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Plan of the Talk
- quick introduction of the experimental landscape

- modification of the allowed regions & constraints compare to 
  the ‘standard’ picture due to a long range interaction

- complementary constraints on the mass of the new U(1) boson
  coming from DM self interaction & DM halo ellipticity

 - main uncertainties
    (astrophysics, experimental  
    side, nature of interaction)
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Dark Matter Detection
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Direct Detection: Overview

DM

recoil

aim at detecting the nuclear recoil possibly induced by:

- elastic scattering:

- inelastic scattering:

χ+N (A,Z)rest → χ+N (A,Z)recoil

χ+N (A,Z)rest → χ� +N (A,Z)recoil



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

recoil

aim at detecting the nuclear recoil possibly induced by:

- elastic scattering:

- inelastic scattering:

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

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), ν = νe + νµ + ντ (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 effect 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 τ+τ−. 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/γ∗ → qq̄ processes at LEP, which were used when

tuning the Herwig and Pythia user-defined parameters. Nevertheless, we note some

discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
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Figure 5: Energy loss coefficient 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 τ⊙ (see next
subsection).

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

and we adopt the conventional one

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

as given in [108], with B0 = 4.78 µG, rB = 10 kpc and zB = 2 kpc. With these choices,

the dominant energy losses are due to ICS everywhere, except in the region of the Galactic

Center and for high e± energies, in which case synchrotron losses dominate. All in all,

the b(E, �x) function that we obtain is sampled in fig. 5 and given in numerical form on

the website [29]. In the figure, one sees the E2
behaviour at low energies changing into a

softer dependence as the energy increases (the transition happens earlier at the GC, where

starlight is more abundant, and later at the periphery of the Galaxy, where CMB is the

dominant background). At the GC, it eventually re-settles onto a E2
slope at very high

energies, where synchrotron losses dominate.

The diffusion coefficient function K is also in principle dependent on the position, since

the distribution of the diffusive inhomogeneities of the magnetic field changes throughout

the galactic halo. However, a detailed mapping of such variations is prohibitive: e.g. they

would have different features inside/outside the galactic arms as well as inside/outside the

galactic disk, so that they would depend very much on poorly known local galactic geogra-
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), γ (red), ν = (νe+νµ+ντ )/3

(black).
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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 effect 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 τ+τ−. 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/γ∗ → qq̄ processes at LEP, which were used when

tuning the Herwig and Pythia user-defined parameters. Nevertheless, we note some

discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
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Figure 5: Energy loss coefficient 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 τ⊙ (see next
subsection).

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

and we adopt the conventional one

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

as given in [108], with B0 = 4.78 µG, rB = 10 kpc and zB = 2 kpc. With these choices,

the dominant energy losses are due to ICS everywhere, except in the region of the Galactic

Center and for high e± energies, in which case synchrotron losses dominate. All in all,

the b(E, �x) function that we obtain is sampled in fig. 5 and given in numerical form on

the website [29]. In the figure, one sees the E2
behaviour at low energies changing into a

softer dependence as the energy increases (the transition happens earlier at the GC, where

starlight is more abundant, and later at the periphery of the Galaxy, where CMB is the

dominant background). At the GC, it eventually re-settles onto a E2
slope at very high

energies, where synchrotron losses dominate.

The diffusion coefficient function K is also in principle dependent on the position, since

the distribution of the diffusive inhomogeneities of the magnetic field changes throughout

the galactic halo. However, a detailed mapping of such variations is prohibitive: e.g. they

would have different features inside/outside the galactic arms as well as inside/outside the

galactic disk, so that they would depend very much on poorly known local galactic geogra-
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), γ (red), ν = (νe+νµ+ντ )/3

(black).
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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 effect 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 τ+τ−. 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/γ∗ → qq̄ processes at LEP, which were used when

tuning the Herwig and Pythia user-defined parameters. Nevertheless, we note some

discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
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Figure 5: Energy loss coefficient 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 τ⊙ (see next
subsection).
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starlight is more abundant, and later at the periphery of the Galaxy, where CMB is the

dominant background). At the GC, it eventually re-settles onto a E2
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The diffusion coefficient function K is also in principle dependent on the position, since
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they must discriminate multiple scattering (DM does not scatter twice 
in the detector)

γ, α

χ+N (A,Z)rest → χ+N (A,Z)recoil

χ+N (A,Z)rest → χ� +N (A,Z)recoil



World Wide DM Searches



World Wide DM Searches
discrimination between EM
and nuclear recoil signals

CRESST

XENON CDMS

no discrimination between EM
and nuclear recoil signals

DAMA

CoGeNT
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DAMA: Results
A clear annual modulation is present

R.Bernabei et al. (2008)

Fitted with: Sm cos(t/τ + φ)

Sm = 0.0223± 0.0027 cpd/kg/keV

Sm = 0.0178± 0.0020 cpd/kg/keV

Sm = 0.0131± 0.0016 cpd/kg/keV

τ = 0.996± 0.002 year

τ = 0.998± 0.002 year

τ = 0.998± 0.003 year

φ = 138± 7 days � 2nd June

φ = 145± 7 days � 2nd June

φ = 144± 8 days � 2nd June

with significance 8.3 σ CL

with significance 8.9 σ CL

with significance 8.2 σ CL



DAMA: Results
Spectrum of the modulated signal

R.Bernabei et al. (2008) R.Bernabei et al. (2008)

Spectrum of the total rate

Bottom line: the modulation is only visible at low energy 
                    (from 2 to 6 keVee)



Comparison with the DAMA datasets

DAMA: Results
Spectrum of the modulated signal

R.Bernabei et al. (2008) R.Bernabei et al. (2008)

Spectrum of the total rate

Bottom line: the modulation is only visible at low energy 
                    (from 2 to 6 keVee)

one has to compare the theoretical modulated signal with the experimental 
one in the energy bins of interest, without exceed the total rate

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), ν = νe + νµ + ντ (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 effect 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 τ+τ−. 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/γ∗ → qq̄ processes at LEP, which were used when

tuning the Herwig and Pythia user-defined parameters. Nevertheless, we note some

discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
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Figure 5: Energy loss coefficient 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 τ⊙ (see next
subsection).

