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DM Open Questions
There is a compelling and strong evidence of non-baryonic matter in the 

Universe, ranging from galactic to cosmological scale

The microphysics of this new kind of matter is unknown yet

DM candidate: axions, neutralinos, technicolor particles, wimpzillas, etc...

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
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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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Fi g u r e 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).

W e c o m p u t e b ( E, �x ) b y T h e profile of the magnetic field in the Galaxy i s v e r y u n c e r t a i n
a n dw e a do p t t h e c o n v e n t i o n a l o n e

B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
t h e do m i n a n t e n e r g y l o s s e s a r e du e t o IC S e v e r y w h e r e , e x c e p t i n t h e r e g i o n o f t h e G a l a c t i c
C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
t h e b ( E, �x ) f u n c t i o n t h a t w e o b t a i n i s s a m p l e di n fi g . 5 a n dg i v e n i n n u m e r i c a l f o r m o n
t h e w e b s i t e [ 2 9 ] . In t h e fi g u r e , o n e s e e s t h e E2 b e h a v i o u r a t l o w e n e r g i e s c h a n g i n g i n t o a
s o f t e r de p e n de n c e a s t h e e n e r g y i n c r e a s e s ( t h e t r a n s i t i o n h a p p e n s e a r l i e r a t t h e G C , w h e r e
s t a r l i g h t i s m o r e a b u n da n t , a n dl a t e r a t t h e p e r i p h e r y o f t h e G a l a x y , w h e r e C M B i s t h e
do m i n a n t b a c k g r o u n d) . A t t h e G C , i t e v e n t u a l l y r e - s e t t l e s o n t o a E2 s l o p e a t v e r y h i g h
e n e r g i e s , w h e r e s y n c h r o t r o n l o s s e s do m i n a t e .

The di�usion coe⇥cient f u n c t i o n K i s a l s o i n p r i n c i p l e de p e n de n t o n t h e p o s i t i o n , s i n c e
t h e di s t r i b u t i o n o f t h e di � u s i v e i n h o m o g e n e i t i e s o f t h e m a g n e t i c fi e l dc h a n g e s t h r o u g h o u t
t h e g a l a c t i c h a l o . H o w e v e r , a de t a i l e dm a p p i n g o f s u c h v a r i a t i o n s i s p r o h i b i t i v e : e . g . t h e y
w o u l dh a v e di � e r e n t f e a t u r e s i n s i de / o u t s i de t h e g a l a c t i c a r m s a s w e l l a s i n s i de / o u t s i de t h e
g a l a c t i c di s k , s o t h a t t h e y w o u l dde p e n dv e r y m u c h o n p o o r l y k n o w n l o c a l g a l a c t i c g e o g r a -
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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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BUT !! 

Underlying theory: supersymmetry, technicolor, mirror models, etc...

Main added value features:

    compare different MCs

    include EW corrections

    improved         propagation

    improved ICS    -ray computation
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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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Fi g u r e 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).
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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).

15

DM density profile: cuspy profile (NFW, Einasto), cored profile (isothermal) 

Main added value features:

    compare different MCs

    include EW corrections

    improved         propagation

    improved ICS    -ray computation
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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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Fi g u r e 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).
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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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the location of the Earth along the coordinate z. The dot points at the value of �� (see next
subsection).
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections
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(black).

15



Dark Matter Detection

DM

DM

SM

SM

       indirect detection

LHC
        production at collider

from ann/dec in GC or halo and from synchrotron emission

from ann/dec in Galactic Center or halo

from ann/dec in Galactic Center or halo

from ann/dec in Galactic Center or halo

from ann/dec in Galaxy and massive bodies 

FERMI, radio telescopes....
�

       direct detection
DAMA/Libra, CoGeNT, CRESST.... (Xenon, CDMS, Edelweiss....)

p̄

⌫̄, ⌫

d̄

e+
PAMELA, FERMI, HESS, AMS-II, balloons....

AMS-II, GAPS....

SuperK, Icecube.... 

PAMELA, AMS-II

    compare different MCs
I’m going to present you a new framework for “scaling” a 
bound given on a certain benchmark interaction to any 
other kinds of interactions in a model independent way  

    compare different MCsI’ll review how to write the DM-nucleon ME as a linear 
combination of NR operators



Dark Matter Detection

DM

DM

SM

SM

       indirect detection

LHC
        production at collider

from ann/dec in GC or halo and from synchrotron emission

from ann/dec in Galactic Center or halo

from ann/dec in Galactic Center or halo

from ann/dec in Galactic Center or halo

from ann/dec in Galaxy and massive bodies 

FERMI, radio telescopes....
�

       direct detection
DAMA/Libra, CoGeNT, CRESST.... (Xenon, CDMS, Edelweiss....)

p̄

⌫̄, ⌫

d̄

e+
PAMELA, FERMI, HESS, AMS-II, balloons....

AMS-II, GAPS....

SuperK, Icecube.... 

PAMELA, AMS-II

I’ll review how to write the DM-nucleon ME as a linear 
combination of NR operators

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

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 ⇥ 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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Fi g u r e 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).
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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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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).

W e c o m p u t e b ( E, �x ) b y T h e profile of the magnetic field in the Galaxy i s v e r y u n c e r t a i n
a n dw e a do p t t h e c o n v e n t i o n a l o n e

B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
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C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
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(dashed). We show the following final states: e+ (green), p̄ (blue), � (red), ⇥ = (⇥e+⇥µ+⇥� )/3

(black).

15



Direct Detection: Overview
DM

recoil

- elastic scattering:

- inelastic scattering:

�+N (A,Z)
rest

� �+N (A,Z)
recoil

�+N (A,Z)
rest

� �0 +N (A,Z)
recoil

Direct searches aim at detecting the nuclear recoil possibly induced by:



Experimental priorities for DM Direct Detection:

the detectors must work deeply underground in order to reduce the 
background of cosmic rays

they use active shields and very clean materials against the residual 
radioactivity in the tunnel (       and neutrons)

Direct Detection: Overview

DM signals are very rare events (less then 1 cpd/kg/keV)

they must discriminate multiple scattering (DM does not scatter twice in the 
detector)

DM

recoil

- elastic scattering:

- inelastic scattering:

⇥, �

�+N (A,Z)
rest
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� �0 +N (A,Z)
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Direct searches aim at detecting the nuclear recoil possibly induced by:
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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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Fi g u r e 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).

