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Antiprotons in cosmic rays from neutralino annihilation
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We calculate the antiproton flux due to relic neutralino annihilations, in a two-dimensional diffusion model
compatible with stable and radioactive cosmic ray nuclei. We find that the uncertainty in the primary flux
induced by the propagation parameters alone is about two orders of magnitude at low energies, and it is mainly
determined by the lack of knowledge of the thickness of the diffusive halo. On the contrary, different dark
matter density profiles do not significantly alter the flux: a Novarro-Frenk-White distribution produces fluxes
which are at most 20% higher than an isothermal sphere. The most conservative choice for propagation
parameters and dark matter distribution normalization, together with current data on cosmic antiprotons, cannot
lead to any definitive constraint on the supersymmetric parameter space, either in a low-energy effective
minimal supersymmetric standard model, or in a minimal supergravity scheme. However, if the best choice for
propagation parameters—corresponding to a diffusive halo ofL54 kpc—is adopted, some supersymmetric
configurations with the neutralino massmx&100 GeV should be considered as excluded. An enhancement flux
factor—due for instance to a clumpy dark halo or a higher local dark matter density—would imply a more
severe cut on the supersymmetric parameters.
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I. INTRODUCTION

The recent Wilkinson Microwave Anisotropy Prob
~WMAP! measurements of the cosmic microwave ba
ground~CMB! anisotropies@1# point toward a flat universe
with a fractionVL.0.7 of the closure density in the form o
a negative pressure component—such as a cosmological
stant or a scalar field—while the remainingVm.0.3 is mat-
ter. These conclusions are independently reached from
determination of the relation between the luminosity dista
and the redshift of supernovas of type Ia~SNIa! @2# on the
one hand and from the large scale structure information fr
galaxy and cluster surveys@3#. The WMAP values ofVm
50.2760.04 andVB50.04460.004 indicate that most o
the matter is nonbaryonic. The amount of baryonic ma
VB deduced from the CMB is in perfect agreement with t
results from primordial nucleosynthesis and observations
the deuterium abundance in quasar absorption lines@4#.

The nature of this astronomical dark matter has been c
lenging physicists for several decades and is still unresolv
The favored candidate is a weakly interacting massive p
ticle. The so-called neutralino naturally arises in the fram
work of supersymmetric theories as the lightest combina
of neutral Higgsinos and gauginos. A great deal of effort h
been devoted to pinning down these evading species@5#.
Experimental techniques@6–8# have been devised in order t
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be sensitive to the recoil energy which a neutralino may
posit as it crosses a terrestrial detector. The annihilation p
tons from the neutralinos that populate the Milky Way ha
@9# or extragalactic systems@10# are under scrutiny. As a
matter of fact, a gamma-ray excess has been recently
ported by HEGRA in the direction of the giant elliptical M8
@11#. Antimatter cosmic-ray particles are also expected fr
neutralino annihilations inside our galaxy. A subtle feature
the positron spectrum has actually been measured by
HEAT Collaboration@12# for energies beyond 7 GeV.

This work is devoted to cosmic-ray antiprotons who
energy spectrum has already been measured with some
curacy. Much larger statistics will soon be collected by t
AMS Collaboration on board the International Space Stat
~ISS! by the BESS-Polar long duration balloon experime
and by the PAMELA satellite. Secondary antiprotons a
naturally produced by the spallation of primary nuclei
mostly cosmic-ray protons and helions—on the diffuse g
of the Milky Way ridge. If neutralinos pervade our galaxy,
primary component adds up to that secondary distributi
The spectral distortion that ensues is expecteda priori in the
low-energy region for merely kinematic reasons@13#: unlike
for a neutralino annihilation, the center-of-mass frame o
spallation event is not at rest with respect to the galaxy.
principle, an excess of low-energy antiprotons is the sig
ture of an unconventional production—either neutralino a
nihilation or small black hole evaporation@14# for instance.
However, because antiprotons undergo inelastic yet nona
hilating collisions with the interstellar material, the high
energy particles tend to lose energy and to populate the l
energy tail of the spectrum, which consequently is mu
flatter @15# than previously estimated. This motivated th
search for other cosmic-ray signatures such as antideute
©2004 The American Physical Society01-1
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@16,17#. Antiproton production from primary cosmic-ra
spallations is the natural background to any unconventio
excess that would signal, for instance, the presence of
putative neutralinos. The detailed calculation of that seco
ary component@18# has required the determination of th
propagation-diffusion parameters that are consistent with
B/C data@19#. By varying those parameters over the ent
range allowed by the cosmic-ray nuclei measurements,
theoretical uncertainty on the antiproton secondary flux
been found to be 9% from 100 MeV to 1 GeV. It reache
maximum of 24% at 10 GeV and decreases to 10% at
GeV. This small scatter in the secondary antiproton spect
is not surprising. Cosmic-ray nuclei such as LiBeB and s
ondary antiprotons are both manufactured in the sa
place—the interstellar gas of the galactic disk—through
same production mechanism—the spallation of primaries

The aim of this article is to calculate the supersymme
cosmic-ray antiproton flux that arise from the diffusio
propagation parameter space and to estimate the unce
ties due to its spread. Since neutralinos annihilate all over
Milky Way and are not confined to the disk alone, we anti
pate that the uncertainty in that primary component will
much larger than for secondaries.

The discussion will be split into two main direction
brought to the fore by the structure of the equation desc
ing the primary flux. Production and propagation may
disentangled in the limit where the energy does not chang
antiprotons travel. That is not strictly correct, as diffusi
reacceleration as well as adiabatic and Coulomb losses
erate a diffusion in energy space that is discussed in App
dix. The elementary process of supersymmetric antipro
production through neutralino annihilation is discussed
Sec. II, both in an effective minimal supersymmetric sta
dard model~MSSM! and in a supergravity-inspired mode
The two-zone propagation-diffusion model and the dep
dence of the primary antiproton fluxF p̄

SUSY on the propaga-
tion parameters are described in Sec. III. The thicknessL of
the magnetic halo is naively expected to be the domin
source of uncertainty forF p̄

SUSY as the larger the confinemen
layers, the larger the fiducial volume where neutralino an
hilations take place, and the larger the supersymmetric a
proton flux. Actually,L is combined with the diffusion coef
ficient K(E) and the galactic wind velocityVc in order to get
a precise value for the B/C ratio and for the antiproton flu
We present the results for the primary flux in Sec. IV, whe
we estimate the uncertainties induced by the spread of
diffusion-propagation parameter space. We also briefly
cuss the modifications ofF p̄

SUSY due to different choices in
the dark matter distribution function, in its normalizatio
and in the core radius values. In Sec. V, the comparison
the latest antiproton measurements with the antiproton flu
predicted in different supersymmetric schemes will be d
cussed as a function of the propagation-diffusion parame
and of the neutralino galactic distribution. Conclusions a
perspectives will be presented in Sec. VI.

II. THE NEUTRALINO-INDUCED ANTIPROTONS:
THE SOURCE TERM

Antiprotons can be produced by self-annihilation of ne
tralinos in the galactic halo. Dark matter neutralinos may
06350
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considered almost at rest in the galactic frame since t
average velocity is of the order of 300 km s21. They are
therefore highly nonrelativistic. The production differenti
rate per unit volume and time is a function of space coor
nates (r ,z defined in the galactic rest frame! and antiproton
kinetic energyTp̄ . It is defined as

qp̄
SUSY

~r ,z,Tp̄!5^sannv&0g~Tp̄!S rx~r ,z!

mx
D 2

, ~1!

where^sannv&0 denotes the average over the galactic vel
ity distribution function of the neutralino pair annihilatio
cross sectionsannmultiplied by the relative velocityv, mx is
the neutralino mass, andrx(r ,z) is the mass distribution
function of neutralinos inside the galactic halo. Since re
neutralinos behave as cold dark matter, their distribution
to follow the matter density profilerDM(r ,z) of the galactic
halo:

rx~r ,z!5jrDM~r ,z!, ~2!

wherej parameterizes the fact that the dark halo may not
totally made of relic neutralinos (j<1). This would be the
case when neutralinos are not responsible for the t
amount of dark matter in the Universe, i.e., when their re
abundanceVxh2 is much smaller than the measured val
for VDMh2. This is a situation that occurs in many supersy
metric models. It is reasonable to assume thatj has no space
dependence and that it is related to the relative amoun
Vxh2 with respect toVDMh2. We will assume the standar
definition

j5min~1,Vxh2/0.05!, ~3!

where we have considered that neutralinos withVxh2

,0.05 cannot be the dominant dark matter component.
Finally, the second term in Eq.~1!, g(Tp̄), denotes the

antiproton differential spectrum per annihilation event, d
fined as

g~Tp̄![
1

sann

dsann~xx→ p̄1X!

dTp̄

5(
F

BR~xx→F!S dNp̄
F

dTp̄
D , ~4!

whereF lists thexx annihilation final-state particles whic
can subsequently produce antiprotons either directly~had-
ronization whenF5 quarks or gluons!, or through subse-
quent decay ofF into quarks or gluons, BR(xx→F) is the
branching ratio for the production ofF, and dNp̄

F/dTp̄ de-
notes the differential energy distribution of the antiproto
generated byF. For details of the calculation ofg(Tp̄), see
Appendix A and Ref.@20#.
1-2
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The source termqp̄
SUSY(r ,z,Tp̄) is therefore a combination

of astrophysical factors~the dark matter density profile of th
galactic halo! and of particle physics properties~the neu-
tralino self-annihilation cross section and the hadronizat
into antiprotons of the neutralino annihilation products!. The
astrophysical and particle physics quantities are factored
and can be studied separately. With the definitions gi
above, we can rewrite the antiproton source term as

qp̄
SUSY

~r ,z,Tp̄!5Yg~Tp̄!rDM
2 ~r ,z! ~5!

where we have defined the supersymmetric flux factorY as

Y5j2 ^sannv&0

mx
2

, ~6!

which entirely depends on properties of supersymme
models.

We move now to discuss each term separately.

