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The cosmic-ray fluxes of electrons and positrons (e*) are measured with high precision by the space-
borne particle spectrometer AMS-02. To infer a precise interpretation of the production processes for e in
our Galaxy, it is necessary to have an accurate description of the secondary component, produced by the
interaction of cosmic-ray proton and helium with the interstellar medium atoms. We determine new
analytical functions of the Lorentz invariant cross section for the production of 7% and K* by fitting data
from collider experiments. We also evaluate the invariant cross sections for several other channels,
involving for example hyperon decays, contributing at the few % level on the total cross section. For all
these particles, the relevant 2 and 3 body decay channels are implemented, with the polarized y* decay
computed with next-to-leading order corrections. The cross section for scattering of nuclei heavier
than protons is modeled by fitting data on p + C collisions. The total differential cross section
do/dT . (p + p — e* + X) is predicted from 10 MeV up to 10 TeV of e* energy with an uncertainty
of about 5-7% in the energies relevant for AMS-02 positron flux, thus dramatically reducing the precision
of the theoretical model with respect to the state of the art. Finally, we provide a prediction for the
secondary Galactic e* source spectrum with an uncertainty of the same level. As a service for the scientific
community, we provide numerical tables and a script to calculate energy-differential cross sections.
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I. INTRODUCTION

During the last decades, the space-based experiments
PAMELA, AMS-02, DAMPE and CALET have performed
unprecedented precise measurements of the cosmic-ray
(CR) fluxes with uncertainties at the few percent level in an
energy range from 1 GeV to tens of TeV, making the
physics of charged CRs a precision discipline. These
experiments have measured the CR nuclear [1-7] and
leptonic (positron and electron, e®) [8—12] components,
as well as cosmic antiprotons [13,14]. The most recent
positron flux measurement by AMS-02 extends from 0.5 to
1000 GeV with an uncertainty <5% for almost the whole
energy range. The new precise flux data have stimulated
numerous analyses on Galactic CR propagation [15-31],
lepton production from astrophysical sources like pulsars
and supernova remnants [32-45], and particle dark matter
annihilation or decay into antimatter [26,46—48].

It is generally established that the so-called secondary
production, i.e., production by the interaction of CRs with
the interstellar medium (ISM) atoms, contributes to e* flux
in our Galaxy (see, e.g., [49]). In particular, the flux of
cosmic e™ is dominated by this process at energies below
10 GeV. Instead, above 10 GeV the data (see, e.g., [12]) are
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higher than the predictions for the secondary production.
This is called the positron excess and its origin remains
unresolved. To infer reliable conclusions on the possible
contribution of primary sources, such as pulsars or dark
matter, to the positron excess, an accurate description of the
secondary production is necessary.

The dominant production of secondary flux comes from
the proton-proton (p + p) channel, namely CR protons
interacting on ISM hydrogen atoms. Other relevant con-
tributions involve CR projectile or ISM target atoms given
by helium (He + p, p + He, and He + He). Following the
results obtained with secondary antiprotons for which the
calculation involves the same CRs and ISM atoms (see,
e.g., [50]), channels involving heavier CR species and
atoms can contribute at the few percent level to secondary
e*. Secondary e® are mainly produced by spallation
processes between CRs and ISM atoms producing pions
(n%) and kaons (K*), which subsequently decay into e*.
Therefore, the cross sections for the production of z+ and
K* are key elements for the calculation of secondary e*.

There are two different strategies to parametrize the e*
production cross sections. The first possibility is to find an
analytic description of the double differential and Lorentz
invariant cross section for the production of 7+ and K=,
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performing a fit to cross section data. This strategy was first
pursued by [51] and then repeated with new data by [52].
The other option is to use predictions from Monte Carlo
event generators [53-55]. The authors of [56] used this
strategy to extract the required cross sections.

Both methods have advantages and drawbacks. Analytic
functions permit to calibrate cross sections very precisely
on existing data, but they imply large extrapolations in the
parameter space where measurements are not available.
Moreover, it is hard to use this method on production
channels for which data are scarce or not available, as for
example for p + He. Monte Carlo generators can be used to
derive the cross sections for all the possible channels of
production, i.e., also for nuclei or hyperon contributions,
but they typically do not fully reproduce the available data
which is relevant for CRs at low energies (see, e.g., [57,58]
for antiprotons). In fact, codes like PYTHIA or QGSJET are
mainly tuned to high-energy data (with center of mass
energy of the order of TeV). As outlined in Ref. [49], the
adoption of the predictions from different cross section

models [51,56,59] produces a variation in the normalization
of the secondary e* flux up to a factor of 2. Instead, in
Ref. [55] the authors have shown that the differences in the
source term obtained by using the results in [56] and
different event generators can reach 30% in the relevant
energies for e* CR physics. However, Ref. [55] does not
consider the models from Refs. [51,59], so the reported
uncertainty could be underestimated.

The GALPROP code [60], widely used in the community
for calculating the propagation of CRs, implements for the
e* production cross sections the pion production in p + p
collisions developed by [61,62]. The e distributions from
the muon decay are computed following [54]. On the other
hand, DRAGON [63,64] and USINE [65] codes employ the
[56] e* production cross sections, as well many others (see,
e.g., [20,26,49,66]).

The production cross section of e* from Kamae et al.
[56] are largely used by the community, despite being tuned
on at least 20-year old data. The analysis by Ref. [56]
carefully checks the total p + p cross sections and the
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This diagram represents the ¢* production channels from a p + p collision considered in our analysis. The same scheme holds

for e~ production under charge conjugation (except for the initial p 4 p state). We report here only the channels that produce at least

0.5% of the total yield (see the main text for further details).
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separate contribution from nondiffractive, diffractive, and
resonance-excitation processes. However, this does not
guarantee that the cross sections catch the correct depend-
ence in the relevant kinematic phase space (e.g., in the
transverse momentum and rapidity). The reason is that,
until recently, the available dataset was limited to data
collected from the 1960s to the 1980s. In the last decades,
however, new experimental datasets have become avail-
able. For example, the NA49 and NA61/SHINE collabo-
rations at the CERN Super Proton Synchrotron [67,68]
provide important information for the energies of interest
for AMS-02 and a wide range of the double differential
cross section. Moreover, high-energy data at center-of-mass
energy /s > 200 GeV have been collected from different
experiments [69—72]. These data permit us to calibrate
precisely the dependence with the /s. Given the impor-
tance of these data in astroparticle physics, a reevaluation of
the leptonic production cross sections is mandatory for
p+ p, He+ p, p+ He, and He 4 He collisions. In this
paper, we engage ourselves in this task, in order to provide
an updated parametrization of the inclusive e* production
Cross section.

The paper is structured as follows. In Sec. II we report
the model for the calculation of the source term from the
double differential cross section of pions and kaons. In
Sec. III, we provided a detailed discussion of the pion
channel for positron production in proton-proton collisions.
Then, in Sec. IV we discuss all the other channels from
proton-proton collisions as shown in Fig. 1. Section V is
dedicated to nuclei collision and we discuss how to scale
the cross sections from proton-proton to proton-nuclei
collisions. Our results for the total positron and electron
production cross section as well as for the source spectrum
are presented in Secs. VI and VII, respectively. Finally, we
conclude in Sec. VIIL

II. FROM CROSS SECTIONS
TO THE SOURCE TERM

The source term is computed as the convolution between
the primary CR flux (¢), the density of the ISM (rn;qyy) and
the energy-differential cross section for e® production
(do/dT ,+). In particular, the total source term is calculated
as the sum of all the possible combinations of the ith CR
species with the jth ISM components as

dO'l"
q(T ) = Z4ﬂnISM,j/dTi¢i(Ti) dT]i (Ti.T,:), (1)
ij e

where T, is the e* kinetic energy, ¢; is the CR flux at the
kinetic energy T';, nigy j is the number density of the ISM
Jjth atom, and do;;/dT - is the energy-differential produc-
tion cross section for the reaction i + j — e 4+ X. The
factor 4z corresponds to the angular integration of the
isotropic CR flux. We note that, in general, the source term

depends on the position in the Galaxy because both the CR
gas density and the CR flux are a function of the position.
Almost the entire ISM (99%) consists of hydrogen and
helium atoms [73]. CRs share the same hierarchy with most
of the flux given by protons and helium nuclei. Therefore,
the main channels for the production of secondary e* are
p+ p, p+He, He + p, and He + He.

Secondary positrons and electrons are not produced
directly in the proton-proton (or nuclei) collisions but
rather by the decay of intermediate mesons and hadrons.
In Fig. 1, we show a sketch of all the production channels
for e™ that are considered in this analysis. The channels that
produce e~ are the same as in Fig. 1, but all particles have to
be replaced by their antiparticles (e.g., #7 — z~ and
ut — u7). We neglect production or decay channels that
contribute less than 0.5% to the total positron production.
One example is the production of positrons (electrons) from
the decay of antineutrons (neutrons). This channel is
suppressed because in the decay almost all of the energy
is carried away by the antiproton (proton) and positrons
(electrons) are only produced at very small energies [56].
We will discuss other channels that we neglect or that we
include with a simple rescaling of other contributions in
Sec. IV E.

We provide now the calculations to find the source term
starting from the production cross sections of pions and
kaons. We focus on e™ and consider the dominant channel
which involves intermediate 7 and gives a contribution of
about 80-90% to the final positron yield. After production,
pions first decay into muons with a branching ratio of
99.99%, and then the muons decay into positrons. This
discussion shows that the derivation of the differential cross
section for the production of positrons is split into two
steps. First, we must model the pion production cross
section and then the decays of the pion to the positron.

The positron production cross section is calculated from
the pion production cross section as follow:

daij
dr,.

do-
(1T = [T T TP Te) ()
dT

where T+ is the kinetic energy of the pion that decays into
a e* with kinetic energy T,+. P(T ,+, T, ) is the probability
density function of the process which can be computed
analytically. In Sec. II A we detail how we obtain P.