W e c o m p u t e b ( E, �x ) b y T h e profile of the magnetic field in the Galaxy i s v e r y u n c e r t a i n
a n dw e a do p t t h e c o n v e n t i o n a l o n e

B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
t h e do m i n a n t e n e r g y l o s s e s a r e du e t o IC S e v e r y w h e r e , e x c e p t i n t h e r e g i o n o f t h e G a l a c t i c
C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
t h e b ( E, �x ) f u n c t i o n t h a t w e o b t a i n i s s a m p l e di n fi g . 5 a n dg i v e n i n n u m e r i c a l f o r m o n
t h e w e b s i t e [ 2 9 ] . In t h e fi g u r e , o n e s e e s t h e E2 b e h a v i o u r a t l o w e n e r g i e s c h a n g i n g i n t o a
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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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subsection).
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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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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).
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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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Fi g u r e 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).
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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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Fi g u r e 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).
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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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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).
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Figure 2: Comparison between Monte Carlo results: Pythia is the continuous line, Her-
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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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Fi g u r e 5 : Energy loss coe�cient function for electrons and positrons in the Milky Way.
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the location of the Earth along the coordinate z. The dot points at the value of �� (see next
subsection).
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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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DM Velocity Distribution
“Violent relaxation” lead to fast mixing of the DM phase-space elements

DM particles are frozen in high entropy configuration: ∼ Maxwell-Boltzmann-like

“Statistical Mechanics of Violent Relaxation in Stellar System”, Mon.Not.Roy.Astrom.Soc. (1966) 136, 101



DM Velocity Distribution
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Phase-space structure in the local dark matter distribution 3

for all six halos with about 200 million particles within R200. Fur-
ther details of the halos and their characteristics can be found in
Springel et al. (2008).

In the following analysis we will often compare the six level-2
resolution halos, Aq-A-2 to Aq-F-2. To facilitate this comparison,
we scale the halos in mass and radius by the constant required to
give each a maximum circular velocity of Vmax = 208.49 km/s,
the value for Aq-A-2. We will also sometimes refer to a coordi-
nate system that is aligned with the principal axes of the inner halo,
and which labels particles by an ellipsoidal radius rell defined as
the semi-major axis length of the ellipsoidal equidensity surface on
which the particle sits. We determine the orientation and shape of
these ellipsoids as follows. For each halo we begin by diagonal-
ising the moment of inertia tensor of the dark matter within the
spherical shell 6 kpc < r < 12 kpc (after scaling to a com-
mon Vmax). This gives us a first estimate of the orientation and
shape of the best fitting ellipsoid. We then reselect particles with
6 kpc < rell < 12 kpc, recalculate the moment of inertia tensor
and repeat until convergence. The resulting ellipsoids have minor-
to-major axis ratios which vary from 0.39 for Aq-B-2 to 0.59 for
Aq-D-2. The radius restriction reflects our desire to probe the dark
matter distribution near the Sun.

3 SPATIAL DISTRIBUTIONS

The density of DM particles at the Earth determines the flux of
DM particles passing through laboratory detectors. It is important,
therefore, to determine not only the mean value of the DM density
8 kpc from the Galactic Centre, but also the fluctuations around this
mean which may result from small-scale structure.

We estimate the local DM distribution at each point in our
simulations using an SPH smoothing kernel adapted to the 64
nearest neighbours. We then fit a power law to the resulting dis-
tribution of ln ρ against ln rell over the ellipsoidal radius range
6 kpc < rell < 12 kpc. This defines a smooth model density
field ρmodel(rell). We then construct a density probability distribu-
tion function (DPDF) as the histogram of ρ/ρmodel for all particles
in 6 kpc < rell < 12 kpc, where each is weighted by ρ−1 so that
the resulting distribution refers to random points within our ellip-
soidal shell rather than to random mass elements. We normalise the
resulting DPDFs to have unit integral. They then provide a prob-
ability distribution for the local dark matter density at a random
point in units of that predicted by the best fitting smooth ellipsoidal
model.

In Fig. 1 we show the DPDFs measured in this way for all
resimulations of Aq-A (top panel) and for all level-2 halos after
scaling to a common Vmax (bottom panel). Two distinct compo-
nents are evident in both plots. One is smoothly and log-normally
distributed around ρ = ρmodel, the other is a power-law tail to high
densities which contains less than 10−4 of all points. The power-
law tail is not present in the lower resolution halos (Aq-A-3, Aq-
A-4, Aq-A-5) because they are unable to resolve subhalos in these
inner regions. However, Aq-A-2 and Aq-A-1 give quite similar re-
sults, suggesting that resolution level 2 is sufficient to get a reason-
able estimate of the overall level of the tail. A comparison of the six
level 2 simulations then demonstrates that this tail has similar shape
in different halos, but a normalisation which can vary by a factor
of several. In none of our halos does the fraction of the distribu-
tion in this tail rise above 5× 10−5. Furthermore, the arguments of
Springel et al (2008) suggest that the total mass fraction in the in-
ner halo (and thus also the total volume fraction) in subhalos below
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Figure 2. Top four panels: Velocity distributions in a 2 kpc box at the Solar
Circle for halo Aq-A-1. v1, v2 and v3 are the velocity components parallel
to the major, intermediate and minor axes of the velocity ellipsoid; v is the
modulus of the velocity vector. Red lines show the histograms measured
directly from the simulation, while black dashed lines show a multivari-
ate Gaussian model fit to the individual component distributions. Residuals
from this model are shown in the upper part of each panel. The major axis
velocity distribution is clearly platykurtic, whereas the other two distribu-
tions are leptokurtic. All three are very smooth, showing no evidence for
spikes due to individual streams. In contrast, the distribution of the velocity
modulus, shown in the upper left panel, shows broad bumps and dips with
amplitudes of up to ten percent of the distribution maximum. Lower panel:
Velocity modulus distributions for all 2 kpc boxes centred between 7 and
9 kpc from the centre of Aq-A-1. At each velocity a thick red line gives the
median of all the measured distributions, while a dashed black line gives
the median of all the fitted multivariate Gaussians. The dark and light blue
contours enclose 68% and 95% of all the measured distributions at each ve-
locity. The bumps seen in the distribution for a single box are clearly present
with similar amplitude in all boxes, and so also in the median curve. The
bin size is 5 km/s in all plots.
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Main added value features:

    compare different MCs

    include EW corrections

    improved         propagation

    improved ICS    -ray computation
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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

13

10�18
10�17
10�16
10�15
10�14
10�13
10�12
10�11
10�10
10�9
10�8
10�7
10�6

En
er
gy
lo
ss
co
ef
fic
ie
nt
b
�GeV⇧

se
c⇥

Thomson approx
at the Earth

Ea
rth

Ga
l c
ent
er
r ⇥
0 k
pc

Ga
l e
dg
e r
⇥
20
kp
c

10�1 1 10 102 103 104 105
10�17

10�16

10�15

10�14

e⇤ energy E �GeV⇥En
er
gy
lo
ss
co
ef
fic
ie
nt
b
�1⇧sec

⇥

E2 b⇤E⌅
Earth

Gal center r ⇥ 0 kpc

Gal edge r ⇥ 20 kpc

10�18
10�17
10�16
10�15
10�14
10�13
10�12
10�11
10�10
10�9
10�8
10�7
10�6

En
er
gy
lo
ss
co
ef
fic
ie
nt
b
�GeV⇧

se
c⇥

Thomson approx
at the Earth

Ea
rth

Ga
l e
dg
e z
⇥
15
kp
c

10�1 1 10 102 103 104 105

10�17

10�16

10�15

e⇤ energy E �GeV⇥En
er
gy
lo
ss
co
ef
fic
ie
nt
b
�1⇧sec

⇥

E2 b⇤E⌅
Earth

1 kpc4 kpc

Gal edge z ⇥ 15 kpc

Fi g u r e 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).
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B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
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C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
t h e b ( E, �x ) f u n c t i o n t h a t w e o b t a i n i s s a m p l e di n fi g . 5 a n dg i v e n i n n u m e r i c a l f o r m o n
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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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This has been roughly confirmed by 
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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

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 ⇥ 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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Fi g u r e 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).

