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Injection spectra
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Galactic transport
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Nuclear cross section uncertainties

Di Mauro, Donato, Goudelis, Serpico, 1408.0288

Nuclear uncertainties affect 
bacgkround determination 
(size , spectrum)

3

Experiment
p
s (GeV) pT (GeV) xR

Dekkers et al, CERN 1965 [18] 6.1, 6.7 (0., 0.79) (0.34, 0.65)

Allaby et al, CERN 1970 [19] 6.15 (0.05, 0.90) (0.40, 0.94)

Capiluppi et al, CERN 1974 [20] 23.3, 30.6, 44.6, 53.0, 62.7 (0.18, 1.29) (0.06, 0.43)

Guettler et al, CERN 1976 [21] 23.0, 31.0, 45.0, 53.0, 63.0 (0.12, 0.47) (0.036, 0.092)

Johnson et al, FNAL 1978 [22] 13.8, 19.4, 27.4 (0.25, 0.75) (0.31, 0.55)

Antreasyan et al, FNAL 1979 [23] 19.4, 23.8, 27.4 (0.77, 6.15) (0.08, 0.58)

BRAHMS, BNL 2008 [13] 200 (0.82, 3.97) (0.11, 0.39)

NA49, CERN 2010 [14] 17.3 (0.10, 1.50) (0.11, 0.44)

TABLE I. Datasets used in our analysis along with their corresponding
p
s values and (pT , xR) regions.

this paper. Note that the BRAHMS centre-of-mass en-
ergy corresponds to an incident proton energy of roughly
21 TeV in the lab frame, which lies somewhat beyond
the energy region of interest for our work. Given the ab-
sence of data for incident proton energies above ⇠ 200
GeV, however, we have included this dataset since it can
help in guiding the high-energy extrapolation of the fit
to physical values. It is worth stressing that in the more
interesting tens of GeV region for the antiproton labora-
tory energy, the major impact will be provided by far by
the NA49 data.

Another important conceptual issue concerns the pos-
sibility to combine data—whose quality and robustness
of error assessment is very diverse—in a global fit. There
is no simple answer to this question: on one hand there
are some systematic e↵ects that are certainly present in
the old data and hard to estimate and correct for. A
known example is provided by the feed-down e↵ect. A
significant fraction of antiproton production (easily of
O(20%)) comes from strange hyperon (⇤, ⌃) decays,
whose decay lengths are comparable to or larger than
length scales of current micro-vertex detections or pre-
cision tracking. This e↵ect was taken into account in
the NA49 data analysis, where the contribution from hy-
perons has been subtracted from the measured yields2.
For older experiments, no such correction was performed:
while in some cases—as for the CERN ISR—it may be
argued that reasonable estimates make the expected cor-
rection negligible, for fixed-target experiments covering
an extended range of lab momenta the situation is some-
what more complicated. No a priori correction has been
applied in the following for this e↵ect, especially since
ex-novo simulations of trajectories through the detectors
and the collimators would be needed for robust estimates.
For a semi-quantitative discussion, we address the reader
to [14]. However, in deriving global fits, we shall allow
for experiment-dependent renormalizations, which may
account (at least in an averaged way) for such a correc-
tion, see below.

2 H. G. Fischer, private communication

On the other hand, relying only on contemporary data,
notably NA49, means having the invariant cross section
at only one point in

p
s, i.e. at one beam energy. Then,

in order to obtain the general cross section, one has to
supplement the data with some additional theoretical as-
sumption, such as the scaling hypothesis [24], namely
that the cross section only depends on pT and xR. While
this behaviour is expected to be approximately respected,
notably at high

p
s, its quantitative accuracy can only be

gauged by comparison with experimental data. For this
reason we decided to apply both strategies and to use
either fits or interpolations, to all datasets or to NA49
only, with or without the scaling hypothesis, to assess
the importance of these e↵ects.

