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The latest years have seen steady progresses in WIMP dark matter (DM) sear
hes, with hints of

possible signals suggested both in dire
t and indire
t dete
tion. Antiprotons play a key role in this


ontext, sin
e WIMP annihilations 
an be a 
opious sour
e of antiprotons, and the antiproton 
ux

from 
onventional astrophysi
al sour
es is predi
ted with fair a

ura
y and mat
hes the measured


osmi
 ray (CR) spe
trum very well. Using the publi
ly available numeri
al DRAGON 
ode, we

re
onsider antiprotons as a tool to set 
onstraints on DM models; we 
ompare against the most up-

to-date �pmeasurements, taking also into a

ount the latest spe
tral information on the p andHe CR


uxes. In parti
ular, we probe 
arefully the un
ertainties asso
iated to both standard astrophysi
al

and DM originated antiprotons, by using a variety of distin
tively di�erent assumptions for the

propagation of CRs and for the DM distribution in the Galaxy. We �nd that the impa
t of the

astrophysi
al un
ertainties on 
onstraining the DM properties of a wide 
lass of annihilating DM

models 
an be mu
h stronger, up to a fa
tor of � 50, than the one due to un
ertainties on the DM

distribution (� 2� 6). Remarkably, even redu
ing the un
ertainties on the propagation parameters

derived by lo
al observables, non-lo
al e�e
ts 
an 
hange our predi
tions for the 
onstraints even

by 50%. Nevertheless, 
urrent �p data 
an pla
e tight 
onstraints on DM models, ex
luding some of

those suggested in 
onne
tion with indire
t and dire
t sear
hes. Finally we dis
uss the impa
t of

up
oming CR spe
tral data from the AMS-02 instrument on DM model 
onstraints.

Keywords: gala
ti
 
osmi
 rays; antiprotons; wimp dark matter; dark matter 
onstraints

I. INTRODUCTION

The identi�
ation of the nature of dark matter (DM) in the Universe remains an unsolved problem. Assuming

that DM is made of elementary parti
les, there is unfortunately very s
ar
e information on their properties one 
an

dedu
e from the very ri
h observational eviden
e a

umulated from 
osmologi
al and astrophysi
al measurements, on

s
ales ranging from the size of the visible Universe down to subgala
ti
 environments (for a re
ent review on the DM

problem, see, e.g., [1℄). While one 
an ex
lude that DM is ele
tri
ally 
harged, baryoni
 or hot, hen
e pre
luding the

possibility that the standard model (SM) of parti
le physi
s embeds a DM 
andidate, there are very loose 
onstraints

one 
an derive on the mass s
ale of DM parti
les and their intera
tion strength with SM states, the two key elements

to address the DM dete
tion puzzle. The main guideline has then been to fo
us on 
lasses of DM 
andidates whi
h

are motivated by a natural me
hanism for their generation in the early Universe; in this respe
t, weakly intera
tive

massive parti
les (WIMPs) are surely among the leading DM 
andidates. As a rule of thumb, a parti
le with mass in

the range between a few GeV and a few TeV has a thermal reli
 density whi
h is naturally at the level of the measured


osmologi
al density if its 
oupling to the SM hot plasma is of weak intera
tion type. The reli
 abundan
e s
ales

approximately with the inverse of the thermally averaged pair annihilation 
ross se
tion into lighter SM parti
les, and

it typi
ally takes the 
orre
t value when this is about 3� 10

�26


m

3

s

�1

.

The density of WIMPs in today's halos is mu
h smaller than in the early Universe. However there is still a (small but

�nite) probability for WIMPs to annihilate in pairs and give rise to dete
table SM yields. Su
h indire
t DM dete
tion

�
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has re
eived a lot of attention in the re
ent years in 
onne
tion with the wealth of new data that have be
ome

available, espe
ially with the new generation of 
osmi
- and gamma-ray dete
tors. Most notably, there have been

a few 
ases in whi
h possible dis
repan
ies between data and expe
tations from standard astrophysi
al 
omponents

have led to spe
ulations that an extra 
omponent due to DM may have been dete
ted: e.g., PAMELA has dete
ted

a rise in the positron fra
tion [2℄ at energies above about 10 GeV, a result whi
h has been very re
ently 
on�rmed

by the preliminary analysis by the Fermi 
ollaboration [3℄. Also, an ex
ess of gamma-rays has been suggested in an

analysis of the Fermi-LAT data in the Gala
ti
 
enter region [4℄. Cross 
orrelations with indire
t dete
tion 
hannels

of a possible dete
tion of WIMP s
atterings in the dire
t dete
tion experiments DAMA-LIBRA [5℄ and CoGeNT [6, 7℄

have also been studied.

Within su
h a ri
h indire
t dete
tion program, the role of antiproton measurements has been and remains a major

one. There are several aspe
ts why this is the 
ase. First of all, in a \demo
rati
" WIMP model, namely a s
enario in

whi
h hadron produ
tion in WIMP pair annihilation is not forbidden either by kinemati
s or some symmetry enfor
ing

WIMPs to be 
oupled with leptons only, the ratio between DM signal and ba
kground from standard astrophysi
al

sour
es is usually mu
h larger in the antiproton 
hannel with respe
t to all other indire
t dete
tion methods. A

se
ond aspe
t regards the fa
t that the theoreti
al predi
tion for the ba
kground 
omponent is fairly under 
ontrol:

the produ
tion of se
ondary antiprotons from the intera
tion of primary 
osmi
 rays (CRs) with the interstellar

medium and, subsequently, their propagation in the Galaxy have to be modeled in 
lose analogy to se
ondary versus

primary CR nu
lei, su
h as boron versus 
arbon. On
e a given phenomenologi
al model is tuned to reprodu
e the

latter, the spread in predi
tions for the antiproton 
ux is modest. This feature, whi
h has already been dis
ussed,

e.g., in Refs. [8, 9℄, will be illustrated in further details in this analysis 
onsidering a set of radi
ally di�erent physi
al

propagation setups.

A further aspe
t making, in prin
iple, the antiproton 
hannel appealing for indire
t DM dete
tion, is the fa
t that

ba
kground and signal should show readily distinguishable spe
tral features: By kinemati
s, the se
ondary antiproton

sour
e fun
tion is sharply suppressed at small energies, making the ba
kground 
ux peak at a 
ouple of GeV in

kineti
 energy; at higher energies the 
ux settles on a given spe
tral index, as mainly determined by the spe
tral

index of the primaries and by the dependen
e on rigidity of the spatial di�usion 
oeÆ
ient. On the other hand,

the produ
tion of low energy antiprotons is not inhibited in DM annihilations, as well as the DM sour
e fun
tion


annot be 
hara
terized by an inje
tion power law, but rather as a 
as
ade from a single energy s
ale, the mass of the

annihilating nonrelativisti
 WIMPs. This will result in a signal with a very broad shape spe
trum.

1

The balloon 
ampaigns by the BESS dete
tor [10{12℄ and, even more, the re
ent measurements by the PAMELA

satellite [13℄ have provided fairly good-pre
ision antiproton data at energies up to about 180 GeV. A further im-

provement is soon expe
ted from the AMS-02 observatory [14, 15℄ on the International Spa
e Station. The 
urrently

available data indi
ate quite 
learly that the bulk of the lo
al antiproton 
ux is due to se
ondaries: there is a 
lose

mat
h with the spe
tral features outlined above for this 
omponent, and the normalization of the 
ux is in good agree-

ment with the predi
tions within standard CR models �tting se
ondary and primary CR nu
lei. Already at present,

the data are very powerful to set 
onstraints on WIMP models, while it is expe
ted that the quality of the data whi
h

will be available in the near future will allow to sear
h for slight spe
tral distortions to be eventually asso
iated to

a DM 
omponent. It is then timely to re
onsider the 
omputation of the antiproton DM signal, dis
ussing in detail

the un
ertainties involved. Proposed as a signal about 3 de
ades ago [16, 17℄, the DM indu
ed antiproton 
ux has

been 
omputed with di�erent level of sophisti
ation. In the �rst works the antiproton propagation was treated within

the leaky box model, later more realisti
 two-dimensional di�usion models were implemented (early works in
lude,

e.g., [18, 19℄). Under a set of simplifying assumptions (di�usion 
oeÆ
ient and 
onve
tive winds taken as spatially


onstant, energy losses and rea

eleration e�e
ts 
on�ned in an in�nitely thin dis
 with 
onstant gas density) the

di�usion equation admits a semianalyti
 solution in the two-dimensional model; this solution is very useful to study

systemati
ally the very large parameter spa
e of the model. For a more realisti
 des
ription of the Galaxy however

one needs to implement numeri
al solutions to the propagation equation, as done, e.g., in GALPROP or DRAGON.

While the issue of un
ertainties on the antiproton DM signals has been studied in some details within semianalyti


models (see, e.g., [8, 20{22℄), we present here an extensive study performed with the fully numeri
al approa
h. The

approa
h we follow is to introdu
e a set of rather diverse (and in some aspe
ts extreme) s
enarios for the propagation

of CRs, setting their properties by �xing some of the parameters in the model, su
h as the verti
al s
ale for the

di�usion 
oeÆ
ient, or its s
aling in rigidity, or the strength of the 
onve
tive winds. In ea
h s
enario, using a

multidimensional minimization pro
edure, the additional parameters of the model are �tted against data on the lo
al

1

The e�e
t of inelasti
 but non-annihilating s
attering of antiprotons with the gas in the interstellar medium, with the produ
tion of the

so-
alled tertiary antiproton 
omponent, tends a
tually to 
atten both the astrophysi
al and DM spe
tra, thereby broadening the peaked

shape of the astrophysi
al antiproton spe
trum and making this argument somewhat looser. However, the qualitative expe
tations from

this shape argument are preserved, as it will be 
lear in the following.
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proton 
ux (in
luding the re
ent data from PAMELA) and the boron to 
arbon ratio. A predi
tion is then obtained

for the ba
kground antiproton 
ux, �nding that all models reprodu
e the data fairly well.

However, the propagation models that we have introdu
ed have rather diverse properties on a global s
ale. There-

fore, given that the sour
e distribution from DM originated CRs is signi�
antly di�erent from that of more 
onventional

CR sour
es (for whi
h we �t the propagation properties to the CR data), the impa
t of the model on the lo
al DM-

indu
ed 
ux 
an be dramati
, hen
e introdu
ing rather large un
ertainties in their predi
tions, as we will dis
uss in

this work. While this was already shown with semianalyti
al models [see e.g. 23℄, the numeri
al approa
h allows to

quantify the relative un
ertainties in a more general framework.

Moreover, even larger un
ertainties 
an be introdu
ed (and it will be dis
ussed here) when 
onsidering nonstandard

propagation models, in whi
h some physi
al pro
esses (e.g., di�usion, or 
onve
tion) do not happen uniformly in the

gala
ti
 plane, but depend on position.

In this paper we do not 
onsider astrophysi
al un
ertainties whi
h may arise from se
ondary antiproton produ
tion

in the SNR surroundings as pointed out in [24℄ and (like TeV s
ale DM) 
ould 
ause a hardening of the antiproton

spe
trum above 100 GeV.

This paper is organized as follows: in Se
. II we introdu
e the DM s
enarios we wish to address. In Se
. III we brie
y

introdu
e the CR propagation models and the tools we use to solve numeri
ally the CR propagation equation, namely

the DRAGON 
ode [25℄. We then de�ne a range of propagation frameworks and their impa
t on the antiproton 
ux.

In Se
. IV we dis
uss in detail the issue of lo
ality in the se
ondary and DM-indu
ed sour
e fun
tions with respe
t

to the lo
ally measured antiproton 
ux; This gives a guideline for a more exoti
 propagation model that one 
ould


onsider to maximize the impa
t on the DM 
omponent, as dis
ussed in Se
. VI. In Se
. V we dis
uss 
onstraints

on our sele
ted models within the CR propagation models introdu
ed, while in Se
. VII we 
ompare with previous

results and dis
uss future perspe
tives. Se
tion VIII is devoted to our �nal 
omments and 
on
lusions.

II. DARK MATTER MODELS

There are numerous beyond SM s
enarios embedding a WIMP DM 
andidate. Rather than studying general


lasses of models over ex
eedingly large parameter spa
es, we 
hose here to fo
us on three sample 
ases whi
h have

been re
ently investigated in 
onne
tion to hints of DM signals in other dete
tion 
hannels, but potentially giving

a sizable antiproton 
ux as well. These sample 
ases are also representative of three di�erent WIMP mass regimes,

ranging from fairly light models to multi-TeV DM, and are thus sensitive to di�erent parts of the measured antiproton

spe
trum. Sin
e the di�erent assumptions on the gala
ti
 CR propagation model in
uen
e di�erently low- or high-

energy antiprotons, these three mass ranges are useful to illustrate the dependen
e of the DM signal on propagation.

