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Three different methods 

have been proposed 

to probe the DM distribution 

inside the Solar System



Direct dark matter searches
The Sun (and the Earth) is moving through a “gas” of dark matter
particles. Or, from our point of view, there is a flux of dark matter particles
going through the Earth.

Sun
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Direct dark matter searches
The Sun (and the Earth) is moving through a “gas” of dark matter
particles. Or, from our point of view, there is a flux of dark matter particles
going through the Earth.

Sun

v 200 km/s
WIMPs

v 200 km/s

Once in a while a dark matter particle will interact with a nucleus. The
nucleus then recoils, producing vibrations, ionizations or scintillation light 
in the detector.

DM DM

Nuclear recoil
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Direct dark matter searches
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Annual modulation: the DAMA/LIBRA experiment

Modulation observed over 14 annual cycles, with a combined significance of 9.3s.



Neutrinos from annihilations in the Sun

Neutrino flux related
to the scattering cross-section
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Neutrinos from annihilations in the Sun
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Neutrinos from annihilations in the Sun



Neutrinos from annihilations in the Sun

IceCube collaboration
ArXiv:1612.05949

Observations consistent with the background-only hypothesis



Theoretical interpretation 

of the  experimental results



  

Theoretical interpretation of the experimental results

 Differential rate of DM-induced scatterings

 The neutrino flux from annihilations inside the Sun is, under plausible 
assumptions, determined by the capture rate inside the Sun:



  

Theoretical interpretation of the experimental results

 Differential rate of DM-induced scatterings

 The neutrino flux from annihilations inside the Sun is, under plausible 
assumptions, determined by the capture rate inside the Sun:

Uncertainties from particle/nuclear physics and from astrophysics



  

Theoretical interpretation of the experimental results

Uncertainties from particle/nuclear physics.

For thermally produced dark matter, mDM = few MeV - 100 TeV

 Differential cross section?

Nuclear form factorsSpin-independent and 
spin-dependent cross sections
at zero momentum transfer

(In some DM frameworks, other operators may also arise )

 Dark matter mass? 



  

Theoretical interpretation of the experimental results

Uncertainties from astrophysics

 “local measurements”:

 Local dark matter density?

 “global measurements”:

    From extrapolations of

    r(r) determined from rotation 

    curves at large r, to the position 

    of the Solar System.

    From vertical kinematics
    of stars near (~1 kpc) the Sun

Read '14



  

Theoretical interpretation of the experimental results

Uncertainties from astrophysics

Completely unknown. Rely on theoretical considerations

 If the density distribution follows a singular isothermal sphere profile, the
   velocity distribution has a Maxwell-Boltzmann form.

 Local dark matter velocity distribution?



  

Theoretical interpretation of the experimental results

Uncertainties from astrophysics

Completely unknown. Rely on theoretical considerations

 Local dark matter velocity distribution?

 Dark matter-only simulations. Show deviations from Maxwell-Boltzmann

 If the density distribution follows a singular isothermal sphere profile, the
   velocity distribution has a Maxwell-Boltzmann form.



  

Theoretical interpretation of the experimental results

Uncertainties from astrophysics

Completely unknown. Rely on theoretical considerations

 Local dark matter velocity distribution?

 Dark matter-only simulations. Show deviations from Maxwell-Boltzmann

 Hydrodynamical simulations (DM+baryons). Inconclusive at the moment.

Bozorgnia et al'16

 If the density distribution follows a singular isothermal sphere profile, the
   velocity distribution has a Maxwell-Boltzmann form.
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Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume rloc= 0.3 GeV/cm3 

and assume a Maxwell-Boltzmann velocity distribution

CDMS
SuperCDMS
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Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume rloc= 0.3 GeV/cm3 

and assume a Maxwell-Boltzmann velocity distribution

1

2

3

1 is ruled out (by PandaX, among others)

2 explains the DAMA results, but
is ruled out by other direct detection
experiments and by neutrino telescopes

1

3

SuperCDMS

Are all particle physics models covered?

is allowed by current experiments, and
will be tested by LZ.

CDMS

SI

What is the impact of the astrophysical
uncertainties on these conclusions?

Do these conclusions hold for arbitrary
velocity distributions?



Addressing 

theoretical uncertainties

in dark matter detection
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Halo-independent approach for DM frameworks
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Halo-independent approach for DM frameworks

                   is ruled out regardless of the velocity distribution if

Note: one single direct detection experiment is not sufficient

to probe a dark matter model in a halo-independent manner
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Halo-independent approach for DM frameworks

                   is ruled out regardless of the velocity distribution if

Note: one single direct detection experiment is not sufficient

to probe a dark matter model in a halo-independent manner

Some velocity distributions will 
escape detection in the experiment

Velocity threshold 

of the experiment

v

f(v)



Halo-independent approach for DM frameworks

                   is ruled out regardless of the velocity distribution if

velocity threshold for
capture in the Sun

Neutrino telescopes probe low dark matter velocities. In combination with 
direct detection experiments, one can probe the whole velocity space

v

f(v)

Note: one single direct detection experiment is not sufficient

to probe a dark matter model in a halo-independent manner



Halo-independent approach for DM frameworks

Optimization problem with constraints

                   is ruled out regardless of the velocity distribution if



Halo-independent approach for DM frameworks

Technically complicated...