A. The galactic distribution of dark matter

For most of our discussion, we will assume that the d
matter density distribution is described by a cored isother
sphere. In terms of the radial distancer in the galactic plane
and of the vertical coordinatez, the density profile is

rDM~r ,z!5r l

a21R(
2

a21r 21z2
, ~7!

wherea denotes the core radius of the dark halo andR( is
the distance of the Sun from the galactic center. We have
a53.5 kpc and the IAU-recommended valueR(58.5 kpc.
The valuer l for the total local dark matter density is dete
mined by taking into account the contribution given by t
matter density of Eq.~7! to the local rotational velocityv rot
@21#. The value ofr l compatible with observations range
from 0.18 GeV cm23 ~for a low value of the rotational ve
locity, v rot5170 km s21, and a nonmaximal dark halo! to
0.71 GeV cm23 ~for v rot5270 km s21 and a maximal dark
halo! @21#. The interval relative to the preferred value for th
rotational velocity (v rot5220 km s21) is 0.30 GeV cm23

&r l&0.47 GeV cm23 @21#. Our results will be presented fo
r l50.3 GeV cm23. Since in the primary antiproton fluxr l

2

enters as a pure normalization factor, the fluxes obtained
different values ofr l are easily rescaled. For instance, f
r l50.47 GeV cm23, the antiproton fluxes would be a facto
of 2.45 higher than the corresponding ones forr l
50.3 GeV cm23.

We will come back to the topic of the dark matter dens
profile at the end of the paper, in Sec. IV B.

B. Supersymmetric models

The existence of a relic particle in supersymmetric th
ries arises from the conservation of a symmetry,R parity,
which prevents the lightest of all the superpartners from
caying. The nature and the properties of this particle dep
on the way supersymmetry is broken. The neutralino can
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the dark matter candidate in models where supersymmet
broken through gravity-~or anomaly-!mediated mechanisms
The actual implementation of a specific supersymme
scheme depends on a number of assumptions on the stru
of the model and on the relations among its parameters. T
induces a large variability of the phenomenology of ne
tralino dark matter. In this paper we will consider neutrali
dark matter in two different supersymmetric schemes: a lo
energy effective-theory implementation of the minimal s
persymmetric standard model~EMSSM! and a minimal su-
pergravity model~MSUGRA!.

The EMSSM is defined as an implementation of sup
symmetry directly at the electroweak scale, which is wh
the phenomenology of neutralino dark matter is actua
studied. The large number of free parameters is reduced
set of assumptions which are sufficient to shape the pro
ties of the model at the electroweak scale. All the relev
parameters, which set the mass scales and couplings o
the supersymmetric particles~and of the Higgs sector! are
taken into account. The free parameters are the gaugino m
parameterM2, the Higgs boson mixing parametersm, the
ratio of the two Higgs boson vacuum expectation valu
tanb, the mass of the pseudoscalar Higgs bosonmA , a com-
mon soft scalar mass for the squarksmq̃ , a common soft
scalar mass for the sleptonsml̃ , and a common dimension
less trilinear parameterA for the third family (Ab̃5At̃
[Amq̃ andAt̃[Aml̃ ; the trilinear parameters for the othe
families are set equal to zero!. We assume the standard gran
unification relation between theU(1) and SU(2) gaugino
mass parameters:M155/3 tan2uWM2. The parameters will
be varied in the following intervals: 100 GeV<M2
<1000 GeV, 100 GeV<umu<1000 GeV, 100 GeV<mA
<1000 GeV, 100 GeV<mq̃ ,ml̃ <3000 GeV, 1<tanb
<50, and23<A<3.

A different approach is to embed supersymmetry in a
pergravity scheme with boundary conditions at some criti
high-energy scale, such as the grand unification~GUT! scale,
and keep the number of free parameters and assump
minimal. This is our MSUGRA. In this class of models w
consider gauge coupling constant unification at the G
scale. In addition, all the mass parameters in the supers
metric breaking sector are universal at the same GUT sc
The low-energy sector of the model is obtained by evolv
all the parameters through renormalization group equati
from the GUT scale down to the electroweak scale: this p
cess also induces the breaking of the electroweak symm
in a radiative way. This model is very predictive, since
relies on only very few free parameters, but at the same t
it has a very constrained phenomenology at low energy
also appears to be quite sensitive to some standard m
parameters, like the mass of the top and bottom quarksmt
andmb) and the strong coupling constantas . In this class of
models there are four free parameters: the universal gau
mass parameterM1/2 at the GUT scale, the universal so
scalar mass parameter for both the sfermions and the H
bosonsm0 at the GUT scale, a common trilinear coupling f
the third family at the GUT scaleA0, and tanb. The param-
eters will be varied in the following intervals: 50 Ge
<M1/2<1000 GeV, 0<m0<3000 GeV, 1<tanb<50, and
1-3
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23<A0<3. The standard model parametersmt , mb , and
as are varied inside their 2s allowed ranges.

C. The supersymmetric flux factor Y

The flux factorY defined in Eq.~6! acts as a normaliza
tion factor for the antiproton flux and is a purely supersy
metric term. It depends on the mass and couplings of n
tralinos in the supersymmetric framework under study.
Fig. 1 we show the flux factor as a function of the neutrali
mass for a scan of the EMSSM. Figure 2 reports the case
the MSUGRA scheme. We show the values ofY separately
for the case of comsologically dominant@0.05<Vxh2

<0.3, Fig. 1~a! and Figs. 2~a! and 2~c!# and subdominan
@Vxh2,0.05, Fig. 1~b! and Figs. 2~b! and 2~d!# relic neu-
tralinos. Among the cosmologically relevant ones, we a
show the configurations that yieldVxh2 inside the preferred
range for CDM, as determined by the combined WMA
12DFGRS1Lyman-a analysis: 0.095<VCDMh2<0.131
@1#. The results in the EMSSM show that the upper values
Y are around 10212 GeV24 for neutralino masses close t
the experimental lower bound~around 50 GeV! and then
decrease below 10214 GeV24 for mx;1 TeV.

In the case of dominant relic neutralinos, the interval
values forY is restricted, at all masses: in order to ha
values ofVxh2 that fall in the cosmologically relevant rang
the annihilation cross section integrated from freeze-
down to the present time must be inside the interva
310211 GeV22&^sannv& int&2310210 GeV22. We recall
that the relic abundance depends on^sannv& int (Vxh2

}^sannv& int
21). This cross section, due to the nonvanishi

temperature in the early Universe, may differ quite subst
tially from the zero-temperature cross section^sannv&0,
which is instead relevant for the antiproton signal. Usuall
correlation between̂sannv& int and ^sannv&0 is present when
the zero-temperaturêsannv&0 is large; on the contrary, whe
^sannv&0 is small, temperature corrections in the early U

FIG. 1. ~Color online! Scatter plot of the supersymmetric flu
factorY[j2^sannv&0 /mx

2 as a function of the neutralino massmx ,
calculated in the EMSSM.~a! refers to supersymmetric configura
tions with the neutralino as a dominant dark matter component~i.e.,
0.05<Vxh2<0.3, and therefore a rescaling factorj51). The light
~green! circles show the EMSSM configurations for which the ne
tralino relic abundance lies in the preferred range for cold d
matter ~CDM!, as determined by the combined WMA
12DFGRS1Lyman-a analysis: 0.095<VCDMh2<0.131 @1#. ~b!
refers to the neutralino as a subdominant dark matter par
(Vxh2,0.05).
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verse induce ^sannv& int to deviate, also sizably, from
^sannv&0. This difference in the two cross sections is respo
sible for the band of values ofY shown in Fig. 1~a!.

When the neutralino relic abundance is low, such t
neutralinos are not the dominant component of dark ma
Y acquires an additional dependence onVxh2 through the
rescaling factorj2. This is shown in Fig. 1~b!. The effect of
j2 is obviously to reduceY: the lower the relic abundance
the smallerj and thus the flux factor. The lowest points
Fig. 1~b! are the ones with lower values ofVxh2. These
configurations, even though they give a large^sannv&0 ~low
Vxh2 has large values of̂ sannv& int , and in this case
^sannv& int}^sannv&0), nevertheless have a low flux factor b
cause they are underabundant. This implies that largely s
dominant relic neutralinos are likely to provide~almost! un-
detectable antiproton fluxes. This is somewhat at varia
with the case of direct detection: the difference arises fr
the fact that the antiproton signal~as well as the other galac
tic signals! depends quadratically on the dark matter dens
~and hence on the rescaling factor!, while for direct detection
the dependence is linear and the suppression is much m
@7#.

The situation of MSUGRA is shown in Fig. 2. In thi
case, the largest values of the flux factorY are about an
order of magnitude lower that in the EMSSM:Y
&10213 GeV24 for light neutralinos. This is a consequenc

-
k

le
FIG. 2. ~Color online! The same as in Fig. 1, calculated in th

MSUGRA scheme.~a! and ~c! refer to cosmologically dominan
neutralinos (0.05<Vxh2<0.3); ~b! and ~d! to subdominant neu-
tralinos (Vxh2,0.05). The upper row~a! and ~b! is obtained for
the universal soft scalar massm0 smaller than 1 TeV~for these
models, the neutralino is mostly a Bino state!; the lower row~c! and
~d! refers to values ofm0 in excess of 1 TeV~in this case the
neutralino may have a substantial Higgsino component!. The light
~green! circles in~a! and~c! show the MSUGRA configurations fo
which the neutralino relic abundance lies in the preferred range
CDM, as determined by the combined WMAP12DFGRS
1Lyman-a analysis: 0.095<VCDMh2<0.131@1#.
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of the properties of neutralinos in this constrained type
model: neutralinos turn out to be mainly gauginos and th
couplings, especially to Higgs bosons, which require a mi
Higgsino-gaugino neutralino content, are in general sma
than in some sectors of the EMSSM. The lower panels
Fig. 2 show the situation in a sector of the MSUGRA sche
where the soft scalar masses are large:m0.1 TeV @22,23#.
In this sector, the neutralino may acquire a nonvanish
Higgsino component@22,23#, as a consequence of the radi
tive electroweak symmetry breaking, and their couplings
Higgs bosons are enhanced@22#: the consequence on the flu
factor is in fact a mild enhancement, up to values ofY
around (3 –4)310213 GeV24, closer to the EMSSM uppe
values.