W e c o m p u t e b ( E, �x ) b y T h e profile of the magnetic field in the Galaxy i s v e r y u n c e r t a i n
a n dw e a do p t t h e c o n v e n t i o n a l o n e

B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
t h e do m i n a n t e n e r g y l o s s e s a r e du e t o IC S e v e r y w h e r e , e x c e p t i n t h e r e g i o n o f t h e G a l a c t i c
C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
t h e b ( E, �x ) f u n c t i o n t h a t w e o b t a i n i s s a m p l e di n fi g . 5 a n dg i v e n i n n u m e r i c a l f o r m o n
t h e w e b s i t e [ 2 9 ] . In t h e fi g u r e , o n e s e e s t h e E2 b e h a v i o u r a t l o w e n e r g i e s c h a n g i n g i n t o a
s o f t e r de p e n de n c e a s t h e e n e r g y i n c r e a s e s ( t h e t r a n s i t i o n h a p p e n s e a r l i e r a t t h e G C , w h e r e
s t a r l i g h t i s m o r e a b u n da n t , a n dl a t e r a t t h e p e r i p h e r y o f t h e G a l a x y , w h e r e C M B i s t h e
do m i n a n t b a c k g r o u n d) . A t t h e G C , i t e v e n t u a l l y r e - s e t t l e s o n t o a E2 s l o p e a t v e r y h i g h
e n e r g i e s , w h e r e s y n c h r o t r o n l o s s e s do m i n a t e .

The di�usion coe⇥cient f u n c t i o n K i s a l s o i n p r i n c i p l e de p e n de n t o n t h e p o s i t i o n , s i n c e
t h e di s t r i b u t i o n o f t h e di � u s i v e i n h o m o g e n e i t i e s o f t h e m a g n e t i c fi e l dc h a n g e s t h r o u g h o u t
t h e g a l a c t i c h a l o . H o w e v e r , a de t a i l e dm a p p i n g o f s u c h v a r i a t i o n s i s p r o h i b i t i v e : e . g . t h e y
w o u l dh a v e di � e r e n t f e a t u r e s i n s i de / o u t s i de t h e g a l a c t i c a r m s a s w e l l a s i n s i de / o u t s i de t h e
g a l a c t i c di s k , s o t h a t t h e y w o u l dde p e n dv e r y m u c h o n p o o r l y k n o w n l o c a l g a l a c t i c g e o g r a -
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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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There are deviations due to the DM 
assembly history of the Milky Way

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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Fi g u r e 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).

W e c o m p u t e b ( E, �x ) b y T h e profile of the magnetic field in the Galaxy i s v e r y u n c e r t a i n
a n dw e a do p t t h e c o n v e n t i o n a l o n e

B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
t h e do m i n a n t e n e r g y l o s s e s a r e du e t o IC S e v e r y w h e r e , e x c e p t i n t h e r e g i o n o f t h e G a l a c t i c
C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
t h e b ( E, �x ) f u n c t i o n t h a t w e o b t a i n i s s a m p l e di n fi g . 5 a n dg i v e n i n n u m e r i c a l f o r m o n
t h e w e b s i t e [ 2 9 ] . In t h e fi g u r e , o n e s e e s t h e E2 b e h a v i o u r a t l o w e n e r g i e s c h a n g i n g i n t o a
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do m i n a n t b a c k g r o u n d) . A t t h e G C , i t e v e n t u a l l y r e - s e t t l e s o n t o a E2 s l o p e a t v e r y h i g h
e n e r g i e s , w h e r e s y n c h r o t r o n l o s s e s do m i n a t e .

The di�usion coe⇥cient f u n c t i o n K i s a l s o i n p r i n c i p l e de p e n de n t o n t h e p o s i t i o n , s i n c e
t h e di s t r i b u t i o n o f t h e di � u s i v e i n h o m o g e n e i t i e s o f t h e m a g n e t i c fi e l dc h a n g e s t h r o u g h o u t
t h e g a l a c t i c h a l o . H o w e v e r , a de t a i l e dm a p p i n g o f s u c h v a r i a t i o n s i s p r o h i b i t i v e : e . g . t h e y
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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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The geometry of the halo is not 
exactly spherical, but tends to a 
triaxial configuration

Recent Numerical Simulations Maxwell-Boltzmann

“Violent relaxation” lead to fast mixing of the DM phase-space elements
DM particles are frozen in high entropy configuration: ∼ Maxwell-Boltzmann-like



DM Velocity Distribution
Dark Matter direct detection Phenomenology

DM velocity distribution
in Earth rest frame f� ⇤ Galilei trafo from galaxy rest frame fgal:

f�(⇧v , t) = fgal(⇧v + ⇧v⇥ + ⇧v�(t)) fgal(⇧v) ⇥
⇤

N exp
�
�v2/v̄2⇥ v < vesc

0 v > vesc

v̄ ⌅ 220 km/s vesc ⌅ 550 km/s
sun velocity: ⇧v⇥ = (0, 220, 0) + (10, 13, 7) km/s

earth velocity: ⇧v�(t) with v� ⇥ 30 km/s

T. Schwetz 72

The velocity distribution in the Earth frame     is related to 
the velocity distribution in the Galactic frame      through a Galileian transformation fgal

⇥v
obs

(t) = ⇥v� + v� [⇥�
1

cosw
(t� t

1

) + ⇥�
2

sinw
(t� t

1

)]

e.g: Maxwell-Boltzmann distribution

The Earth is moving around the Sun and the Sun around the GC

f�

drift velocity 
of the Sun

time dependent Earth’s velocity
projected in the GP

velocity distribution in 
the Earth’s frame

⇥v� ' (0, 220, 0) + (10, 13, 7) km/s

v� ' 29.8 km/s

⇥�1 ' (0.9931, 0.1170,�0.0103)

