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Abstract. Using the updated proton and helium fluxes just released by the Ams-02
experiment we reevaluate the secondary astrophysical antiproton to proton ratio and its
uncertainties, and compare it with the ratio preliminarly reported by AMs-02. We find no
unambiguous evidence for a significant excess with respect to expectations. Yet, some preference
for a flatter energy dependence of the diffusion coefficient (with respect to the MED benchmark
often used in the literature) starts to emerge. Finally, we provide a first assessment of the room
left for exotic components such as Galactic Dark Matter annihilation, deriving new stringent
constraints.

1. Introduction

The evidence for Dark Matter (DM) comes nowadays from a number of different astrophysical
and cosmological probes, sensitive to its gravitational effects. However, we are still eagerly
awaiting an explicit manifestation of DM. A possibility would be to detect anomalous fluxes
of cosmic rays (charged antimatter, photons, neutrinos...), which is the aim of the so-called
Indirect Detection strategy. Such anomalous fluxes could indeed originate from DM pair
annihilations or decays in the Milky Way halo, subsequently propagated to us within the Galactic
environment. In particular, antiprotons (p’s) are a sensitive probe for DM [1, 2, 3, 4, 5, 6].
An intrinsic reason is that the production of p’s is rather universal in DM models: as long
as DM particles annihilate or decay into quarks or gauge bosons, p copiously emerge from
the hadronization process. Other reasons are that the determination of the astrophysical
background is relatively under control (at least if compared to other channels) and that the
Galactic propagation of p’s can be better modeled than the one of other charged particles. The
Awms-02 Collaboration has now presented its preliminary measurements of the p/p ratio [7], with
an improved statistical precision and energy range extending to 450 GeV. In this context, it is
clearly timely to refine previous predictions of p production from astrophysics and from DM,
in order to obtain fluxes as accurate as possible to be compared with the precise data. This is
what we describe here, based on [15, 21]. In addition, AMs-02 has published the measurement
of the proton (p) spectrum [8] and presented the measurement of the helium («) one [7]. This
is important for our purposes since the p and a spectra are crucial input ingredients in the
computation of the secondary p flux, which is the minimal astrophysical p background for
indirect DM searches. However, the reach of any search for exotic physics is limited by the
astrophysical uncertainties affecting the production and the propagation processes of cosmic
p’s in the Galaxy and in the solar system. Indeed, while the basic processes involved in the
production and propagation of CR p’s are rather well understood, the detailed parameters
entering in such processes are far from being well determined. The p production, propagation
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and Solar modulation uncertainties can have a large impact on both the astrophysical and (in
particular) the DM signal. We present the state-of-the-art astrophysical p background, carefully
appraising the related uncertainties. Then, taking into account such uncertainties, we assess
what can be said on the room left for a DM signal, and what can not.

2. Antiproton propagation in the Galaxy

Antiprotons are deflected by the Galactic magnetic field and their transport may be seen as a
diffusion process where the irregularities of this turbulent field play the role of scattering centers.
In full generality, the master equation for the energy and space distribution function f = dn/dT
of charged cosmic rays can be written as

o K)VAF + 3 fsgn(a) Vi + o {0~ KD 0 =0 ()
The first term on the left hand side (1.h.s) is set to zero since one is interested in steady state
conditions. The second term accounts for space diffusion and, for p’s, can be simply modeled as
K(T) = Ko f(q/GeV)? in terms of the kinetic energy T and the momentum ¢ of the particle.
The parameters Ky and ¢ set the normalization and momentum dependence. The third term
corresponds to the convective processes, with characteristic velocity Veonv, which originate in
the disk and tend to push vertically outwards (hence the z gradient) the p fluxes. The resulting
Galactic wind reaches its nominal value of +V,.,, right outside the disk, assumed here to be
infinitely thin. The fourth term (inside the energy derivative) accounts for energy losses, which
are in general energy and space dependent. The thin disk approximation leads to express b( K, &)
as 2hd(z) b(T'), where h = 100 pc is the half-height of the disk. Three processes of energy loss are
encoded in the negative coefficient b. First, p’s undergo ionization losses in the interstellar neutral
matter. Then, Coulomb energy losses take place on the fraction of the interstellar medium (ISM)
that is completely ionized. That mechanism is dominated by scatterings on thermal electrons.
Finally, convective processes also induce a loss of energy through the conservation of the CR
density in phase-space. The last term on the l.h.s. represents diffusive reacceleration. This
mechanism is produced by the drift with velocity v, of the diffusion centers, i.e. the knots of
the turbulent Galactic magnetic field. This yields a second order Fermi acceleration which boils
down to a diffusion in energy space. On the right hand side, the equation features the source
term (), which can contain different contributions. The spallation of high-energy cosmic rays on
the interstellar gas produces p’s (so called ‘secondary’) which are the source of the astrophysical
background. The annihilations or decays of DM produce (so called ‘primary’) p’s. @ contains
also a sink term, due to the annihilations of the p’s on the interstellar gas. Last but not least,
@ contains a source term (or rather ‘recycling’ term) corresponding to tertiary p’s. This term
identifies the particles emerging from inelastic and non-annihilating interactions of primary or
secondary p’s on the ISM. A p can collide on a proton at rest and transfer enough energy to excite
it as a A resonance. The p typically loses a fraction of its energy and is effectively reinjected
in the flux with a degraded momentum, flattening their spectrum as first remarked in [9]. In
order to solve the transport equation (1), we model the magnetic halo of the Milky Way by a
flat cylinder with half-height L and radius R = 20 kpc, inside which cosmic rays diffuse. The
Galactic disk lies in the middle at z = 0 and is assumed to be infinitely thin as discussed above.
The CR densities f = dn/dT are assumed to be axi-symmetric. The transport equation is solved
using Bessel expansion and the p flux at the Earth is derived as explained in [10, 11]. Energy
losses (including the tertiary component) and diffusive reacceleration (denoted 'ELDR’ in the
following) are generally neglected for p flux calculation. We nevertheless fully included them in
our detailed analyses. Finally, p’s have to penetrate into the heliosphere, where they are subject
to the phenomenon of Solar modulation (SMod). We describe this process in the usual force
field approximation [12], parameterized by the Fisk potential ¢, expressed in GV.
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3. Updated astrophysical background with AMS-02 data and uncertainties