In contrast to the pion decay, the pion production cross
section cannot be derived from first principles. It rather has
to be modeled and fitted to experimental data. High-energy
experiments provide measurements of the fully differential
production cross section usually stated in the Lorentz
invariant form:

(3)
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Here E - is the total 7= energy and p - its momentum. The
fully differential cross section is a function of three
kinematic variables. We choose them to be the center of
mass energy /s, the transverse momentum of the pion pr,
and the radial scaling xp. The latter is defined as the pion
energy divided by the maximal pion energy in the center of
mass frame, xp = E]*[i/ E?f"*, where the asterisk denotes
the center of mass reference frame.

After modeling the Lorentz invariant cross section, the
energy-differential cross section for pion production as
required in Eq. (2) is obtained by first transforming the
kinetic variables into the fix-target frame, i.e., the frame
where the ISM target atom is at rest, and then by integrating
over the solid angle Q:

do;;

V(T T .) = i/dg W T .. 9),
dTﬂ,:t( 1 7'[) pﬂ.’ Uan( 1 T )

+1 @)
= 2ﬂp”i/ dcos0c. ) (T;, T,+,0), (4)
-1

mnv

where 6 is the angle between the incident projectile and the
produced z* in the LAB frame. The derivation of the other
channels works in analogy to the pion channel, namely, we
first model the production and then the decay. We will first
concentrate on the e production cross sections, then we
provide parallel results for secondary e™. The channels and
cross sections are very similar, but not identical. In fact,
charge conservation implies that the production of e™ is
enhanced with respect to e~ since both the target and the
projectiles involved in the production process are positively
charged particles.

A. Computation of the z* to e* decay rates

The largest fraction of e* produced in p + p collisions
comes from the 7 and subsequent u* decays, as illustrated
in Fig. 1. Therefore, we need the probability distribution,
P(E,:,E,:), for obtaining an e* with energy E,- from a
7% with energy E_-. The z* decay is entirely determined
from kinematics, namely, in the 7™ rest frame, the energy of
the u* is determined by energy and momentum conserva-
tion. In contrast, the u* decay goes into three final states
and has to be computed in Fermi theory. The u* are fully
polarized into their direction of motion after the 7+ decays.
We implement the polarized y* decay rate including the
next to leading order (NLO) corrections [74]. In the rest
frame of the u*, the decay rate is given by

dr

a9 , , /
dE'.dcost' CIf(E,.) +g(E,.) cos O], (5)

where C is a normalization factor, E'. is the energy of
the e*, and @ is the angle between the direction of
polarization of the u* and the direction of motion of the
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—— Eq- =300 GeV
Ep= = 1000 GeV

2.0+

1.59

Ep=P(Ep=, Ee=)

1.01

0.5+

0.0 AT T T T e T e
1073 1072 107t 10° 10! 102 103
Ee: [GeV]

FIG.2. E P(E,.,E,:) computed from the z* and subsequent
ut decays for 7 LAB energies of 10, 30, 100, 300 and
1000 GeV from left to right.

e*. The apostrophe denotes that quantities are computed in
the rest frame of the u*. We extract the functions f(E’.)
and g(E).) at NLO from Ref. [74].

Then, we follow the steps of Ref. [75] to obtain
P(E,-,E,-). In short, we perform two Lorentz trans-
formations, first from the p* rest frame to the z* rest
frame and then from the 7+ rest frame to the LAB frame
(i.e. the rest frame of the Galaxy). Finally, we integrate over
all the possible directions of the = and all the directions of
the e*. Figure 2 shows our result for P(E,+,E,:) as a
function of E, = for a few different values of E .. We note
that our calculations are an improvement over the standard
treatment in CR propagation codes. For example, in
GALPROP [60] the 7~ decay rate is computed according
to Ref. [54], not containing NLO correction and assum-
ing m, = 0.

III. POSITRONS FROM p +p — n* + X COLLISIONS

In this section, we focus on the z production channel
which is responsible for almost 80% of the e’ and,
therefore, deserves the most careful discussion. We intro-
duce our strategy and the most important concepts for the
modeling of the production cross section and subsequent
decays. Many concepts from this section will be applied
analogously to the other channels discussed in Sec. IV. So,
this section also serves as an important reference for the
following.

As outlined in Sec. II, secondary e* are produced via
various different channels. The common scheme is that the
e are produced indirectly, i.e., they come from the decay
of one or more intermediate mesons or hadrons. Some
channels involve an additional x* decay.

The secondary production gives most of its contribution
to AMS-02 positron data in the range between 0.5 and
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TABLE L.

Summary of all p + p datasets used for 7+ and/or K* fits, their center of mass energies and references.

oy 18 the fully differential production cross section usually stated in the Lorentz invariant form and 7 is the total
multiplicity of a particle. With y/ we indicate when the quantity is considered in the analysis.

Experiment Vs [GeV] Ciny n Ref.
NA49 17.3 (7%, K*) v [67,78]

ALICE 900 (zt, K%) 4 e [77]
CMS 900, 2760, 7000, 13000 (r*, K*) v [72,76]

Antinucci 3.0,35,49,5.0,6.1, 6.8 (7%) .- 4 [79]

2.8,3.03.2,53,6.1, 6.8 (K™M) 4 [79]

49,50, 6.1, 6.8 (K7) 4 [79]

NAG61/SHINE 6.3,7.7, 88,123, 17.3 (n*, KF) v [68]

10 GeV. These positrons are mostly produced from CR
protons with energies between 5 and 200 GeV, which
corresponds to center of mass energies between 3.6 and
20 GeV. The measurement of pion production in this
energy range and with the widest coverage of the kinetic
parameter space is provided by the NA49 experiment [67]
at /s = 17.3 GeV. Therefore, we decided to gauge our
modeling of the e™ invariant cross section on NA49.

To good approximation the Lorentz invariant production
cross section is scaling invariant:

Ginv(s’va PT) ~ Uinv(SOv XR>» PT)- (6)

However, two ingredients are violating this approximate
invariance: first, the rise of the inelastic cross section for
p + p collisions (see Sec. III A) and, second, the softening
of the pr shape at large center of mass energies (see
Sec. II C).

Guided by the above considerations, our strategy is as
follows: in the first step, we fix the kinematic shape of the
# production cross section using only the NA49 data. In
the second step, we combine measurements of the multi-
plicity at different /s down to 3 GeV, and measurements of
the multiplicity and the p; shape by CMS [72,76] and
ALICE [77] to calibrate our model over a large range of
energies. A summary of the included datasets is provided in
Table I.

We detail the analytic model for the pion production in
Sec. I A. In Secs. III B and III C we discuss the fit to
NAA49 and other center of mass energies, respectively, and
show the first results in Sec. III D.

A. Model for the invariant production cross section

In this section, we specify the analytical model of the
invariant cross section for the inclusive production of z* in
p + p collisions. In the past, several empirical parametri-
zations were proposed and compared to existing data at that
time [51,59,80,81]. In the meantime, NA49 data [67]
became available and Ref. [82] identified three of these
parametrizations that provide a moderately good agreement
with the new p + p data. However, the parametrizations
were not refitted to the new NA49 data and indeed the

agreement was not very precise. Finally, the best two of
those three parametrizations were also scaled to the p + C
data, again showing a moderately good agreement.

Instead of adopting one of these old parametrizations, we
propose a new parametrization of o, which can fit a large
number of datasets of the inclusive production of z™ in
p + p collisions, with /s ranging from few GeV up to
LHC energies. As outlined in Ref. [67], the " are
produced by a combination of prompt emission, emerging
from the hadronization chains, and the decay of hadronic
resonances, in particular from p and A. Inspired by this
idea, we write oy, as the sum of two terms, called F',, and
F ., which should roughly follow the prompt and resonance
components. However, we emphasize that the individual
terms do not have precise physical meaning. It is neither
our aim nor do we have the data to precisely distinguish the
physically prompt and resonant production. Our only aim is
to describe the total cross section which corresponds to the
sum of the F,, and F, terms. The Lorenz invariant cross
section is given by

Ciny = 00(s)c1[F, (s, pr.xg) + F(pr. xg)|A(s), (7)

where o (s) is the total inelastic p + p cross section. The
derivation of oy (ss) along with its uncertainty is discussed in
Appendix A. The functional form of F,(pz, xg) is partially
inspired by the parametrizations from Ref. [82] (and Refs.
therein). Specifically, we use

Fp(s’pTva)

= (1 = xg) exp(—c3xg) p7'
) c17/S/s ‘6
X exp {—csx/s/s()“’(\/p%—l—m,z,—m,,) TV ], (8)

where /sy = 17.3 GeV is the energy of NA49 data. The
model parameters c¢; will be fitted to the available cross
section data, as explained in the following of this section.

On the other hand, the empirical expression for F, is
motivated by the contributions from resonances, as simu-
lated in Ref. [67] (see their Fig. 54). The functional form of
F.(pr,xg) reads

123021-5
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Fr(pT’xR)
(1 xg) exp [_cg pr— (M) ]
11
c Xp—C €19
X [013 exp(—c14p7 Xg) + C16€Xp <— (|RCT17> )}

©)

Finally, we allow for an additional scaling with /s, which
is required to obtain the correct z+ multiplicity at different
energies. The functional form is given by

L (Vsfe)P T [ [5\
A(S)_1+(\/M)C”'””< W)

which represents a smoothly broken power law as function
of /s with slopes ¢,; and ¢, above and below the break
position at /s = ¢y, respectively. In all the formulas
reported in the paper, pr,+/s, the mass of the particles,
/30 and energies are intrinsically normalized to 1 GeV, in
order to have dimensionless parameters.

B. Fit of the #* production to NA49 data

The NA49 experiment at the CERN Super Proton
Synchrotron performed precise measurements of 7t inclu-
sive cross sections of p + p interaction. Data are collected
at /s = 17.3 GeV and over a large range of x and py,
where x; = 2p; /+/s is the reduced longitudinal momen-
tum. In the first step, we fix the shape of the Lorenz
invariant cross section as a function of x; and p; at the
NA49 center of mass energy. To a first approximation, the
shape of the cross section is invariant and does not change

NA49 Vs =17.3 GeV, n+

ol M
= |-

b !