C. Method

Our fits were performed with the MINUIT minimiza-
tion package. Let us denote with k = 1, . . . , L the di↵er-
ent experimental datasets, with ik the i-th point of the
dataset k and let C be the vector of the cross section
parameters. The fitting procedure consists of varying
the values of the cross section parameters C, comparing
the theoretical cross section F (sik , xik , pik ;C) with the
data fik(sik , xik , pik) and finally finding the minimum of
�

2(C) function defined below. This procedure gives the
best-fit configuration C

best

with the corresponding 1� er-
rors �C. We define the �

2(C) function to be minimised
in the fitting procedure in the following way:
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Xsec impact on background
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Xsec impact on DM bounds
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Impact on parameters reconstruction

Korsmeier, Cuoco, 1310.03071



Impact on parameters reconstruction
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Galactic transport models
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FIG. 2. (Color online) Fragmentation XS’s for 10B, 11B, 7Be, 9Be, and 10Be production from B-C-N-O collisions off hydrogen. The data
are from △: Read & Viola 1984 [21], !: Webber et al. 1998 [22], ": Webber et al. 1990 [23], !: Olson et al. 1983 [24], ⋆: Fontes 1977
[25], #: Korejwo 2000 [26], ♦: Korejwo et al. 2001 [27], %: Radin et al. 1979 [28], #: Ramaty et al. 1997 [29], ×: Webber et al. 1998
[30], ∗: Raisbeck1971 & Yiou 1971 [31]. The lines are from the WNEW (short-dashed), YIELDX (long-dashed), GALPROP (dotted), and
the XS’s determined in this work (thick solid lines) with their uncertainty band.
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FIG. 1. (Color online) Elemental ratios B/C (top) and Be/B (bot-
tom) from the reference model in comparison with the data [15–
20]. The yellow bands are the estimated nuclear uncertainties (from
Fig. 2). The red bands reflect the estimated parameter uncertain-
ties for anticipated AMS data (from Fig. 3).

tation rate is Γk→j = βkcnσi
k→j(E), where ni are the

number densities of the ISM nuclei (nH
∼=0.9 cm−3 and

nHe
∼=0.1 cm−3) and σi

k→j is the production XS off i-
type target at energy E. Under GALPROP, production
XS’s are evaluated from interpolation/fits to the data or
from nuclear codes, such as CEM2k or LAQGSM, eventually
normalized to the data [11–14].

Nuclear uncertainties — Data on isotopically sepa-
rated targets and fragments have been collected by sev-
eral experiments, but only in narrow energy ranges. A
compilation is shown in Fig. 2 for the production of 10B,
11B, 7Be, 9Be, and 10Be isotopes from fragmentation of
12C, 14,15N and 16O off hydrogen target at energy be-
tween 30MeV/n and 10GeV/n. For Be production, I
have also considered tertiary reactions such as B→Be,
i.e., those reactions where the progenitor nuclei are of
secondary origin. All these processes account for ! 90%
of the Be and B production. At energy above than a
few GeV/n, all the XS’s are nearly constant in energy.
The data in Fig. 2 are compared with XS parameteri-
zations from GALPROP and from the popular formulae
WNEW [32–34] and YIELDX [35]. Following earlier stud-
ies [36, 37], the XS uncertainties are determiend by a
re-fit of the GALPROP parameterizations σG(E) to the
data. For each reaction, the corresponding XS are fit
with the function σH(E) = aσG(bE), where a and b are
free parameters representing normalization and energy
scale. This procedure allows to determine a new set of
XS’s and their associated uncertainties corresponding to

one-sigma confidence intervals. The uncertainty bands
are shown in Fig. 2. The new XS’s are often close to the
original σG values, but the Be production in GALPROP

is found to be over-estimated by a few percent. Such
a Be overproduction was also reported in Aguilar et al.
[15]. The estimated XS errors have been converted into
uncertainties of the secondary/tertiary production terms
and then propagated at Earth. Typical uncertainties are
found to be ∼ 5% for B production and ∼ 7-10% for Be