⇥�2 ' (�0.0670, 0.4927,�0.8676)

t1 ' 21st March

w = 2�/year

|�v�| / |�v�| � 0.05

Looking for annual modulation is very challenge from the exp. point of view

f� (�v, t) = fgal (�v + �v� + �v�(t)) fgal (�v) =

(
k exp

⇣
� v2

v2
0

⌘
v < vesc

0 v > vesc



                      the framework of relativistic quantum field theory is not appropriate v ⌧ c )

Differential Cross Section
d⇥

dER
(v,ER) =

1

32�

1

m2
�mN

1

v2
|MN |2 Matrix Element (ME) for 

the DM-nucleus scattering



Differential Cross Section
d⇥

dER
(v,ER) =

1

32�

1

m2
�mN

1

v2
|MN |2

                      the framework of relativistic quantum field theory is not appropriate 

NR d.o.f. for elastic scattering

Matrix Element (ME) for 
the DM-nucleus scattering

v ⌧ c )

�v :

�q :

�sN :

�s� :

DM-nucleon relative velocity
exchanged momentum

nucleon spin (               )
DM spin

Non relativistic (NR) operators framework

|MN | =
12X

i=1

cNi (�,m�)ONR
i

The DM-nucleon ME can be constructed from 
Galileian invariant combination of d.o.f.

functions of the parameters of your favorite 
theory (e.g. couplings, mixing angles, mediator 
masses), expressed in terms of NR operators

N = (p, n)



Differential Cross Section

and redefine the cN
i as independent from q. The most notable cases of q dependence is

featured perhaps in long range interactions, where the exchange of a massless mediator
is responsible for the interaction between the DM and the nucleons. The di�erential cross
section displays in this case negative powers of q, thus enhancing the scattering rate at lower
exchanged momenta. Assuming that the massless mediator responsible for the interaction
is the Standard Model photon2, the most relevant cases are a DM with small but nonzero
electric charge, electric dipole moment or magnetic dipole moment. As we shall see in more
detail in Sec. 5, these interactions feature all a 1/q2-dependence [4]. In addition to those in
eq. (1), we will therefore consider also the following long range operators:

Olr
1 =

1

q2
ONR

1 , Olr
5 =

1

q2
ONR

5 ,

Olr
6 =

1

q2
ONR

6 , Olr
11 =

1

q2
ONR

11 .
(3)

According to Eq. (55) of [3] we can then write the spin-averaged amplitude squared for
scattering o� a target nucleus T with mass mT as

|MT |2 =
m2

T

m2
N

12⇥

i,j=1

⇥

N,N �=p,n

cN
i cN �

j F (N,N �)
i,j . (4)

The F (N,N �)
i,j (v, ER, T ) are the form factors provided in the appendices of [3], and depend

critically on the type of scattering nucleus T ; they are also function of m�, v and the nuclear
recoil energy ER = q2/2mT .
We can then construct the di�erential scattering cross section, which reads, in the non-
relativistic case,

d⇧T

dER
(v, ER) =

1

32⇤

1

m2
�mT

1

v2
|MT |2 . (5)

To write the scattering rate we need to take into account the general case in which the
detector is composed of di�erent nuclides (these can be di�erent isotopes of the same
specie, as well as di�erent kind of nuclei). We take the numeric abundances of di�erent
nuclides used in Direct Detection searches from Table II of [6], and convert them into mass
fractions3 ⇥T for each type of target nucleus T , with mass number AT , in the detector. The
di�erential rate for DM scattering o� a specific target, expressed in cpd (counts per day)
per kilogram per keV, is then

dRT

dER
=

⇥T

mT

⌅�
m�

⇤

vmin(ER)

d3v v fE(✓v)
d⇧T

dER
(v, ER) , (6)

where ⌅� ⇤ 0.3 GeV/cm3 is the DM energy density at the Earth’s location and fE(✓v) is
the DM velocity distribution in the Earth’s frame. vmin(ER), the minimum velocity with
which a DM particle can scatter o� a nucleus with a given recoil energy ER, also depends
on the target nucleus via the relation vmin =

⌅
mT ER/2µ2

T (for elastic scattering), where

2As we shall see in Sec. 5, gluons behave di�erently and need separate treatment.
3⇥T = 103NAmT �T /Ā, where NA = 6.022� 1023 is Avogadro’s number, �T are the numeric abundances

and Ā ⇥
�

T �T AT .
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amplitude will then be a rotationally invariant function of these variables; invariance un-
der Galilean boosts is ensured by the fact that these vectors are by themselves invariant
under Galileo velocity transformations, and translational symmetry is also respected given
the absence of a reference frame/point in space. In this regard, a basis of 16 rotationally
invariant operators can be constructed with ⇣v, ⇣q, ⇣sN , and ⇣s� [5], which include all possible
spin configurations. The scattering amplitude can then be written as a linear combination
of these operators, with coe⌅cients that may depend on the momenta only through the q2

or v2 scalars (⇣q · ⇣v = �q2/2µN by energy conservation, with µN the DM-nucleon reduced
mass). Before introducing these NR operators, however, let us notice that, instead of ⇣v, the
variable ⇣v� ⇧ ⇣v+⇣q/2µN is somehow more suitable to write the amplitude. ⇣v� is Hermitian,
in a sense explained in Ref. [3], while ⇣v is not, and moreover one has ⇣v� · ⇣q = 0. Following
Ref. [3] we will therefore use, in the description of the NR operators, ⇣v� instead of ⇣v. The
NR operators considered in this work are

ONR
1 = ,

ONR
3 = i⇣sN · (⇣q ⇤ ⇣v�) , ONR

4 = ⇣s� · ⇣sN ,

ONR
5 = i⇣s� · (⇣q ⇤ ⇣v�) , ONR

6 = (⇣s� · ⇣q)(⇣sN · ⇣q) ,

ONR
7 = ⇣sN · ⇣v� , ONR

8 = ⇣s� · ⇣v� ,

ONR
9 = i⇣s� · (⇣sN ⇤ ⇣q) , ONR

10 = i⇣sN · ⇣q ,

ONR
11 = i⇣s� · ⇣q , ONR

12 = ⇣v� · (⇣s� ⇤ ⇣sN) .