D. The differential antiproton spectrum g„Tp̄…

Let us move now to a discussion of differential spectra
antiprotons which are produced by neutralino annihilati
The capability of producing antiprotons depends on the p
sibility for neutralinos to produce quarks or gluons, eith
directly or through decay of their annihilation produc
quarks and gluons will then hadronize and eventually p
duce antiprotons. We have modeled the hadronization
cess by using thePYTHIA Monte Carlo model~MC! @24#. The
neutralino annihilation is calculated analytically as describ
in Ref. @25#. Neutralino annihilation occurs at rest in th
galactic frame, and the different final states that are o
therefore depend on the neutralino mass. The annihila
may proceed through the following channels: production o
fermion pair; production ofWW and ZZ; production of a
Higgs boson pair; production of a Higgs boson together w
a gauge boson~which can be theZ boson or theW depending
whether the Higgs boson is neutral or charged!. Apart from
the direct production of quarks or gluons, the decay chain
the annihilation products until a quark is produced is cal
lated analytically. At this stage, the antiproton different
flux is obtained from the MC modeling. More details a
given in Appendix A.

A sample of p̄ spectra for the four types of neutralin
annihilation final states is shown in Fig. 3, for different va
ues of the neutralino mass: panel~a! shows the spectra ca
culated for annihilation into a purebb̄ state; panel~b! refers
to annihilation into a pureZZ state; panel~c! refers to an
annihilation into a Higgs boson pair, where the scalar Hig
boson has a mass ofmh5120 GeV, the pseudoscalar Higg
boson mass ismA5200 GeV, for tanb510 and for a van-
ishing value of the Higgs boson mixing parametera; panel
~d! refers to annihilation into anhZ pair, for mh
5120 GeV, tanb510, anda50. Figure 3 shows the de
pendence of the antiproton spectra on the production ene
fixed by the neutralino mass. For instance, in panel~a! the
antiprotons are produced by the hadronization ofb quarks
injected at the energy given by the neutralino mass; in pa
~b!, antiprotons are produced by quarks produced by the
cay ofZ bosons in motion with respect to the neutralino r
frame: a Lorentz boost on the hadronization spectra is th
fore operative in shifting the fluxes to larger kinetic energi
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Spectra like the ones shown in Fig. 3 are used to calcu
the differential spectrag(Tp̄). However, as it is clear from
Eq. ~4!, we also need to know the values of the branch
ratios of each neutralino annihilation final state. The bran
ing ratios will weight the different differential spectra, lik
the ones shown in Fig. 3. An example of branching ratios
neutralino annihilation is given in Fig. 4 for the EMSSM
scheme, and in Fig. 5 for the MSUGRA models.

In the EMSSM, we notice that the annihilation in ferm
ons may be sizable and dominant for masses lower than
GeV. The two-Higgs-boson final state is usually of the ord

of or lower than thef f̄ final state, while the gauge boso
final state may dominate, except for very large neutral
masses. The mixed gauge1Higgs boson final state tends t
be dominant at very large neutralino masses.

In the case of MSUGRA models, since the neutrali
tends to be a gaugino which couples effectively to fermio

through sfermion exchange, thef f̄ final state usually domi-
nates. A relevant production of final states other than fer
ons, especially gauge bosons, occurs in the large sferm
mass regime (m0.1 TeV), where sfermion exchange is su
pressed by the large sfermion mass and at the same tim
Higgsino component for the neutralino arises: this facilita
the coupling to both Higgs and gauge bosons.

FIG. 3. Antiproton differential energy distribution for pure an
nihilation channels as a function of the reduced kinetic energyxp̄

[Tp̄ /mx . ~a! refers to annihilation into abb̄ pair, for neutralino
masses ofmx510,60,100,300,500,1000 GeV~from bottom to top!;
~b! refers to annihilation into a ZZ pair, for mx

5100,300,500,1000 GeV~from top to bottom!; ~c! refers to anni-
hilation into a scalar1 pseudoscalar Higgs boson pairhA, for mx

5300,500,1000 GeV ~from top to bottom!, and for mh

5120 GeV, mA5200 GeV, tanb510 ~ratio of Higgs boson
vacuum expectation values! anda50 ~Higgs boson mixing param-
eter!; ~d! refers to annihilation into ahZ pair, for mx

5300,500,1000 GeV ~from top to bottom!, and for mh

5120 GeV, tanb510, anda50.
1-5
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FIG. 4. ~Color online! Branching ratios for the neutralino sel
annihilation cross section in the EMSSM.~a! shows the amount o
the branching ratio for the annihilation into a fermion-antifermi

final state (xx→ f f̄ ). ~b!, ~c!, and~d! show the amount, relative to

the f f̄ final state, of the annihilation into Higgs bosons, gau
bosons, and the mixed Higgs boson–gauge boson final state.
~red! points denote configuration with 0.05<Vxh2<0.3 ~dominant
relic neutralinos!. Light ~green! circles indicate configuration with
Vxh2,0.05 ~subdominant relic neutralinos!.

FIG. 5. ~Color online! The same as in Fig. 4, calculated in th
MSUGRA scheme. Dark~red! points denote configuration with
0.05<Vxh2<0.3 ~dominant relic neutralinos!. Light ~green! circles
indicate configuration withVxh2,0.05 ~subdominant relic neu-
tralinos!. Crosses~in blue! indicate the MSUGRA configuration
with m0.1 TeV.
06350
The final result of this analysis is the calculation of re
istic antiproton differential spectra for neutralino annihil
tion. Some representative examples are shown in Fig. 6,
different values of the neutralino mass. All the spectra re
to neutralinos selected to haveVxh250.1 and large values
of the flux factorY ~close to the upper values of Fig. 1, fo
each mass!. All these spectra properly take into account
the ingredients discussed in this section: the hadroniza
spectra and the annihilation branching ratios. The spect
for mx5100 GeV is the reference spectrum for the analy
of the astrophysical properties in the next sections. The sp
tra shown in Fig. 6 are selected from our sample of
EMSSM, except the one formx510 GeV, which refers to an
EMSSM without the grand unification condition between t
gaugino mass parametersM1 andM2 @26,27#. In this class of
models the neutralino can be as light as a few GeV@26,27#,
in contrast to the standard EMSSM, where LEP constra
imply a lower bound on the neutralino mass of about
GeV. For completeness, we have therefore included also
representative spectrum formx510 GeV, in order to illus-
trate the effect of propagation on the primary flux from lig
neutralinos. However, a complete study of the EMSSM wi
out grand unification gaugino universality is beyond t
scope of this paper.

Now that we have discussed the source term, we proc
to the second step of the calculation: the study of how th

ark

FIG. 6. ~Color online! Representative differential antiproto
spectra per annihilation eventg(Tp̄) from neutralino self-
annihilation, as a function of the antiproton kinetic energyTp̄ . The
different curves refer to different neutralino masses:mx510 @dotted
~blue!#, 60 @short dashed~black!#, 100 @solid ~red!#, 300 @long
dashed~green!#, and 500 GeV@dot-dashed~magenta!#. The spectra
are selected from our sample of the EMSSM, except the one
mx510 GeV which refers to an EMSSM without grand unificatio
gaugino universality@26,27#. All the spectra refer to neutralino
with Vxh250.1 and large values of the flux factorY. The spectrum
for mx5100 GeV is the reference spectrum for the analysis of
astrophysical properties in the next sections.
1-6
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ANTIPROTONS IN COSMIC RAYS FROM NEUTRALINO . . . PHYSICAL REVIEW D69, 063501 ~2004!
antiprotons diffuse and propagate in the galaxy and in
solar system. The result of this analysis will be the inters
lar and top-of-atmosphere~TOA! fluxes of primary antipro-
tons.

III. DIFFUSION AND PROPAGATION IN THE GALAXY

The propagation of cosmic rays in the galaxy has b
considered in the framework of a two-zone diffusion mod
which has been described at length in Refs.@18,19,28#. Here
we only recall the main features of this model, and refer
the above-mentioned papers for all the details and mot
tions. We also present in detail the quantitative depende
of the secondary and primary signals on the propagation
rameters.

A. The framework

The disk of the galaxy is described as a thin disk of rad
R520 kpc, which contains the interstellar gas with a surfa
densityS52hnISM with h5100 pc andnISM51 cm23. It is
embedded in a thicker diffusion halo, supposed to hav
cylindrical shape with the same radiusR as the disk and
height L which is not well known. The matter density
much lower in the diffusion halo so that spallations~rateG
[2hnISMs yielding the secondary species! of the charged
nuclei occur only in the disk. Moreover, the standard sour
also happen to be located in the disk.

The spatial diffusion of cosmic rays is assumed to oc
uniformly in the whole~disk and halo! diffusion volume,
with the same strength. The corresponding diffusion coe
cient has been defined asK(E)5K0b(R/1 GV)d, whereR
stands for the particle rigidity andK0 andd are free param-
eters of the model. We also consider the possibility tha
galactic wind blows the particles away from the disk in thz
vertical direction, with a constant speedVc . It induces an
adiabatic dilution of the energy of the particles in the d
due to the sudden change inVc . Several other processe
modify the antiproton energy distribution: ionization loss
when interacting with the neutral interstellar matter, or fro
Coulomb losses in a completely ionized plasma, domina
by scattering off the thermal electrons. To end with, minim
reacceleration on random hydrodynamic waves, i.e., di
sion in momentum space, described by a coefficientKpp re-
lated to the spatial diffusionK(E), is inevitable@29#. This
process is assumed to occur only in the disk and is relate
the velocity of disturbances in the hydrodynamical plas
VA , called the Alfvén velocity. In summary, our diffusion
model has five free parametersK0 ,d,L,Vc ,VA which de-
scribe the minimal number of physical effects thought
have some role in antiproton propagation.