production, with ∼ 10% for 10Be productions. The cor-
responding uncertainties in the B/C and Be/B ratios are
shown in Fig. 1 for the reference model (yellow bands).
Modeling the AMS performance — I consider the B/C

ratio at 2 - 200GeV/n and the Be/B ratio at 1 -
100GeV/n. For these ratios, I compute the anticipated
AMS data under the reference model. The number of
j–type particles detected by AMS in each energy bin is
estimated via the convolution of the CR flux with the
detector acceptance [38], ∆Nj =

!

ΦjGjTjdE, where Φj

is the input spectrum, Gj is the total detector accep-
tance and Tj is the effective exposure time for a to-
tal data taking period T0. All input spectra are solar-
modulated under the force-field approximation [39], us-
ing φ ∼= 550MV for the AMS observation period. I con-
sider the case of 10 bins per decade, log-uniformly spaced
in energy, and a total exposure of GT0

∼=100m2 sr day.
The effective exposure time must account for the geo-
magnetic field modulation which suppresses the Galactic
CR flux below the cut-off rigidity, RC ≈ 0.5–20GV, de-
pending on the detector location. I adopt the Störmer
model, RC(t) = 20GVρ−1(t)cos4θM(t) [40], where θM(t)
is the geomagnetic latitude and ρ(t) is the distance be-
tween AMS and the geomagnetic dipole center in units
of Earth’s radii. Their evolution depends on the ISS or-
bit around the Earth. The function Tj is computed as
Tj(E) =

!

T0
α(t)Hj(t, E)dt, where α ≈ 95% is the de-

tector live-time, and Hj(t, E) is the geomagnetic trans-
mission function, which is modeled as an R-dependent

smoothed step function, H =
"

1 + (R/RC)−12
#−1

. Its
particle-dependence arises from the conversion R → E,
while its time-dependence is contained in RC(t). The
integral Tj(E) has been numerically computed for all rel-
evant isotopes by simulating 23,000 ISS orbits with pe-
riod TISS = 91 min and inclination θISS =51.7◦. Sys-
tematic errors are assigned to be 1.5% for the B/C ratio
and 1% on the Be/B ratio, constant in the considered
energy range [7]. From the estimated counts, the statis-
tical errors associated with the B/C ratio are given by
1/

√
∆NB + 1/

√
∆NC, and similarly for the Be/B ratio.

III. RESULTS AND DISCUSSIONS

The AMS physics potential — The AMS capabilities
in constraining the model parameters are first estimated
without accounting for nuclear uncertainties. For this
purpose, I have performed a scan in the parameter space
D0 × L × vA by running GALPROP 3,420 times over a

Tomassetti, 1509.05776

nuclear uncertainties

and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by

!
B
C

"

i
¼ ΦB

i

ΦC
i
¼ NB

i

NC
i

!
AB
i

AC
i

ϵBi
ϵCi

"−1
: ð2Þ

In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.
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FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.

 [GeV/n]KE
1 10 210 310

B
/C

0.02

0.03

0.04
0.05

0.1

0.2

0.3

0.4

C2/HEAO3
Webber et al.
CRN/Spacelab2
AMS01
ATIC02
CREAM-I
TRACER
PAMELA
AMS02
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of Ref. [7].
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Impact through diffusion
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FIG. 3. (Color online) Top: estimation of the AMS capabilities in constraining the parameters D0, L, and vA with with the B/C and
Be/B ratios. Bottom: same as above after accounting for nuclear uncertainties in the Be-B production rates.