The astrophysical p background is produced by the collisions of high-energy p and « on the ISM,
which is assumed here to be mostly composed of hydrogen and helium. The main ingredients
of the computation for the astrophysical p source term are: i) the injection p and « primary
fluxes from Galactic sources, ii) the collision cross sections, iii) the propagation details. For the
p and « spectra needed in i), we use the data that have just been released by AmMs-02 [8, 7].
The spectra are measured up to a rigidity of 1.8 and 3 TV for p and a nuclei, respectively, and
they cannot be described by a single power law: a hardening at energies higher than ~300 GV
is observed for both. In practice, we perform our own fits of the AMS-02 data points. The value
of the Fisk potential which gives the best x? for our fits is ¢ = 0.62 GV, the upper bound of
the interval set in [8]. The uncertainties on the slope of the p and « spectra at high energies,
A%, «, induce the purple uncertainty band on the predicted astrophysical p/p ratio of Fig. 1.
For the production processes we need the cross sections opH—pX, OpHe—pX, TaH—pX> TaHe—spX,
where the first index refers to the impinger primary CR while the second one to the target
interstellar material. For o,pn, we still use the parameterization recently proposed in [13]. On
the basis of isospin symmetry, one would consider the production cross section for antineutrons
(e.g. opn—nx and the others) as equal to those for p’s; the antineutrons then rapidly decay
and provide an exact factor of 2 in the p flux. However, as pointed out in [13, 17] and as
already implemented in [15], it may be that this naive scaling does not apply and that the
antineutron cross section is larger by up to 50% with respect to the p one. All these cumulated
effects contribute to the red uncertainty band for the astrophysical p/p ratio in the left panel of
Fig. 1. Once produced, p’s have to propagate in the local Galactic environment before they are
collected at the Earth. The propagation parameters governing diffusion and convection are as
usual codified in the MIN, MED and MAX sets [18]. Note that these have not (yet) been revised
in the light of recent secondary data such as the preliminary B/C ratio of AMs-02, thus the
viability of these predictions for the p/p ratio (which extends for instance to higher energies) is
not trivially expected to hold. In left panel of Fig. 1, the yellow band shows the impact of the
propagation uncertainty. Finally, the value taken by ¢p is uncertain, as it depends on several
complex parameters of the Solar activity and therefore ultimately on the epoch of observation.
In order to be conservative, we let ¢ vary in a wide interval roughly centered around the
value of the fixed Fisk potential for protons ¢%. (analogously to what was done in [19], approach
‘B’). Namely, ¢p = [0.3,1.0] GV =~ ¢4, £ 50% ¢%.. The green band in the left panel of Fig. 1
shows this uncertainty. We add in the left panel of Fig. 1 the new (preliminary) AMs-02 data.
The crucial observation is that the astrophysical flux, with its cumulated uncertainties, can
reasonably well explain the new datapoints. Thus, our first —and arguably most important—
conclusion is that, contrary to the leptonic case, there is no clear antiproton excess that can be
identified in the first place, and thus, at this stage, no real need for primary sources. This also
means that, at least qualitatively, one expects a limited room left for exotic components, such
as DM. In order to compute constraints on DM properties, we have to identify specific sets of
astrophysical parameters to describe the background. We fix in turn MiN, MED and MAX and
we vary the Solar modulation potential in the given interval. We model the uncertainties of the
production cross sections term by allowing a renormalization of the background with an energy
dependence and an amplitude A. With this strategy, we look for the best fitting values of the
amplitude A and of the potential ¢r. We find that the MIN propagation scheme predicts an
astrophysical background that can not reproduce the new p/p data points above 30 GeV. The
MED scheme provides a barely decent fit (still good up to ~ 30 GeV but rapidly degrading after)
while choosing MAX the data can be well explained across the whole range of energies. This is
our second conclusion: the preliminary p/p AMs-02 data seem to prefer a model, such as MAX,
characterized by a relatively mild energy dependence of the diffusion coefficient at high energies.
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4. Constraints on dark matter
Primary p’s originate from DM annihilations in each point of the galactic halo. Hence they
constitute, for the purpose of the transport equation (1), a source term ) which reads