A. Nonthermal Wino dark matter

As a �rst test 
ase, we 
onsider a pure Wino within the minimal supersymmetri
 extension to the standard model

(MSSM). The Wino is a spin 1/2 Majorana fermion, superpartner of the neutral SU(2)

L

gauge boson and one of

the four intera
tion eigenstates whose superposition give rise to the four neutralino mass eigenstates in the MSSM;

we will 
onsider it in the limit when the Wino mass parameter, usually indi
ated as M

2

, is mu
h lighter than the

other supersymmetry (SUSY) mass parameters, so that intera
tion and mass eigenstates 
oin
ide and the Wino is the

lightest SUSY parti
le (LSP) and, in a R-parity 
onserving SUSY model, stable. Examples of theories whi
h predi
t

or 
an embed a low-energy spe
trum with a Wino LSP are, e.g., the anomaly mediated SUSY breaking s
enario [26℄

and the G2-MSSM [27℄. If kinemati
ally allowed, the Wino pair annihilation is dominated by the W boson �nal state,

driven by the ex
hange in the t- and u-
hannel of a Wino-like 
hargino whi
h, in the pure Wino limit, has also a mass

equal to M

2

, up to a very small mass splitting indu
ed by radiative 
orre
tions. Negle
ting this small 
orre
tion, the

tree-level 
ross se
tion for

~

W

0

~

W

0

!W

+

W

�

in the nonrelativisti
 limit is given by (see, e.g., [28℄):

h�vi

v!0

=

g

4

2

2�

1

m

2

�

(1�m

2

W

=m

2

�

)

3=2

(2�m

2

W

=m

2

�

)

2

; (1)

where m

�

=M

2

is the Wino mass, m

W

the mass of the W boson and g

2

the gauge 
oupling 
onstant of SU(2)

L

. We

will fo
us on 
ases with m

�

in the few hundred GeV range; for su
h masses, h�vi is mu
h larger than the nominal

value of about 3�10

�26


m

3

s

�1

for thermal reli
 WIMPs (a
tually, in this example, this simpli�ed estimate does not

hold sin
e 
hargino 
oannihilation e�e
ts are important, see, e.g., [29℄; Sommerfeld enhan
ements, namely long-range

e�e
ts mediated by SU(2)

L

bosons, are instead relevant only for mu
h heavier Winos, see, e.g., [30, 31℄). Although

the thermal reli
 
omponent is small, this 
ould still be a viable DM model if Winos are generated nonthermally in
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the out-of-equilibrium de
ay of heavy �elds, like gravitinos or weakly 
oupled moduli, see, e.g., [28, 32{35℄. In this


ase the reli
 density depends on the indu
ed reheating temperature and, possibly, on the bran
hing ratio of the de
ay

into Winos, two quantities that are in turn de�ned by se
tors of the theory we did not spe
ify. We will simply assume

that they 
an be adjusted in su
h way that any Wino of given mass 
an be regarded as a good DM 
andidate. Results

will also be dis
ussed in the more general s
enario in whi
h m

�

and h�vi are assumed as free parameters, but still

restri
ting to the 
ase of W boson as dominant annihilation 
hannel.

The re
ent interest in this model has been stimulated, besides its pe
uliar signatures at the LHC, by the 
laim [36, 37℄

that a Wino with mass of about 200 GeV 
an explain the rise dete
ted by PAMELA in the positron fra
tion [2℄. This

interpretation is 
ontroversial sin
e the positron ex
ess that it 
an indeed indu
e 
omes together with a rather 
opious

antiproton yield. It has been shown that under \standard" assumptions for 
osmi
-ray propagation and for the dark

matter distribution in the Galaxy, the 
orrelation between the leptoni
 and hadroni
 yield of this 
hannel implies

that the interpretation of the PAMELA positron data in terms of WIMP annihilating into W

+

W

�

is ex
luded for

WIMP masses lighter than a few TeV by the nonobservation of an antiproton ex
ess by PAMELA and in previous

antiproton measurements, see, e.g., [22, 38, 39℄. In [37℄ three main arguments are given to disregard the antiproton

bound: (i) Sin
e the positrons from Wino annihilation have, on average, higher energies 
ompared to antiprotons,

it should be possible to �nd some nonstandard energy-dependent propagation setup suppressing the DM-indu
ed

antiproton 
ux, while not a�e
ting the positron signal; (ii) The ex
ess in the antiproton 
ux may stem from a gross

overestimation of the se
ondary antiproton 
omponent, while it should be plausible to introdu
e a model in whi
h

the se
ondary 
omponent is subdominant with respe
t to the DM 
omponent, with the latter a

ounting for the bulk

of lo
ally measured antiproton 
ux; (iii) Assuming that the main 
ontribution to the antimatter signals 
omes from

annihilations in dense DM substru
tures, it should be feasible to �nd a set of DM point-sour
e 
on�gurations for

whi
h positrons are favored 
ompared to antiprotons, in 
onne
tion to the fa
t that propagation introdu
es both a

s
aling with distan
e and a distortion of the energy spe
trum that are di�erent for the two 
hannels. We will not

re
onsider this last issue: it has been shown with semianalyti
 models, both in the limit of stati
 sour
es [40℄ as well as

in
luding proper motion e�e
ts [41℄, that su
h dis
reteness e�e
ts tends to enhan
e more the high-energy antiproton


ux than the high-energy positron 
omponent. The se
ond argument will be 
onfuted in the present analysis. As to

the �rst argument, we will show that if one sti
ks to standard propagation models the antiproton 
ux is not suppressed

enough, even in the most favorable s
enario, to allow the DM s
enario envisaged in [37℄, whi
h 
an instead be made

viable only resorting to nonstandard propagation models (see Se
. VI).

B. The very heavy WIMP s
enario

Still motivated by the PAMELA positron ex
ess, and possibly in 
onne
tion with the lo
al all-ele
tron (namely

ele
trons plus positrons) 
ux measured by Fermi [42℄ and HESS [43℄ and showing a E

�3

spe
trum hardening at about

100 GeV - 1 TeV, several analyses have 
onsidered the possibility of very heavy dark matter WIMPs, with masses

up to several TeV and very large pair annihilation 
ross se
tion, see, e.g., [38, 44℄. The results of su
h studies are

that, to a

ount for the ele
tron/positron 
omponent without violating the antiproton bounds, dark matter needs

to be leptophili
, i.e., the �nal produ
ts of the annihilation being dominantly leptons, most likely a 
ombination of

e

+

e

�

and �

+

�

�

. More in general, heavy WIMP models with large annihilation 
ross se
tion into quark �nal states

are always rather eÆ
iently 
onstrained by antiproton data, sin
e the hadronization of high energy quarks produ
es

a lot of softer antiprotons, i.e., in the energy range 
overed by PAMELA whi
h extends up to 180 GeV; as mentioned

above, �nal states with weak gauge bosons have also a ri
h antiproton yield, but the peak in these spe
tra is shifted

to higher energies, so that they may have es
aped dete
tion if the WIMP mass is above a few TeV (the 
orresponding

ele
tron/positron yields fail however to reprodu
e the spe
tral features found by Fermi and HESS).

In most analyses in the literature the antiproton yield from WIMP annihilations has been modeled via Monte Carlo

generators like PYTHIA ; it has been re
ently pointed out [45℄ that su
h result is not a

urate for very heavy WIMPs

be
ause these generators do not in
lude the radiative emission of soft ele
troweak gauge bosons. This is, in parti
ular,

important for the antiproton 
ux in the 
ase of W boson �nal states, as well as for leptophili
 
ases (whi
h have zero

antiproton yield in the approximation of two-parti
le �nal state).

We will dis
uss the heavy WIMP regime 
onsidering a general framework in whi
h a DM 
andidate is spe
i�ed by its

mass, the dominant annihilation 
hannel and the pair annihilation rate in the nonrelativisti
 limit. We will 
onsider

a few sample �nal states, like the antiproton dark matter yield as 
omputed in Ref. [45℄ in
luding EW 
orre
tions,

and set upper limits in the mass{
ross se
tion plane in the di�erent propagation s
enarios.
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C. Light WIMPs with sizable quark 
ouplings

There have been steady progresses in the �eld of dire
t dete
tion in latest years. Most re
ently, the main fo
us has

been on DM 
andidates with mass around 10 GeV, with two 
ollaborations having published results 
ompatible with

a positive signal: DAMA and DAMA/LIBRA [5℄ dete
ted an annual modulation in the total event rate 
onsistent

with the e�e
t expe
ted from WIMP elasti
 s
atterings; CoGeNT has just 
on�rmed [7℄ the dete
tion of a low-energy

exponential tail in their 
ount rate 
onsistent with the shape predi
ted for the signal from a light WIMP, as already

found in a previous data release [6℄, showing in addition a 2.8 � indi
ation in favor of an annual modulation e�e
t. In


ontrast, CDMS [46℄ (see also the re
ent reanalysis of early data taken at a shallow site [47℄), Xenon10 [48℄ and, most

re
ently Xenon100 [49℄ have not found any eviden
e for DM and seem to disfavor the same region of the parameter

spa
e. Taking all data sets at fa
e value, indeed it appears not possible to re
on
ile them within a single theoreti
al

model (for re
ent analyses on this point see, e.g., [50{52℄), indi
ating there is some missing pie
e in the puzzle (or

some problem with one or more of the datasets or their DM interpretations). Still, it is interesting to 
ross 
orrelate

with other DM dete
tion te
hniques.

Under the hypothesis of spin-independent (SI) WIMP-nu
leon elasti
 intera
tions, a signal at the level of DAMA

or CoGeNT requires a fairly large s
attering 
ross se
tion, and hen
e a sizable 
oupling between WIMPs and quarks;

using 
rossing symmetry arguments, one expe
ts equally large values of the WIMP pair annihilation 
ross se
tion

into quarks, and hen
e of the antiproton yields. Considering neutralinos as light as few GeV within a MSSM without

the grand uni�ed theory uni�
ation 
ondition on gaugino masses, Refs. [53, 54℄ noti
ed a tight 
onne
tion between

a large dire
t dete
tion signal, at the level of the DAMA modulation e�e
t, and a large antiproton signal, testable

in the 
urrent generation of 
osmi
-ray experiments. In this spe
i�
 
ase, a
tually, the 
orrelation is to some extent

a

idental, sin
e it is not the same intera
tion vertex entering s
attering and annihilation and, moreover, the pair

annihilation 
ross se
tion of nonrelativisti
 Majorana fermions (su
h as neutralinos) into Dira
 fermions is heli
ity

suppressed, i.e., it s
ales with the square of mass of the �nal state fermion.

To address the impa
t of propagation parameters on the antiproton signal from light WIMPs, it is suÆ
ient to


onsider the simpler framework in whi
h the WIMP-quark intera
tion is introdu
ed at an e�e
tive level integrating

out some heavy degrees of freedom, and with the 
rossing symmetry manifestly implemented. We refer to a 
ase

whi
h looks parti
ularly 
ontrived, a real s
alar parti
le � with 
onta
t intera
tion 
ontributing to the SI 
ross se
tion

and the annihilation through the quark bilinear �qq [55{59℄; using the same notation as in Ref. [60℄, this operator is

written as

O

s

= 


q

2m

�

�

2

�

2

�qq : (2)

With this normalization, the SI WIMP-nu
leon 
ross se
tion, usually 
ast in the form:

�

n;p

=

4

�

�

2

n;p

f

2

n;p

; (3)

where �

n;p

is the redu
ed mass of the WIMP-nu
leon system (the index n stands for a neutron, the index p for a

proton), the e�e
tive 
ouplings f

n;p

are

f

n;p

=

X

q




q

�

2

m

n;p

m

q

f

(n;p)

Tq

; (4)

where the sum runs over all quarks and the nu
leon quark fra
tions f

(n;p)

Tq

will be assumed a

ording to their mean

values in Ref. [61℄. Correspondingly, the pair annihilation 
ross se
tions in the nonrelativisti
 v ! 0 limit is given

instead by:

h�vi

v!0

=

12m

2

�

�

X

q

�




q

�

2

�

2

 

1�

m

2

q

m

2

�

!

3=2

; (5)

with the sum running over all quarks lighter than �. One may 
onsider two extremes: The 
ouplings 


q


an be

assumed to be universal; in this 
ase the relation between annihilation and s
attering 
ross se
tion WIMP-proton is

h�vi

v!0

= �

p

� 3

(m

�

+m

p

)

2

m

2

p

1

~

f

2

p

X

q

 

1�

m

2

q

m

2

�

!

3=2

~

f

p

�

X

q

m

p

m

q

f

(p)

Tq

: (6)
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The se
ond possibility is that they are proportional to the Yukawa 
ouplings, 


q

= ~


p

2m

q

=v, with the 
orrelation

be
oming:

h�vi

v!0

= �

p

� 3

(m

�

+m

p

)

2

m

2

p

1

^

f

2

p

X

q

m

2

q

m

2

p

 

1�

m

2

q

m

2

�

!

3=2

^

f

p

�

X

q

f

(p)

Tq

: (7)

Within our standard 
hoi
e of parameters

~

f

p

= 18:5 and

^

f

p

= 0:375; m

�

= 10 GeV and �

p

= 2 � 10

�41


m

2

, values


ompatible with CoGeNT data a

ording to Ref. [6℄, gives in the �rst 
ase h�vi ' 3 � 10

�30


m

3

s

�1

, i.e., a very small

value most likely not testable with indire
t dete
tion te
hniques, while in the se
ond 
ase h�vi ' 3 � 10

�26


m

3

s

�1

,

the nominal value required for the thermal reli
 density of a WIMP to a

ount for the dark matter in the Universe.