The sets of diffusion parameters were constrained i
previous work@19# ~see also Ref.@30#! by analyzing stable
nuclei ~mainly by fitting the boron to carbon ratio B/C!. The
values we obtained were also shown to be compatible w
the observed secondary antiprotons@18# and the flux of ra-
dioactive isotopes@31#. However, in a first step we will dis
regard these constraints: in order to clarify which of t
propagation parameters are important if one wants to c
pare any possible primary component to the backgro
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~secondaries!, we study the effect of each parameter on t
signal and the background. Only in a second step is
additional information on the constraints used to draw c
clusions about the variation that will result in the prima
supersymmetric signal~see Sec. IV A!.

B. Solutions for primary and secondary antiprotons

We are interested in the cosmic ray antiproton flux

F p̄~r ,z,E!5
v p̄

4p
Np̄~r ,z,E!. ~8!

It is related to the differential densityNp̄(r ,z,E)
[dNp̄(r ,z,E)/dE which satisfies the steady-state diffusio
equation. The general procedure for solving this equation
well as references for a detailed derivation are given in A
pendix B. At variance with the solutions already presen
elsewhere, it proves to be useful, as suggested by a stud
the spatial origin of secondary and primary cosmic rays C
~see Ref.@32# for what is ment by ‘‘spatial origin’’!, to in-
troduce the quantities

r w[
2K~E!

Vc
, ~9!

r sp[
K~E!

hG inel~E!
. ~10!

Since many configurations ofK(E)5K0bR d andVc lead to
the samer w and r sp, these new parameters automatica
avoid a useless discussion about many degenerate valu
the diffusion coefficient and make the dependence on
important parameters more evident in formulas~the physical
meaning of these new parameters is explained below;
also Ref.@32#!.

The solutions are given below discarding energy redis
butions ~see Appendix for the procedure to include them!.
Energetics are not the dominant effects so it is interesting
focus on the analytical formulas obtained in that case.

(a) The primaries. Let us first inspect the primaries: th
source term is given byqp̄

SUSY(r ,z,Tp̄) described by Eq.~1!
and discussed in detail in Sec. II. Primary antiprotons
produced throughout the whole diffusive halo, which is e
bedded in the dark matter halo. An advantage when ene
losses and gains are discarded is that the solution can
recast as~see Appendix B!

Np̄,prim~r 5R( ,z50,E!5E source
prim ~E!3Sastro

prim~R(,0,E!,

where theelementarysource term~spectrum from a point
source! given by

E source
prim ~E![Yg~Tp̄! ~11!

can be separated from the astrophysical part
1-7
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Sastro
prim~R(,0,E![(

i 51

`

P i~E,R(!H E
0

R

J0~z i r /R!

3E
2L

L

e2z/r w
sinh@Si~L2z!/2#

sinh@SiL/2#

3w~r ,z!J dzrdr. ~12!

In the above equation,w(r ,z) is the effectivespatial distri-
bution of the primary sources@e.g.,rDM

2 (r ,z) for supersym-
metric particles andrDM(r ,z) for evaporating primordial
black holes~PBHs!#. We have defined

P i~E![
2

Ai
p̄~E!R2J1

2~z i !
3J0~z iR( /R!. ~13!

We also use

Ai
p̄~E!5K~E!H 2r sp

21~E!12r w
21~E!1SicothS SiL

2 D J
~14!

and

Si5A4r w
22~E!14z i

2/R2. ~15!

The functionsJ0 and J1 are, respectively, the Bessel fun
tions of zeroth and first order, andz i is the i th zero ofJ0.

The superscriptp̄ in Ai
p̄(E) indicates that the termr sp should

be evaluated for the antiproton destruction rate and at
parent rigidity.

Compared to Eq.~1!, which describes the supersymmetr
source term at each position (r ,z), we isolated in the new
term E source

prim (E) the only required information about the pro
duction process. For antiprotons produced by neutralino
nihilations, the flux factorY ~see Sec. II C! and theelemen-
tary spectrumg(Tp̄) ~see Sec. II D! are fully described by
the properties of the supersymmetric and hadronization m
els. As a result,Sastro

prim(R(,0,E) is solely dependent on th
propagation properties and the effective spatial source di
bution w(r ,z). This function is all we need in order to dis
cuss the propagation uncertainties on the primary fluxes,
the signal detected at solar locationR( .

(b) The secondaries.The secondaries are produced fro
proton sources distributed according to the spatial supern
remnant distribution in the thin disk 2hd(z)q(r ). These pro-
tons are first propagated, leading to an equilibrium distri
tion Np(r ,z,E), which in turn produces secondary antipr
tons when it interacts with the interstellar gas. Compared
primaries, secondaries diffuse twice. Actually, it is not po
sible, strictly speaking, to isolate an elementary source t
as for primaries~we skip the details, but the interested read
can inspect the structure of the equations in Ref.@18#!. How-
ever, it is possible to overcome this shortcoming. Antiproto
are produced only by protons that are beyond the thres
of 7 GeV; in the termAi

p that originally appears in the sec
ondary solution~see, e.g., Ref.@18#!, and that prevents this
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separation, one can neglect spallations and convection~high-
energy regime! and approximate

Ai
p'K~E!32~z i /R!coth~z iL/R!.

It is then possible to recast the various terms entering
solution in order to obtain a formula that~as for primaries!
isolates the dependence on the propagation terms:

Np̄,sec~r 5R(,0,E!'E source
sec ~E!3Bastro

sec ~R(,0,E!. ~16!

The corresponding terms are

E source
sec ~Ep̄![E

Ethresh

` Q~Ep!

K~Ep!

ds~Ep ,Ep̄!

dEp
dEp ~17!

and

Bastro
sec ~R(,0,E![(

i 51

`
P i~E,R(!

2~z i /R!coth~z iL/R!

3H E
0

R

J0~z i r /R!2hqdisk~r !J rdr .

~18!

This approximate solution is used only to estimate the s
sitivity of the fluxes to the diffusion parameters. We go ba
to the full solution~see Ref.@18# and Appendix B for more
references! when the final results are presented.

(c) Sensitivity to the propagation parameters.With the
quantities defined above, it is straightforward to evaluate
mary and secondary fluxes ‘‘as if’’ the elementary producti
processes were the same~to focus on the astrophysical un
certainties!. This defines the relative sensitivity to the prop
gation parameters, and it is merely the ratio of theastro-
physicalpart of the signalS to the backgroundB:

S@Par#[
Sastro

prim~R(,0,E!

Bastro
sec ~R(,0,E!

. ~19!

This ratio is likely to depend on the propagation paramete
in the first place because primary sources are located in
whole diffusive halo, whereas secondary sources are indu
spallatively in the thin disk only.

We now investigate how the primary fluxSastro
prim , second-

ary flux Bastro
sec , and relative sensitivityS depend on the

propagation parametersK(E), r w , r sp, L, R, andR( and on
the effective source distributionw(r ,z). This discussion will
be general and apply to any primary species. It is discus
below for the case of supersymmetric primaries, but we w
also plot~but not comment on! the results for PBH antipro-
tons.

C. Evolution of fluxes with astrophysical parameters

We now review each one of the above parameters, star
with the diffusion coefficientK(E)5K0bR d. This param-
eter induces a change in both the normalization—throughK0
and only in the high-energy regime—and the energy dep
1-8
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ANTIPROTONS IN COSMIC RAYS FROM NEUTRALINO . . . PHYSICAL REVIEW D69, 063501 ~2004!
dence~through R d). At sufficiently high energy~above a
few tens of GeV!, r w ,r sp@1 andAi andSi become indepen
dent of E, so that the sole energy dependence 1/K(E) is
factored out ofP i(E,R(), i.e., of the Bessel sums. As
result, the quantityS is insensitive to the choice ofK(E),
whatever the value of the other parameters. There is
subtlety left: the secondary elementary production
E source

sec (E), as defined above, in contrast to that of the p
mary, is not fully elementary, because it does depend on
value ofK(Ep) above 7 GeV. However, as we will see late
all propagation parameters are designed to have abou
same K(E) at 100 GeV, so that the quantit
Np̄, prim/Np̄, sec(r 5R(,0,E) is eventually not very sensitive
to this parameter.

1. The diffusive halo size L and the radius R of the galaxy

These parameters are related to the escape proba
from the confinement volume~the magnetic halo of the gal
axy!. The largerL andR, the greater the probability for par
ticles emitted in remote sources to reach us. Actually,
side boundary plays almost no role for several reasons. F
escape is driven by the closest boundary, which is the on
z56L asL is likely to be smaller thanR; second, the source
distribution is peaked near the galactic center and decre
to very small values at large radii~see Ref.@32# for more
details!. Hence, forL&5 kpc, settingR520 kpc or R5`
leavesSandB unchanged. The enhancement of fluxes withL
can be seen in Fig. 7~we use here and in other figures th
isothermal profile for the dark matter distribution!, showing
S@L,r w5`,r sp5`# as a function ofL ~we limit the discus-
sion to the supersymmetric case, but the reader can stra
forwardly extend to PBH’s!. For smallL, only the sources
very close to the solar neighborhood contribute and, as
dark matter source distribution is normalized to 1, the sup
symmetric and PBH cases yield the same value. AsL in-
creases, escape is less efficient, and more sources~secondary

FIG. 7. This plot displays the quantitiesK(E)3Sastro
prim and

K(E)3Bastro
sec , see Eqs.~12! and ~18! ~left panel! andS defined by

Eq. ~19! ~right panel!, as a function of the propagation parameteL
(r w5r sp5`, i.e., no wind, no spallations! for an isothermal profile.
Two cases have been considered for the primary signal. The c
labeled ‘‘supersymmetric’’ corresponds to an effective source te
proportional tow(r ,z)5rDM

2 , whereas the curve PBH correspon
to a source term proportional tow(r ,z)5rDM , as for primordial
black holes.
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or primary! effectively contribute to the signal. This en
hancement is more important for primaries than for seco
aries, as the effective number of sources increases, res
tively, as L3 ~volume distribution! and L2 ~surface
distribution!. In the case of primaries, part of the enhanc
ment is also due to the mere fact that the number of sou
within the diffusive box increases withL ~we recall that the
sources from the dark halo to be propagated are those
closed inside the diffusive box; see Ref.@14#!. Both effects
are responsible for the evolution ofS. For L*5 kpc, no
further significant enhancement is observed, as the bulk
the primary sources~the core radius of the dark matter di
tribution! is then almost entirely enclosed in the diffusiv
halo. To be quantitative,S is increased by a factor of 3 fo
L515 kpc compared toL51 kpc. Notice that the quantity
K(E)3Sastro

prim plotted in the left panel of Figs. 7, 8 and 9 do
not depend onK(E). To understand this property it is suffi
cient to look at the expression forSastro

prim in Eq. ~12!.