19 × 15 × 12 grid. The resulting spectra are then tri-
linearly interpolated to a 4× finer parameter grid, corre-
sponding to 187,245 models. Hence, the B/C ratio pre-
dicted by each model is tested against the artificial AMS

data (generated with the reference model of Fig. 1), us-
ing the χ2 method. The same procedure is done for Be/B
ratio and for the two combined ratios. The results of are
shown in Fig. 3, top panels, where the one-sigma contour
regions are plotted as 2D projections of the parameter
space. These regions are obtained from the χ2 surfaces
of the B/C ratio and of the B/C+Be/B combination. The
best-fit model on each plot (marked as “×”) always re-
covers the true reference model. The complementarity of
the two ratios in breaking the L-D0 degeneracy is appar-
ent. While the B/C ratio constrains the two parameters
into a tight region of the (L,D0) plane, only the combi-
nation B/C+Be/B allows to resolve their single values.
The Alfvén speed vA is well determined by means of
B/C data only. Tighter constraints be obtained using
data below 2GeV/n, provided that the solar modulation
effect is well modeled. The accuracy of the measured
parameters is δD0 ∼ 0.5 · 1028 cm2s−1, δL ∼ 0.5 kpc,
and δvA ∼ 2 km/s. This level of accuracy, from the esti-
mated AMS capability, would represent quite a significant
progress in CR propagation.
Impact of nuclear uncertainties — The models con-

strained by AMS are shown in Fig. 2 for both ratios (red
bands). As clear from the figure, nuclear uncertainties
(yellow bands) are dominating. In order to evaluate how
these uncertainties affect the parameter reconstruction,

I have repeated the parameter determination procedure
after accounting for the XS errors in the χ2 calculations.
The results are shown in the bottom panels of Fig. 3. In
comparison with the top panels, one can see that nuclear
uncertainties have a dramatic impact on the parameters
D0 and L. As shown in the figure, the D0/L degeneracy
remain essentially unresolved when the nuclear uncer-
tainties are taken into account. In fact, the information
needed to break the D0/L degeneracy is contained in the
10Be→10B decay which produces only small variations in
the Be/B ratio. Along with large uncertainties on the
10Be production, this information is also washed out by
uncertainties in the more abundant 7,9Be and 11B com-
ponents of the Be/B ratio. At this point one may argue
that a direct, ideal measurement of 10Be at∼ 1–10GeV/n
would bring tighter constraints. Thus, I have repeated
the calculations after considering XS uncertainties for the
10Be production only, i.e., assuming ideal knowledge of
the other isotopes and infinite precision measurements.
The sole uncertainties in the 10Be production would limit
the parameter reconstruction to δD0 ∼ 1.5 · 1028 cm2s−1

and δL ∼ 1.5 kpc. This still represents a poor parame-
ter determination in comparisons to the AMS potential.
Nonetheless, given the current level of nuclear uncertain-
ties, a direct measurement of 10Be flux (even if affected
a few % systematic errors) would probably bring better
information than a precise Be/B measurement.
Single-reaction XS bias — It is instructive to study

the dependence of the best-fit parameters on single XS

reactions. An example is the anti-correlation between
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Be/B ratios. Bottom: same as above after accounting for nuclear uncertainties in the Be-B production rates.
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the two ratios in breaking the L-D0 degeneracy is appar-
ent. While the B/C ratio constrains the two parameters
into a tight region of the (L,D0) plane, only the combi-
nation B/C+Be/B allows to resolve their single values.
The Alfvén speed vA is well determined by means of
B/C data only. Tighter constraints be obtained using
data below 2GeV/n, provided that the solar modulation
effect is well modeled. The accuracy of the measured
parameters is δD0 ∼ 0.5 · 1028 cm2s−1, δL ∼ 0.5 kpc,
and δvA ∼ 2 km/s. This level of accuracy, from the esti-
mated AMS capability, would represent quite a significant
progress in CR propagation.
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strained by AMS are shown in Fig. 2 for both ratios (red
bands). As clear from the figure, nuclear uncertainties
(yellow bands) are dominating. In order to evaluate how
these uncertainties affect the parameter reconstruction,

