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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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16

Fluxes at production



Fluxes at production
Different hadronic MonteCarlos could give different products

Or: what is the ‘systematic’ uncertainty?



Fluxes at production
Different hadronic MonteCarlos could give different products

Or: what is the ‘systematic’ uncertainty?

Pythia (8.135)  vs  Herwig (6.510) 

e.g. lacks      radiation 
from                 states 
(added)

�
W+W�

e.g. lacks      
and 
branchings 

`! `�
� ! ff̄



10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

10

102

x = KêMDM

dN
êdlo

gx

DM DM Æ qq at MDM = 1 TeV

Fluxes at production
Different hadronic MonteCarlos could give different products

Or: what is the ‘systematic’ uncertainty?

Pythia (8.135)  vs  Herwig (6.510) 

�
e±

good agreement, overall 20%

p̄

⌫

Pythia
Herwig

calibrated on LEP processes,

e.g. lacks      radiation 
from                 states 
(added)

�
W+W�

e.g. lacks      
and 
branchings 

`! `�
� ! ff̄



10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

10

102

x = KêMDM

dN
êdlo

gx

DM DM Æ t+t- at MDM = 1 TeV

Fluxes at production
Different hadronic MonteCarlos could give different products

Or: what is the ‘systematic’ uncertainty?

Pythia (8.135)  vs  Herwig (6.510) 

� e±
⌫

Pythia
Herwig

big discrepancy in      (    ) 
fluxes at low energy

e.g. lacks      
and 
branchings 

e.g. lacks      radiation 
from                 states 
(added)

�
W+W�

`! `�
� ! ff̄

� e±



10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

10

102

x = KêMDM

dN
êdlo

gx

DM DM Æ gg at MDM = 1 TeV

Fluxes at production
Different hadronic MonteCarlos could give different products

Or: what is the ‘systematic’ uncertainty?

Pythia (8.135)  vs  Herwig (6.510) 

�
e±

Anyway not central for DM

⌫

Pythia
Herwig

Factor 2: not calibrated on LEP?

e.g. lacks      
and 
branchings 

e.g. lacks      radiation 
from                 states 
(added)

�
W+W�

`! `�
� ! ff̄

p̄



10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

10

102

x = KêMDM

dN
êdlo

gx

DM DM Æ gg at MDM = 1 TeV

10�7 10�6 10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x ⇥ K�MDM

dN
�dlogx

DM DM ⇤ qq at MDM ⇥ 1 TeV

10�7 10�6 10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x ⇥ K�MDM

dN
�dlogx

DM DM ⇤ gg at MDM ⇥ 1 TeV

10⇥7 10⇥6 10⇥5 10⇥4 10⇥3 10⇥2 10⇥1 1
10⇥4

10⇥3

10⇥2

10⇥1

1

10

102

x ⇤ K�MDM

dN
�dlogx

DM DM ⇧ ⌅�⌅⇥ at MDM ⇤ 1 TeV

10⇥7 10⇥6 10⇥5 10⇥4 10⇥3 10⇥2 10⇥1 1
10⇥4

10⇥3

10⇥2

10⇥1

1

10

102

x ⇤ K�MDM

dN
�dlogx

DM DM ⌅W�W⇥ at MDM ⇤ 1 TeV

Figure 2: Comparison between Monte Carlo results: Pythia is the continuous line, Her-
wig is dashed. Photons (red), e± (green), p̄ (blue), � = �e + �µ + �⇥ (black).

where K is the kinetic energy of the final-state stable hadrons/leptons/photons in the rest
frame of D . We shall plot the particle multiplicity as a function of the logarithmic energy
fraction, i.e. dN/d log x; our spectra will be normalized to the average multiplicity in the
simulated high-statistics event sample. Also, as pointed out before, this comparison will
be carried out for production of unpolarized particles and without including any e�ect of
final-state weak boson radiation.

An example of the comparison of the DM fluxes from Pythia and Herwig is presented
in Fig. 2, where we show the photon, electron, antiproton and neutrino dN/d log x spectra
for the channels DM DM ⌅ qq̄, gg, W+W� and ⇥+⇥�. In Fig. 2 we have set the DM mass
to MDM = 1 TeV, but we can anticipate that similar dN/d log x hold for all DM masses
MDM ⇤ MZ , mt. Astrophysical experiments are currently probing K <⇥ 100 GeV, whose
corresponding range of x depends on the chosen MDM; in particular, the low-x tails mostly
determine the DM signals if MDM is very large. Overall, we note the following features:

