check that the decay D� → DX practically does not change
the distribution in z.
For neutral D mesons we have similarly:

Deff
u=ū→D̄0=D0ðzÞ¼D0

u=ū→D̄0=D0ðzÞþP0→0 ·D1
u=ū→D̄�;0=D�;0ðzÞ;

ð2:11Þ

Deff
d=d̄→D̄0=D0ðzÞ ¼ P�→0 ·D1

d=d̄→D�;∓ðzÞ: ð2:12Þ

Here there are more possibilities than for chargedDmesons
as both charged and neutral vector mesons decay into
neutral D mesons. The decay probabilities that appeared
above are: P0→0 ¼ 0.667 and P�→0 ¼ 1 [27].
We assume flavor symmetry of fragmentation functions

also for vector D meson production:

D1
u=ū→D̄�;0=D�;0ðzÞ ¼ D1

d=d̄→D�;∓ðzÞ ¼ Dð1ÞðzÞ: ð2:13Þ

Finally we shall take an approximation:

Dð0ÞðzÞ ≈Dð1ÞðzÞ ð2:14Þ
which can be easily relaxed if needed. We think that such
an approximation is, however, sufficient for the present
exploratory calculations.

C. D meson distributions

At forward directions (relevant for LHCb or IceCube)
the details of hadronization are fairly important. Here the
hadronization is done as in Ref. [20] assuming that the
hadron pseudorapidity is equal to parton pseudorapidity
and only momenta of hadrons are reduced compared to the
parent partons.
In such an approximation the D meson xF-distributions

at large xF can be obtained from the quark/antiquark
distributions calculated in the collinear or kt-factorization
approaches as:

dσ
dxF

¼
X
f

Z
1

xF

dz
z
dσðxF=zÞ

dx0F
Dqf→DðzÞ: ð2:15Þ

Instead of the more complicated calculations within
collinear or kt-factorization one can make first a simplified
calculation. At very small transverse momenta and forward
directions (xF > 0.2) the outgoing quarks/antiquarks prac-
tically carry the same momentum fractions as the initial
ones in the proton. Approximately one can therefore write
the xF- distribution of outgoing quarks/antiquarks as

dσpp→DXðxFÞ
dxF

≈ C
X
f

Z
1

0

dzðxf=zÞqfðxF=z; μ2ÞDqf→DðzÞ:

ð2:16Þ

The constant C is responsible for the cross section normali-
zation and depends on collision energy C ¼ Cð ffiffiffi

s
p Þ. The

constant can be fitted to the asymmetries in experiments that
measured different species of D mesons.

D. Flavor asymmetry

Before we show our results for asymmetry we wish to
show that the kT-factorization approach with our choice
of parameters gives a reasonable description of the data
even at low transverse momenta. In Fig. 5 we show our
results together with the LHCb data [28]. In this calculation
we have taken BRðc → DþÞ ¼ 0.226 (see Ref. [27]). The
agreement is sufficiently good for our purpose even at
small transverse momenta. It is not that good in the case of
other approaches (see e.g., Refs. [29,30]).
Having shown that the kT-factorization gives sufficiently

good description of the experimental data we can study the
Dþ=D− asymmetry.
The flavor asymmetry in production is defined as:

ADþ=D−ðξÞ ¼
dσD−

dξ ðξÞ − dσDþ
dξ ðξÞ

dσD−

dξ ðξÞ þ dσD−

dξ ðξÞ ; ð2:17Þ

where ξ ¼ xF, y, pT , ðy; pTÞ. In the following we shall
consider several examples of selecting ξ.
To calculate asymmetry we have to include also dom-

inant contribution corresponding to conventional c=c̄ →
D=D̄ fragmentation. The leading-order pQCD calculation
is not reliable in this context. In the following the conven-
tional contribution is calculated within the kt-factorization
approach with the Kimber-Martin-Ryskin unintegrated
parton distributions [31] which has proven to well describe
the LHC data. Such an approach seems consistent with
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collinear next-to-leading order approach (see, e.g., a dis-
cussion in Ref. [32]).
For example in top panels of Fig. 6 we show results for