D. The antiproton sour
e fun
tion for the DM 
omponent

The sour
e fun
tion for the WIMP DM 
omponent s
ales with the number density of WIMP pairs in the Galaxy

times the probability of annihilation and the antiproton yield per annihilation, namely it takes the form:

Q

�p

(~r; t; p) =

1

2

�

�

�

(~r)

m

�

�

2

dN

�p

dE

h�vi ; (8)

where m

�

is the DM parti
le mass, h�vi the pair annihilation 
ross se
tion in the limit of small relative velo
ity v for

the in
oming parti
les, and dN

�p

=dE the antiproton emission spe
trum. All these quantities are �xed on
e a spe
i�


WIMP DM 
andidate is sele
ted, su
h as, e.g., within the three sample frameworks introdu
ed above. The further

ingredient one has to provide, independent of the spe
i�
 WIMP model, is the spatial distribution of WIMPs in the

Milky Way. In most of our analysis, we will assume that the DM density pro�le is spheri
ally symmetri
 and takes

the form:

�

�

(r) = �

0

f (r=a

h

) ; (9)

where, as suggested from results of N-body simulations of hierar
hi
al 
lustering, f(x) is the fun
tion whi
h sets the

universal (or nearly universal) shape of dark matter halos, while �

0

and a

h

are a mass normalization and a length

s
ale, usually given in terms of the virial mass M

vir

and a 
on
entration parameter 


vir

. The dynami
al 
onstraints

available for the Milky Way provide only weak dis
riminations among viable dark matter density pro�les. We will


onsider three sample 
ases: the latest simulations favor the Einasto pro�le [62, 63℄:

f

E

(x) = exp

�

�

2

�

E

(x

�

E

� 1)

�

; (10)

with the Einasto index �

E

ranging about 0.1 to 0.25 (we take �

E

= 0:17 as a referen
e value); we will also derive

results for the pro�le originally proposed by Navarro, Frenk and White (NFW) [64℄, i.e.,

f

NFW

(x) =

1

x(1 + x)

2

; (11)

whi
h is most often used in the dark matter studies. Finally we will 
onsider the Burkert pro�le [65℄:

f

B

(x) =

1

(1 + x)(1 + x

2

)

; (12)

in whi
h the 
entral enhan
ement in the dark matter pro�le predi
ted in the numeri
al simulations is totally erased,

possibly as a ba
krea
tion of a baryon infall s
enario with large ex
hange of angular momentum between the gas

and dark matter parti
les, see, e.g. [66℄. A density pro�le with a 
onstant 
ore is also phenomenologi
ally motivated

sin
e it reprodu
es better the gentle rise in the rotation 
urve at small radii whi
h seems to be observed for many

external galaxies, espe
ially in the 
ase of low-mass dark-matter-dominated low surfa
e brightness and dwarf galaxies

[67℄. The free parameters in the three models are 
hosen following the analysis in Ref. [68℄, where a new study on the

problem of 
onstru
ting mass models for the Milky Way was performed, 
omparing with a vast sample of dynami
al

observables for the Galaxy, in
luding several re
ent results, and implementing a Bayesian approa
h to the parameter

estimation based on a Markov 
hain Monte Carlo method. We adopt here pro�les 
orresponding to the mean values

in the resulting distributions, as spe
i�ed in Table I, having sele
ted the lo
al halo density �

�

(R

�

) = 0:4 GeV 
m

�3
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Parameter Einasto NFW Burkert

M

vir

[10

12

M

�

℄ 1.3 1.5 1.3




vir

18.0 20.0 18.5

�

E

0.22 - -

�

�

(R

�

) [ GeV 
m

�3

℄ 0.4 0.4 0.4

a

h

[ kp
 ℄ 15.7 14.8 10.0

TABLE I: Parameters de�ning the dark matter halo pro�les implemented for this analysis. The value of the lo
al halo density

�

�

(R

�

) and the halo s
ale fa
tor a

h

are given here for referen
e, being a derived quantity if we adopt as mass s
ale parameter

the virial mass M

vir

and length s
ale the 
on
entration parameter 


vir

.

FIG. 1: DM density pro�les versus the radial 
oordinate (Left panel: z = 0) and verti
al 
oordinate (Right panel: R equal to

the lo
al gala
to
entri
 distan
e R

�

) in a 
ylindri
al frame. Both the spheri
al pro�les (Einasto - red; NFW - blue; Burkert -

green) and the two dark dis
 pro�les (Eq. 13 - orange; Eq. 14 - gray) are normalized to 1 at our position in the Galaxy.

for all three models (it is 
onvenient to 
ompare di�erent pro�les using the same lo
al normalization, and, in any 
ase,

su
h value of the lo
al halo density is 
lose to the best �t value for ea
h of the three pro�les). The 
onventions we used

to de�ne virial mass and 
on
entration parameters are: M

vir

� 4�=3�

vir

��

0

R

3

vir

, with �

vir

the virial overdensity as


omputed in Ref. [69℄, ��

0

the mean ba
kground density and R

vir

the virial radius; and 


vir

� R

vir

=r

�2

, with r

�2

the radius at whi
h the e�e
tive logarithmi
 slope of the pro�le is �2. Note �nally that the value of 
on
entration

parameters in the Table refer to a �t of the pro�le to the Galaxy and not to the dark matter density before the baryon

infall; hen
e a dire
t 
omparison with values found with numeri
al simulations for the dark matter 
omponent only

(whi
h, in general, are lower for Milky Way size halos) is not straightforward. The shape of the three spheri
al halo

models is shown in Fig. 1; with our 
hoi
e of parameters, the Einasto and the NFW pro�le tra
e ea
h other down

to fairly small radii, while the 
ored Burkert pro�les shows a more evident departure from the others. Re
ently,


osmologi
al simulations in
luding baryons [70{72℄ have suggested the existen
e of a dark disk substru
ture within

CDM halos, with a 
hara
teristi
 s
ale height of the order of 1 kp
. Would a dark dis
 be present in the Milky Way,

it would have an impa
t on the WIMP antiproton sour
e fun
tion; we will dis
uss this e�e
t using two alternative

parameterizations for the dark disk (DD) pro�le, di�ering only in verti
al shape, namely [71℄:

�

�;DD

(R; z) = �

0;DD

e

(1:68(R

�

�R)=R

H

)

e

(�0:693z=z

H

)

(13)

and [71℄:

�

�;DD

(R; z) = �

0;DD

e

(1:68(R

�

�R)=R

H

)

e

(

�(0:477z=z

H

)

2

)

; (14)
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with z

H

= 1:5 kp
 and R

H

= 11:7 kp
. An alternative parameterization of the verti
al pro�le in terms of the inverse

of the square the hyperboli
 
osine, also given in Ref. [71℄, would give essentially the same results as Eq. 14. Thi
ker

disks (z

H

= 2:8 kp
 and R

H

= 12:6 kp
) have also been suggested using HI data [73℄; however, as explained below,

sin
e the e�e
t of a thi
k disk 
an be mimi
ked by 
hanging the height of the CR di�usion zone to about z

H

, we will

not 
onsider this model.

When in
luding a dark disk, there are two sour
e fun
tions 
ontributing to the DM indu
ed antiproton 
ux and we

need to �x the relative normalization. Referen
e [71℄, has suggested as an upper estimate on the lo
al DM density

in the dark dis
 
ompared to the lo
al DM density from the spheri
al halo 
omponent to be �

0;DD

=�

�

(R

�

) � 1:5.

For simpli
ity, in our simulations with a dark disk 
omponent, we will assume �

0;DD

=�

�

(R

�

) = 1, whi
h is 
lose

to the maximal dark disk 
ontribution we 
ould have. We also still keep �xed the total lo
al DM density (namely

�

0;DD

+ �

�

(R

�

)) to be 0.4 GeV 
m

�3

, sin
e, for 
omparison, it is still 
onvenient to have same lo
al normalization

of the DM sour
e fun
tion. Su
h a 
hoi
e de
reases the total dark matter mass in
luded within R

�

by � 1=3, see

the plot of radial and verti
al pro�les in Fig. 1, and thus would have, e.g., an e�e
t on the star 
ir
ular velo
ity at

R = R

�

, one of the pie
es of information whi
h has also been used in getting the value of 0.4 GeV 
m

�3

in [68℄ (see

also [74℄). Thus in estimating the lo
al value of the DM density an analysis in
luding the possible presen
e of a dark

disk would be ne
essary, whi
h is however beyond the s
ope of this paper.

III. SELECTION OF CR PROPAGATION MODELS: SIGNAL VERSUS BACKGROUND

The propagation of CRs in the Galaxy is governed by the following transport equation [75℄:

�N

i

�t

� r � (Dr� v




)N

i

+

�

�p

�

_p�

p

3

r � v




�

N

i

�

�

�p

p

2

D

pp

�

�p

N

i

p

2

=

= Q

i

(p; r; z) +

X

j>i


�n

gas

(r; z)�

ji

N

j

� 
�n

gas

�

in

i

(E

k

)N

i

; (15)

in whi
h N

i

(p; r; z) is the number density of the i-th atomi
 spe
ies; p is its momentum; � the parti
le velo
ity in

units of the speed of light 
; �

in

i

is the total inelasti
 
ross se
tion onto the interstellar medium (ISM) gas, whose

density is n

gas

; �

ij

is the produ
tion 
ross se
tion of a nu
lear spe
ies j by the fragmentation of the i-th one; D is the

spatial di�usion 
oeÆ
ient; v




is the 
onve
tion velo
ity.

The di�usion 
oeÆ
ient D is assumed to be of the form:

D(�;R; z) = D

0

�

�

g(R; z)

�

�

�

0

�

Æ

; (16)

with � � p�
=(Ze) being the rigidity of the nu
leus of 
harge Z and momentum p, g(R; z) des
ribing the spatial

dependen
e (in 
ylindri
al 
oordinates) of D, and � 
ontrolling essentially the low energy behavior of D. While one

would expe
t � = 1 as the most natural dependen
e of di�usion on the parti
le speed, several e�e
ts may give rise to

a di�erent e�e
tive behavior. For example, it should be taken into a

ount that di�usion may a
tually be enhan
ed

at low energies due to the ba
k rea
tion of CRs on the magneto-hydrodynami
 waves. In a dedi
ated analysis of that

e�e
t, a low-energy in
rease of D was found [76℄. While su
h a behavior 
annot be represented as a simple fun
tion of

� and �, an e�e
tive value of � may, nevertheless, be found whi
h allows to �t low energy data. Clearly, the required

value of � depends on the details of the model. For example in [76℄ � = �3 was found, while the authors of [77℄ found

� = �1:3, in both 
ases for models with Æ = 0:5 (but rather di�erent values of other parameters). In [9℄ � = �0:4

was found to allow a rather good �t of low energy nu
lear data for models with low rea

eleration and Æ ' 0:5. Here,

where not di�erently stated, we tune �, as other parameters, by minimizing the �

2

of the model against B/C and

proton data (see below).

The spatial behavior of D(�;R; z) is largely unknown. In the following, we will assume that the fun
tion g(R; z)


an be fa
torized as

g(R; z) = G(R)e

jzj=z

t

; (17)

and we will set G(R) = 1 whenever we do not expli
itly mention a di�erent radial dependen
e. The verti
al dependen
e

of the di�usion 
oeÆ
ient is assumed to be exponential with s
ale height z

t

, in 
orrelation with the s
aling of magneti


�elds in the Galaxy. Noti
e that this assumption is opposed to most analyses in the literature whi
h assume instead

that D does not depend on z, however our results either for standard and exoti
 
omponents depend mildly on this


hoi
e and we do not dis
uss further. We set the verti
al size of the propagation box as: z

max

= 2� z

t

.
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TABLE II: We report here the main parameters of the referen
e CR propagation models used in this work. The KOL and

CON models have a break in rigidity the nu
lei sour
e spe
tra 
 at respe
tively, 11 GV and 9 GV. The modulation potential

� refers to the �t of proton PAMELA data only.

Model z

t

(kp
) Æ D

0

(10

28


m

2

=s) � v

A

(km=s) 
 dv




=dz(km=s=kp
) �

2

B=C

�

2

p

� (GV) �

2

�p

Color in Fig.s

KRA 4 0:50 2:64 �0:39 14:2 2:35 0 0:6 0:47 0:67 0.59 Red

KOL 4 0:33 4:46 1: 36: 1:78=2:45 0 0:4 0:3 0:36 1.84 Blue

THN 0:5 0:50 0:31 �0:27 11:6 2:35 0 0:7 0:46 0:70 0.73 Green

THK 10 0:50 4:75 �0:15 14:1 2:35 0 0:7 0:55 0:69 0.62 Orange

CON 4 0:6 0:97 1: 38:1 1:62=2:35 50 0:4 0:53 0:21 1.32 Gray

The last term on the left-hand side of Eq. (15) des
ribes di�usive rea

eleration of CRs in the turbulent gala
ti


magneti
 �eld. In agreement with the quasilinear theory we assume the di�usion 
oeÆ
ient in momentum spa
e D

pp

to be related to the spatial di�usion 
oeÆ
ient by the relationship (see e.g., [75℄)

D

pp

=

4

3Æ(4� Æ

2

)(4� Æ)

v

2

A

p

2

D

; (18)

where v

A

is the Alfv�en velo
ity. Here we assume that di�usive rea

eleration takes pla
e in the entire di�usive halo.