• For the qq̄ modes there is a reasonable agreement between Pythia and Herwig,
for all final-state particles and through the whole x spectrum, including the low-
energy tails. In fact, although the centre-of-mass energy has been increased to 2
TeV, the D ⌅ qq̄ is similar to Z/�⇥ ⌅ qq̄ processes at LEP, which were used when
tuning the Herwig and Pythia user-defined parameters. Nevertheless, we note some
discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
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(dashed). We show the following final states: e+ (green), p̄ (blue), � (red), ⇥ = (⇥e+⇥µ+⇥⇥ )/3

(black).
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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reader with ready-to-use final products, as opposed to the generating code. We make an
e�ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter � varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇥NFW(r) = ⇥s
rs

r

⇤
1 +

r

rs

⌅�2

Einasto : ⇥Ein(r) = ⇥s exp

⌥
� 2

�

⇧⇤
r

rs

⌅�

� 1

⌃�

Isothermal : ⇥Iso(r) =
⇥s

1 + (r/rs)
2

Burkert : ⇥Bur(r) =
⇥s

(1 + r/rs)(1 + (r/rs)2)

Moore : ⇥Moo(r) = ⇥s

�rs

r

⇥1.16
⇤

1 +
r

rs

⌅�1.84

(1)

Numerical DM simulations that try to include the e�ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller �) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an � parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e�orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5
EinastoB = steepened Einasto 

(effect of baryons?)
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Figure 9: Propagation function for antiprotons
from annihilating DM, for the di�erent halo profiles
and sets of propagation parameters, and the corresponding
fit parameters to be used in eq. (30).
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Figure 10: Propagation function for antiprotons
from decaying DM, for the di�erent halo profiles and
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K and momentum p of charged cosmic rays such that the energy spectrum d�p̄�/dK� of
antiprotons that reach the Earth with energy K� and momentum p� (sometimes referred to
as Top of the Atmosphere ‘ToA’ fluxes) is approximatively related to their energy spectrum
in the interstellar medium, d�p̄/dK, as [123]

d�p̄�

dK�
=

p2
�

p2

d�p̄

dK
, K = K� + |Ze|�F , p2 = 2mpK + K2. (31)

The so-called Fisk potential �F parameterizes in this e⇥ective formalism the kinetic energy
loss. A value of �F = 0.5 GV is characteristic of a minimum of the solar cyclic activity,
corresponding to the period in which most of the observations have been done in the second
half of the 90’s and at the end of the years 2000’s.

4.1.5 Antideuterons

The propagation of antideuterons through the Galaxy follows closely that of antiprotons
discussed above, with a few trivial changes. The di⇥usion equation is still the one in eq. (24).
In it:
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The so-called Fisk potential �F parameterizes in this e⇥ective formalism the kinetic energy
loss. A value of �F = 0.5 GV is characteristic of a minimum of the solar cyclic activity,
corresponding to the period in which most of the observations have been done in the second
half of the 90’s and at the end of the years 2000’s.

4.1.5 Antideuterons

The propagation of antideuterons through the Galaxy follows closely that of antiprotons
discussed above, with a few trivial changes. The di⇥usion equation is still the one in eq. (24).
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) a�ects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) a�ects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do
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Bottom line: Antiprotons are quite affected by propagation, 
but spectral shape somewhat preserved
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Figure 7: Reduced halo function I(�D) for e± from
annihilating Dark Matter, for the di�erent DM profiles
and sets of propagation parameters, and the corresponding
fit parameters to be used in eq. (23).
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MAX 0.504 0.609 0.270 0.817 1.050 1.111 0.334 0.212
MIN 0.487 0.552 -0.050 0.927 0.097 1.444 0.217 0.907

Ein MED 0.501 0.677 0.277 0.739 0.725 0.748 0.287 0.150
MAX 0.500 0.230 1.443 2.183 1.078 1.036 0.371 0.202
MIN 0.487 0.414 -0.068 1.238 0.098 1.444 0.217 0.915

EiB MED 0.502 0.797 0.189 0.627 0.737 0.751 0.265 0.164
MAX 0.498 0.258 1.614 1.954 1.087 1.022 0.389 0.196
MIN 0.488 0.691 -0.037 0.739 0.094 1.444 0.215 0.885

Bur MED 0.501 0.721 0.283 0.695 0.679 0.712 0.318 0.156
MAX 0.497 0.636 0.278 0.791 1.051 1.203 0.351 0.107

Figure 8: Reduced halo function I(�D) for e± from
decaying DM, for the di�erent halo profiles and sets of
propagation parameters, and the corresponding fit parame-
ters to be used in eq. (23).
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4.1.3 Electrons or positrons: approximated energy loss

The above treatment is pretty general in that it allows to compute the propagated fluxes
taking into account the full energy and position dependance of b(E, �x), as discussed above.
An approximated formalism had been adopted in the past (see e.g. [110] and references
therein) and we report it here for completeness and to compare with our full result.