0]

g -

s |

E !

mblmq 1072 :

‘mﬁ ¥  pr=0.05 GeV ¥  pr=1.0GeV
¥  pr=0.25GeV pr= 1.5 GeV
¥  pr=0.5GeV

10—4 1 I
— 0.2~
S 0111
© iNA
g 00 Eadinasias
& _0.2 L | |
0.0 0.1 0.2 0.3 0.4

when going to different values for \/s. This approximation
works very well for /s values below 50 GeV. At higher
energies this scaling invariance is broken (see also
Sec. Il C). The parametrizations of Egs. (8)—(10) contain
a few parameters that change the behavior of the invariant
cross section as function of \/E i.e., they break the scaling
invariance. More specifically, those parameters are cg, ¢o,
¢51, and ¢y,. However, the parametrization is chosen such
that the cross section at the center of mass energy of NA49
is independent of those parameters. Hence we can use the
NA49 data to fix all the other parameters of our model that
do not depend on /s. We perform a y? fit using the
MULTINEST package [83] to minimize the y2, with statistical
and systematic uncertainties added in quadrature. We note
that there is also a normalization uncertainty of 1.5%. This
normalization uncertainty is not included in the fit but taken
into account separately (see below). We use MULTINEST
with 1000 live points, an enlargement factor of eft = 0.7
and a stopping parameter of tot = 0.1.

Our results are summarized in Fig. 3, where we plot the
invariant cross section for the inclusive z production in
p + p collisions as a function of xp (left) and pr (right).
The data are displayed along with our best fit results and the
1o uncertainty for a few representative values at fixed py
and x, respectively. The residuals of the data and the width
of the theoretical uncertainty band are displayed in the
bottom panels. The fit converges to a total y%,,9 = 338
with 263 degrees of freedom (d.o.f.), meaning that we
obtain a very good fit with y%,,/d.0.f. = 1.29. The data
are well described at all py and xy values. The structures in
the low py data are very well followed by our parametric
formulae, Egs. (8) and (9).

NA49 Vs =173 GeV, n+

102
2 10°;
9
o)
£
. 1072
2[5
Ly
1074
— 0.2
é§ 0.11
g 00
€ _0.2 | | | | |
0.0 0.5 1.0 15 2.0 2.5
pr [GeV]

FIG. 3. Results of the fit on the NA49 data [67] invariant cross section for the inclusive z production in p + p collisions. The left
(right) panel shows the NA49 data along with our fit results for representative py (xp) values, as a function of x; (p7). Each curve is
plotted along with its 1o uncertainty band. In the bottom part of each panel we plot the residuals, which are defined as (data-model)/

model, and the width of the 1o uncertainty band on the model.
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Finally, we derive the uncertainties on our cross section
fit. To this end, we extract the covariance matrix and the
mean parameter values from the MULTINEST fit. The
covariance matrix C contains the uncertainties and corre-
lations of all the fit parameters. At this point, we account for
the previously neglected normalization uncertainty of the
NA49 data. The overall normalization of the cross section is
dictated by the c¢; parameter. So, an additional 1.5%
uncertainty on the normalization can be accounted by
resetting the corresponding diagonal entry of the covari-
ance matrix: Cy; — Cy + 0.0152c%. Then, we sample 500
parameter realizations using a multivariate Gaussian dis-
tribution. Figure 3 shows the uncertainty band at the
68% confidence level, which spans about 5% over all
the kinematic range explored by the data. For p; > 2 GeV
it increases to almost 10%. However, we note that high py
values are suppressed after the angular integration
[see Eq. (2)].

C. Fit to different center of mass energies

The general kinematic shape of the invariant z* pro-
duction cross section has been fixed in the previous section.
Here we focus on the scaling of the cross section at different
\/s. Our parametrization introduces two physically differ-
ent dependencies on +/s. On the one hand, the parameter ¢
in Eq. (8) allows a softening of the p; shape as observed at
high energies, while on the other hand the factor A(s) and
the parameters ¢, to c,, introduce an overall renormaliza-
tion. In this section, we proceed with the determination of
the parameters cg, €59, €21, and c,,. All the other para-
meters are fixed to the values of the fit to the NA49 data, as
described above in Sec. III B.

To extend to /s below NA49 measurement we use the
multiplicity measurements of NA61/SHINE [68] as well as
a collection of data points provided in Ref. [79] (in the
following also called Antinucci). At larger /s we use the
pr dependent data provided by CMS [72,76] and ALICE
[77] at central rapidity. All datasets and their /s are
summarized in Table I. As in the previous section, we
perform a y? fit and use the MULTINEST [83] package to
scan over the parameter space.

Typically, each cross section measurement contains a
statistical, a systematic, and a scale uncertainty. In the last
section, we only used a single dataset, the one from NA49,
which allowed us to use a simplified treatment where we
ignore the scale uncertainty of 1.5% at first and then added
it in a postprocedure. Here we combine datasets from
different experiments and, thus, the scaling uncertainty has
to be included from the beginning. For datasets with only a
single data point, this is straightforward and we can simply
add all the individual uncertainties in quadrature. In
practice, those are the multiplicity measurements taken
by NAGI/SHINE and Antinucci. We note that the
Antinucci data points are a collection from different
experiments and therefore have independent uncertainties,

and the NAG61/SHINE are taken at different /s. On the
other hand, at higher energies, we use the measurements of
the invariant cross section by ALICE and CMS at central
rapidity. The cross section is provided for values of the
transverse momentum between 0.1 and 2.5 GeV. For those
data points the scaling uncertainty is fully correlated so we
cannot simply add them in quadrature in the definition of
the total y?. Instead, we follow Ref. [50] and introduce
nuisance parameters allowing for an overall renormaliza-
tion of each dataset from ALICE and CMS. Then, the total
x? is defined as the sum of two parts:

(11)

Here the first term accounts for the statistical and system-
atic uncertainty, while the second term constrains the
nuisance parameters according to the scale uncertainties.
Explicitly, 2, is given by the sum over all data points i,
and all datasets k:

)(2 :st'tat +)(§ca.le'

, 12

) (a)kf’mvik - Ginv(\/Eikvaikv pTik))z
Xstat = Z Z
ki

where oj,,;, is the measured cross sections and
Ginv(V/Si,s XRip» Priy) 18 the evaluation of our cross section

parametrization at the corresponding kinematic variables.
The nuisance parameters w; rescale both the cross section
measurement and the uncertainties a%k. Then, the second
term of the Eq. (11) is given by

won —1)2
)(gcale(w) = 2(16271)’

k O-scale,k

(13)

where o, ;. 1s the scale uncertainty for each dataset. We
stress that the sum in Eq. (12) runs over every single data
point, while the sum in Eq. (13) only runs over datasets. So,
moving up or down all the data points of a dataset by the
same factor is only penalized once and not for each
data point.

Finally, we address two more subtleties. First, the
ALICE and CMS experiments provide d’n/(dpydy) data
(that we convert in Lorentz invariant cross section) aver-
aged in relatively large rapidity bins of |y| < 0.5 and
ly| < 1, respectively. In order to take this into account,
we also average our model evaluation over those rapidity
ranges. Second, the recent experiments (NA61/SHINE,
ALICE and CMS) perform feed-down corrections, namely
they subtract the #t production from the weak decay of
strange particles which are mainly K3, but also A and .
In contrast, the collection of multiplicity measurements
from Antinucci is not corrected for this feed-down. So, we
correct those data points by subtracting the contributions of
K} using our estimation from Sec. IV. This contributions to
the total multiplicity vary from 0.4% for /s = 3 GeV to
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FIG. 4. Left panel: invariant cross section of inclusive z production in p + p collisions at large /s as measured by ALICE and CMS.
The dashed lines represent the best fit parametrization and the shaded bands show the uncertainty at the 1o level. Right panel:
multiplicity (left subpanel) and dn/dy (right subpanel) of z* production in p + p collisions measured at different /s. The solid
lines represent the best fit parametrization and the gray shaded bands show the uncertainty of our fit at the 1o level. Filled data points
are included in the fit while open data points are only plotted for comparison. The bottom panels shows the residuals defined as

(data-model)/model.

1.7% for /s = 6.8 GeV. To be conservative we add this
correction at each data point to the measurement uncer-
tainty in quadrature.

Figure 4 shows the results of the fit at high energies. The
invariant cross section is plotted as a function of py and at
different energies of the corresponding ALICE and CMS

TABLE II. Results from the best fit and the 1o error for the
parameters in Egs. (7)—(10). ¢, is in units of GeV~2.
at -
c 1.05 +£0.14 0.85+0.15
Cy 3.62 £0.24 5.37 £ 0.30
c3 —1.05 +£0.36 —-2.25+0.46
Cy 0.10 = 0.04 0.55+0.11
Cs 496 +0.14 4.83 +0.20
Ce (=3.81£0.04) x 1072 (—4.45 £0.06) x 1072
cq 0.91 +0.02 1.01 +0.03
cg 0.11 +0.09 1.04 +£0.26
Cy 6.91 +0.10 7.09 +0.19
Clo 0.54 +0.03 0.60 + 0.06
cy 0.67 +0.03 0.68 + 0.05
C1a 3.67 £0.41 2.67 £0.25
c3 4.68 +£0.73 5.80 = 1.04
Cla 3.10+0.16 3.87 £0.42
Cis5 —0.84 +0.03 —0.86 + 0.05
Ci6 0.34 +0.07 3.154+0.03
c17 0.14 +0.01 (1.67 +0.92) x 1072
Cig 0.18 £ 0.01 0.12 +0.01
Cl9 5.354+0.73 0.83 +0.06
Ca0 9.79 +0.70 9.61 +£0.72
Ca —0.79 +0.05 —0.90 £+ 0.07
C (2.06 = 0.04) x 107! (2.09 4+ 0.04) x 107!

data. The ALICE data at /s = 0.9 TeV cover a wide range
of pr from 0.1 up to 2.5 GeV, while the CMS data span a
smaller range in p7, only up to 1.2 GeV, but they extend the
center of mass energies up to 13 TeV. The fitted function
provides a good agreement with the data. The uncertainty
on oy, is about 5% at the lowest p; values and increases to
10% for py > 2 GeV.