2. The galactic wind Vc through rw

At high energy~generally a few tens of GeV!, propaga-
tion is dominated by diffusion. At low energy convectio
may become the most efficient process~parameterr w'1;
see Refs.@32,33#! and it may compete withL for escape. The
effect of convection is to blow the particles away from t
disk, leading to an effective size of the diffusive haloL!

;r w . There is a difference from the effect ofL as the de-

ve

FIG. 8. Same quantities as in Fig. 7, but as a function of
propagation parameterr wind , and for three values ofL (r sp5`).

FIG. 9. Same quantities as in Fig. 7, but as a function of
propagation parameterr sp, and for three values ofL (r w5`).
1-9
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DONATO et al. PHYSICAL REVIEW D 69, 063501 ~2004!
crease ofr w does not lead to a decrease of the number
primary sources enclosed in the diffusive volume. Howev
it turns out that the effect of the galactic wind is also mo
important for primaries than for secondaries, as the flux
exponentially decreased withz for particles created at heigh
z in the diffusive halo. This can be seen in Fig. 8~left panel!.
We clearly see the competition betweenL andr w in the right
panel. For largeL, the evolution ofS is completely driven by
r w , so that we can compare the result to those of Fig
When wind is present, the sensitivity to a signal is mu
more reduced than that we would obtain with a similarL
~i.e., a factor;25 in S between the casesr w51 kpc and
r w515 kpc, compared to a factor of 3 forL in the same
range!. For small r w , all primary curves converge to th
same value, independently ofL, because then the cosm
rays become blind to this boundary, being convected aw
before having a chance to reach the top or bottom of the b

3. The relative rate of spallation through rsp

At low energy, particles can be destroyed more eas
because the probability of crossing the disk, and thus in
acting with matter, increases relative to the escape~diffusive
or convective! probability. The dependence ofS on r sp is
displayed in Fig. 9.

When r spal increases, we are sensitive to sources loca
farther away, and as forL and r wind , the effect is more im-
portant for primaries than for secondaries. However, the
fect of r spal is milder. This is because the cutoff due to sp
lations is less efficient than escape or convective wind
preventing particles coming from faraway sources fro
reaching us.

D. A comment about secondaries fromGALPROP model

Among several other models that are used to desc
cosmic-ray propagation, the fully numerical approach imp
mented inGALPROP@34# has been widely used. Some resu
obtained within this framework, in particular when studyin
the secondary antiproton spectrum, seem to differ~see, e.g.,
Ref. @35#! from ours, obtained with a semianalytical mod
In our paper we want to derive constraints on the supers
metric contribution which can be added to the second
one, when confronting with data. Therefore, we take the
portunity of this specific work to briefly summarize and d
cuss some of the differences between the two approaches
their results.

First, the approximation that may appear crucial is that
order to find analytical expressions for the cosmic ray d
sity, we have to use a simplified description of the mat
distribution in the galaxy, whereas with a numerical a
proach any distribution can be considered. However, the
sults are not strongly affected by this hypothesis. In
framework of steady-state diffusion models,@32# has shown
that the stable nuclei detected in the solar neighborhood w
emitted from sources located in a region large enough
that, having sampled very different regions of the galac
disk, they are sensitive to a mean density. Moreover, in
ducing a radial dependence of the matter distribution d
not induce sizable difference in the results@36#. In relation to
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this first point, we have to emphasize that Ref.@35# actually
does not use a detailed description of the local~i.e., on a
scale of a few hundreds of pc! gas distribution. As a result
the authors cannot provide a reliable analysis of the radio
tive species, which are very sensitive to the local structure
the interstellar medium@31#.

Second, the numerical approach is still costly in terms
computation time, and is less suited to the systematic st
of different effects. For example, Ref.@34# using a pre-
defined small valued50.3 for the diffusion coefficient spec
tral index, finds that the observed spectrum of B/C requi
small values of the galactic wind. Indeed, a full scan of t
parameter space, extended to a range of values ford, re-
vealed that models with higher values ofd and with larger
values of the galactic wind, were actually preferred. This a
other results have been thoroughly discussed in Ref.@30#,
and also compared with different propagation models~such
as GALPROP!. This point is of great importance for th
present work, as the theoretical uncertainties in the antip
ton flux are underestimated if some parameters are not va
over all their plausible values.

The last relevant difference is actually not related to
astrophysical model but to the production cross sections
particular, those relevant for B/C have been recently upda
~see references in Ref.@35#!, whereas we use a standard s
~see, references, e.g., in Ref.@19#!. This is a possible way to
explain the discrepancy between the secondary antipro
flux, but we estimate that this is unlikely. Indeed, the two s
of cross sections differ mainly at low energy, for which th
weight of experimental data is not the greatest. Using
updated set should not change the propagation param
derived from B/C and used to propagate antiprotons; the fi
results would essentially remain unaffected.

To conclude, we do not see any physically relevant diff
ence between the two approaches, and they are prob
equally valuable. There is still some work to be done fro
both sides to understand the origin of the differences in
results, which may lie in the methods and interpretation
the results, more than in the models themselves.

IV. RESULTS AND UNCERTAINTIES FOR THE PRIMARY
FLUXES

We now use all the ingredients previously discussed~as
well as all energy changes! to evaluate the primary interste
lar flux. We try to quantify all the uncertainties that cou
hamper a clear selection or exclusion of supersymmetric c
figurations. They are substantially induced by the degener
in propagation parameters~see Sec. IV A! @19,30# and the
choice of a peculiar dark matter profile~see Sec. IV B!.

A. Primary fluxes and related uncertainties

The propagation parameters have been constrained b
analysis of the observed boron to carbon~B/C! ratio, by
means of axB/C

2 test over 26 data points and five free para
eters@19#. The bestxB/C

2 was found to be 25.5. A value of 4
was considered quite conservative, corresponding roughl
1-10
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ANTIPROTONS IN COSMIC RAYS FROM NEUTRALINO . . . PHYSICAL REVIEW D69, 063501 ~2004!
the 4s confidence level on B/C data interpretation, while
xB/C

2 530 can be assigned to about the 2s confidence level
@19#.

In Fig. 10 we present the result for the primary antiprot
flux for our reference source term formx5100 GeV, whose
g(E) is plotted in Fig. 6. We plot the fluxes corresponding
the parameters providing the maximal and minimal flux
when all the astrophysical configurations are taken to
compatible with the analysis on stable nuclei, i.e.,xB/C

2

,40. For the same set of astrophysical parameters we
plot the secondary antiproton flux. The variation of the
trophysical parameters induces a much larger uncertaint
the primary than on the secondary flux: in the first case,
uncertainty reaches two orders of magnitude for energ
Tp̄&1 GeV, while in the second case it never exceeds 2
~notice that these uncertainties are smaller than the nuc
ones; see Ref.@18#!. A thorough discussion about why
combination of parameters gives the same secondary flu
skipped here, but the reader is referred to Ref.@30# for more
details. The large variation in the primary signal can be

FIG. 10. The solid lines represent the antiproton flux for
mx5100 GeV neutralino and for maximal, median, and minim
astrophysical configurations, forxB/C

2 <40. Dotted lines: the same
but for xB/C

2 <30. The dot-dashed band corresponds to the seco
ary flux as taken from Ref.@19# for all the configurations giving
xB/C

2 <40.
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derstood from the previous discussion: first, the exotic sig
is more sensitive to astrophysical parameters than the s
dard, as already underlined. Second, this has to be weig
by the fact that the secondary flux has in its source term
additionalK(E). While many combinations ofK0 , d, L, and
Vc lead to the same secondary flux, it is not straightforwa
to decipher which ones lead to the maximum and minim
primary fluxes. DecreasingL and r w decreases the flux, bu
at the same time, to keep the fit to B/C good,K0 has to be
decreased also@19,30#, in turn increasing the flux@primaries
depend on 1/K(E)]. However, the first two parameters a
more important~especially the wind effect! than the latter.
We give in Table I the values for these parameters yield
the maximum and minimum of the error band in both p
mary and secondary fluxes. The resulting variation in Fig.
can be read off from Figs. 7, 8, and 9~left panels! and Table
I: a factor;2000 because ofr w andL, an additional factor
&4 for r sp ~see Fig. 9, left panel! divided by a factor;50
because of the value ofK(E), leading to a net scattering o
;100. This is almost independent of the specific supersy
metric configuration.

As emphasized before, energy redistributions relate a s
cific supersymmetric configuration@by means ofg(Tp̄)] to
the given propagation configuration. The effect on the res
ing antiproton flux is expected to be mild. We show in F
11 the result of our analysis for the representative EMS
spectra shown in Fig. 6, corresponding tomx

560,100,300,500 GeV and for the median astrophysical
rameters. The low-energy behavior of the fluxes is similar
all the masses: this is a consequence of the propagatio
the source spectra, which reduces the intrinsic difference
the original fluxes at low kinetic energies. The high-ener
behavior of the fluxes reflects the fact that for higher ne
tralino masses the phase space for antiproton productio
larger. Since neutralinos in the galaxy are highly nonrela
istic, their mass acts as an effective cutoff on the antipro
production kinetic energy.

The effect of propagation on the primary antiproton sp
trum may also be shown by the following function@13#:

CSUSY
prop ~Tp̄!5

F p̄~R(,0,Tp̄!