Assuming a space-independent b = bT(⇥) = ⇥2 GeV/⇧⇤ everywhere in the Galaxy, one
can define a ‘reduced’ halo function I(⇤D, �x) (and a simplified di�erential equation for
it) in terms of a single quantity ⇤D = ⇤D(⇥, ⇥s) =

⌥
4K0⇧⇤ (⇥��1 � ⇥��1

s ) /(1� �), which
represents the di�usion length of e± injected with energy ⇥S and detected with energy ⇥.
One has (instead of the full equation (16))

⌅2I(⇤D, �x)� 2

⇤D

 

 ⇤D
I(⇤D, �x) = 0,

⇤
⌃⇧

⌃⌅

I(0, �x) =

�
⌅(�x)

⌅⇤

⇥⇥

,

I(⇤D, �xmax) = 0.

(19)
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Figure 5: Energy loss coe�cient function for electrons and positrons in the Milky Way.
Left panel: at several locations along the galactic radial coordinate r, right panel: above (or below)
the location of the Earth along the coordinate z. The dot points at the value of �⇥ (see next
subsection).

The profile of the magnetic field in the Galaxy is very uncertain and we adopt the
conventional one

B(r, z) = B0 exp[�(r � r⇥)/rB � |z|/zB] (10)

as given in [108], with B0 = 4.78 µG, rB = 10 kpc and zB = 2 kpc. With these choices,
the dominant energy losses are due to ICS everywhere, except in the region of the Galactic
Center and for high e± energies, in which case synchrotron losses dominate. All in all,
the b(E, �x) function that we obtain is sampled in fig. 5 and given in numerical form on
the website [29]. In the figure, one sees the E2 behaviour at low energies changing into a
softer dependence as the energy increases (the transition happens earlier at the GC, where
starlight is more abundant, and later at the periphery of the Galaxy, where CMB is the
dominant background). At the GC, it eventually re-settles onto a E2 slope at very high
energies, where synchrotron losses dominate.

The di�usion coe⇤cient function K is also in principle dependent on the position, since
the distribution of the di�usive inhomogeneities of the magnetic field changes throughout
the galactic halo. However, a detailed mapping of such variations is prohibitive: e.g. they
would have di�erent features inside/outside the galactic arms as well as inside/outside the
galactic disk, so that they would depend very much on poorly known local galactic geogra-
phy. Moreover, including a spatial dependence in K would make the semi-analytic method
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Figure 6: Generalized halo functions for electrons or positrons, for several di�erent val-
ues of the injection energy �S (color coded). The superimposed dotted black lines are the ‘reduced’
halo functions discussed in 4.1.3.
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Figure 13: Fluxes of electrons or positrons at the Earth, after propagation, for the case
of annihilations (top row) and decay (bottom row). In the left panels the propagation parameters
are variated, while the halo profile is kept fixed. The opposite is done for the right panels. The
choices of annihilation or decay channels and parameters are indicated.

close to the galactic center where one has larger energy losses. As a consequence we expect
that the di�use � rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the di�erence between the two methods.

4.2.2 Antiprotons

Applying the recipe of eq. (27) it is straightforward to compute the fluxes of antiprotons
at Earth, for a given choice of halo profile and propagation parameters. We provide them
in numerical form on the website [29], both in the form of MathematicaR� interpolating
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Figure 15: J(�) for annihilating (left) and decaying (right) Dark Matter, for the di�erent
DM profiles. The color code individuates the profiles (Burkert, Isothermal, Einasto, EinastoB,
NFW, Moore from bottom to top in the inset).

The J factors are plotted in fig. 15 as a function of �. We provide them in terms of
MathematicaR� interpolating functions on the website [29].