the asymmetry for Pq→D adjusted to the LHCb data.
In this calculation, and in the rest of the paper, we have
fixed α ¼ 1 in formula (2.6). We shall call corresponding
fragmentation functions as triangular for brevity. In the
left panel we show ADþ=D−ðηÞ for pT;D ∈ ð2; 18Þ GeV and
in the right panel we show ADþ=D−ðpTÞ for 2.2 < η <
4.75. We find that Pq→D ¼ 0.005� 0.001 for triangle
fragmentation function and Pq→D ¼ 0.007� 0.001 for
Peterson(1-z) is consistent with main trends of the LHCb
data. This are rather small numbers compared to c=c̄ →
D=D̄ fragmentation which happens with probability of
the order of 50%. The results do not depend on transverse
momentum cut p0

T , since the LHCb kinematics excludes
the uncertain region of very small meson transverse
momenta. In the bottom panels we show our predictions
for

ffiffiffi
s

p ¼ 13 TeV.

Charm conservation in strong processes must unavoid-
ably lead to extra c or c̄ production at lower xF emitted
rather in the remnant direction. The extra emissions lead to
a reduction of asymmetries and enhanced production of
charm (both mesons and baryons). This effect is not
included explicitly when fitting the LHCb asymmetries.
In our opinion the fit includes, however, this effect in an
effective way.
Having described the ADþ=D− asymmetries for chargedD

mesons we wish to make predictions for AD0=D̄0 production
asymmetries for neutral D mesons. According to our
knowledge such asymmetries were never officially pre-
sented. The situation here is a bit more complicated due to
D0-D̄0 mixing and resulting oscillations. Here we calculate
production asymmetry. In principle, the asymmetry may
be (is) time dependent. However, the oscillation time
seems much longer than the life time of D0=D̄0 mesons,
so it seems that the asymmetry could be measured
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experimentally, e.g., by the LHCb collaboration. This is
very different for B0=B̄0 mesons where the oscillation time
is rather short. In Fig. 7 we show our predictions for
asymmetries for neutral D mesons. Slightly larger asym-
metries are expected for D0=D̄0 than for charged D�

mesons. D0=D̄0 production symmetry is assumed in the
LHCb studies of CP violation [6]. Can such initial
asymmetries have an influence on the extracted ACP for
neutralDmesons? This requires a separate dedicated study.
To supplement our results for asymmetry we wish to

show how important is the subleading contribution for
the LHC energy

ffiffiffi
s

p ¼ 7 TeV. In Fig. 8 in addition to the
conventional result (solid line) we show our estimate of the
subleading fragmentation (dashed and dash-dotted lines).
Clearly the subleading contribution is relatively small and
starts to be sizeable only in the region of very small
transverse momenta. For comparison we show also FONLL
result [33] (dotted line). Here and in the following we use a
default parameters set of the FONLL calculations, i.e.,
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charm quark massmc ¼ 1.5 GeV and scales μR¼μF¼μ0¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

cþp2
T

p
(the same as in the case of the kT-factorization

result).
For completeness in Fig. 9 we compare the two con-

tributions as a function of D meson rapidity. The sublead-
ing contributions start to be comparable to the conventional
one only at large rapidities y > 5, where no experimental
coverage is available so far. For completeness we also
show experimental results. The distributions were obtained
by us via integrating dσ

dpT
LHCb distributions in different

bins of rapidity. Here, our kT-factorization result exceeds
the experimental data if we go down to zero in transverse
momentum, which is caused by the two lowest bins in pT
(see left panel of Fig. 9). The description improves when
extra condition pT > 2 GeV is imposed (see right panel
of Fig. 9).
Now we shall make extrapolation to unmeasured

regions. Assuming flavor symmetry for direct production
of pseudoscalar and vector mesons [see Eq. (2.13)] we shall
make predictions also for D0 and D̄0 production.