Yg~Tp̄!
, ~20!

where F p̄((,Tp̄) is the interstellar antiproton flux afte
propagation, normalized to supersymmetric elementary p
duction term. The propagation functionCSUSY

prop (Tp̄) is a mea-
sure of how the source fluxes are deformed by propaga

l

d-
roton
1

TABLE I. Astrophysical parameters giving the maximal, median, and minimal supersymmetric antip
flux and compatible with B/C analysis (xB/C

2 ,40). r w andr sp ~kpc! are also given for two kinetic energies
GeV and 10 GeV.

Case d K0 L Vc VA xB/C
2 r w ~kpc! r sp ~kpc!

(kpc2/Myr) ~kpc! ~km/s! ~km/s! @1 GeV/10 GeV# @1 GeV/10 GeV#

max 0.46 0.0765 15 5 117.6 39.98 29.0/73.0 26.0/57.0
med 0.70 0.0112 4 12 52.9 25.68 2.4/9.2 4.4/15.0
min 0.85 0.0016 1 13.5 22.4 39.02 0.33/1.8 0.69/3.1
1-11
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and diffusion before reaching the solar position in the gala
and is shown in Fig. 12 for the same representative spect
Fig. 6. The energy dependence is steeper for low-mass
tralinos, and it becomes somewhat more symmetric aro
the maximal values for neutralinos of increasing mass. T
steep rise ofCSUSY

prop (Tp̄) near the end of the antiproton pro
duction phase space atTp̄5mx is due to reacceleration
while the source factorg(Tp̄) is rapidly vanishing, the propa
gated flux F p̄(R(,0,Tp̄) decreases in a much milder wa
because of reacceleration effects. This effect is more p
nounced for the maximal astrophysical configuration, wh
VA is maximal, and it disappears ifVA is set to zero. Figure
12 also shows that the maximal, median, and minimal set
astrophysical parameters affect not only the absolute ma
tude of the fluxes but also their energy dependence: the
tortion of the original flux differs depending on the values
the propagation parameters, as discussed in the previous
tions. In particular, the energy of maximal transfer for ne
tralino masses above 60 GeV shifts from about 1–2 GeV
the maximal set to 5–6 GeV for the minimal set. Figure
shows, at low kinetic energies, a hierarchy in the behavio
CSUSY

prop (Tp̄) which follows the hierarchy of the neutralin
masses: the propagation function is larger at low energies
heavier neutralinos, i.e., for harder antiproton fluxes.

The propagation functionCSUSY
prop (Tp̄) can be used directly

to estimate the propagation effects once the supersymm
production termYg(Tp̄) is known.

B. Uncertainties related to the dark matter distribution

We have performed all the calculations assuming that
galactic dark matter is distributed as an isothermal sph

FIG. 11. Interstellar primary fluxes calculated as a function
the antiproton kinetic energy. The fluxes are calculated for the
dian set of astrophysical parameters. Solid, long dashed, s
dashed, and dotted lines correspond tomx560,100,300,500 GeV,
respectively. The fluxes correspond to the representative differe
antiproton spectra shown in Fig. 6.
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with a core radiusa53.5 kpc and local dark matter densit
r l50.3 GeV cm23. For this density profile, we estimate
that the antiproton propagation induces an uncertainty on
primary antiproton flux of about two orders of magnitud
especially at low kinetic energies.

Another source of uncertainty on the primary flux com
from the shape of the dark matter density profile, which
only poorly known, and from the allowed range of values
r l for any given density distribution. We have already co
mented that for an isothermal spherical distribution the lo
dark matter density may range from 0.18 GeV cm23 to
0.71 GeV cm23. Moreover, the dark matter distribution ma
be quite different from a simple isothermal sphere~see, for
instance, Refs.@21,37–40# and references therein!: the cold
dark matter distribution could be nonspherically symmetr
it can be singular at the galactic center, as suggested f
numerical simulations, or it can present a clumpy distribut
in addition to a smooth component. Since the shape of
galactic halo enters asrDM

2 (r ,z) in the evaluation of the as
trophysical part for the primary signalSastro

prim(R(,0,E), it is a
main ingredient in the determination of the primary antipr
ton flux, and the uncertainties in the description ofrDM(r ,z)
may sizably affect the predicted signal.

The uncertainty inr l , determined by a detailed modelin
of the galactic component@39,40# and mainly due to the
value of the local rotational velocity@21#, depends on the
shape of the galactic halo. For the same isothermal sph
the range inr l may change the primary fluxes by a fact
that ranges from 0.36 to 5.6: overall, even for the sim
choice of an isothermal sphere, the antiproton flux has

FIG. 12. Propagation functionCSUSY
prop of the primary supersym-

metric antiproton fluxes as a function of the antiproton kinetic e
ergy, calculated for the reference fluxes of Figs. 6 and 11. Do
lines refer tomx510 GeV, short dashed tomx560 GeV, long
dashed tomx5100 GeV, dot dashed tomx5300 GeV, and solid to
mx5500 GeV. For each set of curves, the upper, medium,
lower lines refer to the maximal, median, and minimal sets of
trophysical parameters.
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TABLE II. Sensitivity to the core radius of an isothermal profile, and comparison of the Navarro-F
White ~NFW! and isothermal profiles, for three representative propagation sets atTp̄51 GeV. These propa-
gation parameters correspond to the minimum, median, and maximum primary fluxes compatible with
analysis. The reference valueSref

prim is for an isothermal halo whose core radius isa53.5 kpc. Notice that for
higher energies the results would be the same as those provided by the setL515 kpc ~purely diffusive
transport!.

L~kpc!, r w , r sp Sa52.5
prim 2Sref

prim

Sref
prim

Sa55
prim2Sref

prim

Sref
prim

SNFW
prim 2Sref

prim

Sref
prim

15, 28.66, 25.54 269.5% 123.9% 119%
4, 2.38, 4.41 221.5% 19.9% ;0%
1, 0.33, 0.69 ,1% ,0.2% ;0%
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uncertainty of a factor of about 15, on top of the two orde
of magnitude due to antiproton propagation. We anticip
that, among all the uncertainties due to the shape of the
lactic halo, the uncertainty coming fromr l will turn out to be
the most relevant one~apart from, eventually, the presence
close clumps!.

Independently of the normalizationr l , any given density
profile could, in principle, modify the signal. In particula
distribution functions derived from numerical simulatio
are singular toward the galactic center, where a very h
neutralino annihilation rate would then occur. We could th
expect that such dark matter profiles would induce an
hanced antiproton flux with respect to a nonsingular dis
bution. In this class of modified density profiles we can a
include an isothermal sphere with different values of the c
radius a. We expect that enlarging the core radius wou
increase the signal. We therefore estimated the modifica
of the cosmic antiproton flux when different core radii a
dark matter profiles are used in the source term. The re
ence flux is obtained with our spherical isothermal distrib
tion, with core radiusa53.5 kpc. The results are shown
Table II. Notice that we have used for all the profiles t
normalization r l50.3 GeV cm23, in order to extract the
change of the antiproton flux which is due entirely to t
different shapes of the halos. It is clear that each den
profile will have to be further implemented with its ow
value ofr l @21,39,40#. From Table II we notice, first of all,
that for smallL and r w we are completely blind to wha
occurs near the galactic center. Only the very local proper
of the dark matter distribution are of some relevance for
study. For a diffusive halo of 4 kpc, we varied the core rad
of the isothermal distribution from 2.5 to 5 kpc. With respe
to our reference values of 3.5 kpc, smalla leads to a reduc-
tion of the flux by about 20%, while large values ofa give a
10% increase. ForL515 kpc—and all the other propagatio
parameters modified consequently—a 2.5 kpc core radius
minishes the reference flux by 70% and a 5 kpc one pushes
up by 25%. The uncertainty of a factor of 2 on the co
radius of the isothermal distribution then reflects in a fac
of 4 indeterminacy of the primary antiproton flux. As for th
singular density profiles, Table II shows that a NFW@38#
distribution function does not strongly modify the flux: whe
compared to the isothermal case, the flux is increased b
more than about 20%, and this occurs when the diffus
halo size is the largest. ForL&5 kpc, the difference betwee
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an isothermal profile and a NFW singular distribution is
relevant. This result clearly shows that it is very improbab
for an antiproton produced at the galactic center to reach
Earth.

Finally, one can deal with halos which contain regions
enhanced density called clumps. In these subhalos, the
tralino annihilation is more effective and the signal can
increased by some enhancement factor. However, as
suggested by Ref.@41#, this enhancement is not propagatio
dependent and simply acts on the antiproton flux as a n
malization factor. From the analysis of Ref.@41#, the average
enhancement is likely to be smaller than a factor of 5.
detailed analysis of this point is beyond the scope of
paper; however, the effects of such an enhancement
briefly discussed at the end of Sec. V.

In conclusion, we wish to remark that our choice of
isothermal sphere with a core radiusa53.5 kpc and local
dark matter densityr l50.3 GeV cm23, together with the
best choice for the astrophysical parameters which gov
diffusion and propagation in the galaxy, represent an optim
choice for the prediction of the antiproton signal. Our resu
will not be dramatically modified by a different choice fo
the density profile, while a different choice for the local da
matter density is easily taken into account as a normaliza
factor.

V. TOP-OF-ATMOSPHERE FLUXES:
COMPARISON WITH DATA AND RESULTS

FOR SUPERSYMMETRIC MODELS

Now that we have calculated the interstellar fluxes of a
tiprotons at the Sun’s position in the galaxy, we have
further propagate them inside the heliosphere, where
cosmic-ray particles which eventually reach the Earth
affected by the presence of the solar wind. We model
effect of solar modulation by adopting the force field a
proximation of the full transport equation@42#. In this model,
the top-of-atmosphere antiproton fluxF p̄

TOA is obtained as

F p̄
TOA

~Ep̄
TOA

!

F p̄
IS

~Ep̄
IS

!
5S pTOA

pIS D 2

~21!

where E and p denote the total energies and momenta
interstellar and TOA antiprotons, which are related by t
energy shift
1-13
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Ep̄
IS

5Ep̄
IS

2f, ~22!

where the parameterf is determined by fits on cosmic ra
data. In our analysis, we will adopt the valuef5500 MV
for periods of minimal solar activity, corresponding to th
years around 1995–1998,f5700 andf51300 MV for a
transient period and for the solar maximum, respectiv
which will be used for years 1999 and 2000.