In Fig. 4 (right panel), we compare the multiplicity from
our parametrization with the available data as a function of
\/s. The plot is divided into two energy regimes: at lower
energies, experiments determine the total multiplicity
which is integrated over the whole kinematic parameter
space, while the collider experiments only determine the
multiplicity at central rapidity, often expressed as an
average dn/dy. The fit includes the data points with the
filled symbols from Antinucci and NA61/SHINE, while the
open data points are only plotted for comparison. At high
energies, next to the ALICE and CMS data, we also show
data from PHENIX [70] and STAR [84]. The dn/dy data
points at high energies are actually averaged over different
rapidity ranges, namely PHENIX: || < 0.35, STAR:
ly] < 0.5, CMS: |y| <1, ALICE: |y| < 0.5, while our
model is plotted for |y| < 0.5. However, dn/dy is fairly
flat at high energies and mid rapidity such that the impact
on the model (gray line) is negligible. ALICE and CMS
provide measurements which are feed-down corrected,
while we perform the feed-down correction for PHENIX
and S;FAR ourselves by subtracting the contributions
of K.

lActually, STAR [84] measured only the average of z* and 7~
production, which becomes symmetric at high energies.
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In general, both the fitted data and the ones plotted for
comparison are in good agreement with our best-fit para-
metrization. For the data points from NA49, ALICE and
CMS this is expected, since their data in the xz — p7 plane
have been included in the fits to Egs. (8)—(10). Instead, the
comparison of the data from STAR and PHENIX provides
an independent cross-check. The STAR is in very good
agreement with our parametrization, while the PHENIX
data lie systematically below our multiplicity line. We note
that something similar was also observed for antiprotons
[85], potentially pointing to a more general unaccounted
systematic. Overall, our parametrization provides a good fit
to the datasets at different \/s. The y2/d.o.f. of the best fit
converges to 189/129. More details and individual con-
tributions are provided in Table IV. Furthermore, the
parameters cg, Cpj, Cop and cy3 are all well constrained
by the fit and their values are summarized in Table II
Within our parametrization, the multiplicity is determined
with a precision of about 3% above /s of 10 GeV,
increasing to 5% at the lowest /s. At high energies, the
radial scaling invariance is not only broken by the general
increase of the cross section with /s but also because the
pr shape hardens. ALICE and CMS measure the cross
section as a function of pr only at midrapidity.

NAG61/SHINE also provided data in the xp — py plane
which are however not included in our fit to Egs. (8)—(10).
As discussed above we use a phenomenologically
motivated function and fix the kinematic shape of the
cross section with the most reliable data from NA49
data assuming radial scaling invariance. An additional
dataset would require a more careful assessment of
systematics to avoid overconstraining the fit parameters,
and thus underestimating uncertainties. Moreover, we
observed some inconsistencies in the tables provided

by Ref. [68].2 We decided therefore not to include this
data in the fit. Nevertheless, we have checked that the
NAG61/SHINE data are generally consistent with our
parametrization also in the xz — py plane. We provide
more information in Appendix B.

In our parametrization, we assume that there is no similar
violation of scaling in xz. While the bulk of pions (and thus
finally also positrons) are produced at midrapidity, the
steeply falling CR projectile flux in the source term
enhances pions produced in forward direction [86].
The enhancement is supposed to become less important
at very high energies, but it might be important at
intermediate energies, i.e., between NA49 and ALICE/
CMS. In the future, more experimental data might help to
solve the issue.

D. Results on the e* production cross section

Now we have all the ingredients to compute the differ-
ential cross section for the production of e™ as a function of
the incident proton energy, T,, and the positron energy,
T+, using Egs. (2) and (5). As a matter of fact, it means that
we have to perform a double integration in the solid angle
and in the 7™ energy. In Fig. 5, we present the result for the
cross section do,,_,+,x/dT,+ as function of T,+ (left
panel) and T, (right) panel for a few representative values
of T, and T,+, respectively. The cross section peaks at
positron energies below 100 MeV at about 100 to
300 mb/GeV, almost independently of 7', and decreases
rapidly to zero for T, close to the threshold, i.e., at

’In the database https://www.hepdata.net/record/ins 1598505
referred [68] for some data points the systematic errors are written
to zero or set equal to the central data point.
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T,+ = T,. The uncertainties are about 5% for almostall T+,
which is in agreement with the results from in Secs. III B and
III C. The relative uncertainty increases above 20% when
approaching the threshold. We note, however, that this
kinematic range is suppressed in the positron source term
and has a negligible impact on the final uncertainty.

The projection of the cross section on T, for fixed values
of T, shows a rapid increase above the threshold which
continues for about one order of magnitude in T,.
Afterward the cross section keeps rising very slowly with
energy. As before, the relative uncertainty is large close to
the threshold. The results of this section already hint at the
final result. The by far dominant contribution of e*
production in p + p collisions comes from z*. So, even
after adding the contributions from smaller channels, both
the general behavior of the cross section and the relative
uncertainty will follow the trends in Fig. 5.

IV. CONTRIBUTION FROM OTHER CHANNELS

A. Contribution from K*

About 10% of the positrons produced in p + p collisions
come from the decays of charged kaons. As sketched in
Fig. 1, the main different decay channels considered in this
work (branching fraction in brackets) are

i) Kt = pty, (63.6%),

(i) KT — 777" (20.7%),

(i) Kt - atata (5.6%),

(iv) Kt = 7y, (5.1%).

To obtain the decay spectrum from kaons we proceed in
this way: for the K™ — /ﬁuﬂ channel we follow the same
method reported in Sec. I A, but adapted to K; for K™ —
a*7° we have to add one step to the 7+ decay, considering
all the possible energies of the z™ produced from this
process; for the last two and less important three-body
decay channels we adopt a simplified treatment, assuming
that the three particles take 1/3 of the K™ energy. To obtain
the total positron yield we closely follow the steps from 7™
as detailed in Sec. III, namely, we fit an analytical formula
for the Lorentz invariant cross section of the inclusive K™
production in p + p collisions. In contrast to pions, kaons
do not contain strong resonant production. So, we can use a
simplified version of Egs. (7) and (8) and define the Lorenz
invariant cross section by

Ciny = 00(5)d1 Fg (s, pr. xg)Ak(s) (14)
with

F(s. pr.Xg)
= (1= xg)® exp(~ds pxg) pi

dg\/s/s 4
X exp |:_d6\/ S/Sod7(\/l7%+m%<—ml<) v ]

(15)

where my is the mass of the kaon, d; are the fit parameters
and /sy is set to 17.3 GeV. The energy dependent
normalization Ag(s) is taken to be

axs) = A (1= V58 (14 \/d:d>f (16)

where sy, is the threshold energy for K™ production and A%
is determined by the condition Ag(sy) = 1.

We follow the two-step procedure previous used for 7™
(see Secs. III B and III C), fixing first the xp—p shape with
NA49 data [78], and then adjusting the /s behavior with
the multiplicity measurements from Antinucci, NA61/
SHINE, ALICE and CMS [68,72,76,77,79]. In this way,
we fit the parameters d; to d and dg with NA49 data, while
the remaining parameters are fixed in a second fit keeping
the first set of parameters fixed and using the multiplicity
data at smaller and larger /s. For ALICE and CMS we use
the pr-dependent multiplicity measurements at midrapid-
ity. A summary of the datasets is provided in Table I.

The y?/d.o.f. converges to 306/253 with the individual
contribution y3,49/d.o.f. = 146/151 from the first fit and
the y2/d.o.f. = 160/102 from the second fit. The best-fit
parameters are reported in Table III. In Fig. 6, we compare
our best fit parametrization with the experimental meas-
urement. In the left panel, the NA49 data of the invariant
cross section is shown as a function of x; and for a few
representative values of pr, while the right panel shows the
comparison with various multiplicity measurements as a
function of /5. All in all, our parametrization provides a
very good description of the available data. The shaded
bands mark the 1o uncertainty at fixed py, which is below
5% at smallest x and increases to 15% at xgz = 0.45 for the
smallest py. Whereas the uncertainties can be larger than
the ones in the z™ channel, their impact on the final
positron yield, do/dT/, is suppressed by the smaller
production rate of kaons with respect to pions. A com-
parison of Fig. 6 with Fig. 3 shows that the K" production
is suppressed by about one order of magnitude. Finally, we

TABLE III. Results from the best fit and the 1o error for the
parameters in Eqgs. (14)—(16). d, is in units of GeV~2.

K* K-
d, (1.22 £0.07) x 107! (1.20 £ 0.07) x 107!
d, 0.63 +0.45 1.12 £ 0.52
ds 3.35+0.59 6.29 £0.71
dy —-0.17 £ 0.04 —-0.09 +0.02
ds (—4.6+2.4) x 1072 (—8.1420.45) x 1073
de 5.08 +0.05 5.13 +£0.05
d; (=5.04£0.1) x 1072 (—4.84+0.1) x 1072
dg 0.92 +0.01 0.93 +£0.02
dy 11.61 +0.50 10.85 +0.56
dyo —1.72 £0.08 —1.34 £ 0.07
dy; (2.02 £0.05) x 107! (2.06 £0.05) x 107!

123021-10



NEW DETERMINATION OF THE PRODUCTION CROSS SECTION ...