For the CRs generated by standard astrophysi
al sour
es, Q

i

(p; r; z) will des
ribe the distribution and inje
tion

spe
trum of SNRs, whi
h we parametrize as

Q

i

(E

k

; r; z) = f

S

(r; z) q

0;i

�

�(E

k

)

�

0

�

�


i

; (19)

In this paper we assume the same sour
e spe
tral index 


i

= 
 for all nu
lear spe
ies unless di�erently stated. We

require the sour
e spatial distribution f

S

(r; z) to tra
e that of Gala
ti
 supernova remnants inferred from pulsars and

stellar 
atalogues as given in [78℄. We 
he
ked that other distributions, among those usually adopted in the literature,

do not a�e
t signi�
antly our results. For the 
ase of DM annihilations, the sour
e is given above in Eq. (8) where the

antiproton yield per annihilation dN

�p

=dE is obtained interfa
ing the numeri
al 
ode with the DarkSUSY pa
kage [79℄,

in turn linking to simulations with the PYTHIA Monte Carlo, ex
ept for the heavy WIMPs models for whi
h tables

provided by [45℄ are used instead.

Se
ondary antiprotons are generated in the intera
tion of primary CRs with the interstellar gas. The ISM gas is


omposed mainly by mole
ular, atomi
 and ionized hydrogen (respe
tively, H2, HI and HII). Here we adopt the same

distributions as in [25, 80℄. Following [81℄ we take the He/H numeri
al fra
tion in the ISM to be 0.11. We have tested

that di�erent models for the gas distribution (i.e., [82, 83℄) a�e
ts marginally the �tted model parameters and hen
e

the predi
ted antiproton spe
tra.

The di�usion equation o�ers just an e�e
tive des
ription of the CR transport in the Galaxy. The main parameters

determining the propagated distribution and spe
trum of CR nu
lei are the normalization of the di�usion 
oeÆ
ient

D

0

, its verti
al s
ale z

t

and its rigidity slope Æ, the Alfv�en velo
ity v

A

and the 
onve
tion velo
ity v




(R; z). Presently

available observations of se
ondary/primary ratios, like the B/C, or unstable/stable ratios, like

10

Be/

9

Be allow to

determine su
h parameters only up to large un
ertainties (see [9℄ for a referen
e list of the experimental data).

Moreover, se
ondary-to-primary ratios are sensitive only to the ratio D

0

=z

t

, while unstable-to-stable ratios, that

are somewhat more sensitive to D

0

and z

t

separately and 
an therefore break the degenera
y, su�er from large

experimental un
ertainties. Therefore, the half-height of the di�usion region z

t

is poorly 
onstrained by CR nu
lei

observations. Radio and 
-ray observations are more sensitive to z

t

and seem to disfavor small values z

t

. 1 kp
 (see

e.g., the re
ent works [84, 85℄). To pla
e an upper bound on z

t

requires instead more 
areful analyses. However, the

parameter z

t

might a�e
t signi�
antly the 
ux expe
ted from DM sour
es, as they are also distributed in the gala
ti


halo. Also the antiproton fra
tion rea
hing the Earth from the gala
ti
 
enter region depends strongly on z

t

. For

this reasons, we 
onsider 5 di�erent referen
e models, en
ompassing a range of possible propagation regimes, whi
h

we summarize in Table II: Models KRA, THN and THK assume Krai
hnan type turbulen
e (Æ = 0:5) but di�er in

the adopted height of the di�usion zone in order to probe the e�e
t of varying this parameter on the �p 
ux; the KOL

model assumes instead Kolmogorov turbulen
e (Æ = 0:33); the CON model 
onsiders 
onve
tive e�e
ts. All these

models are 
hosen in su
h a way as to minimize the 
ombined �

2

against B/C and the proton spe
trum data under the

requirement to get �

2

< 1 for ea
h of those 
hannels. An a

urate modeling of proton data is 
ru
ial sin
e protons are

the main primaries of se
ondary antiprotons. For the �rst time in the 
ontext of se
ondary antiproton 
omputations,

the proton spe
trum is �tted against the high pre
ision data re
ently released by the PAMELA 
ollaboration [86℄. We

also 
he
ked that the

4

He spe
trum measured by the same experiment is reprodu
ed by ea
h of those models. The
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�ts are performed minimizing the �

2

in the multidimensional parameter spa
e de�ned by D

0

, �, the Alfv�en velo
ity

v

A

, the proton and nu
lei spe
tral indi
es 


i

, the solar modulation potentials �. For some models a spe
tral break

has to be introdu
ed in the sour
e proton spe
trum in order to a
hieve an a

eptable �t (�

2

p

< 1) of proton data (see

below). For those models the spe
tral indexes below/above the break and the break rigidity are also �tted.

The propagation equation is solved with the publi
 availableDRAGON 
ode [25℄, implementing a numeri
al solution

whi
h assumes 
ylindri
al symmetry and a stationary state. In Fig. 2 spe
tra for our sele
ted sample of models, as

obtained after the �tting pro
edure, are plotted against the B/C ratio, and the most relevant proton data. Be
ause

of their strong s
atter, presently available

10

Be/

9

Be data 
annot reliably be used in a statisti
al �t. We 
he
ked,

however, that all models in Table II are roughly 
ompatible with those data (see Fig. 3).

For the KRA, THN and THK models (same Krai
hnan type turbulen
e, di�erent values of z

t

) relatively low values

of the Alfv�en velo
ity ( 10� 15 km=s) and negative values of � provide the best �t of the data. No spe
tral break is

required to reprodu
e proton data. The KRA model is a
tually very similar to the best �t model found in [9℄. The

KOL model, in agreement with previous �ndings [80℄, requires a larger v

A

. While that model allows to reprodu
e the

data with the 
onventional value � = 1, it requires to introdu
e an ad ho
 break in the primary proton sour
e spe
trum

in order to reprodu
e the observed proton spe
trum. This is a well-known pres
ription whi
h has to be imposed to

propagation models with strong rea

eleration (see e.g. [87℄). One should also noti
e that strong rea

elerationmodels

might be in 
ontrast with syn
hrotron observations [88℄.

The models mentioned above do not a

ount for the presen
e of 
onve
tion. However, stellar winds 
an be very

e�e
tive in removing CRs from the gala
ti
 plane, hen
e their presen
e may a�e
t signi�
antly CR propagation and

DM originated 
uxes. The Gala
ti
 di�use soft X-ray emission observed by ROSAT has been interpreted with the

presen
e of a strong Gala
ti
 wind [89, 90℄. Therefore, we build the CON model in order to probe the e�e
ts of


onve
tion. We assumed z

t

= 4 kp
, �xed the 
onve
tive speed to zero on the Gala
ti
 plane and assumed a uniform

gradient in the z dire
tion, dire
ted outwards the gala
ti
 plane, dv




=dz = 50 km/s/kp
, to have a velo
ity of several

hundreds km/s at the halo hedge. For this model, we �x � = 1 and all other parameters, in
luding Æ, are then �tted

against the data. The best �t value of Æ = 0:6 is larger than the other models as expe
ted in order to 
ompensate the

low energy CR depletion produ
ed by 
onve
tion.

Solar modulation has to be taken into a

ount for a 
orre
t modeling of the CR spe
tra below few GeV=n. Similarly

to what done in most related papers, we treat solar modulation in the "for
e �eld" 
harge independent s
enario [91℄.

As it is well known, in this s
enario modulation 
an be parametrized in terms of an e�e
tive potential �. Sin
e �

is a model dependent parameter, for ea
h model we also �t it against the data. For the B/C we �x the modulation

potential to the value of 550 MV for data above � GeV, ACE data need instead a res
aling of the modulation potential

as done in previous works. We �nd that a modulation potential of 300 MV for the KOL and CON models and 220 MV

for the KRA, THN e THK models are in good agreement with the data.

Low energy proton data are the most sensitive to �. When 
omparing against PAMELA �p data, whi
h provide

the strongest 
onstrains on DM models, we use the PAMELA proton data, over their entire energy range, to �t the

parameter � (see Table II). In some 
ases we will use other antiproton datasets (see Fig. 4) and to properly take into

a

ount the e�e
t of modulation we re�t the modulation potential against the proton 
ux as measured from the same

experiment in the same solar 
y
le period. The antiproton and proton data are taken from [12℄ for BESS and from

[92℄ for the AMS-01 experiment.

A. Se
ondary antiprotons

As we dis
ussed in the introdu
tion, se
ondary antiprotons are an unavoidable byprodu
t of CR propagation and are

the major ba
kground for indire
t DM sear
hes. We use DRAGON to determine the se
ondary antiproton spe
trum

for ea
h model in Table II. Our approa
h is the same followed in [9℄ (to whi
h we address the reader for details) and

it is similar to that dis
ussed in several previous papers [8, 93℄. Our analysis a

ounts for the s
attering p � p

ISM

,

p �

4

He

ISM

,

4

He � p

ISM

and

4

He �

4

He

ISM

and for annihilation and inelasti
, nonannihilating, s
attering of �p onto

the ISM gas. The 
ontribution of heavier CR and ISM nu
lei is negligible. Based on the data from ISR STAR and

ALICE experiments [94{96℄ there is an energy dependent un
ertainty up to �9% on the multipli
ity ratio of produ
ed

antiprotons relative to the produ
ed protons; propagating su
h un
ertainty would have an impa
t on our �nal results

within a few %. Noti
e however that this is a minimum level of un
ertainty one should in
lude on the antiproton

produ
tion 
ross se
tion. Referen
e [8℄ has evaluated the nu
lear physi
s un
ertainties by 
omputing all the relevant


ross se
tions using the Monte Carlo program DTUNUC. Their results suggest 25% un
ertainty in the propagated 
ux

from the nu
lear physi
s, whi
h is below the 40% un
ertainty in the antiproton predi
tion that [97℄ has suggested by


omparing the di�eren
e between the results for p-p 
ollisions, of the DTUNUC Monte Carlo simulation with those

from the 
ross se
tion parametrizations of [98℄ and of [99℄.

We �nd that all models, whi
h are built to reprodu
e the B/C data, provide a good �t also of the antiproton
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FIG. 2: Left panel: Comparison of referen
e models with B/C data (solid: modulated with a potential of 550 MV, dashed:

with a potential of 300 MV or 220 MV, see Se
. III). KRA (red), KOL (blue), THN (green), THK (orange), CON (gray), see

Table II. Right panel: The proton spe
trum 
omputed for the same models modulated with a potential given in Table II are


ompared with PAMELA data [86℄.

FIG. 3: The

10

Be/

9

Be ratio 
omputed for the referen
e models in Table II, modulated with a potential � = 400 MV. The 
olor


oding is the same as in Fig. 2.

measured spe
trum above a few GeV. At lower energies the KOL model underprodu
es �p (see Fig. 5). This is a well

known feature of models with strong rea

eleration (see e.g., [9℄). From the right panel of Fig. 5 we see that the

maximal s
atter on the se
ondary proton spe
trum amounts to �30 % in the 0:1�10

2

GeV energy range whi
h turns

into signi�
ant un
ertainties on the room possibly left for a DM �p 
omponent.
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FIG. 4: Left panel: Comparison of the lo
al spe
trum of se
ondary antiprotons for di�erent propagation models (modulated

with a potential as given in Table II). Right panel: Fra
tional ratio between the di�erent lo
al spe
trum and the KRA model.

B. Antiprotons from WIMP annihilations

For the same set of di�usion models we have just introdu
ed, in Fig. 5 we show the predi
tions obtained with

DRAGON for a �rst sample WIMP model, a pure Wino with mass equal to 200 GeV, annihilating in pairs into W-

bosons with a 
ross se
tion of h�vi = 2� 10

�24


m

3

s

�1

. For ea
h propagation model results are shown for the three

spheri
al DM distributions introdu
ed in Table I. As evident from the plot, the antiproton 
ux from WIMP DM

annihilations is mu
h more dependent upon the propagation model than the se
ondary 
omponent. Predi
tions are

also 
learly sensitive to how the sour
e fun
tion 
hanges away from the lo
al neighborhood (the three halo pro�les

are normalized in the same way at the lo
al gala
to
entri
 distan
e), with the lo
al antiproton 
ux being in some of

the models signi�
antly larger for DM density pro�les whi
h are enhan
ed in the gala
ti
 
enter region. Summing the

two e�e
ts, the spread in the predi
tions for this single DM 
andidate is larger than a fa
tor of 40, to be 
ompared

to the 30% spread at low energy in the se
ondary 
omponent (also 
ompare the left hand side of Fig. 4 and Fig. 5).

The range of un
ertainty found here is 
omparable to what has been found in previous studies in the literature [8, 22℄

and brings in a number of questions that we are going to address in detail in the next se
tion dis
ussing lo
ality or

nonlo
ality issues.

IV. LOCALITY TESTS

To dis
uss the origin of the dis
repan
ies in the ratio between the signal from DM annihilations and the ba
kground

from se
ondary produ
tion within the set of propagation models and dark matter distributions we are 
onsidering, it

is important to study the dependen
e of the antiproton 
ux at our lo
ation in the Galaxy as a fun
tion of the position

where the antiprotons are generated in the two 
ases.