Figure 13 shows the TOA antiproton fluxes for themx

5100 GeV reference configuration and for the maximal a
minimal sets of astrophysical parameters. The figure sh
that solar modulation has the effect of depleting the lo
energy tail of the antiproton flux. The effect is clearly mo
pronounced for periods of strong solar activity, when t
solar wind is stronger.

Data on antiprotons at the Earth are now abundant, mo
after the missions of the balloon-borne detector BESS. T
experiment has provided measurements at different per
of solar activity @43–45#. It has now collected more tha
2000 antiprotons between 200 MeV and 4 GeV. Data at s
minimum were also taken by the AMS experiment on bo
the shuttle@46# in an energy range similar to BESS, and
the CAPRICE balloon at higher energies, namely, betwee
GeV and 40 GeV@47#. All the data at solar minimum are
plotted in Fig. 14 along with the secondary reference fl
~for details, see Ref.@18#! and our predictions for primary
fluxes at different neutralino masses in the EMSSM:mx

560,100,300,500 GeV and for the median set of astroph
cal parameters. We notice that the primary flux from ne
tralino annihilation is at most of the same order of magnitu

FIG. 13. Top-of-atmosphere antiproton fluxes as a function
the antiproton kinetic energy for themx5100 GeV reference case
The upper~lower! set of curves refers to the maximal~minimal! set
of astrophysical parameters. Solid curves show the interste
fluxes. Broken curves show the effect of solar modulation at dif
ent periods of solar activity:f5500 MV ~long dashed!, f
5700 MV ~short dashed!, andf51300 MV ~dotted!.
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as the secondary flux, and this occurs for neutralino mas
close to their current lower bound in the EMSSM, which
aroundmx.50 GeV. We recall that the representative sup
symmetric configurations plotted in Fig. 14 refer to a lar
antiproton production for each mass~i.e., they correspond to
large values of theY parameter shown in Fig. 1!. This indi-
cates that the antiproton signal for neutralino dark matter w
hardly produce an excess over the secondary flux, for
isothermal matter profile of the galactic halo and forr l
50.3 GeV cm23. This occurs for the median~and best!
choice of the astrophysical parameters which govern the
fusion and propagation of antiprotons in the galaxy. Clea
the maximal set of astrophysical parameters, which produ
fluxes about one order of magnitude larger than the med
set, may produce a large excess, for neutralino masses b
100–200 GeV. This excess could then be used to const
supersymmetric models since the secondary flux is perfe
compatible with the data. However, for setting constraints
supersymmetry in a conservative way, we should instead
the set of astrophysical parameters which produces the m
mal fluxes. In this case, the primary fluxes are lower than
ones plotted in Fig. 14 by about one order of magnitude
discussed in the previous section. In conclusion, our anal
shows that, due to the large uncertainties in the prim
fluxes, the antiproton signal is not suitable at present
settingconservativeconstraints on supersymmetric mode
For this we need a better knowledge of the astrophys

f

ar
-

FIG. 14. Primary TOA antiproton fluxes as a function of th
antiproton kinetic energy, for the representative spectra of Fig.
the EMSSM. The solid line refers tomx560 GeV, the long dashed
line to mx5100 GeV, the short dashed line tomx5300 GeV, and
the dotted line tomx5500 GeV. The astrophysical parameters c
respond to the median choice. Solar modulation is calculated f
period of minimal solar activity. The upper dot dashed curve cor
sponds to the antiproton secondary flux taken from Refs.@18,28#.
Full circles show the BESS 1995–1997 data@43#; the open squares
show the BESS 1998 data@44#; the stars show the AMS data@46#;
and the empty circles show the CAPRICE data@47#.
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parameters that govern the diffusion and propagation of
mary antiprotons in the galaxy.

Antiproton data are also available for periods of inten
solar activity from the BESS detector. Figure 15 shows th
data together with the secondary flux and the primary fl
calculated for the representativemx5100 GeV configura-
tion. The astrophysical parameters are fixed at their med
values. We see that at solar maximum also the secondary
is compatible with the data and the supersymmetric flux
remarkably smaller than the secondary one.

In our discussion so far, we have commented thatconser-
vative and solid constraints on supersymmetric models
quire the use of the minimal set of astrophysical paramet
This attitude is needed in setting limits. However, the b
and most probable choice of astrophysical parameters is
median one, and we will therefore adopt from here on t
set of parameters for our analyses. It is likely that a sharp
ing of the knowledge of the propagation parameters will le
to a shrinking of the allowed uncertainty band around
central~median! value.

In order to compare the experimental results with a f
scan of the supersymmetric parameter space, we calc
the TOA antiproton fluxes in two different energy bins a
compare our results with the excess which can be accom
dated above the secondary flux in order not to enter
conflict with the experimental data in that energy bin. W
have chosen a low-energy binTp̄50.23 GeV, and a high-
energy oneTp̄537.5 GeV. As can be seen in Fig. 14, in th
low-energy bin the secondary flux is perfectly compatib

FIG. 15. Primary TOA antiproton fluxes at solar maximum f
the transient periods of solar activity of the years 1999 and 20
The upper set of curves shows the antiproton secondary fluxes
lower set of curves shows the primary antiproton fluxes obtained
the representativemx5100 GeV case. The solar modulation para
eter is fixed at 700 MV~solid lines! and at 1300 MV~dotted lines!.
The astrophysical parameters correspond to the median case.
and full circles correspond to BESS 1999 and 2000, respecti
@45#.
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with the data, therefore no excess is needed: this allows u
set an upper bound on the possible amount of antiproton
primary origin which can be accommodated:F p̄

TOA(Tp̄

50.23 GeV)&2.0931023 m22 s21 sr21 GeV21. This value
is obtained by taking into account the values and uncert
ties of both data and secondary flux atTp̄50.23 GeV. At
Tp̄537.5 GeV, even though the data and the secondary
are statistically compatible, a possible excess may be acc
modated, since the central value of the experimental p
indicates a much larger flux as compared to the second
component. In this case, we can define an interval of val
for a possible excess: 0.0431023&F p̄

TOA(Tp̄537.5 GeV)
&1.8731023 in units of m22 s21 sr21 GeV21. We compare
these intervals with our calculations in the EMSSM and
MSUGRA.

Figure 16 shows the scatter plot of the antiproton fl
calculated atTp̄50.23 GeV for a generic scan of th
EMSSM scheme. The supersymmetric fluxes are clea
largest at low neutralino masses, and they decrease as
neutralino mass increases mostly because the neutra
number density in the galaxy scales asmx

22 . A small fraction
of configurations with masses below 100 GeV can prov

0.
he
r

tars
ly

FIG. 16. ~Color online! Antiproton flux at solar minimum from
neutralino annihilation calculated atTp̄50.23 GeV, as a function of
the neutralino mass for a generic scan of the EMSSM. The flu
calculated for a smooth halo described by an isothermal profile w
core radiusa53.5 kpc and for the median set of astrophysical p
rameters. Crosses~red! refer to cosmologically dominant neutral
nos (0.05<Vxh2<0.3); dots~blue! refer to subdominant relic neu
tralinos (Vxh2,0.05); light circles~in green! show the EMSSM
configurations for which the neutralino relic abundance lies in
preferred range for CDM, as determined by the combined WM
12DFGRS1Lyman-a analysis: 0.095<VCDMh2<0.131 @1#. The
shaded region~yellow! denotes the amount of antiprotons, in exce
of the secondary component@18#, which can be accommodated a
Tp̄50.23 GeV in order not to exceed the observed flux, as m
sured by BESS@43,44#. All the points of the scatter plot that lie
below the horizontal black line are compatible with observation
1-15
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fluxes which could be potentially at the edge of producing
excess, but we recall here that for a safe exclusion of th
configurations we should use the minimal set of astroph
cal parameters, which provides a flux that is about one o
of magnitude smaller. In any case, a reduction of the un
tainties on the primary flux calculation and a future reduct
of experimental errors may eventually allow one either to
limits to supersymmetry or to show a positive excess of
tiprotons in this low-energy bin, a fact which could then
explained as originated by neutralinos of masses below
GeV. Figure 17 shows the scatter plot of the antiproton fl
calculated at Tp̄537.5 GeV for the same scan of th
EMSSM. In this case we observe that all the supersymme
configurations are compatible with data, but there are no
persymmetric models that allow us to explain the discr
ancy between the data and the secondary flux as due t
excess of supersymmetric origin.

The situation in the MSUGRA scheme is shown in Fig.
with the flux of antiprotons atTp̄50.23 GeV. In this case, a
already observed in connection with the properties of
MSUGRA source term, the antiproton fluxes are smaller th
in the EMSSM case. Nevertheless, a restricted fraction
MSUGRA configuration is potentially explorable in the fu
ture, with a reduction of the experimental error of abou
factor of 2–3.