The recipes (34) and (35) are ready for consumption if one needs the flux of gamma rays
from a given direction. More often, of course, one needs the integrated flux over a region
�⇥, corresponding e.g. to the window of observation or the resolution of the telescope.
The J factor is then replaced by the average J factor for such region, simply defined as
J̄(�⇥) =

�⇤
�⇥ J d⇥

⇥
/�⇥. The following simple formulæ hold for regions that are disks of

aperture �max centered around the GC, annuli �min < � < �max centered around the GC or
generic regions defined in terms of galactic latitude b and longitude ⌥24 (provided they are
symmetric around the GC):

�⇥ = 2⇥
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d� sin �, J̄ =
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4
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db d⌥ cos b J(�(b, ⌥)), (b⇥ ⌥ region)

(36)
where the integration limits in the formulæ for J̄ are left implicit for simplicity but obviously
correspond to those in �⇥. For the ‘b ⇥ ⌥ region’ the limits of the integration region are

24Galactic polar coordinates (d, ⌅, b) are defined as

x = d cos ⌅ cos b, y = d sin ⌅ cos b, z = d sin b

where the Earth is located at ↵x = 0 (such that d is the distance from us); the Galactic Center at x = r�,
y = z = 0; and the Galactic plane corresponds to z ⇤ 0. Consequently cos � = x/d = cos b · cos ⌅.

34
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(36)
where the integration limits in the formulæ for J̄ are left implicit for simplicity but obviously
correspond to those in �⇥. For the ‘b ⇥ ⌥ region’ the limits of the integration region are

24Galactic polar coordinates (d, ⌅, b) are defined as

x = d cos ⌅ cos b, y = d sin ⌅ cos b, z = d sin b

where the Earth is located at ↵x = 0 (such that d is the distance from us); the Galactic Center at x = r�,
y = z = 0; and the Galactic plane corresponds to z ⇤ 0. Consequently cos � = x/d = cos b · cos ⌅.
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Region latitude b longitude l �⇥ J̄ann J̄dec

or aperture � [steradians] NFW Ein EinB Iso Bur Moore NFW Ein EinB Iso Bur Moore
‘GC 0.1⇥’ � < 0.1⇥ � 0.96 10�5 11579 3579 55665 17.2 6.21 81751 26.3 25.4 55.3 6.45 4.47 44.9
‘GC 0.14⇥’ � < 0.14⇥ � 0.19 10�4 8255 3206 43306 17.2 6.21 52395 25.1 25.0 52.9 6.45 4.47 41.5
‘GC 1⇥’ � < 1⇥ � 0.96 10�3 1118 1196 6945 17.2 6.21 3855 18.0 21.0 35.5 6.45 4.47 24.9
‘GC 2⇥’ � < 2⇥ � 0.004 542 711 3103 17.2 6.19 1521 15.5 18.6 28.7 6.45 4.47 20.2
‘Gal Ridge’ 0⇥ < |b| <0.3⇥ 0⇥ < |l| <0.8⇥ 0.29 10�3 1904 1605 11828 17.2 6.21 7927 19.6 22.2 39.9 6.45 4.47 28.4
‘3 ⇥ 3’ 0⇥ < |b| <3⇥ 0⇥ < |l| <3⇥ 0.011 306 443 1577 17.1 6.16 741 13.6 16.4 23.6 6.43 4.46 16.9
‘5 ⇥ 5’ 0⇥ < |b| <5⇥ 0⇥ < |l| <5⇥ 0.030 174 264 783 16.8 6.10 367 11.8 14.1 19.0 6.39 4.44 14.0
‘5 ⇥ 30’ 0⇥ < |b| <5⇥ 0⇥ < |l| <30⇥ 0.183 47.7 70.5 170 12.1 5.16 84.8 7.27 8.24 9.74 5.55 4.12 7.99
‘10 ⇥ 10’ 0⇥ < |b| <10⇥ 0⇥ < |l| <10⇥ 0.121 77.7 118 280 15.5 5.85 138 9.30 10.9 13.4 6.19 4.37 10.5
‘10 ⇥ 30’ 0⇥ < |b| <10⇥ 0⇥ < |l| <30⇥ 0.364 35.5 51.8 109 11.7 5.09 57.2 6.86 7.71 8.89 5.48 4.10 7.44
‘10 ⇥ 60’ 0⇥ < |b| <10⇥ 0⇥ < |l| <60⇥ 0.727 19.5 27.8 56.7 7.59 3.91 30.4 5.06 5.51 6.13 4.39 3.57 5.36
‘GP w/o GC’ 0⇥ < |b| <5⇥ 30⇥ < |l| <180⇥ 0.913 1.32 1.35 1.38 1.28 1.24 1.33 1.85 1.85 1.86 1.90 1.88 1.85
‘sides of GC’ 0⇥ < |b| <10⇥ 10⇥ < |l| <30⇥ 0.242 14.4 18.5 24.0 9.79 4.70 16.7 5.64 6.12 6.62 5.12 3.96 5.90
‘outer Galaxy’ 0⇥ < |b| <10⇥ 90⇥ < |l| <180⇥ 1.091 0.560 0.535 0.518 0.535 0.671 0.551 1.30 1.29 1.29 1.35 1.39 1.30
‘10�20’ 10⇥ < |b| <20⇥ 0⇥ < |l| <180⇥ 2.116 3.23 3.85 4.62 2.57 1.77 3.58 2.43 2.50 2.58 2.40 2.21 2.47
‘20�60’ 20⇥ < |b| <60⇥ 0⇥ < |l| <180⇥ 6.585 1.64 1.71 1.78 1.57 1.44 1.67 2.05 2.06 2.08 2.10 2.05 2.06
‘Gal Poles’ 60⇥ < |b| <90⇥ 0⇥ < |l| <180⇥ 1.684 0.992 0.965 0.947 0.964 1.11 0.982 1.77 1.75 1.75 1.82 1.88 1.77