PHYS. REV. D 105, 123021 (2022)

NA49 Vs =17.3 GeV, K+

| ¥ pr=0.05GeV ¥ pr=1.1GeV
1014 i ¥ pr=0.25GeV pr=1.7 GeV
= \ ¥ pr= 0.6 GeV
> !
(T} 04 1
) 10 =
ig H
‘E 10! ::--_ _________
c|m H _-&*"“~x~-’ =
ole ! Ty ——_
*Eun 102 i i
i
10—3 i
— 0.2
S 0.11
S ]
501
€ _0.2
0.0

100 100
*q'oy‘oo’ Q‘——_o__q-’o'
d/ ‘——
21071 ol 107t g
3] >
s /! g
5 / o
= 10724 [ == Total 1072, 4 PHENIX
¢ Antinucci +  STAR
4 4 NA61 4  ALICE
' v NA49 4 cms
1073 1073 T
—_ 0.2 —_ 0.2
S 0.1 m- 4 S 0.1
S 00 i ﬁW% 0.0 == % a
v —0.11 v —-0.11
©_0.2 1 | & _0.2k , |
100 10t 102 103 104
Vs [GeV] Vs [GeV]

FIG. 6. Comparison of the best-fit cross section parametrization for the inclusive K™ production in p + p collisions with NA49 data
(left panel) and multiplicity measurements at different center of mass energies by various experiments (right panel). Right panel: filled
data points are included in the fit while open data points are only plotted for comparison. The plots are similar to Figs. 3 and 4 (right).

also compute the positron cross section from the decay of
K~ into #7727~ and the subsequent decay of the z™ into
e™. For this, we use the fit of the inclusive K~ production in
p + p collisions, which is performed in analogy to the fit
of K.

B. Contribution from K%

K hadronically decay into neutral or charged pions:

@) Kg — 7°72° (B, = 30.7%),

(i) K¢ — ntn~ (B, = 69.2%),
thus contributing to the final positron and electrons cross
sections with the same amount. The first decay channel is
negligible because almost all z° decays into two photons
and only 1.2% into e*e”y. In fact, Kg makes between
1-5% of the total yield so contribution from the decay into
neutral pions will be below the per-mille level. We only
consider the second channel.

The NAG1/SHINE experiment recently measured the
spectra for the production of K’ g from p + p collisions with
a beam momentum of 158 GeV (y/s = 17.3 GeV) [87].
Double differential distributions were obtained in p; from
0 to 1.5 GeV and in y from —1.75 to 2.25.

Following a similar strategy as for z* and K™, we first
fix the py and xr dependence of the cross section by fitting
the data of NA61/SHINE at /s = 17.3 GeV.? In more
detail, we define the Lorenz invariant cross section by

Giny = 00(8)ki Fo(pr. xp)Ago(s), (17)

with

The NAG61/SHINE data are given in d?n/(dydpy), which we
transform to o;,, to perform the fit.

FK2 (pr.xp)=(1- |xF|)k2 ‘”‘P(‘kwl}4 |XF|)P]}5 eXp [—kﬁplﬁ’

(18)

where k; are the fit parameters. The energy dependent
normalization Ao (s) is taken to be

ko—k
k89 10

A0 =Ago (1= )vse (9)

where the Ago  is determined by the condition Ao (V50 =
17.3 GeV) = 1 and the best-fit parameters kg, ko, ko are
determined by a second fit to the multiplicities at different
\/s. We extract the multiplicity data from Ref. [78]
(reported in their Fig. 120) and fit with the function in
Eq. (17). We obtain a good result for both fits. The
y*/d.of. converge to 20/41 and 42/24 for the fit to
NAG61/SHINE data and the multiplicity data, respectively.
All the values of the best-fit parameters are reported in
Table VII. Figure 7 shows that our parametrization provides
a good description of the data. In the left panel, we compare
the NA61/SHINE data with the result of Eq. (17), while in
the right panel we show the multiplicity as a function of /s
together with the best fit of our parametrization in Eq. (17).
For comparison, we checked the predictions of the
multiplicity using the PYTHIA event generators. We employ
the PYTHIA version 8.3 [53]. PYTHIA produces predictions for
the multiplicity that are close to the data with a shape only
slightly different from the best fit obtained with Eq. (17).

C. Contribution from K!

The decay time of the K mesonis 5.1 x 1078 s which is
a factor of about 600 larger than the one of K9, making
it very difficult to detect KV particles at accelerator
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FIG. 7. Left panel: comparison of the K9 production cross section measured by the NA61/SHINE experiment and the best fit of
Eq. (18). Right panel: multiplicity data for the production of K measured by different experiments (blue data points) collected and
reported in Fig. 120 of Ref. [78] and the best fit obtained with our model (gray dashed line) and PYTHIA 8.3 (red dashed line).

experiments. Moreover, the K has different decay chan-
nels and branching ratios than K9:

() KY - zteTu, (B, = 40.6%).

(i) K} - n*uFu, (B, = 27.0%).

(i) KY — 72°292° (B, = 19.5%).

(iv) KV = zta= 2% (B, = 12.5%).

The lack of experimental data makes it impossible to
determine an independent parametrization of the produc-
tion cross section. Therefore, we employ the PYTHIA event
generator to compare the p7 and x5 dependence of the final
e™ spectra from K9 and K.

We find that the p and x shapes for the production of e*
is very similar for the K9 and K% particles. The difference is
simply a normalization factor (for more details see
Appendix C). The K? meson produces about a factor of
1.16 more e than K% which can be explained by different
decay modes of the two kaons. In particular, it is mainly due
to the branching ratio of K% into 22° (B, = 30.7%) which is
larger than for K (B, =19.5%) suppressing positron
production from K§ ((1 —0.195)/(1 —0.307) = 1.16).

So, in the following we assume that the production cross
section of positrons from K? can be obtained from K% by
rescaling with a factor 1.16. Because of charge symmetry,
we apply the same results for e~ production. In particular, we
do not add any uncertainty related to the factor 1.16 used to
rescale the results of K¢ since this comes from the different
B, of K9 and K9 decay into pions that are very well
measured. We apply the same uncertainty of the K9 to
the K9 channel.

D. Contribution from A
The A hyperon decays mainly in
i) A - pr~ (B, =63.9%).
(i) A = na’ (B, = 35.8%).

The former contributes only to the e~ through the decay
of the z~ while the latter would contribute to both the e*
with a negligible contribution through the z° decay (see
Sec. IV E 1). Instead, the part related to the neutron decay
would contribute only at energies below 100 MeV [56].
Given the decay channels reported above, the A particle
contributes mainly to the e~ secondary part. However, the
A production cross section helps to gauge some of the other
subdominant channels for et production, namely, we will
obtain their contribution by a rescaling, as explained in
Sec. IV E.

The NAG1/SHINE experiment recently measured the
spectra for the production of A from p + p collisions with a
beam momentum of 158 GeV (/s = 17.3 GeV) and
for pr=10.,19] GeV/c and y=[-1.75,1.25] [88].
Following a similar strategy as for K9, we first fix the
pr and xp dependence of the cross section by fitting the
data of NA61/SHINE at /55 = 17.3 GeV.* In more detail,
we define the Lorenz invariant cross section by

Ciny = 00(S) 1 FA(Pr, Xp)AA(S), (20)

with

Fa(pr.xp) = (1 = |xp])"2 CXP(—Z317[T4 |)CF|)P§§ exp [—16PZT7]1
(21)

where [; are the fit parameters. The energy dependent
normalization A (s) is taken to be

“The NAG61/SHINE data are given in d*n/(dydpy), which we
transform to oy, to perform the fit.
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FIG. 8. Left panel: comparison of the A production cross section measured by the NA61/SHINE experiment and the best fit of
Eq. (20). Right panel: multiplicity data for the production of A measured by different experiments (blue data points) collected and
reported in Fig. 16 of [88] and the best fit obtained with our model (gray dashed line) and PYTHIA 8.3 (red dashed line).

1819—110

ans) = Ana(1- 2 22)
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where the A, , is determined by the condition A, (,/5y =
17.3 GeV) = 1 and the best-fit parameters /g, Iy and [, are
determined by a second fit to the multiplicities at different
\/s. For this, we extract the collection of data on the
multiplicity reported in Fig. 16 of [88] and fit it by the
multiplicity obtained from our parametrization in Eq. (20).
We obtain a good result for both fits. The y?/d.o.f. of the
best fits converges to 27/49 and 53/23 for the fit to NA61/
SHINE cross section and the multiplicities, respectively.
All values of the best-fit parameters are reported in
Table VII. Figure 8 shows that our parametrization provides
a good description of the data. In the top panel, we compare
the NA61/SHINE data with the result of Eq. (20), while in
the bottom panel we show the multiplicity as a function of
\/s together with the best-fit of our parametrization
in Eq. (20).

For comparison, we checked the predictions of the
multiplicity using the PYTHIA event generators. PYTHIA
produces predictions for the multiplicity which are close to
the data with a shape slightly different with respect to the
best fit obtained with Eq. (20).

E. Subdominant channels

Other channels contribute with a subdominant amount to
the e* and e~ yield. The A, the charged £ and E hyperons
have typical decay times of the order of 107!° s and their
pion contributions are usually removed with the feed-down
correction. We thus have to add it to our calculations. The
multiplicities of  baryons in p + p collisions are a factor
of about 3—4 orders of magnitude smaller than the one of A
particles, so we neglect them.

Unfortunately, no data are available at the energies of
interest for the secondary source term. We decide thus to
estimate the contribution of the A, T and Z baryons using
the PYTHIA code [53]. In particular, we run simulations of
p + p collisions for /s ranging from a few GeV to a few
TeV,ie., E, = 20, 10°] GeV. We calculate the multiplic-
ities of these particles, n;, where i runs over £+, X7, =0 B
and their antiparticles as well as A. Then, we calculate the
ratio n;/n,, both derived with PYTHIA for consistency. We
decide to proceed in this way because for A we have a
model for the invariant cross section (see Sec. IV D) and its
mass is similar or equal to the A, X and B, so we expect the
dependence of the cross section with the kinematic param-
eters to be similar. Then, we use the ratio n;/n, to add these
subdominant channels to the total yield of e* by rescaling
the A cross sections into e* as follows:

do do )
d—n(Tpv Te) = d—Te(Tp’ Te)A X Zfl<Tp)’ (23)

where F'(T,) represents the correction factor that we use
to rescale the cross section for the production of e~ or e™
for the ith hyperon from the one of A particles. For
example, charged X particles can decay into protons or
neutrons and pions, so F>(T,) can be written as

(24)

where B,% is the branching ratio for the decay of the
hyperons into charged pions. In contrast, the E particles
decay into pions and A particles so F=(T,) takes a
different form that we will report below. Finally, since A
is the antiparticle of the A the correction factor for this
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particle is simply the ratio nz /n, between the multiplicity
for the production of A with respect to A.