E. DD̄ asymmetry at lower energies

The asymmetry in Dþ=D− or D0=D̄0 production is
caused by the relative amount of q=q̄ → D and c=c̄ →
D fragmentation mechanisms. Here we include all partonic
processes with light quark/antiquark in the final state.
In Fig. 10 we show the asymmetries for three different
energies

ffiffiffi
s

p ¼ 20, 50, 100 GeV. We observe that the
asymmetry at the lower energies is much larger than that
for the LHC energies. Even at midrapidity y ≈ 0 we predict
sizeable asymmetries. Our rough predictions could be
checked experimentally at SPS [18,34], RHIC or at fixed
target LHCb [35]. Such experiments would allow to better
pin down the rather weakly constrained so far q=q̄ → D
fragmentation functions. Once this is done, a more realistic

calculation for production of prompt neutrinos in the
atmosphere could be done.
The discussed by us mechanisms of subleading frag-

mentation of D mesons lead to enhanced production of D
mesons at lower energies. In Table I we show as an example
different contributions to the production of Dþ=D− mes-
ons. The dominant at high-energy gg → cc̄ mechanism
gives only 13% and 18% for

ffiffiffi
s

p ¼ 27 and 39 GeV,
respectively and strongly underestimates the NA27 [36]
and E743 [37] experimental data. Inclusion of the “sub-
leading” contributions brings theoretical calculations much
closer to the experimental data. We predict sizeableDþ=D−

asymmetries at these low energies, see Fig. 10.
The results shown in Table I require a bit more discussion.

For instance it is known that the kT-factorization approach
gives considerably smaller cross section than next-to-leading
collinear approach (see, e.g., Ref. [38]),where rather a hybrid
model was used).
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In Fig. 11 we show the lowest energy data for charged D
mesons in proton-proton collisions [36,37]. We show results
of calculation in the kT-factorization as well as results
obtained with the code FONLL. Both the kT-factorization
as well as FONLL results are below experimental data
extrapolated to the full phase space. Including also theo-
retical uncertainties, this leaves room for our subleading
fragmentation contribution. In the present paper it was

obtained by extrapolating our results, assuming some para-
metrizations of the subleading fragmentation function, to
low energies based on the asymmetry measured by the
LHCb collaboration. Of course our estimate to the LHCb
asymmetry as well as extrapolation cannot be too precise.
Clearly better data for intermediate and low energies are
needed to constrain the subleading fragmentation. As dis-
cussed in the present paper some data may be expected
relatively soon.
The LHCb collaboration has an experience in measuring

the asymmetry in Dþ and D− production. It would be
valuable to repeat such an analysis for fixed target experi-
ment pþ 4He with gaseous target. The data have been
already collected. The nuclear effects for 4He should not be
too large. Then the collision may be treated as a super-
position of pp and pn collisions. Neglecting the nuclear
effects the differential cross section (in the collinear
factorization approach) for production of q=q̄ (particle 1)
and associated parton (particle 2) can be written approx-
imately as:

dσp4He

dy1dy2dpT
¼ 2

dσpp
dy1dy2dpT

þ 2
dσpn

dy1dy2dpT
: ð2:18Þ

In the case of the second term we have to take into account
parton (quark/antiquark) distribution in neutron which can
be obtained from those in proton by assuming isospin
symmetry between parton distributions in the proton and
neutron. We are not interested in the distribution of gluons,
that are treated here as inactive in the production of D
mesons.1 Therefore an integration over gluon variables is
performed as previously.
In Fig. 12 we present the relevant predictions for the

LHCb experiment. Rather large asymmetries are predicted
which could be addressed in the forthcoming analysis of the
fixed target experiment.

F. Charge-to-neutral D meson ratio

In the standard pQCD approach (production of c=c̄ and
only c=c̄ → D=D̄ fragmentation) the ratio defined as

Rc=n ≡Dþ þD−

D0 þ D̄0
ð2:19Þ

is a constant, independent of collision energy and rapidity
(or xF). Inclusion of the subleading contribution changes
the situation. In Fig. 13 we show as an example the ratio as
a function of meson pseudorapidity η for LHC energies
(left panel) and meson rapidity y for

ffiffiffi
s

p ¼ 100 GeV (right
panel), taking into account the subleading contribution.