Table 3: Some popular observational regions, their angular area and the corresponding values of the average J̄ factor for di�erent DM halo
profiles, in the case of annihilation and decay. ‘GP’ stands for Galactic Plane and ‘GC’ for Galactic Center. With a slight abuse of notation
we indicate the absolute value of the longitude |l| to signify that the considered regions are always symmetrical with respect to the l = 0 axis (for
instance 0� < |l| < 3� actually means l > 357�, l < 3�).
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the di�erent observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in di⇥erent angular windows and for di⇥erent halo profiles. For each case we plot the
total gamma-ray flux and its di⇥erent components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
di⇥erent from what is observed. In a �2 d�/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to⇥TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3⇤�3⇤’ and ‘5⇤�30⇤’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ� with a cross section
of 3 10�23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the di�erent observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in di⇥erent angular windows and for di⇥erent halo profiles. For each case we plot the
total gamma-ray flux and its di⇥erent components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
di⇥erent from what is observed. In a �2 d�/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to⇥TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3⇤�3⇤’ and ‘5⇤�30⇤’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ� with a cross section
of 3 10�23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the di�erent observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in di⇥erent angular windows and for di⇥erent halo profiles. For each case we plot the
total gamma-ray flux and its di⇥erent components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
di⇥erent from what is observed. In a �2 d�/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to⇥TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3⇤�3⇤’ and ‘5⇤�30⇤’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ� with a cross section
of 3 10�23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the di�erent observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in di⇥erent angular windows and for di⇥erent halo profiles. For each case we plot the
total gamma-ray flux and its di⇥erent components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
di⇥erent from what is observed. In a �2 d�/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to⇥TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3⇤�3⇤’ and ‘5⇤�30⇤’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ� with a cross section
of 3 10�23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 18: Fluxes of galactic Inverse Compton gamma rays, for the case of annihilations
(upper panels) and decay (lower panels).

6.2 Synchroton radiation from e±

In this section we briefly discuss the synchrotron emission from DM produced energetic
e± immersed in strong magnetic fields (see e.g. [127] and references therein). We do not
provide, however, numerical results for this signature.

An electron or positron with momentum p in a turbulent magnetic field B generates
the following spectrum of synchrotron power Wsyn into photons with frequency ⇥:
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Figure 18: Fluxes of galactic Inverse Compton gamma rays, for the case of annihilations
(upper panels) and decay (lower panels).

6.2 Synchroton radiation from e±

In this section we briefly discuss the synchrotron emission from DM produced energetic
e± immersed in strong magnetic fields (see e.g. [127] and references therein). We do not
provide, however, numerical results for this signature.

An electron or positron with momentum p in a turbulent magnetic field B generates
the following spectrum of synchrotron power Wsyn into photons with frequency ⇥:
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  for different configurations of galactic ⇥B
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from outside the Galaxy  �

- isotropic flux of prompt and ICS gamma rays, integrated over z and r
- depends strongly on halo formation details and history

redshift z

Indirect Detection: basics
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Figure 19: Left: Extragalactic (cosmological) boost factors B(z) for various concentration
models and for various lower cut-o�s of DM halo mass. Right: Contour plot of the opacity of
the Universe, for the ‘real UV’ background case (color plot). The short-dashed curves correspond
to ‘no UV’ background case.

The resulting four models for the cosmological boost factor are given in form of a Mathema-
ticaR� interpolating function on the website [29] and are plotted in Fig. 19a. We see that
the boost factor shoots up at z ⇥ 100, which corresponds to the redshift where the DM
halos with the assumed lowest masses start to form. As expected, the curves for the 10�9

M⇥ models start to deviate slightly earlier.
It is clear from the figure that currently the biggest uncertainty influencing the mag-

nitude of the boost factor is related to the concentration parameter function c(M, z) and
in particular to the way one chooses to extend its behavior below the mass scales directly
probed by the simulations. At low redshifts the variation between the models reaches two
orders of magnitude. On top of that there is an extra uncertainty related to the profiles
of the DM halos: we have assumed the NFW profile as a benchmark, but expressions
analogous to eq. (60) (but more cumbersome) can be easily calculated for the Einasto and
Burkert profiles. Comparing the f(c) functions for di�erent profiles along a large range of
cvir, we find that this adds an uncertainty of roughly one order of magnitude.