Below, we list the particles we consider in this section

reporting the branching ratios into pions.

(i) The A hyperon decays mainly into pz* with B, =
63.9% and 7z’ with B, =35.8%. The former
contributes only to the e™ through the decay of
the z ", while the latter would contribute negligibly
through the 7° decay. Instead, the part related to the
antineutron decay would contribute only at energies
below 100 MeV [56]. However, in this case the
branching ratio exactly cancels with the one of A
such that we get (T ,) = nz/ny.

(ii) The £* baryon decays with B, = 51.6% into px°
and 48.3% into nz". The former contributes less
than the per-mille level to the total source term
through the decay of the 7° (see Sec. IVE ).
Instead, the latter is relevant for the e* production.
For this particle thus B,Q = 0.48 and the correction
factor F is given by Eq. (24). The antiparticle of £+
is £~ and contributes to the electron yield.

(iii) X~ decays with almost B, = 100% into nz~ and
contributes to the electron yield. For this source thus
we have BrZ_ = 1. Its antiparticle is " and has to
be included for the positron production.

(iv) The E° decays with almost 100% into z°A thus
producing e~ through the A decay. We use for the
correction factor in Eq. (24) Fzo = (Br} - ng)/

(Br% - np) = nzo/n,. The antiparticle of Z° is =°.
Since =% decays into 7°A we rescale by

Fazo = (B}’%+ “nz0)/(Bry -ny) = nzo/ny.

(v) The E~ decays with almost 100% into z~A. We
use for this particle Fz- = ((1+Br} )-nz-)/
(Br% - ny). The antiparticle is = for which we
take Fz+ = ((1 +Br’/’-\+) ng+)/(Br - ny).

In Fig. 9, we show the correction factor F for the
subdominant channels that contribute to e and e~. In
particular, we see that the X and X~ are the hyperons that
contribute the most to the e™ and e~ production, respec-
tively, with about 10-30% of the A particles. Instead, the =
baryon contribution is well below the 10% of the A. At the
/s of NA49 the results we find for £, £~ and A are
consistent with the multiplicities calculated from the
dn/dxp shown in Fig. 22 of [89].% At low energy, J is
between 10% and 50% for et and e~, while at high energy
it reaches 1 for e~ and 2 for e™. We also show in the same
figure the variation to F obtained from different PYTHIA
setups (uncertainty band). We explain the details of this in
Appendix D. The correction factor can change by 40%
depending on the setup of the Monte Carlo simulation.

5Figure 22 of [89] reports the result of a Monte Carlo
simulation for the dn/dxy of hyperons that the NA49 collabo-
ration used to correct the data for the feed-down.
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FIG. 9. Correction factor F for the contribution of A, ¥ and &
from p + p collisions at different proton energies in the LAB
frame E,. We show the result obtained for each individual
contribution and total one obtained with Eq. (24). We also display
the uncertainty band found by running PYTHIA using different
setup parameters and tunings. The top (bottom) panel is for the
correction factor applied to secondary e~ (e™).

Therefore, we decide to associate a systematic uncertainty
of 40% to these channels at all energies.

1. Contribution from n°

Neutral pions are expected to be produced in p + p
collisions with a similar rate as charged pions. However,
7% decay with a branching ratio of 98.82% into two
photons and only with 1.17% into e e~y. Therefore, the
contribution of the z° to the e* production is expected to be
at the 1% level. Since no data are available for the e* from
7Y at the energy of interest, we use the PYTHIA event
generator to derive the p; and xp dependence of e*
produced from 7% and #°. We find that the dn/dxp and
dn/dpy are very similar in shape for the production of e*
from z° and from 7. The difference is just a normalization
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FIG. 10. Ratio of the multiplicity for z° and z* (red band) and
7z~ (blue band) from p + p collisions. The bands represent the
envelop of the results by changing the setup of PYTHIA as
explained in details in Appendix D.

factor that depends on the different multiplicity of 7% (1,0)
and 7* (n,-) for the production of pions from p + p
collisions. We show in Fig. 10 the result obtained for
np/ng+ and n/n - as a function of the incoming proton
energy and for different PYTHIA setups. As expected,
np/ng+ is smaller than n/n,- and they both tend to 1
for very high energies. The variations in the ratio of the
multiplicities with respect to the average are between 1.0%
and 1.5%. We decide to add the contribution from z° to the
e* yield by multiplying the charged pions cross sections by
a factor (1 +n - B’,’O/nﬂi), where BZ' = 0.017. We asso-
ciated to this contribution an uncertainty of 1%.

V. CONTRIBUTION FROM NUCLEI COLLISIONS

In the Galaxy, nuclei interactions (p + A, A + p, and
A + A) give a significant contribution to the production of
secondary particles. Many former analyses relied on a
simple, overall rescaling of the p + p cross section by a
geometric factor or mass number [49,61,90]. Here we go
beyond this approximations by using the data of NA49 for
the production of 7" in p 4 C collisions at p,, = 158 GeV
[89]. While pion production in p + p collisions is by
definition symmetric under a reflection along the beam axis
in the center-of-mass frame, this is not necessarily the case
in p + A collisions (in the nucleon-nucleon center-of-mass
frame). Actually, the NA49 p 4 C data reveals an asym-
metry in the cross section between forward and backward
production [91], which is plausible, because the carbon
target contains not only protons but also neutrons and the
binding of the nucleons could play a role. The asymmetry
makes a description of the cross section in terms of xz, an
intrinsically symmetric variable, inconsistent. Thus, we will
use xp instead of xi to parametrize p 4+ A collisions.

In principle, it would be useful to determine a standalone
parametrization for the pion production of each p 4+ A
initial state, especially for p + He, which is most relevant in
the context of CRs. However, the currently available data
on z" production measurements in p + A collisions are not
sufficient to obtain independent descriptions. Especially for
p + He collisions the available data is very scarce. A few
measurements of pion production in p + He collisions
were taken in the 1980s [92], however, with the goal to
study the nuclear quark structure and in a kinematic regime
where the production is forbidden in single-nucleon colli-
sions. This kinematic regime is highly suppressed in the
Galaxy. So, we will rely on an xp and A-dependent
rescaling. Inspired by the treatment for antiprotons in
[50] we exploit a rescaling of p + p cross section in terms
of overlap functions. The idea is to split the #* production
into two components produced by either the projectile or
the target, where the #t from each component are mainly
produced in forward direction. Adjusting the normalization
of the overlap functions separately allows for accommodat-
ing an asymmetry.

We model the inclusive Lorentz invariant cross section of
the A; + A, - zt + X scattering by

UQIVAZ(\/E’ XF, PT)
:fA] Az(Al’A21xF9D17D27D3)O-i[r)11\7/(\/E’xR’pT)’ (25)

where A| and A, are the mass numbers of the projectile and
target nucleus, respectively, and D, D, and Dj are three fit
parameters. Explicitly, the factor 4142 is defined by

fAlAz (xF) = A1D1Aé)] [A?szro(xF) + Angtar(xF)]’ (26)
with F,(xp) and Fy,(xp) given by

1 + tanh(Dszxf)

Fpro/tar(xF) = f : (27)

In the above equations, the kinetic variables x and +/s
refer to the nucleon-nucleon center-of-mass frame. We do
not claim that ', (xr) and F, (xp) are the actual projectile
and target overlap functions. They are rather an effective
treatment that we have introduced to describe the NA49

data. To determine af:fé, we fit the x-dependent rescaling
factor fA142(xy) of Eq. (26), while 62 (\/s, x, pr) is fixed
to the best-fit values of Sec. III A. In other words, we fix the
three free parameters that are D, to D5 performing a y? fit
using the NA49 data on oy, for the inclusive z production
in p + C collisions at /s = 17.3 GeV [89]. We obtain a
good fit with a y?/d.o.f. of 400/265. The best-fit param-
eters are reported in Table V. The result of the fitted
parametrization is compared to the NA49 data of o;,, in
Fig. 11. The cross section is plotted as a function of x for a
few representative values of pr. We observe a good
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FIG. 11. Results of the fit on the NA49 data [89] invariant cross

section for the inclusive z* production in p + C collisions. We
show the NA49 data together with our fit results as a function of
xp for some representative values of pr. Shaded bands show the
1o uncertainty band.

agreement of the data with the parametrization, especially
at low values of py, which are the most important for
positron production in the Galaxy. The uncertainties on the
model turn out to be about 5%, which mostly comes from
the uncertainty in the p 4 p collisions. Finally, we also
check, a posteriori (as for p + p collisions), that our
parametrization is qualitatively in good agreement with
NAG1/SHINE data [93] of p 4 C scattering provided at
/s = 7.7 GeV. Using the rescaling relation of Eq. (25) we
obtain the cross sections for p + He and all other nuclei
collisions.

While we are improving the state of the art [49,61,62],
which is based on a rescaling of the normalization of p + p
cross section by a simple geometrical factor, our result
points to the need of collecting data of the p+He -z +X
cross section. This might allow disentangling p + p and
p + A fits in the future by performing separate fits of the
parametrizations for each p + He and p + A that avoid
rescaling from p + p. Actually, one reason for the small
uncertainty bands in Fig. 11 can be related to the fact that
the kinematic shape of our parametrization for p + A is
already partly fixed by p + p, see Eq. (25). In this sense,
more data in the p+ He (and more general p + A)
collisions might allow a more correct estimation of uncer-
tainties. We also note the absence of data for xz < 0.1 in
Fig. 11, a kinematic regime which is important for the
production of pions in A 4 p collision in CRs. Here we rely
on an extrapolation of our parametrization. We also tried a
fit to p + C data, but considering all the parameters in
Egs. (7)—(9) and (25). In this case uncertainties rise to
7-8%.