I have repeated the parameter determination procedure
after accounting for the XS errors in the χ2 calculations.
The results are shown in the bottom panels of Fig. 3. In
comparison with the top panels, one can see that nuclear
uncertainties have a dramatic impact on the parameters
D0 and L. As shown in the figure, the D0/L degeneracy
remain essentially unresolved when the nuclear uncer-
tainties are taken into account. In fact, the information
needed to break the D0/L degeneracy is contained in the
10Be→10B decay which produces only small variations in
the Be/B ratio. Along with large uncertainties on the
10Be production, this information is also washed out by
uncertainties in the more abundant 7,9Be and 11B com-
ponents of the Be/B ratio. At this point one may argue
that a direct, ideal measurement of 10Be at∼ 1–10GeV/n
would bring tighter constraints. Thus, I have repeated
the calculations after considering XS uncertainties for the
10Be production only, i.e., assuming ideal knowledge of
the other isotopes and infinite precision measurements.
The sole uncertainties in the 10Be production would limit
the parameter reconstruction to δD0 ∼ 1.5 · 1028 cm2s−1

and δL ∼ 1.5 kpc. This still represents a poor parame-
ter determination in comparisons to the AMS potential.
Nonetheless, given the current level of nuclear uncertain-
ties, a direct measurement of 10Be flux (even if affected
a few % systematic errors) would probably bring better
information than a precise Be/B measurement.
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Impact through diffusion
The ability to constrain transport parameters is especially 
important for the DM signal:
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Coalescence process
� “Isotropic model”: uncorrelated, independent (p,n) production

� “MC model”: event-by-event coalescence, correlations may be present
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Dependence on coalescence (DM)
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Monte Carlo differences
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Antideuteron background

Donato, NF, Maurin, PRD 78 (2008) 043506 

the value of p0 ¼ 79 MeV will be retained for both the
processes of hadronic and electroweak origin.

IV. SECONDARYANTIDEUTERONS

Secondary antideuterons are produced in the galactic
disk from the collisions of cosmic protons and helium
nuclei over the ISM. We evaluate here the !d propagated
fluxes as well as the nuclear and propagation uncertainties,
similarly to what was done for !p in Ref. [20].

A. Median flux

The secondary !d flux is the sum of the six contributions
corresponding to p, He and !p cosmic-ray fluxes impinging
on H and He IS gas (other reactions are negligible [8]). The
p and He fluxes were fitted on BESS [43] and AMS [44–
46] high energy data with a power law spectrum (see
details in Ref. [20]) "ðTÞ ¼ NðT=GeV=nÞ$!. The best fit
corresponds to Np ¼ 13249 m$2 s$1 sr$1 ðGeV=nÞ$1 and
!p ¼ 2:72, and NHe ¼ 721 m$2 s$1 sr$1 ðGeV=nÞ$1 and
!He ¼ 2:74. The uncertainty on these two fluxes is small
and leads to negligible uncertainties in the !p and !d spec-
trum. Contributions to the !d flux from !pþ H and !pþ He
reactions are evaluated using the !p flux calculated in the
same run. The production cross sections for these specific
processes are those given in Ref. [8].

The different contributions to the total secondary anti-
deuteron flux, calculated for the best-fit propagation con-
figuration (the ‘‘med’’ one in Table I), i.e.
K0 ¼ 0:0112 kpc2 Myr$1, L ¼ 4 kpc, Vc ¼ 10:5 km s$1

and Va ¼ 52:1 km s$1, are shown in Fig. 1. As expected,
the dominant production channel is the one from p$ p
collisions, followed by the one from cosmic protons on IS

helium (p-He). As shown in Ref. [8], the !pþ H channel is
dominant at low energies, and negligible beyond a few
GeV=n. The effect of energy losses, reacceleration and
tertiaries add up to replenish the low-energy tail. The
maximum of the flux reaches the value of 2 & 10$7 particles
ðm2 s sr GeV=nÞ$1 at 3–4 GeV=n. At 100 MeV=n it is
decreased by an order of magnitude, thus preserving an
interesting window for possible exotic contributions char-
acterized by a flatter spectrum.