7.2 Absorption of gamma rays in the intergalactic medium

The factor exp[�⇥(E ⇤, z, z⇤)] in eq. (50) expresses the attenuation of the flux of �-rays
having an energy E ⇤ at production as they propagate from the emission redshift z⇤ to the
collection redshift z. In turn, ⇥(E, z⇤) is the optical depth for gamma rays collected today
with energy E = E ⇤/(1+z⇤). In this section we briefly discuss the relevant physics processes
and provide the ingredients to compute ⇥(E ⇤, z, z⇤) explicitly. We provide ⇥(E, z⇤) in the
form of a MathematicaR� interpolating function on the website [29].

The processes relevant to the absorption of energetic photons in cosmological length
scales (> 10 Mpc) and in the energy range roughly spanning from MeVs to TeVs are
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Figure 19: Left: Extragalactic (cosmological) boost factors B(z) for various concentration
models and for various lower cut-o�s of DM halo mass. Right: Contour plot of the opacity of
the Universe, for the ‘real UV’ background case (color plot). The short-dashed curves correspond
to ‘no UV’ background case.

The resulting four models for the cosmological boost factor are given in form of a Mathema-
ticaR� interpolating function on the website [29] and are plotted in Fig. 19a. We see that
the boost factor shoots up at z ⇥ 100, which corresponds to the redshift where the DM
halos with the assumed lowest masses start to form. As expected, the curves for the 10�9

M⇥ models start to deviate slightly earlier.
It is clear from the figure that currently the biggest uncertainty influencing the mag-

nitude of the boost factor is related to the concentration parameter function c(M, z) and
in particular to the way one chooses to extend its behavior below the mass scales directly
probed by the simulations. At low redshifts the variation between the models reaches two
orders of magnitude. On top of that there is an extra uncertainty related to the profiles
of the DM halos: we have assumed the NFW profile as a benchmark, but expressions
analogous to eq. (60) (but more cumbersome) can be easily calculated for the Einasto and
Burkert profiles. Comparing the f(c) functions for di�erent profiles along a large range of
cvir, we find that this adds an uncertainty of roughly one order of magnitude.

7.2 Absorption of gamma rays in the intergalactic medium

The factor exp[�⇥(E ⇤, z, z⇤)] in eq. (50) expresses the attenuation of the flux of �-rays
having an energy E ⇤ at production as they propagate from the emission redshift z⇤ to the
collection redshift z. In turn, ⇥(E, z⇤) is the optical depth for gamma rays collected today
with energy E = E ⇤/(1+z⇤). In this section we briefly discuss the relevant physics processes
and provide the ingredients to compute ⇥(E ⇤, z, z⇤) explicitly. We provide ⇥(E, z⇤) in the
form of a MathematicaR� interpolating function on the website [29].

The processes relevant to the absorption of energetic photons in cosmological length
scales (> 10 Mpc) and in the energy range roughly spanning from MeVs to TeVs are
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Figure 19: Left: Extragalactic (cosmological) boost factors B(z) for various concentration
models and for various lower cut-o�s of DM halo mass. Right: Contour plot of the opacity of
the Universe, for the ‘real UV’ background case (color plot). The short-dashed curves correspond
to ‘no UV’ background case.

The resulting four models for the cosmological boost factor are given in form of a Mathema-
ticaR� interpolating function on the website [29] and are plotted in Fig. 19a. We see that
the boost factor shoots up at z ⇥ 100, which corresponds to the redshift where the DM
halos with the assumed lowest masses start to form. As expected, the curves for the 10�9

M⇥ models start to deviate slightly earlier.
It is clear from the figure that currently the biggest uncertainty influencing the mag-

nitude of the boost factor is related to the concentration parameter function c(M, z) and
in particular to the way one chooses to extend its behavior below the mass scales directly
probed by the simulations. At low redshifts the variation between the models reaches two
orders of magnitude. On top of that there is an extra uncertainty related to the profiles
of the DM halos: we have assumed the NFW profile as a benchmark, but expressions
analogous to eq. (60) (but more cumbersome) can be easily calculated for the Einasto and
Burkert profiles. Comparing the f(c) functions for di�erent profiles along a large range of
cvir, we find that this adds an uncertainty of roughly one order of magnitude.