We start by testing a 
lose analogue in our numeri
al solution of what would be the lo
al response in the �p 
ux to a

point DM sour
e of �p if we would implement a solution of the propagation equation with the Green fun
tion method.

Sin
e we are working with a numeri
al 
ode whi
h assumes 
ylindri
al symmetry and �nite step size in radial (�R)

and verti
al (�z) dire
tions, we de�ne a \ringlike" sour
e fun
tion on our grid:

Q

�p

(R; z;

�

R; �z) /

1

R�R�z

;

�

R��R=2 < R <

�

R+�R=2 �z ��z=2 < z < �z +�z=2 (20)

0 otherwise

i.e., a sour
e with ring shape and parallel to the Gala
ti
 plane, whi
h we will normalize setting to 1 the 
ux for a

\ringlike" sour
e of R = R

�

. All results for DM 
omponents shown in this se
tion are obtained assuming the 200
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FIG. 5: Left panel: Comparison of the lo
al spe
trum of antiprotons from 200 GeV Wino DM (h�vi = 2 � 10

�24


m

3

s

�1

) for

di�erent propagation models (the 
olor 
oding is the same as in Fig. 2), assuming a modulation potential as given in Table II

and the three spheri
al halo model pro�les introdu
ed in Table I (solid: Einasto pro�le, dotted: NFW, dashed: Burkert). Right

panel: Fra
tion ratio between the di�erent lo
al spe
trum and the KRA model. In some 
ases solid and dotted 
urves 
oin
ide.

GeV Wino model introdu
ed above. However, sin
e the e�e
t of energy redistributions are marginal for antiprotons

along propagation, the results we present in this se
tion are independent of this 
hoi
e.

In Fig. 6 we plot the response on the lo
al antiproton 
ux to a DM sour
e lo
ated at the gala
to
entri
 distan
e R

and verti
al height z, for three di�erent values of the kineti
 energy of the lo
ally observed (propagated) �p, E

k

= 1,

10, 100 GeV. Remarkably, the relevan
e of distant sour
es is very di�erent for di�erent propagation models whi
h all

reprodu
e the B/C and other CR nu
lear data. In parti
ular, in the THN (green lines) and CON (grey lines) models,

whi
h are 
hara
terized by a small normalization of the di�usion 
oeÆ
ient, the relative �p 
ux de
reases rapidly with

the sour
e distan
e. For instan
e at E

k

= 10 GeV, the �p 
ux arriving from R = 5 kp
, is suppressed by a fa
tor of 100


ompared to the lo
al 
ux in the THN model (z

t

= 0:5 kp
), a fa
tor of 8 in the KRA 
ase (z

t

= 4 kp
) and only a

fa
tor of 5 in the THK model (z

t

= 10 kp
). This is expe
ted sin
e the THK model has the thi
kest di�usive halo size

and the largest D

0

, giving therefore the largest 
ontribution from distant sour
es. In the 
onve
tive model, instead,

although we assumed the same halo thi
kness z

t

= 4 kp
 as in the KRA and KOL models, the 
ontribution of the ring

sour
e depends strongly on its position relative to ours. Again this is 
lear, as 
onve
tion makes parti
les es
ape faster

away from the disk, as does a smaller value of z

t

. Con
erning the dependen
e of the �p 
ux on the verti
al position of

the sour
e, it is signi�
ant for small radial 
oordinates R . 5 kp
, be
ause the di�usion distan
e from there to the

observation point at R = 8:5 kp
 and z = 0 in
reases signi�
antly with z. We also noti
e that as we in
rease the

distan
e z of the sour
e from the gala
ti
 plane, (see solid vs dashed vs dotted-dashed lines of Fig. 6), the drop of the

�p 
ux relative to R = 8:5 kp
 is smoother. Sin
e we normalize to the 
ux at R = 8:5 kp
 and z = 0 kp
 from a sour
e

at the same position, and the di�usion 
oeÆ
ient in
reases exponentially with z (as given in Eq. 17) a signi�
ant

fra
tion of inje
ted �ps at z = 1; 2 kp
 es
apes before rea
hing z = 0; e.g., for inje
ted �p at z = 2 kp
, R = 8 kp
 and

E

k

= 10 GeV, ' 50% of the �ps es
ape in the thi
k halo model THK, ' 80% in the KRA (intermediate halo) model and

' 95% in the THN (thin halo) model

2

. We also note that, di�erently from the 
ase of e

�

, in the antiproton (proton)


ase the di�usion times
ales (es
ape times) are typi
ally mu
h smaller than the energy loss times
ales (� E=(dE=dt)).

Within our models where the di�usion 
oeÆ
ient s
ales as D � E

Æ

with Æ > 0, higher energy CRs propagate via

di�usion to greater distan
es, whi
h explains why the 100 GeV �p 
uxes are less lo
al 
ompared to the 1 GeV �p 
uxes.

In Fig. 7 we introdu
e another more quantitative lo
ality test by showing the 
ontribution to the lo
al 
uxes given

by sour
es lo
ated within a torus with axis at the gala
ti
 
enter and perpendi
ular to the Gala
ti
 plane, with major

radius equal to our gala
to
entri
 distan
e R

�

and minor radius (radius of the tube) equal to the parameter R

S

.

2

In this 
ase, for the THN model our simulation extended to a height of 3 kp
 away from the disk.
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FIG. 6: Flux observed at Earth for a \ringlike" sour
e lo
ated at distan
e R from the GC and z = 0 (solid line), z = 1 (dashed),

z = 2 (dashed-dotted), normalized to the 
ux for R = R

�

and z = 0. From left to right the plots are for propagated E

k

= 1,

10, 100 GeV. Color of lines represent di�erent propagation models as in Fig. 2.

FIG. 7: Ratio of the lo
al 
ux obtained 
onsidering sour
es with distan
e smaller than R

S

to that obtained with R

S

=1: up)

primary protons (solid line) and se
ondary antiprotons (dotted); down) antiprotons from DM (solid: Einasto, dotted: NFW,

dashed: Burkert). From left to right the plots are for E

k

= 1, 10, 100 GeV. Color 
ode is the same as in Fig. 2.
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For R

S

= R

�

essentially the whole sour
e fun
tion is in
luded in the 
omputation; we show results as normalized

to this 
ase. In the top panels we present our results for CR protons inje
ted by SNRs and se
ondary antiprotons

produ
ed by CR spallation, while in lower panels those for DM antiprotons 
omputed for the Wino model and the

three spheri
ally symmetri
 density pro�les. As expe
ted also from Fig. 6, we see that for the THN and CON models

the CR proton and se
ondary antiproton 
uxes rea
hing the Earth are produ
ed only within 3 kp
 from the Earth;

for the other propagation models almost 90% of the lo
al 
ux is produ
ed by SNRs or primary intera
tions within 6

kp
.

It is again evident that the antiproton 
ux from DM annihilations is 
onsiderably more a�e
ted by the propagation

parameters. For the very thin model THN it is very lo
al irrespe
tive of the DM halo pro�le and the energy of the

dete
ted antiproton. For the 
onve
tive model CON, the relative 
ontribution of lo
al DM sour
es is still dominant,

espe
ially for the 
ored Burkert DM pro�le and at low energies. Remarkably, the DM distribution towards the Gala
ti


Center has little e�e
t in the CON model. For the other models the 
ontribution of annihilations in regions 
lose

to the Gala
ti
 
enter 
an be very large and is indeed the dominant one for dark matter density pro�les whi
h are

peaked towards the Gala
ti
 
enter (the annihilation rate is proportional to �

2

). One 
an also see small di�eren
es

between the Einasto and NFW pro�les, whi
h, as one 
an see in Fig. 1, have sizable di�eren
es only for r . 100 p
.

A 
omparable analysis was already performed for semi analyti
 models in [100, 101℄. Even if the models 
onsidered

in this paper are not dire
tly 
omparable with their setups, our results are 
ompatible with their �ndings for ordinary

sour
es and we 
on�rm that halo height is the most important parameter in determining the lo
ality of exoti



ontributions.

V. LIMITS ON DM MODELS FROM ANTIPROTON DATA

Sin
e the �p produ
ed in pp and pHe 
ollisions in the ISM 
ontribute signi�
antly to the lo
al �p 
ux in the observed

energy range, providing a very good �t of 
urrently available data, and WIMP annihilations 
an be in prin
iple

a 
opious sour
e of �p, antiprotons are a powerful 
hannel to set limits on WIMP DM models. Still, as we just

dis
ussed, the predi
tion for the WIMP signal is severely a�e
ted by un
ertainties in the propagation model and the

DM distribution in the Galaxy. In the following, taking the 
onventional astrophysi
al 
ontribution (ba
kground)

as obtained in the �ve propagation models listed in Table II (see also Fig. 2-7), we 
onsider the three DM WIMP

s
enarios introdu
ed in Se
tion II and derive 
onstraints on the DM annihilation 
ross se
tion, for a spe
i�
 DM mass

and our three referen
e spheri
al dark matter pro�le, by requiring that the total antiproton 
ux is within 3� to the


ombination of all the �p 
ux data points.

We 
larify that those 
onstraints are not the most 
onservative 
onstraints. In fa
t they are the strongest 
onstraints

we 
ould get, by having propagation models that �t already the B=C 
ux ratio, the p and He 
uxes and also give

good �t to the �p 
ux. Signi�
antly weaker 
onstraints on DM have been drown by allowing for greater un
ertainties

in �p ba
kground 
ux [22, 38, 39℄. The most 
onservative upper limits on DM models 
ome from being 
ompletely

agnosti
 about �p ba
kground 
uxes, setting limits by demanding that the DM �p 
ux does not ex
eed the measured �p


ux at any energy by more than 3� [39℄. Su
h a method provides more robust 
onstraints. On the other hand the

advantage of our method is that it provides more realisti
 
onstraints.

In Fig. 8 we present our 3� limits with three di�erent spheri
al halo pro�les (Einasto, NFW, Burkert), for the

nonthermal Wino DM models up to 500GeV. The most tight 
onstraints 
ome from the thi
k (THK) propagation

model, whi
h probes a larger part of the dark halo, while the thin halo, for the opposite reason gives the weakest


onstraints similarly to the work by [102℄. Yet even the thin di�usion model ex
ludes a Wino DM lighter than 300

(200) GeV at 3� level for a Burkert (NFW) pro�le. Thus models su
h as [27, 28℄, that have been suggested by [37℄

to explain the rise of the positron fra
tion measured by PAMELA [2℄ are ex
luded. Note that the more 
onventional

di�usion zone KRA and KOL models ex
lude Wino DM up to 500 GeV. In Fig. 9, we give the equivalent 
onstraints

for heavy WIMPs that annihilate into �

+

�

�

with the high energy muons that are produ
ed emitting EW gauge

bosons whi
h are responsible for the antiproton yield [45℄. While being an important sour
e, the emission of the

gauge bosons is not strong enough though, to ex
lude in most 
ases the regions of parameter spa
e 
ompatible at 3�

with the �t of the PAMELA positron fra
tion and Fermi all-ele
tron measurement [103℄. An interesting ex
eption is

the model with high 
onve
tion, whi
h ex
ludes to 3� most part of the PAMELA 3� �t region above m

�

= 1 TeV.

Sin
e the presen
e of 
onve
tion, hardens the �p 
uxes, higher 
onve
tion models 
an draw tighter 
onstraints on the

heavier DM models than low (or no) 
onve
tion models do. This 
an 
learly be seen by 
omparing the 3� limits from

the 
onve
tion model between Fig. 8, 9 and 10. Thus to 
onstrain leptophili
 heavy DM models, via �p, we need to

quantify better the level of 
onve
tion in the Galaxy.

The updated upper limits from ARGO-YBJ [104℄ (see also [105℄) at 2 TeV (�p=p � 0:05) and 5 TeV (�p=p � 0:06) do

not put any tighter 
onstraints on these heavyWIMPs either. In Fig. 10 the results for a lightWIMP annihilating to b

�

b

(to model for the 
ases of strong 
ouplings to quarks) are presented. Also we show for 
omparison the favored/ex
luded
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FIG. 8: Constraints for the Wino model as fun
tion of the parti
le mass. The bla
k line 
orresponds to the 
ross se
tion given

in Eq. 1. Colors are as in Fig. 2 (solid: Einasto pro�le, dotted: NFW, dashed: Burkert).