TABLE I. Different contributions to the cross sections (in
microbarns) for Dþ þD− production at low energies. The results
presented here have been obtained with p0

T ¼ 1.5 GeV. The
numbers from the two first rows are calculated in the
kT-factorization approach with off-shell initial state partons
(highlighted by a star symbol). The rest of the results correspond
to the LO collinear approximation.

Process:
ffiffiffi
s

p ¼ 27 GeV
ffiffiffi
s

p ¼ 39 GeV

g�g� → cc̄ ðc=c̄ → D�Þ 1.52 4.58
q�q̄� → cc̄ ðc=c̄ → D�Þ 0.08 0.19

gd → gd ðd → D−Þ 9.53 13.89
gd̄ → gd̄ ðd̄ → DþÞ 3.03 4.78

dd → dd ðd → D−Þ × 2 3.07 4.29
d̄ d̄ → d̄ d̄ ðd̄ → DþÞ × 2 0.29 0.49

d̄d → d̄d ðd → D−Þ 0.58 0.88
dd̄ → dd̄ ðd̄ → DþÞ 0.58 0.88

ud → ud ðd → D−Þ 2.76 3.72
ū d̄ → ū d̄ ðd̄ → DþÞ 0.12 0.19

ūd → ūd ðd → D−Þ 0.40 0.63
ud̄ → ud̄ ðd̄ → DþÞ 0.97 1.42

Theory predictions 22.93 35.94

Experiment NA27:
11.9� 1.5

E743:
26� 4� 25%
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FIG. 11. Total cross section for Dþ þD− production. The
experimental data are from Refs. [36,37]. The details of different
calculations are explained in the figure.

1A possible active role of gluons was discussed, e.g., in
Ref. [39] in the context of double parton scattering. Inclusion
of the gluon fragmentation leads to much larger σeff, a parameter
in the description of double-parton scattering.
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At the LHC energies very small, difficult to measure, effect
is found for the LHCb transverse momentum and pseudor-
apidity range. At

ffiffiffi
s

p ¼ 100 GeV we predict a strong
rapidity dependence of the Rc=n ratio. Perhaps fixed target
experiments at the LHCb could address the issue.
Identification of the dependence of Rc=n on collision

energy, rapidity or xF of D mesons would be a good test of
the considered here modeling and could better pin down the
subleading fragmentation function.

G. Resulting D meson distributions and possible
consequences for prompt neutrino flux

In this subsection we wish to show results relevant for
high-energy prompt atmospheric neutrinos. As discussed
recently in Ref. [24] a rather large xF ∼ 0.5 region is
important in this context. The dσ=dxF distribution of

mesons is the most appropriate distribution in this context.
For xF > 0.1 one can safely use the convolution formula
from Eq. (2.15).
In Fig. 14 we compare the two contributions: (a) conven-

tional one corresponding to c → D fragmentation and
(b) subleading one corresponding to q → D fragmentation,
for the sum of Dþ þD− (left panels) and D0 þ D̄0 (right
panels) mesons. While at small xF the conventional
contribution dominates, at large xF the situation reverses.
In addition we show the uncertainties bands where the
upper and lower limits correspond to the predictions for
p0
T ¼ 0.5 and 1.5 GeV, respectively. The situation for both,ffiffiffi
s

p ¼ 7 (top panels) and 43 TeV (bottom panels), energies
is rather similar. The enhancement due to the subleading
contributions for neutral D meson seems bigger than
that for charged D mesons (see Fig. 15). For example,
for the triangle fragmentation functions, at

ffiffiffi
s

p ¼ 43 TeV
for xF ∼ 0.5 the cross section for charged mesons
(Dþ þD−) is 3–15 times bigger than for conventional
approach while the cross section for neutral mesons
(D0 þ D̄0) is 20–200 times bigger.
We predict also asymmetry for Dþ=D− and D0=D̄0