7.2 Absorption of gamma rays in the intergalactic medium

The factor exp[�⇥(E ⇤, z, z⇤)] in eq. (50) expresses the attenuation of the flux of �-rays
having an energy E ⇤ at production as they propagate from the emission redshift z⇤ to the
collection redshift z. In turn, ⇥(E, z⇤) is the optical depth for gamma rays collected today
with energy E = E ⇤/(1+z⇤). In this section we briefly discuss the relevant physics processes
and provide the ingredients to compute ⇥(E ⇤, z, z⇤) explicitly. We provide ⇥(E, z⇤) in the
form of a MathematicaR� interpolating function on the website [29].

The processes relevant to the absorption of energetic photons in cosmological length
scales (> 10 Mpc) and in the energy range roughly spanning from MeVs to TeVs are
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Figure 20: Fluxes of extragalactic gamma rays, for the case of annihilations (first 3 panels)
and decay (last panel). In each panel one of the astrophysical model assumptions is variated. The
choices of annihilation or decay channels and particle physics parameters are indicated. On the
last panel, the black dotted line indicates the flux for the ‘no UV’ case computed in Thomson
approximation.

7.3 Extragalactic gamma rays: results

Applying the recipe of eq. (50), with all the ingredients discussed in this section, we com-
pute the fluxes of extragalactic gamma rays detected at Earth, for any given choice of the
concentration parameter function, minimal halo mass and UV background. We provide
them in numerical form on the website [29] in the form of MathematicaR� interpolating
functions.

Fig. 20 presents some examples of such fluxes, for the case of annihilation and decay and
for di�erent primary channels. In the top left and top right panels the minimal halo mass
Mmin and the choice of c(M, z) are variated respectively. As anticipated in the discussion
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and decay (last panel). In each panel one of the astrophysical model assumptions is variated. The
choices of annihilation or decay channels and particle physics parameters are indicated. On the
last panel, the black dotted line indicates the flux for the ‘no UV’ case computed in Thomson
approximation.

7.3 Extragalactic gamma rays: results

Applying the recipe of eq. (50), with all the ingredients discussed in this section, we com-
pute the fluxes of extragalactic gamma rays detected at Earth, for any given choice of the
concentration parameter function, minimal halo mass and UV background. We provide
them in numerical form on the website [29] in the form of MathematicaR� interpolating
functions.

Fig. 20 presents some examples of such fluxes, for the case of annihilation and decay and
for di�erent primary channels. In the top left and top right panels the minimal halo mass
Mmin and the choice of c(M, z) are variated respectively. As anticipated in the discussion
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Bottom line: ExGal gamma rays are affected by uncertainties 
     of a few order orders of magnitude due to cosmic 

  history, for annihilations. 
  Much less for decay.
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and decay (last panel). In each panel one of the astrophysical model assumptions is variated. The
choices of annihilation or decay channels and particle physics parameters are indicated. On the
last panel, the black dotted line indicates the flux for the ‘no UV’ case computed in Thomson
approximation.

7.3 Extragalactic gamma rays: results

Applying the recipe of eq. (50), with all the ingredients discussed in this section, we com-
pute the fluxes of extragalactic gamma rays detected at Earth, for any given choice of the
concentration parameter function, minimal halo mass and UV background. We provide
them in numerical form on the website [29] in the form of MathematicaR� interpolating
functions.

Fig. 20 presents some examples of such fluxes, for the case of annihilation and decay and
for di�erent primary channels. In the top left and top right panels the minimal halo mass
Mmin and the choice of c(M, z) are variated respectively. As anticipated in the discussion
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2. Propagation

oscillations + interactions

density matrix

dρ

dr
= −i[H, ρ]+

dρ

dr

∣

∣

∣

∣

CC

+
dρ

dr

∣

∣

∣

∣
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2. Propagation: oscillations
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2. Propagation: CC absorption 
	 	 	 	 	 	 	 	 	 	 & tau 
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2. Propagation: NC scatterings
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DM detection

production at colliders

direct detection

indirect

 from annihil in galactic center or halo 
 and from synchrotron emission

from annihil in galactic halo or center
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ν, ν̄ from annihil in galactic center
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Indirect Detection: basics
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Advertisement

You want to compute all signatures of your DM model in 
positrons, electrons, neutrinos, gamma rays... 
but you don’t want to mess around with astrophysics?

You need a quick reference for formulæ and methods  
to compute indirect detection signals?
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You want to compute all signatures of your DM model in 
positrons, electrons, neutrinos, gamma rays... 
but you don’t want to mess around with astrophysics?