w1/ 2 dN}
prim __ ann ann __ § p
p - 5 <MDM) inj » inj — - <JU>f dK . (2)

The above formula shows the well known factorization of the source term in a portion that
depends essentially on astrophysics (the DM density distribution p) and in a portion (fi5") that
depends on the particle physics model. Here dN;/dT are the p spectra per single annihilation or
decay event and f runs over all the channels with p in the final state, with the respective
thermal averaged cross sections ov. For additional details, we refer to [16]. We can now
compute the constraints in the usual plane ‘mass mpy vs. thermally averaged annihilation
cross section (ov)’. We refer to [15] for a detailed discussion of the practical procedure. The
results that we obtain with this strategy are presented in the right panel of Fig. 1. We fix a
benchmark DM profile (Einasto) and the MED propagation model, and show the constraints
for the different particle physics channels. We see for example that the thermal annihilation
cross section (ov) = 3 X 10726 cm3s™! now crosses the exclusion line for mpy ~ 150 GeV for
the bb channel. Then, we explore the impact of changing the propagation parameters or the
DM distribution. As already highlighted several times in the literature, the effect is sizable and
can reach a factor of up to an order of magnitude. Of course, as MAX maximizes by definition
the DM p yield, its constraints are much stronger than those of the MED case. Turning the
argument around, if the preference for M AX-like propagation schemes hinted at by preliminary
AMs-02 data is confirmed, AMs-02 itself has the unprecedented capability to exclude mpy <
250 GeV for thermal annihilation cross section in the bb channel.
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Figure 1. Left: The combined total uncertainty on the predicted secondary p/p ratio, superimposed to
the older PAMELA data [14] and the new AMS-02 data. The curve labelled ‘fiducial’” assumes the reference
values for the different contributions to the uncertainties: best fit p and « fluxes, central values for the
cross sections, MED propagation and central value for the Fisk potential. We stress however that the
whole uncertainty band can be spanned within the errors. Right: Estimated constraints on annihilating
DM from the p/p ratio measurements by AMS-02 for different annihilation channels. The areas above
the curves are excluded. An illustration of the impact of DM-related astrophysical uncertainties on the
constraint for the bb channel is given by the span of the shaded band when varying the propagation
parameters (dashed line) or the halo profile (solid line).



XIV International Conference on Topics in Astroparticle and Underground Physics (TAUP 2015) IOP Publishing
Journal of Physics: Conference Series 718 (2016) 042006 doi:10.1088/1742-6596/718/4/042006

5. Conclusion

In the light of the new p flux published by AMs-02 and the preliminary Ams-02 results presented
on the o flux as well as the p/p ratio, and using the new results of the p production cross
sections, we have re-evaluated the secondary astrophysical predictions for the p/p ratio. We
have accounted for the different sources of uncertainties: namely on the injection fluxes, on the
production cross sections, on the propagation process and those connected to Solar modulation.
Our first and main result is that there is no unambiguous p excess that can be identified in
the first place, and thus, at this stage, no real need for primary sources of p’s. Within errors,
secondary astrophysical production alone can account for the data. We find that the data seem
to prefer a model, such as MAX, characterized by a relatively mild energy dependence of the
diffusion coefficient at high energies. An important application concerns updated constraints on
DM: within the framework of the propagation schemes, we derive bounds that are more stringent
by about one order of magnitude with respect to the previous ones [3, 15] (based on PAMELA
data). Of course, this analysis is very preliminary and there is still room for improvements.
First and foremost, the release of the final p/p measurement with systematic and statistical
errors fully accounted for. Yet, even a preliminary analysis allows to show that p’s confirm
themselves as a very powerful probe for CR physics and for DM in particular. In this context,
while follow-up releases of p data (e.g. pure fluxes, extended energy range or enlarged statistics)
will obviously be welcome, it is urgent to first address one of the main current limitations in the
field of charged CRs, namely the determination of the propagation parameters. Only then will
it be possible to assess whether or not excesses are present in p data, although identifying their
origin will remain very challenging [20].
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