(1)

As in [3], we do not consider the full set of independent operators (for instance, as apparent,
we do not consider the operator labeled ONR

2 in [3], nor those above the 12th); however,
as we will see in Sec. 5, the operators listed above are enough to describe the NR limit
of many of the relativistic operators often encountered in the literature. We obtained the
form factor for the operator ONR

12 from the authors of [3] (private communication / cite
a paper not out yet). •

Given a model for the interaction of DM with the fundamental particles of the SM, we
can build the non-relativistic e⇥ective Lagrangian describing DM-nucleon interactions as
follows. Starting from the fundamental Lagrangian, the matrix element for a scattering
process at the nucleon level 1 can be expressed as a linear combination of the operators (1):

MN =
12�

i=1

cN
i (�, m�) ONR

i . (2)

The coe⌅cients cN
i , where N = p, n can be proton or neutron, are function of the parameters

of the model, such as couplings, mediator masses and mixing angles, (collectively denoted)
�, the DM mass m� and the nucleon mass mN . For example, if the scattering between
a fermonic DM ⇤ and the nucleon N is described by the (high-energy) scalar operator
gN/�2 ⇤̄⇤ N̄N , the only non-relativistic operator involved is ONR

1 , and its coe⌅cient is
cN
1 = 4 gNm�mN/�2. The general way to determine the coe⌅cients entering the matrix

element (2), starting from high-energy e⇥ective operators, is described explicitly in Sec. 5.
As anticipated above, the cN

i can in principle also depend on the exchanged momentum
squared q2; in this case we factorize the momentum dependence outside of the coe⌅cients

1Note that this quantity coincides with what is denoted as a Lagrangian L in [3,4], e.g. in eq. (55) of [3].
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1

m2
�mN

1

v2
|MN |2
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Matrix Element (ME) for 
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DM-nucleon relative velocity
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nucleon spin (               )
DM spin

Non relativistic (NR) operators framework

|MN | =
12X

i=1

cNi (�,m�)ONR
i

The DM-nucleon ME can be constructed from 
Galileian invariant combination of d.o.f.

functions of the parameters of your favorite 
theory (e.g. couplings, mixing angles, mediator 
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Differential Cross Section
|MN |2 =

m2
N

m2
N

12X

i,j=1

X

N,N 0=p,n

cNi cN
0

j F (N,N 0)
i,j (v, q2)

and redefine the cN
i as independent from q. The most notable cases of q dependence is

featured perhaps in long range interactions, where the exchange of a massless mediator
is responsible for the interaction between the DM and the nucleons. The di�erential cross
section displays in this case negative powers of q, thus enhancing the scattering rate at lower
exchanged momenta. Assuming that the massless mediator responsible for the interaction
is the Standard Model photon2, the most relevant cases are a DM with small but nonzero
electric charge, electric dipole moment or magnetic dipole moment. As we shall see in more
detail in Sec. 5, these interactions feature all a 1/q2-dependence [4]. In addition to those in
eq. (1), we will therefore consider also the following long range operators:

Olr
1 =

1

q2
ONR

1 , Olr
5 =

1

q2
ONR

5 ,

Olr
6 =

1

q2
ONR

6 , Olr
11 =

1

q2
ONR

11 .
(3)

According to Eq. (55) of [3] we can then write the spin-averaged amplitude squared for
scattering o� a target nucleus T with mass mT as

|MT |2 =
m2

T

m2
N

12⇥

i,j=1

⇥

N,N �=p,n

cN
i cN �

j F (N,N �)
i,j . (4)

The F (N,N �)
i,j (v, ER, T ) are the form factors provided in the appendices of [3], and depend

critically on the type of scattering nucleus T ; they are also function of m�, v and the nuclear
recoil energy ER = q2/2mT .
We can then construct the di�erential scattering cross section, which reads, in the non-
relativistic case,

d⇧T

dER
(v, ER) =

1

32⇤

1

m2
�mT

1

v2
|MT |2 . (5)

To write the scattering rate we need to take into account the general case in which the
detector is composed of di�erent nuclides (these can be di�erent isotopes of the same
specie, as well as di�erent kind of nuclei). We take the numeric abundances of di�erent
nuclides used in Direct Detection searches from Table II of [6], and convert them into mass
fractions3 ⇥T for each type of target nucleus T , with mass number AT , in the detector. The
di�erential rate for DM scattering o� a specific target, expressed in cpd (counts per day)
per kilogram per keV, is then

dRT

dER
=

⇥T

mT

⌅�
m�

⇤

vmin(ER)

d3v v fE(✓v)
d⇧T

dER
(v, ER) , (6)

where ⌅� ⇤ 0.3 GeV/cm3 is the DM energy density at the Earth’s location and fE(✓v) is
the DM velocity distribution in the Earth’s frame. vmin(ER), the minimum velocity with
which a DM particle can scatter o� a nucleus with a given recoil energy ER, also depends
on the target nucleus via the relation vmin =

⌅
mT ER/2µ2

T (for elastic scattering), where

2As we shall see in Sec. 5, gluons behave di�erently and need separate treatment.
3⇥T = 103NAmT �T /Ā, where NA = 6.022� 1023 is Avogadro’s number, �T are the numeric abundances

and Ā ⇥
�

T �T AT .
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amplitude will then be a rotationally invariant function of these variables; invariance un-
der Galilean boosts is ensured by the fact that these vectors are by themselves invariant
under Galileo velocity transformations, and translational symmetry is also respected given
the absence of a reference frame/point in space. In this regard, a basis of 16 rotationally
invariant operators can be constructed with ⇣v, ⇣q, ⇣sN , and ⇣s� [5], which include all possible
spin configurations. The scattering amplitude can then be written as a linear combination
of these operators, with coe⌅cients that may depend on the momenta only through the q2

or v2 scalars (⇣q · ⇣v = �q2/2µN by energy conservation, with µN the DM-nucleon reduced
mass). Before introducing these NR operators, however, let us notice that, instead of ⇣v, the
variable ⇣v� ⇧ ⇣v+⇣q/2µN is somehow more suitable to write the amplitude. ⇣v� is Hermitian,
in a sense explained in Ref. [3], while ⇣v is not, and moreover one has ⇣v� · ⇣q = 0. Following
Ref. [3] we will therefore use, in the description of the NR operators, ⇣v� instead of ⇣v. The
NR operators considered in this work are

ONR
1 = ,

ONR
3 = i⇣sN · (⇣q ⇤ ⇣v�) , ONR

4 = ⇣s� · ⇣sN ,

ONR
5 = i⇣s� · (⇣q ⇤ ⇣v�) , ONR

6 = (⇣s� · ⇣q)(⇣sN · ⇣q) ,

ONR
7 = ⇣sN · ⇣v� , ONR

8 = ⇣s� · ⇣v� ,

ONR
9 = i⇣s� · (⇣sN ⇤ ⇣q) , ONR

10 = i⇣sN · ⇣q ,

ONR
11 = i⇣s� · ⇣q , ONR

12 = ⇣v� · (⇣s� ⇤ ⇣sN) .