FIG. 9: Constraints for the heavy DM 
andidate in �� 
hannel. Colors are as in Fig. 2 (solid: Einasto pro�le, dotted: NFW,

dashed: Burkert). The orange shaded region is the Fermi e

+

+ e

�

data 3� �t region, and the green shaded region is the

PAMELA positron fra
tion 3� �t region[44℄. The bla
k line gives the HESS 2� upper limits [103℄.

regions of annihilation 
ross se
tions 
onne
ted to the favored/ex
luded spin-independent elasti
 s
attering 
ross

se
tions through Eq. 7. The 
ouplings of the DM s
alar � to the quarks 


q

-by 
onta
t intera
tion terms- are

proportional to the Yukawa 
ouplings. We show the equivalent region to the 90% C.L. favored region by CoGent in

the data released in 2010 [6℄ and their more re
ent 2011 results [7℄, as well as the region favored by DAMA/LIBRA [5℄

(without 
hanneling). Independent studies have also analyzed the region favored by the CoGent dataset where an

hint of annual modulation e�e
t has been found, see, e.g., [50{52, 106℄. For instan
e, the results of Ref. [106℄ suggest

a slightly higher WIMP-nu
lear s
attering 
ross se
tion, whi
h would also give in a slightly higher annihilation 
ross

se
tion; in Fig. 10 we present only the lower overall region related to [7℄. Finally we give the equivalent to the re
ent
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FIG. 10: Constraints for the light DM 
andidate in b

�

b 
hannel. Colors are as in Fig. 2 (solid: Einasto pro�le, dotted: NFW,

dashed: Burkert). Also shown for 
omparison the favored regions of annihilation 
ross se
tions 
onne
ted to the 90% C.L.

favored spin-independent elasti
 s
attering 
ross se
tions regions from CoGent [6, 7℄, DAMA/LIBRA [5℄ and the re
ent 90%

C.L. limit from Xenon100 [49℄.

limit 90% C.L. from Xenon100 [49℄. Our limits provide 
omplementary 
onstraints to dire
t dete
tion limits below

masses of 7 GeV. We note that, like Xenon100, our limits from all the models apart from the THN (thin halo) ex
lude

the favored regions by CoGent and DAMA, while the THN model ex
ludes only the DAMA region. This result is

similar (but more 
onstraining) to the result in [60℄ For a 
ase where the DM parti
le is a ve
tor, having also 
ouplings

to the Yukawa the CoGent and DAMA regions move down by a fa
tor of 3, whi
h are still strongly 
onstrained by the

data (for another analysis 
ross 
orrelating antiproton and dire
t dete
tion data for light WIMPs, see also [107{109℄).

Also re
ently, [110{112℄ have suggested the possibility of re
on
iling the CoGent and DAMA favored regions with

the limits from CDMS and Xenon by having the 
oupling of DM to the proton vs the neutron di�erent. This is done

either from violation of isospin [110, 111℄, or by having s
atterings via both photon and Higgs e
hange [112℄. These

works suggest that the preferred by the data, value for the ratio of the e�e
tive 
oupling of the DM parti
le to the

neutron f

n

, to the proton f

p

, is f

n

=f

p

� �0:7 (�0:71 for [112℄). Yet sin
e in all these models, the suggested s
attering


ross se
tion to the proton (that agrees with all the data) is higher by about 2 orders of magnitude 
ompared to that

for a s
alar DM with f

n

=f

p

= 1 as shown in Fig. 10, these models are strongly disfavored by the �p 
onstraints.

VI. MORE ON ASTROPHYSICAL UNCERTAINTIES

The 
onstraints shown in se
tion V already give a 
lear eviden
e of the relevan
e of the asso
iated un
ertainties.

On the one hand, predi
tions of DM antiprotons su�er from un
ertainties due to the unknown density distribution

of the DM toward the gala
ti
 
enter. On the other hand, the e�e
tive propagation models determined by �tting the

nu
lear CR 
omponents lead to di�erent predi
tions for DM originated and, to less extent, astrophysi
s generated

antiprotons.

Moreover, we should remark that even a very pre
ise determination of the lo
al e�e
tive propagation parameters in

Table II would leave large un
ertainties on the propagation 
onditions in the inner Galaxy, where the DM produ
tion

rate is also maximal (unlike the standard astrophysi
al �p). Therefore, the predi
ted �p 
ux from DM is overall more

un
ertain than the astrophysi
al �p 
ux, or, for that matter, any CR spe
trum from the 
onventional astrophysi
al

sour
es. Yet we remark that predi
tions of ele
tron and positron spe
tra from dark matter are instead less sensitive

to these un
ertainties, be
ause the ele
tron/positron mean free path at high energy is shortened by strong energy

losses.

In order to better dis
uss these points, we show in the following the resulting e�e
t of either modifying the CR

propagation properties in the inner Galaxy or introdu
ing a disklike stru
ture in the DM density distribution.
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A. Nonstandard propagation models

We propose here a few nonstandard di�usion models to show to what extent we 
an 
hange the physi
al 
onditions

within the inner 3 kp
 of the Galaxy to modify the 
uxes from DM without a�e
ting signi�
antly the standard

observables. E�e
ts of di�erent position dependen
e for the di�usion 
oeÆ
ient or of a di�erent pro�le for the


onve
tion velo
ity were already investigated in [113℄ and in [114℄. It is worth emphasizing here that this analysis 
an

be performed only with numeri
al models, and in parti
ular exploiting the features of the DRAGON 
ode, as opposed

to the semianalyti
 approa
h within whi
h it is not possible to a

ount for a variation of the di�usion 
oeÆ
ient and

of the 
onve
tive velo
ity with position.

For referen
e, our exoti
 propagation models are based on the KRA model, suitably modi�ed as des
ribed below:

� in the expr model the di�usion 
oeÆ
ient is assumed to be very small in the inner galaxy R < 3 kp
, a

ording

to

D(r) = D

0

� 0:5� [tanh ((r � 3 kp
)=0:25 kp
) + 1:02℄ (21)

Lo
al variations of the di�usion 
oeÆ
ient are naturally expe
ted, due to the position dependen
e of the magneti


turbulen
e inje
tion and transport. While to explain nu
lear CR data su
h radial dependen
e needs not be

invoked, the explanation of nonlo
al observables, as for example the 
-ray pro�le the gradient problem found in

EGRET and Fermi [115℄ data, may be rather natural in models with radial variation of the di�usion 
oeÆ
ient

[25℄.

� in the 
onve
tive model we assume instead that a strong 
onve
tive wind is e�e
tive in the inner regionR < 3 kp
.

The 
onve
tive wind is assumed to be dire
ted outside the gala
ti
 plane in the z-dire
tion, with an intensity

v

C

(z) = 200 � (z=1 kp
) km=s. We remark that a

ording to ROSAT observations su
h strong stellar winds


an exist in the inner galaxy and a�e
t CR propagation [116℄. In the same paper [116℄ su
h winds were also

proposed as a possible alternative solution to the \CR gradient problem".

Besides these two models we also tested a Gaussian bubble 
on�guration, with the di�usion 
oeÆ
ient having a

Gaussian in
rease away from the solar system as

D(r; z) = D

0

e

�

r�R

�

r

D

�

2

e

�

jzj

z

D

�

2

: (22)

We 
onsidered the 
ases r

D

� 5 kp
 and z

D

� 5 kp
, thus making the es
ape time of lo
ally produ
ed CRs mu
h

larger than that of CR produ
ed at jzj > z

D

, r � R

�

> r

D

. As a result the observed p; �p spe
tra at high energies

are dominated by lo
al sour
es while at lower energies more distant sour
es are more dominant even for CR p and

�p. However, while by sele
ting properly the inje
tion spe
tra for the protons we 
an re
over the observed proton

spe
trum, the spe
trum of the B/C ratio 
an not be re
overed by 
hanging the di�usion parameters, Alfv�en speed

and nu
lei inje
tion spe
trum properties within reasonable values. Thus di�usion models su
h as that of Eq. 22 fail

in �tting se
ondary 
uxes overall and we will not dis
uss them any longer.

Results are shown instead for the expr and the 
onve
tive models in Fig. 11 for B/C and astrophysi
al antiprotons

and in Fig. 12 for DM antiprotons. As it is 
lear from Fig. 11 the B/C ratio and the se
ondary antiproton spe
trum

are very little a�e
ted by the propagation 
onditions within the inner galaxy. This 
an be understood by 
onsidering

that the typi
al intera
tion times
ale for B, C and ordinary protons (whi
h then originate the se
ondary antiprotons)

is of order � � (n

g


 �)

�1

� 6� 10

14

s (n

g

=1 
m

�3

)

�1

(�=50 mb)

�1

, whi
h yields a typi
al propagation length of order

�(�) �

p

6D(�) � � 5:4 kp
 (�=20 GV)

0:25

in the KRA model. Moreover, astrophysi
al B, C and �p sour
es are mainly


orrelated with SNR and gas distributions, whi
h peak at R ' 4 kp
. Therefore signi�
ant 
ontribution of B and C

at the Earth position 
annot 
ome from the inner galaxy at energies below a few 10 GeV/n. At energies above a few

10 GeV/n the propagation length is larger and 
ontribution from the inner region be
omes more relevant, although

the B/C ratio is still little dependent upon physi
s in that region. The same argument applies to astrophysi
ally

generated antiprotons.

On the other hand, the DM �p sour
e distribution 
learly peaks at the GC. Therefore, the DM �p 
ux is indeed

strongly sensitive to the propagation 
onditions in the GC region, as it is 
lear from Fig. 12. In parti
ular, for spiked

pro�les the e�e
t 
an be as large as � 80% at 100 GeV, while for 
ored pro�les the e�e
t is mu
h smaller and probably


omparable with other un
ertainties (see right panel in Fig. 12).

B. E�e
ts of a possible dark disk

The presen
e of a possible disk DM stru
ture (DD) has been re
ently suggested by [70℄ as a natural expe
tation in

�CDM s
enarios. We therefore 
onsidered also this possibility. When propagating CR �p a

ounting for the presen
e
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FIG. 11: Left panel: The B/C for the KRA model (red), for the model with radial dependent di�usion 
oeÆ
ient (green) and

the model with strong 
onve
tion in the inner galaxy (blue). We remark that the red and blue lines are superimposed. See

Se
. VIA for details. Right panel: the se
ondary �p 
ux 
omputed for the same models.

FIG. 12: Left panel: The �p 
ux from a DM Wino of 200 GeV for the KRA model (red), for the model with radial dependent

di�usion 
oeÆ
ient (green) and the model with strong 
onve
tion in the inner galaxy (blue), for di�erent DM pro�les (solid:

Einasto, dotted: NFW, dashed: Burkert). Right panel: The relative ratio of the nonstandard propagation models with the

KRA model (same 
olor/style 
ode as for the left panel).

of a dark disk, the DM density is assumed to be � = �

SH

+ �

DD

, with �

SH

the DM density of the spheri
al halo.

We re
all that sin
e we are interested in understanding what is the maximal e�e
t that the dark disk 
an have on

the �p 
ux, we set for simpli
ity �

0

DD

=�

0

SH

= 1 in our simulations. We also set the total lo
al DM density to be

0:4 GeV 
m

�3

, as we have done in the 
ase of a spheri
al only 
omponent.

As we show in Fig. 7 (bottom row), the �p 
ux of DM origin produ
ed at distan
es larger than 6 kp
 from our

position 
an be rather important. In fa
t assuming a NFW pro�le we get that ' 40% of the observed DM �p 
ux
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FIG. 13: Left panel: The �p 
ux from a 200 GeV Wino obtained for the KRA model assuming di�erent DD pro�les [red lines

are for the model of Eq. 13, blue lines are for the model of Eq. 14℄. The 
ontribution from DD only is shown as dotted lines,

the total 
ontribution is shown as solid lines. For referen
e, the bla
k solid line shows the �p for the NFW pro�le without a DD

pro�le. Right panel: The �p obtained for the propagation model with di�erent z

t

: KRA (red), THK (yellow) and THN (green).

Dashed line is for the model of Eq. 13, dotted for the model of Eq. 14.

is produ
ed from the inner 2 kp
 of the halo,

3

where in
luding a dark disk 
omponent with �

0

DD

= �

0

SH

has the

biggest e�e
t on the density. In Fig. 13 (left), we show the �p 
ux of DM origin for the 
ase of 
ombined �

SH

+ �

DD

pro�le, and 
ompare it to the spheri
al only (NFW) pro�le. As a propagation model we use our KRA model whi
h

has z

t

= 4 kp
, that is signi�
antly larger than the z

H

s
ales of the DD pro�les. The resulting DM originated �p 
ux

is de
reased by a fa
tor of 2 in both 
onsidered 
ases, due to the fa
t that the di�eren
e between a spheri
al halo only

sour
e and a spheri
al halo + dark disk sour
e is of that order in the relevant di�usion region.

Interestingly, the dark disk 
ontribution (�

2

DD

) to the �p 
ux is a fa
tor of 10 times lower than that of the spheri
al


omponent in the entire range of the �p spe
trum (see dotted lines in Fig. 13 left). Su
h a suppression happens sin
e,

as we show in Fig. 7 (bottom row) only ' 10 � 20% of the DM �p 
ux in the 
ase of a spheri
al halo is produ
ed

within the inner 1 kp
 from the Sun. With the rest of the �p 
ux produ
ed at distan
es > 1 kp
 from the Sun's

position, having a dark disk 
omponent with mu
h lower DM density (than the spheri
al halo) espe
ially outside the

disk plane (but within the di�usion zone) 
an have a strong impa
t on the DM �p 
ux (see also dis
ussion in [117℄ for

the 
ase of Sommerfeld enhan
ed annihilating DM). We note that while the di�erent dark disk pro�les vary in their

�

2

DD


omponent of the 
ux, the total (�

SH

+ �

DD

)

2

does not vary that mu
h between those models, thus making the

details of the dark disk pro�le less important (as long as we are in the regime of z

t

> z

H

).