For the K+ production channel, we refer to NA61/
SHINE [93] data at /s = 7.7 GeV. We found that a simple
rescaling from the p + p case (fP4 = A1) is sufficient.

The best fit converges to a y*/d.o.f. of 151/93 and the best-
fit value of D, is reported in Table V. For the remaining
subdominant production channels discussed in Sec. IV we
adopt the same rescaling as for K.

VI. RESULTS ON THE e* PRODUCTION CROSS
SECTION AND SOURCE SPECTRUM

We now have all the elements to compute the total
differential cross section do/dT,+ for the inclusive pro-
duction of e in p + p inelastic collisions. The result is
obtained by summing all the contributions of z*, K* and
K=, K3, K5 and subdominant channels (S. C.) fitted on the
data as discussed in Secs. III and I'V. This is the main result
of our paper and it is displayed in Fig. 12. We plot do/dT ,+
for the separate production channels, and their sum, along
with the relevant 1o uncertainty band. At the bottom of
each panel we display the 1o uncertainty band around the
best fit for the total do/dT . The four plots are for incident
proton energies T, of 10, 100, 1000 and 10000 GeV. The
7t channel dominates the total cross section, being about
10 times higher than the K (and K~ contributing few % of
K) channels. Positron production from K3, K5, and S. C.
are of the order, all contributing at a few % level, slightly
depending on T,+ and T,. The main comment to these
results is the smallness of the uncertainty with which we
determine do/dT ,+. At 1o the uncertainty band around the
best fit is 4% to 7% at all T, energies. For T} values close
to T, the error band spreads up since data for this limit
(which corresponds to xz = 1) are not available.

We conclude that the e™ production cross section from
p + p collisions is determined with very high precision.
This result is mainly due to the precision of the data at our
disposal, and also to the appropriate empirical description
provided by our algebraic model.

In Fig. 13, we present the computation of the source
spectrum of et in the Galaxy as a function of T+,
implementing Eq. (1). We fix ny =09 cm™ and
nge = 0.1 cm™>. The CR fluxes ¢; for a nucleus i are
taken from [31]. We plot separate results for the collision of
p+p, p+He, He+ p, He-He and C, N and O CR
scattering off H, with their uncertainty due the production
cross sections computed in this paper. The ¢(E) is predicted
with a remarkably small uncertainty, ranging from 5% to
8% depending on the energy. We nevertheless remind that
the different estimations and parametrizations used in the
literature pointed out differences by a factor of 2. Our
results definitively exclude that e cross sections can gauge
the source spectrum, and consequently the flux at Earth, by
more than a factor of few %. We compare our results for the
p + p channel with [56] (labeled Kamae) and [55] (labeled
AAfrag). The Kamae cross section predicts an about 20%
smaller source term above 5 GeV, while it predicts a
significantly larger source term below 1 GeV. In contrast,
for AAfrag, we only report results for 7',+ above 1 GeV,
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FIG. 12. Differential cross section for the inclusive production of e* in p + p collisions, derived from fits to the data as described in
Sec. I1I and IV. We plot separate production of z*, K+ and K=, K3, K5 and S.C. and their sum. Each plot is computed for incident proton
energies T, of 10, 100, 1000 and 10000 GeV. The curves are displayed along with their 1o error band. At the bottom of each panel the
1o uncertainty band is displayed around the best fit individually for each contribution.
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FIG. 13. Source terms of CR e™ (left panel) and e~ (right panel). Next to the total source term we show the separate CR-ISM
contributions. In the bottom panels, we display the relative uncertainty of the total source term. We note, however, that for 7,+ <1 GeV
(black dashed line) the source term is not constrained by cross section data but rather an extrapolation of our parametrization which
could possibly be affected by systematics.
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since they report cross sections only for 7, > 3.1 GeV
meaning that the source term cannot be predicted accu-
rately at lower energies. The differences are within 10% for
most of the energy range between 1 and 100 GeV, while our
prediction becomes about 20% higher at 1 TeV. We also
checked the predictions for p + He, He + p and He + He,
finding differences at a similar level.

Finally, we note that the available cross section data
(especially for pion production) contrain the positron
source term down to about 1 GeV. Below this energy,
the prediction of the source term relies on an extrapolation
from our parametrization and could be affected by larger
systematics.
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VII. RESULTS ON THE ¢ - PRODUCTION CROSS
SECTION AND SOURCE SPECTRUM

Secondary e~ are produced in the Galaxy from the same
p + p collisions as e*. In this paper, we also provide new
results for the e~ production cross section. We mirror the
same analysis performed for e™ and described at length in
the previous sections. In particular, for the oy, for 7z~
production we adopt the parametrizations reported in
Egs. (7)—(10). The data employed in the fits are taken
from NA49 [67], NAG61/SHINE [68], Antinucci [79],
ALICE [77] and CMS [76,77], as reported in Table I.

The results of the fit to the NA49 production cross
section z~ data are displayed in Fig. 14 (left panel), as a
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FIG. 14. Left panel: same as Fig. 3 (left panel) but for z~ production in p 4 p collisions. Right panel: same as Fig. 4 (right panel) but
for z~ production in p + p collisions at various /s, as described by Egs. (11)—(13) (see text for details).
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Differential cross section for the inclusive production of ¢~ in p + p collisions, derived from fits to the data as described in

Secs. III and IV. We plot separately the contribution from z~, K* and K~ K(S), Ké, A, S.C. and their sum. We provide the result for
incident proton energy T, of 10 and 100 GeV. The curves are displayed along with their 1o uncertainty band. At the bottom of each
panel it is displayed the 1o uncertainty band around the best fit for the total do/dT-.
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function of x; and for a few representative values of py.
The fit is globally very good, and the resulting uncertainties
are about 5-6%, as shown in the bottom panel and similar
to what we obtained for the z™ fit. The energy dependence
of the cross section has been fixed as for zt, see Sec. III C.
The only difference is that the ALICE data points have not
been considered in the final fit, because they are incon-
sistent with CMS data at /s = 0.9 TeV. The results on the
multiplicity are shown in Fig. 14 (right panel). Again, the fit
is pretty good, and the uncertainty is below 10%. The
results on goodness of the fit are summarized in Table IV
and the best-fit parameters are reported in Table II.

The contribution from K~ is computed following the
same procedure as for the et from KT, see Sec. IVA. In
particular, we fitted data from the same experiments (and
same references) to Eqs. (14)—(16). The fit to the data is
very good, see Table IV, and the uncertainty band is similar
to the one found for the K channel. The contributions
from K9, K9 and 7° decays are symmetric for both e* and
e, and have been discussed in Secs. IVB,IVCandIVE 1.
In addition, we consider also the contribution from the A
baryon as explained in Sec. IV D.

In Fig. 13 we present the computation of the source
spectrum of e~ in the Galaxy as a function of T,-, as
discussed for e’ in Sec. VI. It is predicted with a
remarkably small uncertainty, ranging from 6% to 10%
depending on the energy. With respect to [56], we obtain
for the p + p channel a higher prediction between 20-30%
between 1 GeV to 1 TeV. Instead, at lower energies our
cross sections are lower. However, at such low energies our

TABLE IV. Summary of the fit quality in the p + p channel.
The first row corresponds to the fit of NA49 data (as detailed in
Sec. III B for 7). Then, the second row states the )(2 of the fit to
other center of mass energies (see Sec. III C) with the individual
contributions from rows three to six. In the last row we give the
total y* and the d.o.f.

zt z” K* K-
Piase/dof.  338/263  287/290  146/151  197/151
x3/d.of. 189/129  169/96  160/102  135/100
LALicE 77 (33) 4227 36 (27)
Xeus 100 (88) 154 (88) 77 (68) 54 (68)
XA61 Antinuc 10 (12) 15 (12) 39 (11) 44 (9)
23/ doolf. 527/392  456/386  306/253  332/251

TABLE V. Best fit result and 1o error for the parameters in
Eqgs. (26) and (27).

P n Kt K-
D, 0.73+£0.01 0.72+£0.02 0.835+0.004 0.829 + 0.007

D, 0.304+£0.02 0.35£0.03 0.0 0.0
D; 3.93+043 4.21£0.50 X

results, in particular below 1 GeV, as well as the ones from
[56], are driven by extrapolation. In contrast, the AAfrag
cross sections predict a 30-40% larger source term com-
pared to our cross section between 1 and 100 GeV. The
large difference for e~ between the AAfrag model and
Kamae was already observed in [55]. In Fig. 15we summa-
rize our results for the cross sections of e~ production.
Results and uncertainties are given for the total cross
section and the individual production channels for two
fixed proton energies of 10 and 100 GeV.

VIII. DISCUSSION AND CONCLUSIONS

The secondary production of e* in our Galaxy presents a
significant contribution to the e* fluxes measured at Earth.
In particular, the e™ flux is dominated by secondaries below
10 GeV. At higher energies, several primary contributions
are discussed in the literature, the most popular being
pulsars and dark matter annihilation or decay. The correct
interpretation of those primary contributions depends on
the accurate description of the secondary production.

Most of the secondary e® are produced in p+ p
collisions, nonetheless, the contributions from collisions
involving helium, both as a target and as a projectile, are
relevant. The main production channels of the secondary
e* involve the intermediate production and decay of 7™+
and K=, while some additional channels can contribute to
the source term at the percent level each.

In the last years, new experimental data have become
available covering large portions of the kinematic phase
space. In this paper, we determine an analytical description
of the Lorentz invariant cross section for the production of
7+ and K=, especially focusing on p + p collisions. Then,
we also evaluate, either by exploiting further data or by
referring to Monte Carlo generators, the inclusive cross
section into K3, Kk, A, A, 7% X and E. For all these
particles, we implement the relevant 2 and 3 body decay
channels, which finally contribute to e*. The most impor-
tant decay of polarized y* is computed including NLO
corrections.