(1)

As in [3], we do not consider the full set of independent operators (for instance, as apparent,
we do not consider the operator labeled ONR

2 in [3], nor those above the 12th); however,
as we will see in Sec. 5, the operators listed above are enough to describe the NR limit
of many of the relativistic operators often encountered in the literature. We obtained the
form factor for the operator ONR

12 from the authors of [3] (private communication / cite
a paper not out yet). •

Given a model for the interaction of DM with the fundamental particles of the SM, we
can build the non-relativistic e⇥ective Lagrangian describing DM-nucleon interactions as
follows. Starting from the fundamental Lagrangian, the matrix element for a scattering
process at the nucleon level 1 can be expressed as a linear combination of the operators (1):

MN =
12�

i=1

cN
i (�, m�) ONR

i . (2)

The coe⌅cients cN
i , where N = p, n can be proton or neutron, are function of the parameters

of the model, such as couplings, mediator masses and mixing angles, (collectively denoted)
�, the DM mass m� and the nucleon mass mN . For example, if the scattering between
a fermonic DM ⇤ and the nucleon N is described by the (high-energy) scalar operator
gN/�2 ⇤̄⇤ N̄N , the only non-relativistic operator involved is ONR

1 , and its coe⌅cient is
cN
1 = 4 gNm�mN/�2. The general way to determine the coe⌅cients entering the matrix

element (2), starting from high-energy e⇥ective operators, is described explicitly in Sec. 5.
As anticipated above, the cN

i can in principle also depend on the exchanged momentum
squared q2; in this case we factorize the momentum dependence outside of the coe⌅cients

1Note that this quantity coincides with what is denoted as a Lagrangian L in [3,4], e.g. in eq. (55) of [3].
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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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Fi g u r e 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).

W e c o m p u t e b ( E, �x ) b y T h e profile of the magnetic field in the Galaxy i s v e r y u n c e r t a i n
a n dw e a do p t t h e c o n v e n t i o n a l o n e

B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
t h e do m i n a n t e n e r g y l o s s e s a r e du e t o IC S e v e r y w h e r e , e x c e p t i n t h e r e g i o n o f t h e G a l a c t i c
C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
t h e b ( E, �x ) f u n c t i o n t h a t w e o b t a i n i s s a m p l e di n fi g . 5 a n dg i v e n i n n u m e r i c a l f o r m o n
t h e w e b s i t e [ 2 9 ] . In t h e fi g u r e , o n e s e e s t h e E2 b e h a v i o u r a t l o w e n e r g i e s c h a n g i n g i n t o a
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do m i n a n t b a c k g r o u n d) . A t t h e G C , i t e v e n t u a l l y r e - s e t t l e s o n t o a E2 s l o p e a t v e r y h i g h
e n e r g i e s , w h e r e s y n c h r o t r o n l o s s e s do m i n a t e .
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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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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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Fi g u r e 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).

W e c o m p u t e b ( E, �x ) b y T h e profile of the magnetic field in the Galaxy i s v e r y u n c e r t a i n
a n dw e a do p t t h e c o n v e n t i o n a l o n e

B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
t h e do m i n a n t e n e r g y l o s s e s a r e du e t o IC S e v e r y w h e r e , e x c e p t i n t h e r e g i o n o f t h e G a l a c t i c
C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
t h e b ( E, �x ) f u n c t i o n t h a t w e o b t a i n i s s a m p l e di n fi g . 5 a n dg i v e n i n n u m e r i c a l f o r m o n
t h e w e b s i t e [ 2 9 ] . In t h e fi g u r e , o n e s e e s t h e E2 b e h a v i o u r a t l o w e n e r g i e s c h a n g i n g i n t o a
s o f t e r de p e n de n c e a s t h e e n e r g y i n c r e a s e s ( t h e t r a n s i t i o n h a p p e n s e a r l i e r a t t h e G C , w h e r e
s t a r l i g h t i s m o r e a b u n da n t , a n dl a t e r a t t h e p e r i p h e r y o f t h e G a l a x y , w h e r e C M B i s t h e
do m i n a n t b a c k g r o u n d) . A t t h e G C , i t e v e n t u a l l y r e - s e t t l e s o n t o a E2 s l o p e a t v e r y h i g h
e n e r g i e s , w h e r e s y n c h r o t r o n l o s s e s do m i n a t e .

The di�usion coe⇥cient f u n c t i o n K i s a l s o i n p r i n c i p l e de p e n de n t o n t h e p o s i t i o n , s i n c e
t h e di s t r i b u t i o n o f t h e di � u s i v e i n h o m o g e n e i t i e s o f t h e m a g n e t i c fi e l dc h a n g e s t h r o u g h o u t
t h e g a l a c t i c h a l o . H o w e v e r , a de t a i l e dm a p p i n g o f s u c h v a r i a t i o n s i s p r o h i b i t i v e : e . g . t h e y
w o u l dh a v e di � e r e n t f e a t u r e s i n s i de / o u t s i de t h e g a l a c t i c a r m s a s w e l l a s i n s i de / o u t s i de t h e
g a l a c t i c di s k , s o t h a t t h e y w o u l dde p e n dv e r y m u c h o n p o o r l y k n o w n l o c a l g a l a c t i c g e o g r a -
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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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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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Fi g u r e 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).
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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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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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Fi g u r e 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)
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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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subsection).
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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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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).
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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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Fi g u r e 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).

W e c o m p u t e b ( E, �x ) b y T h e profile of the magnetic field in the Galaxy i s v e r y u n c e r t a i n
a n dw e a do p t t h e c o n v e n t i o n a l o n e

B ( r, z ) = B0 e x p [ �( r � r� ) /rB � |z|/zB ] ( 1 0 )

a s g i v e n i n [ 1 0 8 ] , w i t h B0 = 4 . 7 8 µ G , rB = 1 0 k p c a n dzB = 2 k p c . W i t h t h e s e c h o i c e s ,
t h e do m i n a n t e n e r g y l o s s e s a r e du e t o IC S e v e r y w h e r e , e x c e p t i n t h e r e g i o n o f t h e G a l a c t i c
C e n t e r a n df o r h i g h e± e n e r g i e s , i n w h i c h c a s e s y n c h r o t r o n l o s s e s do m i n a t e . A l l i n a l l ,
t h e b ( E, �x ) f u n c t i o n t h a t w e o b t a i n i s s a m p l e di n fi g . 5 a n dg i v e n i n n u m e r i c a l f o r m o n
t h e w e b s i t e [ 2 9 ] . In t h e fi g u r e , o n e s e e s t h e E2 b e h a v i o u r a t l o w e n e r g i e s c h a n g i n g i n t o a
s o f t e r de p e n de n c e a s t h e e n e r g y i n c r e a s e s ( t h e t r a n s i t i o n h a p p e n s e a r l i e r a t t h e G C , w h e r e
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do m i n a n t b a c k g r o u n d) . A t t h e G C , i t e v e n t u a l l y r e - s e t t l e s o n t o a E2 s l o p e a t v e r y h i g h
e n e r g i e s , w h e r e s y n c h r o t r o n l o s s e s do m i n a t e .