production in the region of large xF, relevant for IceCube.
In Fig. 16 we show the asymmetry for the two large
collision energies. Within our model we predict larger
asymmetries at larger energy in this kinematical domain.
Such asymmetries would lead to asymmetry in the pro-
duction of neutrinos and antineutrinos. We do not know
whether this could or not be measured.
The above results may have important consequences for

large-energy atmospheric production which is not yet well
understood background for cosmic (extraterrestrial) neu-
trinos, claimed to be observed by the IceCube collaboration
[40]. This will be a topic of a forthcoming analysis.

η
2.5 3 3.5 4 4.5

)η(
c/

n
R

0.47

0.471

0.472

0.473

0.474

0.475

0.476

0.477

0.478

0.479

0.48

 = 13 TeV
s

 = 7 TeV

s

 < 18 GeV
T

2 < p

 = 1.5 GeV0
T

p

Peterson(1-z) (solid)

Triangle (dashed)

D-meson  y
-2 -1 0 1 2

(y
)

c/
n

R

0.25

0.3

0.35

0.4

0.45

0.5

 = 100 GeVs = 1.5 GeV0
T

p

Peterson(1-z) (solid)

Triangle (dashed)

FIG. 13. The Rc=n ratio as a function of meson pseudorapidity for
ffiffiffi
s

p ¼ 7 and 13 TeV for the LHCb kinematics (left panel) and as a
function of meson rapidity for

ffiffiffi
s

p ¼ 100 GeV in the full phase-space (right panel). Only quark-gluon subleading components are
included here.

y
-2 -1 0 1 2

P
ro

du
ct

io
n 

as
ym

m
et

ry

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4  = 87 GeVs
He4p

-
D+D

LHCb

 = 1.5 GeV0
T

p

Peterson(1-z)

FIG. 12. ADþD−ðyÞ production asymmetry for the fixed target
pþ 4He reaction for

ffiffiffi
s

p ¼ 87 GeV.

RAFAŁ MACIUŁA and ANTONI SZCZUREK PHYS. REV. D 97, 074001 (2018)

074001-10



F meson x+D

0 0.2 0.4 0.6 0.8 1

b)μ(
F

/d
x

σd

-610

-510

-410

-310

-210

-110

1

10

210

310

410

510

610
Peterson(1-z)

Triangle

 = 7 TeVs
 (solid line)

-
 + D+ D→ cc,

 (band)
-

 + D+ D→ dd,

F meson x0D

0 0.2 0.4 0.6 0.8 1

b)μ
   

  ( F
/d

x
σd

-610

-510

-410

-310

-210

-110

1

10

210

310

410

510

610

 = 7 TeVs

 (solid line)0D + 0 D→ cc,

 (band)0D + 0 D→ d, d, uu,

Peterson(1-z)

Triangle

F meson x+D

0 0.2 0.4 0.6 0.8 1

b) μ
   

  ( F
/d

x
σd

-610

-510

-410

-310

-210

-110

1

10

210

310

410

510

610
Peterson(1-z)

Triangle

 = 43 TeVs

 (solid line)
-

 + D+ D→ cc,

 (band)
-

 + D+ D→ dd,

F meson x0D

0 0.2 0.4 0.6 0.8 1

b) μ
   

  ( F
/d

x
σd

-610

-510

-410

-310

-210

-110

1

10

210

310

410

510

610

 = 43 TeVs

 (solid line)0D + 0 D→ cc,

 (band)0D + 0 D→ d, d, uu,

Peterson(1-z)

Triangle

FIG. 14. Distribution in xF for charged Dþ þD− (left panel) and neutral D0 þ D̄0 (right panel) D mesons from conventional
(solid lines) and subleading (shaded bands) mechanisms. The top panels are for

ffiffiffi
s

p ¼ 7 TeV and the bottom panels are forffiffiffi
s

p ¼ 43 TeV.