B. Propagation uncertainties

For a determination of the propagation uncertainties, we
follow the same approach as in Ref. [20]. We calculate the
secondary antideuteron flux for all the propagation pa-
rameter combinations providing an acceptable fit to stable
nuclei [14]. The resulting envelope for the secondary anti-
deuteron flux is presented in Fig. 2. The solid lines delimit
the uncertainty band due to the degeneracy of the propa-
gation parameters: at energies below 1–2 GeV=n, the un-
certainty is 40–50% around the average flux, while at
10 GeV=n it decreases to '15%. This behavior is analo-
gous to that obtained for !p [20] and is easily understood.
The degenerate transport parameters combine to give the
same grammage in order to reproduce the B=C ratio.
Indeed, the grammage crossed by C to produce the sec-
ondary species B is also crossed by p and He to produce the
secondary !p and !d. In short, a similar propagation history
associated with a well constrained B=C ratio explains the
small uncertainty. With better measurement of B=C ex-
pected soon, e.g., from PAMELA [47] or TRACER [48],
this uncertainty will further decrease and could become
negligible.

FIG. 1 (color online). Contribution of all nuclear channels to
the !d secondary flux. Dashed lines, from top to bottom refer to
pþ H, pþ He, Heþ H, Heþ He. Dotted lines, from top to
bottom stand for !pþ H, !pþ He. The solid line stands for the
sum of all the components.

FIG. 2 (color online). Dominant uncertainties on the interstel-
lar secondary !d flux. Solid lines refer to the propagation uncer-
tainty band. Dotted lines refer to the nuclear uncertainty band.
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nuclear uncertainties

! !pp! !pX
NAR is the total inelastic scattering !pp ! !pX cross

section. This latter term involves the quantity "!p!T !p" in
the integrand, requiring a numerical method to be used to
solve Eq. (10). Following [1], the tertiary contribution on
He is taken into account assuming a mere scaling factor
42=3 to the corresponding cross section on hydrogen. The
factor of 2 in front of both terms in (11) takes into account
the !n (decaying into !p) production cross section, assuming
the !p and !n production cross sections are the same.

For antideuterons, the source terms are similar (with !p
labels changed to !d) with only the pp, pHe, and Hep
incoming channels for the production reaction (threshold
16mp for the pp incoming channel) taken into account
(heavier components neglected). The new contribution Qter

( !pp and !pHe, threshold 6mp), which was assumed to be
negligible in [2], was included here. In Qsec!T !d" the term
d!CRs#ISM=dT !d was evaluated by means of the coales-
cence models discussed in Sec. II A.

Note that for the primary fluxes of p and He, the pa-
rametrization provided by the AMS01 experiment was
used. Since the flux measurements of the BESS [9] and
AMS01 [5] experiments are now compatible, the primary
fluxes can then be considered as being a minor source of
uncertainty of the calculations [1].

1. The secondary source term

Figure 9 shows the various contributions to the source
term Qsec!T !p" as defined in relation (12) (independent of
any propagation model) for the antiproton (upper panel)
and antideuteron (lower panel) fluxes.