The di�usion coe⇥cient f u n c t i o n K i s a l s o i n p r i n c i p l e de p e n de n t o n t h e p o s i t i o n , s i n c e
t h e di s t r i b u t i o n o f t h e di � u s i v e i n h o m o g e n e i t i e s o f t h e m a g n e t i c fi e l dc h a n g e s t h r o u g h o u t
t h e g a l a c t i c h a l o . H o w e v e r , a de t a i l e dm a p p i n g o f s u c h v a r i a t i o n s i s p r o h i b i t i v e : e . g . t h e y
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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).

15

I’m going to present a new framework for “scaling” a bound given on a 
certain benchmark interaction to any other kinds of interactions 

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

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 ⇥ 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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Fi g u r e 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).
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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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Model independent Bounds in direct DM searches

For example the model dependent bounds presented by the experimental 
collaborations can also be applied to other class of models



Benchmark interaction
and redefine the cN

i as independent from q. The most notable cases of q dependence is
featured perhaps in long range interactions, where the exchange of a massless mediator
is responsible for the interaction between the DM and the nucleons. The di�erential cross
section displays in this case negative powers of q, thus enhancing the scattering rate at lower
exchanged momenta. Assuming that the massless mediator responsible for the interaction
is the Standard Model photon2, the most relevant cases are a DM with small but nonzero
electric charge, electric dipole moment or magnetic dipole moment. As we shall see in more
detail in Sec. 5, these interactions feature all a 1/q2-dependence [4]. In addition to those in
eq. (1), we will therefore consider also the following long range operators:

Olr
1 =

1

q2
ONR

1 , Olr
5 =

1

q2
ONR

5 ,

Olr
6 =

1

q2
ONR

6 , Olr
11 =

1

q2
ONR

11 .
(3)

According to Eq. (55) of [3] we can then write the spin-averaged amplitude squared for
scattering o� a target nucleus T with mass mT as

|MT |2 =
m2

T

m2
N

12⇥

i,j=1

⇥

N,N �=p,n

cN
i cN �

j F (N,N �)
i,j . (4)

The F (N,N �)
i,j (v, ER, T ) are the form factors provided in the appendices of [3], and depend

critically on the type of scattering nucleus T ; they are also function of m�, v and the nuclear
recoil energy ER = q2/2mT .
We can then construct the di�erential scattering cross section, which reads, in the non-
relativistic case,

d⇧T

dER
(v, ER) =

1

32⇤

1

m2
�mT

1

v2
|MT |2 . (5)

To write the scattering rate we need to take into account the general case in which the
detector is composed of di�erent nuclides (these can be di�erent isotopes of the same
specie, as well as di�erent kind of nuclei). We take the numeric abundances of di�erent
nuclides used in Direct Detection searches from Table II of [6], and convert them into mass
fractions3 ⇥T for each type of target nucleus T , with mass number AT , in the detector. The
di�erential rate for DM scattering o� a specific target, expressed in cpd (counts per day)
per kilogram per keV, is then

dRT

dER
=

⇥T

mT

⌅�
m�

⇤

vmin(ER)

d3v v fE(✓v)
d⇧T

dER
(v, ER) , (6)

where ⌅� ⇤ 0.3 GeV/cm3 is the DM energy density at the Earth’s location and fE(✓v) is
the DM velocity distribution in the Earth’s frame. vmin(ER), the minimum velocity with
which a DM particle can scatter o� a nucleus with a given recoil energy ER, also depends
on the target nucleus via the relation vmin =

⌅
mT ER/2µ2

T (for elastic scattering), where

2As we shall see in Sec. 5, gluons behave di�erently and need separate treatment.
3⇥T = 103NAmT �T /Ā, where NA = 6.022� 1023 is Avogadro’s number, �T are the numeric abundances

and Ā ⇥
�

T �T AT .

7

amplitude will then be a rotationally invariant function of these variables; invariance un-
der Galilean boosts is ensured by the fact that these vectors are by themselves invariant
under Galileo velocity transformations, and translational symmetry is also respected given
the absence of a reference frame/point in space. In this regard, a basis of 16 rotationally
invariant operators can be constructed with ⇣v, ⇣q, ⇣sN , and ⇣s� [5], which include all possible
spin configurations. The scattering amplitude can then be written as a linear combination
of these operators, with coe⌅cients that may depend on the momenta only through the q2

or v2 scalars (⇣q · ⇣v = �q2/2µN by energy conservation, with µN the DM-nucleon reduced
mass). Before introducing these NR operators, however, let us notice that, instead of ⇣v, the
variable ⇣v� ⇧ ⇣v+⇣q/2µN is somehow more suitable to write the amplitude. ⇣v� is Hermitian,
in a sense explained in Ref. [3], while ⇣v is not, and moreover one has ⇣v� · ⇣q = 0. Following
Ref. [3] we will therefore use, in the description of the NR operators, ⇣v� instead of ⇣v. The
NR operators considered in this work are
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As in [3], we do not consider the full set of independent operators (for instance, as apparent,
we do not consider the operator labeled ONR

2 in [3], nor those above the 12th); however,
as we will see in Sec. 5, the operators listed above are enough to describe the NR limit
of many of the relativistic operators often encountered in the literature. We obtained the
form factor for the operator ONR

12 from the authors of [3] (private communication / cite
a paper not out yet). •

Given a model for the interaction of DM with the fundamental particles of the SM, we
can build the non-relativistic e⇥ective Lagrangian describing DM-nucleon interactions as
follows. Starting from the fundamental Lagrangian, the matrix element for a scattering
process at the nucleon level 1 can be expressed as a linear combination of the operators (1):
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i (�, m�) ONR

i . (2)

The coe⌅cients cN
i , where N = p, n can be proton or neutron, are function of the parameters

of the model, such as couplings, mediator masses and mixing angles, (collectively denoted)
�, the DM mass m� and the nucleon mass mN . For example, if the scattering between
a fermonic DM ⇤ and the nucleon N is described by the (high-energy) scalar operator
gN/�2 ⇤̄⇤ N̄N , the only non-relativistic operator involved is ONR

1 , and its coe⌅cient is
cN
1 = 4 gNm�mN/�2. The general way to determine the coe⌅cients entering the matrix

element (2), starting from high-energy e⇥ective operators, is described explicitly in Sec. 5.
As anticipated above, the cN

i can in principle also depend on the exchanged momentum
squared q2; in this case we factorize the momentum dependence outside of the coe⌅cients

1Note that this quantity coincides with what is denoted as a Lagrangian L in [3,4], e.g. in eq. (55) of [3].
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and redefine the cN

i as independent from q. The most notable cases of q dependence is
featured perhaps in long range interactions, where the exchange of a massless mediator
is responsible for the interaction between the DM and the nucleons. The di�erential cross
section displays in this case negative powers of q, thus enhancing the scattering rate at lower
exchanged momenta. Assuming that the massless mediator responsible for the interaction
is the Standard Model photon2, the most relevant cases are a DM with small but nonzero
electric charge, electric dipole moment or magnetic dipole moment. As we shall see in more
detail in Sec. 5, these interactions feature all a 1/q2-dependence [4]. In addition to those in
eq. (1), we will therefore consider also the following long range operators:

Olr
1 =

1

q2
ONR

1 , Olr
5 =

1

q2
ONR

5 ,

Olr
6 =

1

q2
ONR

6 , Olr
11 =

1

q2
ONR

11 .
(3)

According to Eq. (55) of [3] we can then write the spin-averaged amplitude squared for
scattering o� a target nucleus T with mass mT as
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i,j (v, ER, T ) are the form factors provided in the appendices of [3], and depend

critically on the type of scattering nucleus T ; they are also function of m�, v and the nuclear
recoil energy ER = q2/2mT .
We can then construct the di�erential scattering cross section, which reads, in the non-
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To write the scattering rate we need to take into account the general case in which the
detector is composed of di�erent nuclides (these can be di�erent isotopes of the same
specie, as well as di�erent kind of nuclei). We take the numeric abundances of di�erent
nuclides used in Direct Detection searches from Table II of [6], and convert them into mass
fractions3 ⇥T for each type of target nucleus T , with mass number AT , in the detector. The
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where ⌅� ⇤ 0.3 GeV/cm3 is the DM energy density at the Earth’s location and fE(✓v) is
the DM velocity distribution in the Earth’s frame. vmin(ER), the minimum velocity with
which a DM particle can scatter o� a nucleus with a given recoil energy ER, also depends
on the target nucleus via the relation vmin =
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T (for elastic scattering), where

2As we shall see in Sec. 5, gluons behave di�erently and need separate treatment.
3⇥T = 103NAmT �T /Ā, where NA = 6.022� 1023 is Avogadro’s number, �T are the numeric abundances

and Ā ⇥
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T �T AT .
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Summary & Conclusions
- DM signals are not dominant, and in general one should look for subdominant channels on top of the 
   astrophysical bkg in indirect searches and some unknown radioactive bkg in underground detectors

What have we learned till now?

Good news: This is a Golden Age for indirect, direct searches and colliders !!
- There are many experiments that are currently taking data, in particular:

- Direct DM Searches: long-standing DAMA results; CoGeNT, CRESST & CDMS-Si hints
- Indirect DM Searches: possible indication of gamma-ray lines in the FERMI data

Bad news: The situation in direct searches is quite confusing
- as on top of the positive results, the constraints coming from null results are very 
  stringent and they exclude the “Standard” SI contact interaction 

But the uncertainties in DD are very big !! 
- In this talk I have been focussed on the uncertainties coming from the nature of the interactions

Model independent Bounds in direct DM searches 
- We have seen that it is possible to draw the exclusion lines on the free parameters of any kind 
  of DM-nucleon interactions in a model independent way thanks to ready-made scaling functions

- We encourage the experimental collaborations to release, when possible, their own TS for a 
  given benchmark interactions and a complete list of rescaling functions like we did



Summary & Conclusions
- DM signals are not dominant, and in general one should look for subdominant channels on top of the 
   astrophysical bkg in indirect searches and some unknown radioactive bkg in underground detectors

What have we learned till now?

Good news: This is a Golden Age for indirect, direct searches and colliders !!
- There are many experiments that are currently taking data, in particular:

- Direct DM Searches: long-standing DAMA results; CoGeNT, CRESST & CDMS-Si hints
- Indirect DM Searches: possible indication of gamma-ray lines in the FERMI data

Bad news: The situation in direct searches is quite confusing
- as on top of the positive results, the constraints coming from null results are very 
  stringent and they exclude the “Standard” SI contact interaction 

But the uncertainties in DD are very big !! 
- In this talk I have been focussed on the uncertainties coming from the nature of the interactions

Model independent Bounds in direct DM searches 
- We have seen that it is possible to draw the exclusion lines on the free parameters of any kind 
  of DM-nucleon interactions in a model independent way thanks to ready-made scaling functions

- We encourage the experimental collaborations to release, when possible, their own TS for a 
  given benchmark interactions and a complete list of rescaling functions like we did



Summary & Conclusions
- DM signals are not dominant, and in general one should look for subdominant channels on top of the 
   astrophysical bkg in indirect searches and some unknown radioactive bkg in underground detectors

What have we learned till now?

Good news: This is a Golden Age for indirect, direct searches and colliders !!
- There are many experiments that are currently taking data, in particular:

- Direct DM Searches: long-standing DAMA results; CoGeNT, CRESST & CDMS-Si hints
- Indirect DM Searches: possible indication of gamma-ray lines in the FERMI data

Bad news: The situation in direct searches is quite confusing
- as on top of the positive results, the constraints coming from null results are very 
  stringent and they exclude the “Standard” SI contact interaction 

But the uncertainties in DD are very big !! 
- In this talk I have been focussed on the uncertainties coming from the nature of the interactions

Model independent Bounds in direct DM searches 
- We have seen that it is possible to draw the exclusion lines on the free parameters of any kind 
  of DM-nucleon interactions in a model independent way thanks to ready-made scaling functions

- We encourage the experimental collaborations to release, when possible, their own TS for a 
  given benchmark interactions and a complete list of rescaling functions like we did



Summary & Conclusions
- DM signals are not dominant, and in general one should look for subdominant channels on top of the 
   astrophysical bkg in indirect searches and some unknown radioactive bkg in underground detectors

What have we learned till now?

Good news: This is a Golden Age for indirect, direct searches and colliders !!
- There are many experiments that are currently taking data, in particular:

- Direct DM Searches: long-standing DAMA results; CoGeNT, CRESST & CDMS-Si hints
- Indirect DM Searches: possible indication of gamma-ray lines in the FERMI data

Bad news: The situation in direct searches is quite confusing
- as on top of the positive results, the constraints coming from null results are very 
  stringent and they exclude the “Standard” SI contact interaction 

But the uncertainties in DD are very big !! 
- In this talk I have been focussed on the uncertainties coming from the nature of the interactions

Model independent Bounds in direct DM searches 
- We have seen that it is possible to draw the exclusion lines on the free parameters of any kind 
  of DM-nucleon interactions in a model independent way thanks to ready-made scaling functions

- We encourage the experimental collaborations to release, when possible, their own TS for a 
  given benchmark interactions and a complete list of rescaling functions like we did



Advertisement
You want to compute the bounds on your favorite DM-nucleus interactions,

go in the website on the bottom of this slide and use our tools

http://www.marcocirelli.net/NROpsDD.html

http://www.marcocirelli.net/NROpsDD.html
http://www.marcocirelli.net/NROpsDD.html