The most relevant data are provided by the NA49 experi-
ment which measured z* and K* production in p + p
fixed-target collisions at proton momenta of 158 GeV. These
data are intrinsically precise at a level of a few percent
(maximum 10%). Our analytical expressions for the invari-
ant cross section fit this data very well. For the important 7+
channels the invariant cross section is determined with an
uncertainty of about 5% in the relevant kinematic parameter
space. Further data at lower and higher /s are also described
well by our parametrizations. The differential cross section
do/dT,-(p + p — =+ + X), which enters in the computa-
tion of the et source term, is determined with about 5%
precision. Including all the production and decay channels,
the total do/dT,-(p + p — e* + X) is predicted from
10 MeV up to tens of TeV of e* energy, with an uncertainty
of about 5-7%.
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The cross section for scattering of nuclei heavier than
protons is obtained by fitting the NA49 data for the
production of z¥ on p+ C collisions. The statistical
uncertainties are very small, however, we cannot exclude
systematic effects, for example, due to the rescaling from
the p + C. Future measurements of pion production in the
p + He could help to remove this ambiguity.

Finally, we provide a prediction for the Galactic e
source spectrum, which is obtained from a convolution of
the differential production cross section with the incident
CR flux and the ISM density. We include CR nuclei up to O
and p and He ISM targets. Our major result resides in the
precision with which this source term is predicted, which
ranges between 5% and 8% for et and 7% and 10% for e~.
The uncertainty in the secondary e* and e~ production is
therefore dramatically decreased with respect to the state of
the art, where different descriptions of the cross section
vary by a factor of about 2, posing a large systematic
uncertainty due to spallation reactions. We note, however,
that for 7,+ < 1 GeV the source term is not constrained by
cross section data but rather an extrapolation of our
parametrization which could possibly be affected by
systematics. Our results, especially in the e™ sector, finally
open the door to interpretations of CR data, especially from
the AMS-02 experiment, in which the second component
is no longer a limiting factor in pinpointing primary
components.

+

We provide numerical tables for the energy-differential
cross sections do/dT - as a function of the e* and proton
energies and a script to read them. The material is available
at https://github.com/lucaorusa/positron_electron_cross_
section.
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APPENDIX A: PARAMETRIZATION OF THE
TOTAL INELASTIC CROSS SECTION

In this section we report the results for the calculation of
the inelastic cross section, which appears in Eq. (7). A new

TABLE VI. Fit results for the total and elastic proton scattering
cross sections according to Eq. (Al).

Parameter Total Elastic
M 1.589 3.094
zre 59.58 21.34
Y 0.890 2.667
Yy? 19.35 14.21

i 2.543 1.003
1 —0.0895 —0.0327

calculation of the inelastic cross section is necessary to
estimate its uncertainty, that must be added to all the other
uncertainties. We take the available data from the Particle
Data Group [94] for the total collision and elastic p + p
cross sections because very few data are available for the
inelastic cross sections. We first make a fit to the total
collision (ol and elastic (¢%”) cross section and then we
derive the inelastic 6((s) one as their difference. We use the
following functional form for both o}y and 6%/:

Otore = 27 + BPPlog?(s/sy1)

+ Y1 (/)" = Y5 (su/5)™, (Al
where BPP = r(fhc)?/M?, sy = (2m, + M)?, all energies
are given in GeV and oy and ¢%” are given in units of mb.

We include in the fitting procedure only data referring to
E, > 2 GeV because at lower energies the contribution of
the resonances become very important and complicate to
model precisely. Moreover, for e* with E > 1 GeV the
contribution from protons with energies below 2 GeV is

= = Total + Data Total
1024 ==+ Elastic % Data Elastic
= Inelastic ¥ Data Inelastic
P
g ............
Koo®
= "
R i T A *
ST e VO N Bt
100 e
S 0.10 T
c 0.051 N —
= 0.00] s
o —0.051 ---- Inelastic DiMauro+14 Inelastic Uncertainty
o
-0.10 : ; ; \
100 102 104 106 108

EL® [GeV]

FIG. 16. This plot shows the result for the fit to the total (black
data and line) and elastic (blue data and line) cross section for
p + p collisions. We also show the inelastic cross section (red
line) derived as ol — 6%, along with the available data. In the
bottom panel we show the 1o uncertainty band derived for the
inelastic cross section and the relative difference between our best

fit and the one of Ref. [66] (brown dashed line).
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FIG. 17.

Comparison between our best fit and the NA61/SHINE data [68] of Lorentz invariant cross section for the inclusive

NA61/SHINE Collaboration 2017 v5=8.8 GeV
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production in p + p collisions at \/s = 6.3 GeV (left panel) and /s = 8.8 GeV (right panel). The data is shown as a function of x for a
few representative values of pr. Shaded bands show the 1o uncertainty.

negligible. For E, <2 GeV we then use the 6 (s) para-
metrization reported in Ref. [56].

The fitting parameters for both ol and %/ are shown in
Table VI. The comparison between the model and the data
are shown in Fig. 16. The resulting functions provide good
fits to the available data, with a y?/d.o.f. = 0.88 for ¢/7
and 2.20 for ¢/, where statistical and systematic uncer-
tainties have been added in quadrature. As shown in
Fig. 16, the inelastic cross section oy(s) = ol —ob’
has a lo uncertainty that is on average between 2-3%.
We add this uncertainty in the estimate of the source term
for the secondary production of e*. Our results are in very
good agreement not only with the PDG results on &F but
also with the function for ¢%” and previous references such

as [66] for the inelastic cross section.

I S
100 7 S O R R K/1.16
S .
() -
g 10713
& E \"\n.
kS - S
=
S 10723
03 T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
pr [GeV]
FIG. 18.

APPENDIX B: COMPARISON WITH
DATA AT SMALL /s

As discussed in Sec. IIIC we fix the kinematic shape
of ony(p+p— 7"+ X) using NA49 data at /s =
17.3 GeV, while at lower energies we use the multiplicity
to adjust the overall normalization of the cross section. This
treatment can be cross checked by data. In particular, NA61/
SHINE [68] provides measurements of the Lorentz invariant
cross section for the inclusive z* production in p + p
collisions at different x; and py. In Fig. 17, we compare
our parametrization with the NA61/SHINE measurements at
/s = 6.3 GeV and /s = 8.8 GeV. The invariant cross
section is presented as a function of xp and for a few
representative values of p;. Our parametrization provides a

103
R e K2
1>~ | | | KP/1.16
10°%
S 1071;
S
S 3 Y,
1024
] %
] .
-3 ‘\“g
T T T T
0.0 0.2 0.4 0.6 0.8 1.0

XF

The left (right) panel shows the distribution of the multiplicity with respect to the py (x) variable for the e™ produced from

K% rescaled by a factor 1.16 (red dotted line) and K(S) (blue dashed line). The results are obtained using PYTHIA.
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TABLE VII. Results from the best fit and the 1o error for the
parameters in Eqgs. (17) and (20). k; and [, are in units of GeV~2.
K9 A
ky 1.88 +£0.64 A (3.3£0.9) x 1072
ky 9.23 +£1.47 I, 1.48 +£1.04
ks —-6.86 £ 1.71 I3 —-221+1.24
ky 0.20 + 0.08 Iy —-0.25+0.15
ks 1.10 +0.13 Is 0.26 £0.11
ke 6.58 +0.40 ls 3.17 +£0.28
k; 0.89 £ 0.04 I 1.33 £0.08
kg 3.05+0.14 Ig 2.41+0.03
ko 0.50 + 1.06 ly -0.44 +£0.40
k1o 0.045 £0.27 Lo -0.45+0.14

very good description of the data, especially for the more
important small p; values.

APPENDIX C: A FEW MORE DETAILS ON THE
TREATMENT OF STRANGE MESONS
AND BARYONS

Here we collect a few tables and figures providing further
details on our treatment of K9, K9 and A production.
Table VII summarizes the best-fit parameters of the cross
section as in Egs. (17) and (20) for the K g and A, obtained
from the fit to NA61/SHINE data [87,88]. In Fig. 18 we
compare the e™ production spectra from K9 and K9 using
PYTHIA. Up to an overall normalization the distributions in
pr and xp look very similar. As explained in Sec. IV C we
thus assume that the positron production cross section of
KY is proportional to K9.

APPENDIX D: pyTHIA SETUP

PYTHIA is a program that is routinely used for the
generation of events in high-energy collisions between
elementary particles, including physics models for the

evolution from a few-body hard-scattering process to
complex multiparticle final state. PYTHIA has been designed
with physics model rigorously derived from theory and
others based on phenomenological models with parameters
to be determined from data. We use in this paper the latest
version 8.3 of PYTHIA [53].

Our benchmark setup is defined with the parameter
Tune : pp set to 4. This is also called “Tune 2M” and it has
been introduced with PYTHIA v.8.140 [95]. We then run the
Monte Carlo simulation also varying the tuning and
choosing Tune : pp set to 1,2,3,4,5,6,14,18. All the other
tunes are either created for very different scopes or have
only slight variations with respect to the one listed above.

In addition to varying the parameter Tune:pp we
change the value of the StringFlav:probQQtoQ
and StringFlav:ProbStoUD. The first one changes
suppression of diquark production relative to quark pro-
duction. In other words it changes the relative production of
baryon with respect meson. The second one modifies the
suppression of s quark production relative to ordinary u or d
one. We decide to perform simulations changing these
two parameters by a factor of 2 smaller and larger with
respect to the default one. Changing more than a factor
of 2 the values of StringFlav:probQQtoQ and
StringFlav:ProbStoUD does not have a significant
impact on the results.

We show in Fig. 19 the ratio between the correction factor
JF obtained with our benchmark model and with the different
setup explained above. These figures are equivalent for the
ratio between the sum of multiplicity of the X and E particle
with respect to the on of the A particle from p + p collisions.
We see that changing the parameter Tune : pp varies 7 by a
factor of about 20% for electrons and 10% for positrons. The
variation of the parameters StringFlav:probQQtoQ
and StringFlav:ProbStoUD instead produces a larger
change in the correction factor that reaches 30%. Therefore,
we make the conservative choice to associate a systematic
error of 40% to the ¥ and Z contribution of e*.
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