In Fig. 13 (right), we show the e�e
t of di�erent propagation models in the only �

2

DD


omponent of the 
ux, for

the two 
onsidered dark disk pro�les. Depending on the DD pro�le, the e�e
t of 
hanging the propagation model (for

a �xed DD pro�le) is between a fa
tor of ' 6 [model of Eq. 13℄ and a fa
tor of ' 4 [model of Eq. 14℄. Adding the �

2

SH

and 2�

SH

�

DD

terms of the 
ux makes though the 
hanges in the total DM �p 
ux between di�erent models similar to

those shown in Fig. 5 (with the 
uxes though suppressed by a fa
tor of 2).

3

With the ex
eption of the thin halo (THN) model.
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FIG. 14: Left panel: Lo
al spe
trum of antiprotons from 200 GeV Wino DM for the KRA model and assuming a modulation

potential of 550 MV, obtained by: running the semianalyti
 model in DarkSUSY (bla
k); running DRAGON in our standard

setup (red); with a DRAGON run whi
h assumes a spatially 
onstant di�usion 
oeÆ
ient (blue), plus no rea

eleration (green),

plus no energy losses (orange). Solid lines are obtained assuming Einasto pro�le and dashed lines are for Burkert pro�le. Right

panel: Fra
tion ratio between the DRAGON runs (same 
olor 
oding) and the DarkSUSY result.

VII. DISCUSSION: COMPARISON WITH PREVIOUS RESULTS AND FUTURE PERSPECTIVES

A. Comparison with the semianalyti
 solution

Most analyses of the antiproton DM signal in the literature have been performed via semianalyti
 solutions of the

di�usion equation. Equation 15 admits su
h solutions in the 
ase of a set of simplifying assumptions is implemented.

On top of the hypotheses of stationary limit, 
ylindri
al symmetry and free es
ape at the boundary of the di�usion

region, whi
h are applied also to our numeri
al treatment, one needs to restri
t to models with: (i) a spatially 
onstant

di�usion 
oeÆ
ient (as opposed to exponentially rising in the verti
al dire
tion, and, possibly, with a radial dependen
e

within our model); (ii) an in�nitely thin gas dis
 of 
onstant density lo
ated at z = 0 (rather, again, than some more

realisti
 gas distribution given as a fun
tion of R and z { a dis
 with �nite thi
kness is also an option, and in this 
ase

the di�usion 
oeÆ
ient 
an be set to two di�erent fun
tions of rigidity, one in the dis
 and one in the di�usive halo);

(iii) energy losses and rea

eleration whi
h are either negle
ted or in
luded as a mat
hing solution term at z = 0; and

(iv) a 
onve
tion velo
ity perpendi
ular to the Gala
ti
 plane and with the spe
i�
 form v




= (0; 0; sign(z)V




), where

V




is a 
onstant (however, we will not 
ompare 
onve
tion models in the following). Under these hypotheses, the

transport equation 
an be worked out by fa
torizing out the radial part of the solution through an expansion of the

number density and its sour
e fun
tion in a Fourier-Bessel series, and solving analyti
ally the di�erential equation in

the verti
al dire
tion on ea
h term of the series. The solution 
an then be written as a sum of Fourier-Bessel modes,

with integrals over volume of the sour
e fun
tion entering in the 
oeÆ
ients. This is the solution implemented, e.g.,

in the DarkSUSY pa
kage to estimate the lo
al antiproton 
ux from WIMP annihilations. If the DM density pro�le

is not too large in the GC region, the sum 
onverges rapidly and this approa
h to the di�usion equation 
an be

substantially less CPU 
onsuming than the full numeri
al solution. For very 
uspy distributions, the terms in the

series show an os
illatory pattern whi
h instead 
onverges rather slowly and this semianalyti
 approa
h may not be

anymore that powerful (see, however, the pro
edure to improve the 
onvergen
e suggested in [118℄). In Fig. 14 we

show, for the 200 GeV Wino model already dis
ussed in Se
s. II A and IV and the spheri
al Burkert and Einasto

pro�les, a 
omparison between our numeri
al solution in the 
ase of the KRA propagation model and the solution

obtained with the DarkSUSY 
ode trying to mat
h as 
losely as possible the propagation setup. In parti
ular, we

assume that the height of the di�usion region 
orresponds to our parameter z

t

[9℄, a 
onstant di�usion 
oeÆ
ient,

namely setting g(R; z) = 1 in Eq. 16 and keeping the same dependen
e on rigidity, that the gas (hydrogen) has a

density of 1 
m

�3

in a layer of 0.2 kp
 thi
kness (but implemented in the solution as in�nitely thin dis
 at z = 0), that

energy losses and rea

eleration 
an be negle
ted. In the left panel of Fig. 14 we plot the result of the 
omputation
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FIG. 15: Left panel: Comparison between results obtained with the semianalyti
 propagation 
ode in
luded in DarkSUSY

(dashed lines) and standard runs with DRAGON (solid lines), for a 200 GeV Wino DM and for our standard set of propagation

models (the 
olor 
oding is the same as in Fig. 2). We show results for the Burkert pro�le. Right panel: Fra
tion ratios between

the DRAGON runs and the DarkSUSY results.

obtained with DarkSUSY (bla
k lines), the result with our standard DRAGON run (red lines) and results with other

DRAGON runs as obtained 
hanging progressively the 
on�guration to a 
onstant di�usion 
oeÆ
ient within z

t

,

swit
hing o� rea

eleration and energy losses. As it 
an be seen, in this 
ase the results of the 
omputation in the

semianalyti
 and the numeri
al model are in fairly good agreement, within about 20%. One 
an also see that there

is no 
onspira
y between the di�erent simplifying assumptions to indu
e a larger or smaller antiproton 
ux, but they

tend to 
ompensate; in parti
ular, the e�e
t of negle
ting rea

eleration is rather mild as one 
ould have expe
ted

from the broad shape of the WIMP sour
e fun
tion, and energy losses have really no impa
t. In Fig. 15 we show, for

the same WIMP model, the 
omparison of the full DRAGON numeri
al solution with the DarkSUSY solution, for some

of the propagation models in Table II and the Burkert spheri
al halo pro�les. Even for the Burkert pro�le, for whi
h

we had found that the largest 
ontribution to the lo
ally measured 
ux 
omes from lo
al sour
es, the pres
ription

we have implemented for translating one model into the other does not work as well as for the �rst example we have


onsidered, with di�eren
es of the order of 40%.

B. Comparison with previous results

The literature on the �p based 
onstraints on DM models is quite wide. Here we limit ourselves to 
ompare our

results with some of the most re
ent results. In [22℄ the PAMELA �p=p data were �rst used in this framework to


onstrain WIMP annihilation 
ross se
tion in a mass range between � 100 GeV and 1 TeV. The DM �ps as well as

the se
ondaries' propagation were treated with a semianalyti
al 
ode as des
ribed in [8, 20℄. The un
ertainty on the

se
ondary 
ux was evaluated to be 20-30%, whi
h is 
omparable with our results, while that on the DM 
ontribution

due to propagation amounts to about 1 order of magnitude (see also [21, 23℄), whi
h is slightly smaller than that found

in this paper. The 
onstraints in [22℄ are based on a bin by bin 
omparison of theoreti
al models and experimental

data whi
h is di�erent from the quality of �t analysis performed in this work. We found however that our 
onstraints

on the Wino models are in rough agreement with those results. Heavy leptophili
 and light WIMP models were not


onsidered in [22℄. Furthermore ele
troweak 
orre
tions to �p produ
tion were not 
onsidered.

Light WIMP models were 
onstrained in [119℄. Again, propagation was treated semianalyti
ally and ele
troweak


orre
tions were not in
luded in that analysis. Our 
onstraints are slightly more stringent than those in that paper

for most propagation models but the THN one.

In [39℄ one of us used the GALPROP numeri
al di�usion pa
kage to propagate se
ondary as well as DM �ps for a

nonthermal wino model with a propagation setup similar to our KOL. By 
omparing the sum of those two 
ontributions

with PAMELA data he obtained 
onstraints very similar to those 
orresponding to the blue lines in Fig. 8. Ele
troweak


orre
tions, whi
h were not 
onsidered in that paper, have a marginal role for that 
lass of models. Those 
orre
tions
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were instead in
luded in the analysis reported in [120℄ and [121℄, both based on semianalyti
al di�usion models. The

antiproton based 
onstraints whi
h were obtained 
onsidering the ��!We� and ��! Ze

�

e

+

annihilation 
hannels

(the �ps being produ
ed by the gauge boson de
ay) are similar to those derived in this paper for the wino models.

Heavy leptophili
 models (for whi
h the e�e
t of ele
troweak 
orre
tions are the largest), however, were not 
onsidered

in [120℄ and no 
onstraints on the 
ross se
tions were derived in [120℄.

C. The proje
ted AMS-02 sensitivity

As we dis
ussed in Se
. III the present un
ertainty on the propagation parameters gives rise to large s
atter in

the se
ondary and espe
ially in the antiproton spe
tra from DM. This strongly limits the present sensitivity to dark

matter indire
t sear
h in that 
hannel. Here we shortly dis
uss how the AMS-02 observatory, whi
h was deployed on

the International Spa
e Station in May 2011, may drasti
ally improve this situation.

AMS-02 is designed to provide simultaneous measurements of a number of CR spe
ies, in
luding antiprotons,

protons and a wide set of nu
lei, with unpre
edented pre
ision. In order to estimate the sensitivity of this observatory

to DM models in the �p 
hannel we adopt the following preliminary AMS-02 performan
es

4

.

We will limit ourselves to energies below 250 GeV in whi
h range we use the antiproton geometri
al a

eptan
e

A

�p

= 0:25 m

2

sr. The energy resolution for protons and antiprotons is expe
ted to be �E=E � 20 % at about 100 GeV

and to be
ome 10 % below 10 GeV. We 
onservatively assume �E=E � 25 % below few hundred GeV whi
h allows

10 bins per energy de
ade. We also use a proje
ted geometri
al a

eptan
e for light nu
lear spe
ies A

�

N

= 0:45 m

2

sr

in order to estimate the AMS-02 sensitivity to CR propagation parameter. We note that at the highest �p energies the

geometri
al a

eptan
e is expe
ted to drop from the value of 0.25 m

2

sr, while the energy resolution be
ome worse.

Most importantly proton spill-over from soft s
atterings inside the dete
tor is expe
ted to in
rease the observed �p


uxes, thus pla
e a limit to the highest energies at whi
h a reliable measurement of the �p 
ux 
an be made.

As we dis
ussed in Se
. III the present un
ertainty on the propagation parameters give rise to a large s
atter in

the se
ondary and espe
ially in the antiproton from DM annihilation 
omputed spe
tra. Those un
ertainties are

expe
ted to be 
onsiderably redu
ed by AMS-02 thanks to its planned a

ura
y measuring several se
ondary/primary

nu
lear spe
ies ratios, the B/C most importantly. In Ref. [122℄ the AMS-02 proje
ted error on the measurement of

the di�usion 
oeÆ
ient spe
tral index was estimated to be �Æ ' 0:02 and that on the halo s
ale height �z

t

= 1 kp


with the same 
on�den
e.

5

Although in that paper the AMS-02 super
ondu
tor design was adopted, we estimated

that the un
ertainty on Æ should not 
hange signi�
antly with the �nal AMS-02 design. However, in order to a

ount

for possible systemati
s, we adopt here the larger error �Æ ' 0:05.

Even under these 
onservative assumptions, the error with whi
h AMS-02 should be able to determine Æ will be


onsiderably smaller than the present un
ertainty (0:3 . Æ . 0:7 [9℄) allowing to drasti
ally redu
e the allowed set of

propagation models.

The un
ertainty with whi
h AMS-02 will 
onstrain z

t

may be larger than that estimated in [122℄ as a 
onsequen
e

of the redu
ed mass resolution of the new experimental design. This turns into a smaller dis
riminating power nu
lear

isotopes in parti
ular of the

10

Be and

9

Be the ratio of whi
h 
an used to infer the di�usive halo thi
kness. Sin
e

the AMS-02 
ollaboration has not released yet the mass resolution of the new instrumental setup, here we 
onsider

several test values of �z

t

.

For illustrative purposes we assume that the a
tual propagation setup is des
ribed by the KRA model. Under this

hypothesis, in Fig. 16 we 
ompare the total (se
ondary + DM) �p spe
trum 
omputed for a Wino DM models with

m

�

= 200 GeV and a 
ross se
tion h�vi = 3� 10

25


m

3

s

�1

, with the se
ondary �p spe
trum. The AMS-02 proje
ted

error refer to 1 year of data taking. The band about the predi
ted se
ondary spe
trum (red dashed line) represents

the proje
ted un
ertainty 
orresponding to varying Æ in the range 0:5� 0:05 while tuning the other parameters so to

keep the B/C 
ompatible with the model within 2 �. We see that this un
ertainty, whi
h is mainly due to degenera
y

of the B/C ratio for di�erent values of the Alfv�en velo
ity, is relevant only below few GeV.

The three bands representing the �p 
ux from DM, 
orrespond to �z

t

= 1; 2; 3 kp
. Sin
e the e�e
t of this un
ertainty

on the total �p 
ux is very small, in the �gure we show only that 
orresponding to �z

t

= 3 kp
.