  

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.

Express the velocity distribution as a superposition of many many streams:

Minimization problem. For given DM mass and cross-section:

The parameters s and mDM are excluded in a halo independent manner if :



  

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.

Minimization problem. For given DM mass and cross-section:

 Optimize using linear programming techniques.

The objective function and the constraints 
are linear in the weights of the DM streams 

Express the velocity distribution as a superposition of many many streams:



  

A tour in linear programming

An automobile company produces cars and trucks. For each car obtains
400€ profit, and for each truck, 700€. What should be the strategy of the
company to optimize the weekly profit?
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Answer: produce only trucks, if there are no constraints.



  

A tour in linear programming

An automobile company produces cars and trucks. For each car obtains
400€ profit, and for each truck, 700€. What should be the strategy of the
company to optimize the weekly profit?

In real life, the production is subject to constraints

- It takes 4 hours to assemble the engine of a car, and 3 hours for a truck
- It takes 2 hours to paint a car, and 4 hours to paint a truck
- The assembly line operates 14 hours a day, and the paint 
  workshop operates 10 hours a day, 5 days a week.

Answer: produce only trucks, if there are no constraints.
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A tour in linear programming

An automobile company produces cars and trucks. For each car obtains
400€ profit, and for each truck, 700€. What should be the strategy of the
company to optimize the weekly profit?

In real life, the production is subject to constraints

- It takes 4 hours to assemble the engine of a car, and 3 hours for a truck
- It takes 2 hours to paint a car, and 4 hours to paint a truck
- The assembly line operates 14 hours a day, and the paint 
  workshop operates 10 hours a day, 5 days a week.

Linear programming problem:

“Decision variables”

“Objective function”

“Constraints”

Answer: produce only trucks, if there are no constraints.
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Nc = 13

Nt = 6

Profit = 9400 €/week
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Nc = 0

Nt = 16.7

Profit = 11700 €/week
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A tour in linear programming

Nc

Nt

Nc

Nt

Nc

Nt

1) The solution lies at one of the vertices of the feasible region (polygon)

Lessons:

2) For two constraints there are:

- two non-vanishing decision variables, when the two constraints are saturated
- one non-vanishing decision variable, when one of the constraints is 
  not saturated



  

A tour in linear programming

Suppose that the company also produces motorbikes. The profit is 100€
per motorbike, it takes 1 hour to assemble the engine of the motorbike, 
and it takes 30 minutes to paint the motorbike.

Nt

Nc
Nb



  

A tour in linear programming

Suppose that the company also produces motorbikes. The profit is 100€
per motorbike, it takes 1 hour to assemble the engine of the motorbike, 
and it takes 30 minutes to paint the motorbike.

Nb

Nt

Nc

Nb = 0

Nc = 13

Nt = 6

Profit = 9400 €/week



  

A tour in linear programming

Nb

Nt

Nc

(Three non-vanishing decision variables would correspond
to a point singled-out by the intersection of three planes,
but we only have two constraints!)

For three decision variables and two constraints, the optimized 
solution necessarily has at least one vanishing decision variable 
(or, alternatively, at most two non-vanishing decision variables).



  

A tour in linear programming

Take-home lessons from linear programming:

1) The solution lies at one of the vertices of the “feasible region”

2) For N constraints, there are between 1 and N non-vanishing

decision variables.

(when r of the constraints are not saturated, then the 

optimal solution consists of N - r decision variables) 



  

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.

Minimization problem. For given DM mass and cross-section:

1) The solution lies at one of the vertices of the “feasible region”

2) The optimized velocity distribution contains either one or two 
     streams (depending on the number of constraints that are not saturated).

Express the velocity distribution as a superposition of many many streams:



  

Spin-independent interaction

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.



  

Spin-independent interaction

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.



  

Spin-independent interaction

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.



  

Spin-independent interaction

11

is ruled out by PandaX assuming the SHM, but allowed for some velocity distributions1

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.



  

Spin-independent interaction

11

2

is ruled out by PandaX assuming the SHM, but allowed for some velocity distributions1

2 is ruled out from combining PandaX and neutrino telescopes, for any velocity distribution.

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.



  

Spin-independent interaction

is ruled out by PandaX assuming the SHM, but allowed for some velocity distributions1

2

11

is ruled out from combining PandaX and neutrino telescopes, for any velocity distribution.

2

3 is ruled out by neutrino telescopes only, for any velocity distribution.