F meson x0D

0.2 0.3 0.4 0.5 0.6 0.7 0.8

 D
→

ch
ar

m
 D

→
lig

ht
E

nh
an

ce
m

en
t f

ac
to

r 

1

10

210

310

 = 43 TeVs

Peterson(1-z)

Triangle

F meson x±D

0.2 0.3 0.4 0.5 0.6 0.7 0.8

 D
→

ch
ar

m
 D

→
lig

ht
E

nh
an

ce
m

en
t f

ac
to

r 

1

10

210

310

 = 43 TeVs
Peterson(1-z)

Triangle

FIG. 15. Enhancement factor for neutral (left panel) and charged (right panel) charm meson for
ffiffiffi
s

p ¼ 43 TeV.

D MESON PRODUCTION ASYMMETRY, UNFAVORED … PHYS. REV. D 97, 074001 (2018)

074001-11



III. CONCLUSIONS

In the present paper we have discussed asymmetry in
production of Dþ and D− mesons in proton-proton colli-
sions. For a first time we have tried to understand whether
the asymmetry observed by the LHCb collaboration can be
understood within parton fragmentation picture, including
light quark and antiquark fragmentation functions.
We have shown that our results for charged meson

production nicely describe the forward LHCb data for all
regions of rapidity and can be used as a reference to
calculate the charged-meson asymmetries.
The light quark/antiquark fragmentation to D mesons

arises naturally within DGLAP evolution of fragmentation
functions even assuming vanishing fragmentation functions
at some initial scale. To understand the LHCb asymmetry
we need, however, nonvanishing initial (for evolution)
fragmentation functions. Very small initial unfavored
fragmentation functions are sufficient to describe the
LHCb data. The details depend on functional form used.
The corresponding fragmentation probability for q=q̄ → D
is very small, of the order of a fraction of 1%, compared to
50% for c=c̄ → D fragmentation.
Having described the asymmetry for charged Dmesons

we have made predictions for similar asymmetry for
neutral D mesons. Nonzero asymmetries have been
predicted. This asymmetry may be, however, a bit more
difficult to measure due toD0 − D̄0 oscillations confirmed
recently experimentally.
Furthermore we have predicted large contribution of the

light quark/antiquark fragmentation to D mesons at large
xF, which exeeds the conventional c=c̄ → D contribution.
The predicted large contributions of D mesons at large

xF have important consequences for prompt neutrino flux
at large neutrino energies, relevant for the IceCube mea-
surements. We have found that the contribution of the
unfavored fragmentation is much more important than the

conventional one for large neutrino/antineutrino energies
Eν > 105 GeV.
We have calculated in addition the asymmetries for much

lower energies (
ffiffiffi
s

p ¼ 20–100 GeV), relevant for possible
measurements in a near future. Much larger asymmetries
have been predicted, compared to those measured by the
LHCb collaboration [3], even at y ≈ 0. The asymmetries are
associated with an increased production of charm in the q=q̄
initiated hadronization. We have quantified this effect by
discussing corresponding asymmetries and rapidity distri-
butions. The corresponding measurements at fixed target
LHCb,RHIC, and at SPS (NA61-SHINE)would allow to pin
down the “new”mechanisms. Especially the SPS experiment
could/should observe an enhanced production ofDmesons.
Even a factor of 5 enhancement is not excluded at present.
We have shown that the calculations within the

kT-factorization approach as well as the next-to-leading
order approach leave considerable room at low energies
for the new subleading-fragmentation contribution. Clearly
new better quality data are needed at intermediate and low
energies to better constrain the subleading fragmentation.
We have also predicted a dependence of the ratio of the

charged-to-neutral D meson cross sections as a function of
collision energy, meson rapidity or xF. We wish to remind
in this context that different K factors, relative to pQCD
calculations, were found long ago for charged and neutral
D meson (see Ref. [41]).
Systematic studies of D=D̄ asymmetries or the specific

ratios at low energies may be therefore (paradoxically)
important to understand the high-energy prompt compo-
nent of the atmospheric neutrino flux.
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