PPPC 4 DM ID

‘The Poor Particle Physicist Cookbook  
for Dark Matter Indirect Direction’

www.marcocirelli.net/PPPC4DMID.html

1012.4515 [hep-ph]

Cirelli, Corcella, Hektor,  
Hütsi, Kadastik, Panci,  
Raidal, Sala, Strumia

We provide ingredients and recipes for computing signals of TeV-scale 
Dark Matter annihilations and decays in the Galaxy and beyond.

http://www.marcocirelli.net/PPPC4DMID.html
http://arXiv.org/abs/1012.4515
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You want to compute all signatures of your DM model in 
positrons, electrons, neutrinos, gamma rays... 
but you don’t want to mess around with astrophysics?

www.marcocirelli.net/PPPC4DMID.html
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Main added value features: 

    compare different MCs 

    include EW corrections 

    improved         propagation 

    improved ICS    -ray computation

Advertisement
You want to compute all signatures of your DM model in 
positrons, electrons, neutrinos, gamma rays... 
but you don’t want to mess around with astrophysics?

www.marcocirelli.net/PPPC4DMID.html

Ciafaloni, Riotto et al., 1009.0224
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Figure 2: Comparison between Monte Carlo results: Pythia is the continuous line, Her-
wig is dashed. Photons (red), e± (green), p̄ (blue), � = �e + �µ + �⇥ (black).

where K is the kinetic energy of the final-state stable hadrons/leptons/photons in the rest
frame of D . We shall plot the particle multiplicity as a function of the logarithmic energy
fraction, i.e. dN/d log x; our spectra will be normalized to the average multiplicity in the
simulated high-statistics event sample. Also, as pointed out before, this comparison will
be carried out for production of unpolarized particles and without including any e�ect of
final-state weak boson radiation.

An example of the comparison of the DM fluxes from Pythia and Herwig is presented
in Fig. 2, where we show the photon, electron, antiproton and neutrino dN/d log x spectra
for the channels DM DM ⌅ qq̄, gg, W+W� and ⇥+⇥�. In Fig. 2 we have set the DM mass
to MDM = 1 TeV, but we can anticipate that similar dN/d log x hold for all DM masses
MDM ⇤ MZ , mt. Astrophysical experiments are currently probing K <⇥ 100 GeV, whose
corresponding range of x depends on the chosen MDM; in particular, the low-x tails mostly
determine the DM signals if MDM is very large. Overall, we note the following features:

• For the qq̄ modes there is a reasonable agreement between Pythia and Herwig,
for all final-state particles and through the whole x spectrum, including the low-
energy tails. In fact, although the centre-of-mass energy has been increased to 2
TeV, the D ⌅ qq̄ is similar to Z/�⇥ ⌅ qq̄ processes at LEP, which were used when
tuning the Herwig and Pythia user-defined parameters. Nevertheless, we note some
discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
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Figure 5: Energy loss coe�cient function for electrons and positrons in the Milky Way.
Left panel: at several locations along the galactic radial coordinate r, right panel: above (or below)
the location of the Earth along the coordinate z. The dot points at the value of �⇥ (see next
subsection).

We compute b(E, �x) by The profile of the magnetic field in the Galaxy is very uncertain
and we adopt the conventional one

B(r, z) = B0 exp[�(r � r⇥)/rB � |z|/zB] (10)

as given in [108], with B0 = 4.78 µG, rB = 10 kpc and zB = 2 kpc. With these choices,
the dominant energy losses are due to ICS everywhere, except in the region of the Galactic
Center and for high e± energies, in which case synchrotron losses dominate. All in all,
the b(E, �x) function that we obtain is sampled in fig. 5 and given in numerical form on
the website [29]. In the figure, one sees the E2 behaviour at low energies changing into a
softer dependence as the energy increases (the transition happens earlier at the GC, where
starlight is more abundant, and later at the periphery of the Galaxy, where CMB is the
dominant background). At the GC, it eventually re-settles onto a E2 slope at very high
energies, where synchrotron losses dominate.

The di�usion coe⇤cient function K is also in principle dependent on the position, since
the distribution of the di�usive inhomogeneities of the magnetic field changes throughout
the galactic halo. However, a detailed mapping of such variations is prohibitive: e.g. they
would have di�erent features inside/outside the galactic arms as well as inside/outside the
galactic disk, so that they would depend very much on poorly known local galactic geogra-
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), � (red), ⇥ = (⇥e+⇥µ+⇥⇥ )/3

(black).
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