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

and we adopt the conventional one

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

as given in [108], with B0 = 4.78 µG, rB = 10 kpc and zB = 2 kpc. With these choices,

the dominant energy losses are due to ICS everywhere, except in the region of the Galactic

Center and for high e± energies, in which case synchrotron losses dominate. All in all,

the b(E, �x) function that we obtain is sampled in fig. 5 and given in numerical form on

the website [29]. In the figure, one sees the E2
behaviour at low energies changing into a

softer dependence as the energy increases (the transition happens earlier at the GC, where

starlight is more abundant, and later at the periphery of the Galaxy, where CMB is the

dominant background). At the GC, it eventually re-settles onto a E2
slope at very high

energies, where synchrotron losses dominate.

The diffusion coefficient function K is also in principle dependent on the position, since

the distribution of the diffusive inhomogeneities of the magnetic field changes throughout

the galactic halo. However, a detailed mapping of such variations is prohibitive: e.g. they

would have different features inside/outside the galactic arms as well as inside/outside the

galactic disk, so that they would depend very much on poorly known local galactic geogra-
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), γ (red), ν = (νe+νµ+ντ )/3

(black).
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- based on the gauge group                        , which consists on an exact
  duplicate of SM particles and interactions

Theoretical Motivations
Mirror World

G = GSM ⊗ G�
SM

- if mirror baryons are interpreted as DM candidates

see eg: Lee and Yang, Phys.Rev104,254 (1956), Okun et al., Yad.Fiz3,1154 (1966)

see eg: Z.Berezhiani et al., Phys.LettB375,26 (1996), & Phys.LettB503,362 (2001)

- it is possible an interaction via renormalizable M-O photon kinetic
  mixing between the two sectors 

see eg: Holdom, Phys.LettB166,196 (1986), R.Foot, Phys.LettB503,355 (2001)

Lint = �/2FµνF �
µν ,

�
Fµν

F �
µν

: field strenght tensor for O-electromagnetism

: field strenght tensor for M-electromagnetism

Other Models

- the dark sector and the nuclei interact through the mixing of a 
   massive dark photon and the ordinary one

see eg: N.Arkani-Hamed, Phys.RevD79,015014 (2009), “A Theory of Dark Matter”
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for XENON100 we adopt two approaches:
i) dotted magenta lines: constraints computed with the nominal values of the threshold and      . 
ii) dashed magenta lines: constraints computed with a threshold of 8 PHE in order to determine a situation which is     
    nearly indepedent on the knowledge of      and the statistical distribution of events close to the threshold.
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Bottom line: going to long range interaction, a large overlap
                    between DAMA, CoGeNT and CRESST is observed.
                    The significance of the DAMA region get lower.
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related discussion in eg: J.Collar, arXiv:1106.0653



Constraints on mϕ and ε
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the DAMA total rate put a 
99% CL lower bound on the 

mass of the dark photon 
around 10 MeV.
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the DAMA total rate put a 
99% CL lower bound on the 

mass of the dark photon 
around 10 MeV.

Bounds in the (ε, mϕ) plane:

- constraints dependent on 
  while independent on              .

�, mφ

Z �, αdark

- sym. case (k=1):
- asym. case (k=10): unbounded

k = Z �
�
αdark/αSM

mφ � 100 MeV



- ellipticity of galaxy cluster halo:       unbounded
- ellipticity of dwarf galaxy halo:

Bullet Cluster Bound

Constraints on mϕ and ε
Constraints from DM self-interaction:            

- dependent on                      while independent on  Z �, αdark, mφ, �.

σav =

�
d3v1d

3v2f(v1)f(v2)

�
dΩ

dσ

dΩ
(1− cos θ)

bullet Cluster

        : for long range, 
the DM self interaction 

is analogous to a 
screened Coulomb 

scattering with plasma.

σ(vrel)

implies

mφ � (1, 20) MeV for k = (1, 10)

σav/mχ � 1.25 cm2/g

Constraints from the observation of the DM halo ellipticity: 
- dependent on                      while independent on  Z �, αdark, mφ, �.

relaxation time into a spherical configuration:

weighted cross section for self interaction:

τr = 1/

�
d3v1d

3v2f(v1)f(v2)vrelσ(vrel)(vrel/v0)
2

 must be bigger than the age of the virialized objectτr

mφ

mφ � 100 MeV



Conclusions
we have discussed the possible indication of a signal in direct DM 
experiments due a mechanism of interaction between DM particle 
and target nuclei of a long range type. 

•

we have seen that this is a viable mechanism which is able to 
increase the overlap among positive results experiments in direct 
detection searches.

•

•

in particular it should be interesting to study the formation of 
virialized objects in presence of long range forces in the DS since 
they predict a quite large space dependent self interaction that 
could help the formation of DM density profiles core. 