For the antiproton flux, the pp reaction contributes
about 56% to the !p production, the pHe up to 24%, the
Hep up to 12%, and the HeHe reaction up to 6%. The latter
has been evaluated by scaling the pp ! !pX cross section
using the same procedure as described in [63]. The reac-
tions p$ CNO and CNO$ p contribute to less than 2%,
while He$ CNO and CNO$ He have been neglected in
account of the very low CNO nuclei flux and IS density.
These components are compared in the figure to those
obtained in [1,62] using the cross sections calculated using
the DTUNUC event generator. At the production peak, for
pp and pHe reactions, the calculated yields are similar up
to 10%. There is a trend of the present calculations to
predict smaller cross sections than DTUNUC for particle
energies above a few GeV. In the low energy range Tkin &
1 GeV, it is seen in the figure that DTUNUC clearly
predicts a larger [62] or even much larger [1] target com-
positeness effect than in the present work, with a larger low
energy cross section calculated for composite targets !A %
4" than for the proton target. This difference would deserve
a further investigation both theoretical and experimental,
of the low energy !p yield in nuclear collisions. Note
however that for the pp induced yield, the present calcu-
lations predict a larger flux at very low energies than the
DTUNUC based calculations. It must also be remembered

that this energy range is marginally within the DTUNUC
domain of validity.

For the antideuterons (lower panel), the contributions
from the pp, pHe, and Hep collisions are peaked around
4 GeV/n and the obtained distributions display a similar
bell shape as obtained for the IS !p flux. This feature can be
easily explained qualitatively since the calculated distribu-
tions of the !d ( !p) fluxes are driven on the low energy side

FIG. 9. Source terms for antiproton and antideuteron particles
as defined in relation (11). Upper panel: Qsec for the antiproton
production from the present work (solid lines), compared with
the results from two different papers using the DTUNUC event
generator ([1]: dashed lines; and [62]: dotted lines). Note that the
curves taken from [62] (dotted lines) correspond to slightly
different H and He input fluxes compared with the two other
models presented. Lower panel: Qsec for the antideuteron pro-
duction for the different channels considered in this work. See
text for details.
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Antideuterons

GAPS: 3x35 days
AMS: 5 years

Signal: up to 10 events
Back: 0.05 events
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Positrons

828 T. Delahaye et al.: Galactic secondary positron flux at the Earth
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CAPRICE 94
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Fig. 6. Left: TOA and IS positron spectra for three different nuclear cross-section parameterizations: Kamae (solid), Badhwar (dashed) and Tan
& Ng (dotted). Right: TOA and IS positron spectra for two different proton fluxes: Shikaze (solid) and Donato (dashed). In all cases, diffusion
parameters are set to the MED case of Table 1.

should exhibit a spatial dependence. The positron source term
qe+ should vary accordingly inside the Galactic disk. The be-
havior of the proton and helium fluxes with radius r can be in-
ferred readily from their measured valuesΦ⊙(E) once the propa-
gation parameters are selected. This so-called retro-propagation
was implemented in the original B/C analysis by Maurin et al.
(2001). The radial variation in the proton flux is presented in
Fig. 7 for two quite different proton energies, and is found to be
significant. This is why we questioned the hypothesis of a ho-
mogeneous positron production throughout the disk and found
nevertheless that it remains viable in spite of the strong radial
dependence of Φ(r, E).

This is because positrons reaching the Earth were mostly cre-
ated locally, i.e., in a region in which the proton flux does not
differ significantly from the local value Φ⊙(E). We evaluated the
contribution to the total signal from a disk of radius rsource sur-
rounding the Earth, which was modeled with the source term

q source(r, E) = qe+(r, E) × Θ(rsource − r), (20)

where Θ(x) is the Heaviside function and r measures the ra-
dial distance from the Solar System. The positron flux yielded
by q source is φ⊙e+(rsource, E), whose contribution to the total sig-
nal φ⊙e+(E) is plotted in Fig. 8 as a function of rsource, for sev-
eral values of the positron energy E. Most of the positron signal
originates at short distances, especially at high energy. At 1 TeV,
more than 80% of the positrons are created within 1 kpc while
more than half of the 100 MeV positrons come from less than
2 kpc. Energy losses are indeed quite efficient. They reduce the
positron horizon strongly as the energy increases. This is why
the CR proton and helium fluxes are close to their solar values
when averaged over the positron horizon scale. Taking the retro-
propagation of projectile spectra into account has therefore little
effect on the positron flux, as is clear in Fig. 9.