We see that even under these pessimisti
 assumptions the un
ertainty on the total �p should not prevent to dete
t

an ex
ess on the ba
kground due to DM annihilation even with small relatively small 
ross se
tion. This 
omes with

4

M. In
agli, B. Bertu

i, private 
ommuni
ation.

5

Although a verti
ally homogeneous di�usion 
oeÆ
ient was adopted in that paper those errors should not 
hange signi�
antly adopting

a exponential verti
al pro�le. We also note that these results where 
al
ulated for �xed ISM gas, 
onve
tion and re-a

eleration

assumptions. Relaxing them may have a more strong impa
t on how mu
h �Æ and �z

t

will de
rease by the AMS-02.
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FIG. 16: The �p spe
trum from Wino DM with m

�

= 200 GeV and annihilation 
ross se
tion h�vi = 3 � 10

�25


m

3

s

�1

propagated a

ording to the KRA model (blue solid line); the se
ondary �p 
omputed for the same model (red solid line);

the sum of those 
omponents (red dotted line). Error bars represent AMS-02 proje
ted statisti
al errors after 1 year of data

taking. The gray band around the red solid line is the un
ertainty on the se
ondary �p spe
trum due to the expe
ted AMS-02

error on the B/C measurement. The light, medium and dark grey bands around the blue solid line represent the un
ertainties


orresponding to an error �z

t

= 1; 2; 3 kp
 on the knowledge of the di�usive halo s
ale height.

the assumption that the se
ondary produ
tion 
ross se
tion does not 
ause a break in the ba
kground spe
trum in

the same energies (� 100 GeV). In Fig. 17 (left panel), we represent the proje
ted AMS-02 sensitivity to Wino-like

DM models for the KRA propagation model after 1 years of data taking. These plots have been performed following

an approa
h similar to that used to derive the 
onstraints showed in the previous se
tion: for ea
h 
hoi
e of the DM

mass we determined the annihilation 
ross se
tion su
h that the total �p 
ux ex
eeds the se
ondary 
ux 
omputed

for the ea
h of those models by 3�. Although these plots do not a

ount for systemati
al errors, it is evident by


omparing them with those in Fig. 8 that AMS-02 has the potential to improve on the sensitivity on the annihilation


ross se
tions by more than one order of magnitude. In Fig. 17 (right panel) we also show the analogous 
onstraints


omputed for the heavy dark matter model whi
h annihilate into � at tree level. From this �gure the reader 
an see

as AMS-02 should have the 
apability to 
on�rm, or to reje
t, those models as a solution of the PAMELA positron

anomaly re
ently 
on�rmed by Fermi-LAT [42℄. Yet, we note that we have not taken into a

ount the systemati


errors at the highest energies, of proton spill-over and a possible fast in
rease of �E=E with E (taking it 
onstant

instead), sin
e no su
h information is publi
ly available. Sin
e these systemati
 errors 
an in
rease the �p 
ux, how

weaker the DM 
onstraints will a
tually be will strongly depend on the AMS-02 performan
e above 100 GeV.

D. The e�e
t of a break in the CR spe
tra

Re
ent data from the CREAM ballon-borne experiment [123℄ seems to 
on�rm earlier suggestions (see e.g. [124℄)

that CR nu
lei spe
tra at few TeV/nu
leon are harder than in the 10-100 GeV range and that helium and heavier

nu
lei spe
tra are harder than the proton spe
trum at 
orresponding energies. As we mentioned in the above, re
ently

PAMELA measured a break in the p and He CR 
uxes at rigidity R ' 230 GV [86℄ whi
h, if extrapolated to higher

energies, is 
ompatible with CREAM results. If 
on�rmed, those features may have relevant impli
ations for the

se
ondary antiproton 
ux shown also in [125℄, hen
e for DM indire
t 
onstraints.

Here we dis
us two distin
t possibilities for the origin of su
h a break, and how CR antiprotons measured by AMS-02


ould be used as a probe to dis
riminate among them.

The �rst possible explanation for the break at rigidity R ' 230 GV, shown also in Fig. 18 (left panel) for the p 
ux

is that this break 
omes from the inje
tion of CR p and heavier nu
lei into the ISM. That 
ould be be
ause at the

a

eleration sites the formation of a pre
ursor may take pla
e as has been suggested semianalyti
 work on the di�usive

sho
k a

eleration [126{129℄. The presen
e of a pre
ursor would lead in higher energy parti
les being 
ompressed



25

FIG. 17: Constraints for the Wino (left panel) and the heavy (right panel) DM models 
ross se
tions as fun
tion of the parti
le

mass assuming simulated AMS-02 data for �p. Solid, dotted and dashed lines refers to Einasto, NFW and Burkert DM density

pro�les respe
tively.

more (on average) and thus a

elerated to a harder spe
trum than the lower energy parti
les [126, 129℄. Alternatively

a se
ond population of SNRs 
ould be emerging at � 230 GV. Both 
ases are modeled as \a break in the inje
tion

spe
tra", shown as blue lines in Fig. 18. The se
ond possible explanation is that at � 230 GV we observe a 
hange in

the turbulen
e power spe
trum of the ISM as seen by CRs, whi
h 
ould be Krai
hnan type at low R and Kolmogorov

type at high R, whi
h we show as green lines in Fig. 18.

Both 
ases 
an explain as we show in Fig. 18 (left panel) the observed break at the protons (shown) and He (not

shown). As antiprotons are produ
ed by the CR p, He and metals, the observed break at 230 GV, should lead in a

�rst soft break (hardening of the spe
trum), shown in Fig. 18 (left panel), 
ompared to the �p 
ux predi
ted if p and He

did not have any break at 230 GV (red line). That �rst soft break is the 
ase for both the break in the inje
tion and

the break in the di�usion 
oeÆ
ient(Fig. 18). Yet in the 
ase of the break in the di�usion 
oeÆ
ient, we should also

observe from the propagation of the se
ondary �ps in the ISM a se
ond hardening at '230 GV, shown in Fig. 18(right

panel). On the basis of this argument, in [125℄ it was noti
ed that if AMS-02 observes an hardening in the �p spe
trum

at the same rigidity where PAMELA has observed the break in p and He it would 
on�rm the break in the di�usion


oeÆ
ient.

A 
omplementary analysis has also been 
arried out in [85℄ where the authors 
on
luded that the di�eren
es between

the break in the inje
tion versus the break in the di�usion are too small in the di�use gala
ti
 
ux at middle and high

latitudes and E




> 100 GeV, to give a 
on
lusive result for one vs the other s
enario. Thus �ps may a
tually be the

best probe to understand the origin of the 230 GV break.

VIII. CONCLUSIONS

In this arti
le, we have explored various sour
es of un
ertainty whi
h a�e
t the sear
h of the antiproton 
osmi


ray 
omponent possibly produ
ed by dark matter annihilations in the Galaxy. We mainly fo
used on astrophysi
al

un
ertainties, due to CR propagation and DM spatial distribution.

For this purpose, we have 
onsistently 
omputed the lo
al 
ux of antiprotons produ
ed by DM and by intera
tions

of p/He nu
lei with the ISM for several numeri
al di�usion models. We �xed model parameters under the pres
ription

that they provide good statisti
al �ts (�

2

red

< 1) of re
ently updated B/C and proton data under di�erent 
onditions

whi
h may a�e
t the se
ondary and espe
ially the DM �p 
uxes. In parti
ular, we have studied di�erent rigidity

dependen
ies of the di�usion 
oeÆ
ient, a wide range of gala
ti
 halo thi
kness and also 
onsidered a model with a

strong 
onve
tion. All these models are in very good agreement with the new PAMELA data [13℄ and they also give

a rather good des
ription of the

4

He spe
trum measured by the same experiment above few GeV.
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FIG. 18: Left panel: The p 
ux obtained for the KRA model assuming a break in the inje
tion spe
tra (blue) and a break in

the di�usion 
oeÆ
ient (green), 
ompared with the 
ase with no breaks (red). Right panel: The �p obtained for the di�erent

s
enario.

For what 
on
erns se
ondary antiprotons, we found a rather weak varian
e (less than 30% between 0.1 and 100 GeV)

of their 
ux on the 
hoi
e of the propagation model. This is explained by the fa
t that their produ
tion me
hanism

and energy losses are similar to those of se
ondary nu
lei on whi
h the models are tuned. The agreement between

the predi
ted se
ondary �p and the experimental data (espe
ially those of PAMELA [13℄) are very good with the only

marginal ex
eption of the KOL model (see also [25℄). Therefore, in agreement with previous results, we 
on
lude that

from the presently available antiproton data it 
omes no reason to invoke a new 
ontribution to the 
ux and that a

possible DM 
ontribution to the antiproton 
ux must be subdominant.

Then we 
ompared numeri
al predi
tions with experimental data to get 
onstrains on DM annihilation models for

di�erent propagation models and DM density pro�les. We 
onsidered three 
lasses of DM models dis
ussed in Se
. II

re
ently investigated in 
onne
tion to hints of DM signals in other dete
tion 
hannels but potentially giving a sizable

antiproton 
ux as well. For ea
h of those models we 
onsidered three DM pro�les (Einasto, Navarro-Frenk-White and

Burkert) whi
h are often adopted in the related literature. We found a strong dependen
e, up to a fa
tor of about

50, of the DM �p 
ux on the 
hoi
e of the propagation model. This varian
e is dominated by the large un
ertainty on

the propagation parameters, most importantly by that on the di�usion halo s
ale height and it is even larger than

the un
ertainty due to the 
hoi
e of the DM pro�le.

In order to interpret these results, we have investigated how the relative antiproton 
ux 
hanges as a fun
tion of

the sour
e position in the Galaxy for di�erent propagation models. In qualitative agreement with �ndings by other

groups employing semianalyti
 te
hniques to solve the transport equations,[100, 101℄ we found that se
ondary nu
lei

and antiprotons rea
hing the Earth are mainly produ
ed within a distan
e of few kp
 from the Earth position. They

are therefore very weakly a�e
ted by possible variations of the propagation 
onditions in the inner Galaxy where most

of the DM antiprotons are produ
ed. In order to test the possible 
onsequen
es of this issue on the DM 
onstraints,

we exploited the features of the DRAGON tool that allowed us to 
onsider also some nonstandard, though physi
ally

motivated, di�usion models in whi
h the physi
al 
onditions in the inner 3 kp
 of the Galaxy are di�erent from the

rest of the disk. We found a signi�
ant e�e
t on the DM 
ontribution without a�e
ting the lo
al observables like

B/C and protons that are mostly used to determine the propagation model parameters. Other than being by itself

another sour
e of un
ertainty, this also means that the propagation un
ertainty in DM antiproton predi
tions 
annot

be redu
ed beyond the one given by nonstandard propagation models even if new high pre
ision measurements of the

lo
al nu
lear observables will be available in the future. Only a 
omprehensive study in
luding lo
al and nonlo
al

(e.g., 
-ray) observables may su

eed in redu
ing safely the propagation un
ertainties.

With these limitations in mind, we derived new 
onstraints on DM annihilation 
ross se
tion for a set of propagation

models adopting radially uniform propagation properties. In spite of the large astrophysi
al un
ertainties dis
ussed

above, our 
onstraints already ex
lude some models whi
h rose a wide interest in the re
ent literature, su
h as � 200

GeV Wino models [37℄ suggested in 
onne
tion to the rise of the positron fra
tion measured by PAMELA, and light

binolike DM models in 
onne
tion to the CoGent and DAMA signals. It is worth reminding here that our analysis
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a

ounts for ele
troweak 
orre
tions to DM annihilation spe
tra, whi
h signi�
antly a�e
t the �p 
ux produ
ed by the

annihilation of heavy (m

�

� 100 GeV) DM parti
les [45℄. These 
orre
tions are espe
ially relevant for the very heavy

WIMP s
enario, whi
h was proposed as a possible interpretation of the PAMELA positron anomaly [2℄, as they make

possible an independent test of \leptophili
" models in the �p 
hannel.

Beside 
onsidering the astrophysi
al un
ertainties mentioned above, we also explored the e�e
ts of the un
ertainties

on the gas distribution, the spallation 
ross se
tions and the lo
al distribution of dark matter where we also studied

the e�e
ts of a dark disk 
omponent. Upon 
on�rming previous studies, our results show that these un
ertainties are

relatively less important with respe
t to the varian
e obtained by adopting di�erent propagation models.

We also 
ompared our numeri
al results with semianalyti
al solutions widely used in the related literature. In most


ases we found relatively small, though not negligible, dis
repan
ies (up to 25 % or larger).

At the end of this paper we estimated the proje
ted sensitivity of the AMS-02 spa
e observatory to some of the DM

models 
onsidered in the above. We showed as the interplay of its a

urate CR nu
lei and antiproton measurements

should be able to improve dramati
ally the sensitivity to DM models with respe
t to the 
onstraints derived in this

work.

Furthermore, we have dis
ussed the impli
ations from the re
ently found rigidity break in the protons and He

CR spe
tra [86℄. We have addressed the possibility of dis
riminating whether the break is in the inje
tion spe
trum

(
onne
ted to either a

eleration e�e
ts in the sour
es, or to the presen
e of an extra population of primary sour
es

inje
ting CRs with harder spe
tra) or in the energy dependen
e of the di�usion 
oeÆ
ient by using forth
oming

observation up to �500 GeV energy range with smaller statisti
al errors.
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