The fluxes we have shown so far all refer to a dark ma
density distribution in the form of a cored isothermal sphe
Clearly, a halo profile that is able to produce an overden
with respect to the isothermal sphere would produce a la
antiproton flux. We can parameterize the enhancement o

FIG. 17. Antiproton flux at solar minimum from neutralino a
nihilation calculated atTp̄537.5 GeV, as a function of the neu
tralino mass for a generic scan of the EMSSM. Notations are a
Fig. 16. The shaded region~in yellow! denotes the amount of ant
protons which would be required atTp̄537.5 GeV in order to ex-
plain the possible excess in the BESS data@43,44# over the second-
ary component@18#. All the points of the scatter plot that lie below
the upper horizontal black line are compatible with observation
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matter density by a multiplicative factorh, which then enters
ash2 in the calculation of the antiproton primary flux, sinc
the flux depends on the square of the matter density.
origin of the overdensity may be due, for instance, to flatt
ing of the galactic halo or to the presence of clumps. It
latter case, the enhancement factor is likely to be sma
than about 5, once the results of Ref.@41# are implemented
with our discussion on the antiproton diffusion region in t
galaxy. The enhancement factor may also be related
different choice of the local dark matter density, which h
been fixed atr l50.3 GeV cm23 in our analysis. We recal
that our cored isothermal sphere allows factors ofh up to
h;(0.71/0.3)52.4 @21#. Clearly, a complete reanalysis o
the propagation and diffusion properties will be required
each different choice of the halo shape: this reanalysis
give the amount of enhancement concerning the spe
halo. In any case, regardless of how the enhancementh is
obtained, we can discuss the effect of such an increased
by usingh as a normalization factor to show the amount
enhancement which is required in order to interpret the a
proton excess atTp̄537.5 GeV as due to neutralino dar
matter, without exceeding the upper limit on the antiprot
flux at Tp̄50.23 GeV. Figure 19 shows the correlation b
tween the EMSSM antiproton fluxes atTp̄50.23 GeV and
Tp̄537.5 GeV forh53 and 10. The supersymmetric con
figurations which could satisfy this requirement are the o
that fall inside the shaded area in Fig. 19. We see that
possible excess atTp̄537.5 GeV requires halo overdensitie
of at least a factor of 2–3 and neutralino masses larger t
a few hundreds of GeV. This last property is simply und
stood on the basis of the fluxes shown in Fig. 14: the ph
space cutoff atTp̄5mx implies that a light neutralino would
need a huge overdensity factor in order to match the
served antiproton flux atTp̄537.5 GeV, but this would pro-
duce an exceedingly large flux atTp̄50.23 GeV. On the

in

FIG. 18. The same as in Fig. 16, for a generic scan of
MSUGRA scheme.
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contrary, heavy neutralinos have a phase space cuto
much higher kinetic energies, and therefore a mild overd
sity may enhance the flux atTp̄537.5 GeV without giving
conflict at low kinetic energies.

VI. CONCLUSIONS AND PERSPECTIVES

We have calculated the flux of antiprotons produced
relic neutralino annihilations in the galactic halo in a detai
diffusion model constrained by analysis of stable and rad
active nuclei. The source of antiprotons is studied both i
low-energy minimal supersymmetric standard model and
supergravity-inspired supersymmetric scheme. We find
the interstellar primary antiproton fluxes are affected by
large uncertainty, which spans two orders of magnitude
low antiproton kinetic energies. This is at variance with t
secondary antiproton fluxes~whose uncertainty never ex
ceeds 24%@19#! and it is mainly related to the fact that th
source of the primary flux is located inside the diffusive ha
whose size is unknown. By adopting a conservative cho
for the dark matter density profile and propagation para
eters, no supersymmetric configuration can be excluded
the basis of an excess over the existing data. Actually,
data are quite well explained by the secondary contribu
alone. However, if we adopt the best values for the propa
tion parameters~corresponding to a thickness of the diffusiv
halo of 4 kpc!, a window of low-mass neutralino configura
tions provides fluxes which, once summed up to the seco
ary contribution, are in excess of the experimental meas
ments. We have shown that the sensitivity to the antipro
signal is increased with the halo size and limited by stro
convection. An improved knowledge of the propagation p

FIG. 19. ~Color online! Correlation between the antiproton flu
at Tp̄50.23 GeV andTp̄537.5 GeV shown in Figs. 16 and 17 fo
the astrophysical enhancement parameterh53 and 10~overdense
halos! and for the median set of astrophysical parameters. Cir
~green!, dots ~blue!, and crosses~red! denote configurations with
neutralino masses in the ranges 50 GeV,mx,150 GeV,
150 GeV,mx,300 GeV, and 300 GeV,mx,1 TeV, respec-
tively. The horizontal line denotes the upper limit on the antipro
flux at Tp̄50.23 GeV coming from the BESS data@43,44#, once the
secondary component@18# is taken into account. The rightmost ve
tical line denotes the corresponding upper limit atTp̄537.5 GeV.
The shaded area indicates configurations which can explain the
sible excess in the data@43,44# over the secondary component@18#
at Tp̄537.5 GeV, without giving an excess at low kinetic energ
(Tp̄50.23 GeV).
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rameters will certainly help in reducing the uncertainty
the primary flux and consequently it could allow us to s
more severe constraints on the supersymmetric param
space.

The sensitivity of the primary antiproton flux to the sha
of the dark matter density profile has also been investiga
We have shown that the shape of the dark matter den
distribution does not introduce large uncertainties. In parti
lar, we have demonstrated that a NFW distribution can
crease the primary antiproton flux by no more than 20% w
respect to the isothermal profile. Indeed, it is very impro
able to detect at the Earth antiprotons produced in the cen
regions of the galaxy, where the two distributions diff
most.

In future years several balloon-borne experiments such
BESS, space-based detectors such as AMS, and sate
such as PAMELA will provide very abundant and accura
data on the antiproton flux. At the same time, new data
cosmic-ray nuclei are expected and would lead to a be
knowledge of the cosmic-ray propagation mechanisms.
could thus expect a dramatic reduction of the uncertain
affecting the neutralino-induced antiproton flux, and mu
more definite predictions for antiprotons of supersymme
origin will then be possible. Much effort is also devoted
other indirect neutralino searches, such as positrons and
tideuterons in cosmic rays, gamma rays, and up-go
muons, as well as to direct searches in deep undergro
laboratories, thus giving the hope that a more constrain
analysis on the existence of relic neutralinos in the halo
our galaxy will be viable.
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APPENDIX A: CALCULATION OF THE ANTIPROTON
DIFFERENTIAL SPECTRUM PER ANNIHILATION

EVENT

The antiproton differential spectrum per annihilatio
eventg(Tp̄) is calculated by following analytically the deca
chain of the neutralino annihilation products until a quark
a gluonh is produced. The antiproton spectrum is then o
tained by a Monte Carlo modeling of the quark and glu
hadronization~we make use of thePYTHIA package@24#!. We
have produced thep̄ differential distributions for anh
5u,d,s,c,b gluon at various injection energies for eachh
~the t quark is assumed to decay before hadronization an
treated analytically, since in addition to its standard mo
decay intoW1b, it may have a supersymmetric decay in
H1b). Whenever we need thep̄ distribution for an injection
energy different from the ones produced, we perform an
terpolation. In order to obtain the antiproton differential d
tribution in the neutralino rest frame we perform the nec
sary boosts on the MC spectra.

For instance, let us consider ap̄ production from a neu-

s

os-
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tralino decay chain of this type:

xx→A→a→h p̄. ~A1!

The antiproton differential spectrum per annihilation eve
g(Tp̄) is then obtained by the product of the branching rat
for the production ofA, a, andh in the decay chain, with the
differential distribution of antiprotons produced by the ha
ronization of anh injected at an energyEprod ~defined in the
rest frame of thea decaying particle! double boosted to thex
reference frame:

g~Tp̄!5BR~xx→A!BR~A→a!BR~a→h!

3F S dNp̄
h

dTp̄
D

boost a→A

G
boost A→x

. ~A2!

The first boost transforms the spectrum from the rest fra
of a ~in which h is injected with energyEprod) to the rest
frame of A. The second brings the distribution to the re
frame ofx. Each boost is obtained by the following expre
sion:

g~Ep̄!5
1

2E
E

2
8

E
1
8 S dNp̄

h

dE8
DU

Eprod

dE8

gbp8
~A3!

where Ep̄5Tp̄1mp̄ is the total antiproton energy,p8

5A(E821mp̄
2), g andb are the Lorentz factors of the boos

and the interval of integration is defined by

E68 5minFEprod,gEp̄S 16bA12
mp̄

2

Ep̄
2 D G . ~A4!

APPENDIX B: SOLUTION OF THE DIFFUSION
EQUATION

In cylindrical geometry, the differential densityNp̄(r ,z,E)
is given by

05H K~E!F ]2

]z2
1

1

r

]

]r S r
]

]r D G2Vc

]

]zJ Np̄~r ,z,E!

1Q p̄~r ,z,E!22hd~z!G p̄~E!Np̄~r ,z,E!, ~B1!

where the energy losses have been omitted, for the sak
clarity. The source term includes primary antiprotons, fro
exotic sources present in the dark halo, annihilating throu
l

tte

06350
t
s

-

e

t
-

of

h-

out the diffusive halo of the galaxy, and secondary antip
tons, standardp and He CR’s spallating on the interstella
gas in the thin disk, and may be written as

Q p̄~r ,z,E!5qp̄,prim~r ,z,E!12hd~z!qp̄,sec~r ,0,E!.
~B2!

A convenient way to solve Eq.~B1! is to expand all the
functions f (r ) @the densityN(r ) and the source distribution
q(r )] that depend onr on the orthogonal set of Bessel fun
tions$J0(z ix)% i 51, . . . ,̀ ~wherez i are the zeros ofJ0). These
Bessel transforms are defined as

f ~r !5(
i 51

`

f iJ0S z i

r

RD , ~B3!

with

f i5
2

J1
2~z i !

E
0

1

r f ~rR!J0~z ir!dr. ~B4!

Using the Fourier-Bessel coefficientsNi
p̄(z,E) and

qi
p̄(z,E), there is no conceptual difficulty to extract solution

of Eq. ~B1!. We do not repeat the derivation, which can be
bit lengthy. Solutions for primaries can be found in Ref.@14#,
whereas the one for secondaries has been discussed in
@18#.

1. Energy losses, tertiary component

Following the procedure described, e.g., in Ref.@19#, en-
ergy losses and diffusive reacceleration lead to a differen
equation onNi(z50,E):

AiNi~0,E!5Qi~E!22h
]

]E H bloss~E!Ni~0,E!

2KEE

]Ni~0,E!

]E J , ~B5!

where bloss5bion1bCoul1badiab includes the three kinds o
energy losses. The exact forms for these terms may be fo
in Refs.@19,28#. The resolution of this equation proceeds
described in Appendixes A.2, A.3, and B of Ref.@18#, to
which we refer for further details. The source term also ta
into account the so-called tertiary componentqi

ter(E), corre-

sponding to an inelastic but nonannihilating reaction ofp̄ on
interstellar matter. This mechanism merely redistributes
tiprotons toward lower energies and tends to flatten th
spectrum.
.
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