4.2. Diffusive reacceleration and full energy losses

Space diffusion and energy losses through inverse Compton scat-
tering and synchrotron emission were the only processes that we

Fig. 7. Ratio of the proton flux at radius r to the solar value from Shikaze
et al. (2007). In this plot, retro-propagation has been taken into account,
and all propagation effects of the MED configuration (i.e., convective
wind, spallation, and diffusion) have been included. The dot refers to
the Solar System position in the Galaxy.

had considered. We had neglected many other mechanisms that
may also affect positron propagation. Galactic convection can
sweep cosmic rays out of the diffusive halo and is associated
with adiabatic energy losses. The drift of the magnetic turbulent
field with respect to the Galactic frame with velocity Va induces
both a diffusion in energy space and a reacceleration of parti-
cles. This so-called diffusive reacceleration was discussed in the
original analysis of Moskalenko & Strong (1998), but it does not
appear in the fitting formula proposed by Baltz & Edsjö (1999).
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Figure 3. Results of our simultaneous fit on the AMS-02 data for the electron flux (top left), positron
flux (top right), electron plus positron flux (bottom left) and positron fraction (bottom right). The
best fit model is represented by the solid black line, and is embedded in its 3� uncertainty band (cyan
strip). In each panel, the dot-dashed yellow line represents the electron flux from the far (>3 kpc)
SNR population, the dotted green line the electrons from the local SNRs, while the short dashed blue
line describes the positron and electron flux from PWN and the long dashed red takes into account
the secondary contribution to both electron and positron flux. The fit is performed on all the AMS-02
data simultaneously. Together with our theoretical model, data from AMS-02 [6–8], Fermi-LAT [4, 5],
Pamela [1–3], Heat [182–185], Caprice [186, 187], Bets [188, 189] and Hess experiments [46, 190] are
reported. Long-dashed lines report the corresponding interstellar fluxes, before solar modulation.

We derive the secondary and PWNs production of positrons considering theMIN, MED,
MAX propagation models and fit the measured spectrum of positrons with the Fisk potential
�, the e�ciency ⌘ and the index �PWN for PWN as free parameters. We have allowed the Fisk
potential to vary in the range (0.6, 1.0) GV, in accordance to results1 of combined analysis of
proton and helium spectra correlated with neutron monitors data [191, 192], and compatible
with our determination for the AMS-02 data taking period derived in section 2.3 with the fit
on AMS-02 proton and helium fluxes.

The positron spectra are displayed in figure 4 for MIN, MED and MAX models, and for
the secondary, PWNs and total spectra. The best fit values for the Fisk potential are 0.6, 0.77
and 1.0 GV, for the PWNs e�ciency 0.011, 0.032 and 0.087 while for �PWN are 1.43, 1.90 and
2.08 for the MIN, MED, MAX respectively. Notice that in the case of MIN and MAX the
Fisk potential best fit values are the minimal and maximal allowed in this analysis. The best-
fit chi-squared is for 56 data points and 3 degrees of freedom �

2
/d.o.f. = {2.43, 0.66, 4.62} for

1
http://cosmicrays.oulu.fi/phi/Phi mon.txt.
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Conclusions
DM signal relevant energies: T/n in (100 MeV, few TeV)

DM signal predictions rely on:
- MC simulations
- Theoretical modeling (e.g. coalescence)

Nuclear interactions: direct/indirect impact on DM studies 

Leverage to identify a DM signal (or set accurate bounds) 
requires predictions of signal/background at a new level:

Data:   few % Theory:   tens of %

tuned on
accelerator data

p+N ! (...)

N +N ! (...)

p̄+N ! (...)

p+ p ! (...)

p+He ! (...)

He+ p ! (...)

He+He ! (...)

background
transport