3

Upper limit on the scattering cross section from 
combining PandaX and IceCube/SK.



  

Halo-independent upper limit on the scattering cross 
section from combining PandaX and IceCube/SK.

v

f(v)

Spin-independent interaction

AI, Kavanagh, Rappelt
To appear 

It is unlikely that the halo independent upper limit saturates (it is unlikely 
that the true velocity distribution consists just of two streams). 
Add physically plausible assumptions (e.g. MB distribution +“distortions”).



  

Halo-independent upper limit on the scattering cross 
section from combining PandaX and IceCube/SK.

v

f(v)

Spin-independent interaction

The same method can be applied to bracket the astrophysical 
uncertainties in any experiment.

Velocity threshold 
of the experiment

AI, Kavanagh, Rappelt
To appear 



  

DAMA confronted to null results in a halo independent way 

SI interaction only

The parameters s and mDM are excluded in a halo independent manner if:

Strategy: minimize the rate at a given experiment, with the constraints that the 
modulation signal at DAMA in the bins [2.0,2.5], [2.5,3.0] and [3.0,3.5] keV 
are as reported by the experiment. 
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Velocity thresholds



  

DAMA confronted to null results in a halo independent way 

SI interaction only

The parameters s and mDM are excluded in a halo independent manner if:

Strategy: minimize the rate at a given experiment, with the constraints that the 
modulation signal at DAMA in the bins [2.0,2.5], [2.5,3.0] and [3.0,3.5] keV 
are as reported by the experiment. 



Velocity thresholds
0.0036 events



  

DAMA confronted to null results in a halo independent way 

SI interaction only

The parameters s and mDM are excluded in a halo independent manner if:

Strategy: minimize the rate at a given experiment, with the constraints that the 
modulation signal at DAMA in the bins [2.0,2.5], [2.5,3.0] and [3.0,3.5] keV 
are as reported by the experiment. 



Velocity thresholds
0.0036 events

Allowed in this analysis, but probably ruled out: 

 - Unlikely that the velocity distribution consists of 3 streams.

 - A small smearing of the streams (~1%) already spoils the solution

 - Only the modulation signals were used, but not the time dependence of the signal



  

DAMA confronted to null results in a halo independent way 

The parameters s and mDM are excluded in a halo independent manner if:

SI interaction only SI interaction only

Strategy: minimize the rate at a given experiment, with the constraints that the 
modulation signal at DAMA in the bins [2.0,2.5], [2.5,3.0] and [3.0,3.5] keV 
are as reported by the experiment. 



  

DAMA confronted to null results in a halo independent way 

Strategy 2: minimize the rate at a given direct detection experiment, with 
the constraints that the modulation signal at DAMA in the bins [2.0,2.5], 
[2.5,3.0] and [3.0,3.5] keV are as reported by the experiment, and the 
capture rate at IceCube is below the current upper limit.  

The parameters s and mDM are excluded in a halo independent manner if:

SI interaction only

AI, Rappelt '17



Halo independent prospects for future experiments

The parameters s and mDM are fully testable in a halo independent manner if :

The parameters s and mDM are untestable in a halo independent manner if :

LZ reach to the SI cross-section from null results at neutrino telescopes
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The effective theory of dark matter-nucleon interactions

In the non-relativistic limit, the scattering amplitude is restricted by:

- momentum conservation
- Galilean invariance 

Momentum 

transfer
Relative 
incoming
velocity

Dark matter
spin

Nuclear spin

Most general form of the invariant amplitude:
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The effective theory of dark matter-nucleon interactions

In the non-relativistic limit, the scattering amplitude is restricted by:

- momentum conservation
- Galilean invariance 

Momentum 

transfer Dark matter
spin

Nuclear spin

Most general form of the invariant amplitude:

“Transverse
velocity”

The Hamiltonian of the system must be a combination of operators 
that depend only on 



14 possible operators, up to first order in the velocity and momentum transfer:

The effective theory of dark matter-nucleon interactions

Fitzpatrick et al'12
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14 possible operators, up to first order in the velocity and momentum transfer:

Hamiltonian:

The effective theory of dark matter-nucleon interactions

Fitzpatrick et al'12



14 possible operators, up to first order in the velocity and momentum transfer:

The effective theory of dark matter-nucleon interactions

Fitzpatrick et al'12
SI interaction

SD interaction

Hamiltonian:



The effective theory of dark matter-nucleon interactions

Some applications:

1) Model independent analysis of null search experiments (in the same 
spirit as for the “traditional” SI and SD interactions Fitzpatrick et al'12

Catena, Gondolo'15
...



The effective theory of dark matter-nucleon interactions

Some applications:

1) Model independent analysis of null search experiments (in the same 
spirit as for the “traditional” SI and SD interactions

2) Model independent analysis of the DAMA signal, in view of the 
null results from other direct detection experiments. 

Catena, AI, Wild '16
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Some applications:

1) Model independent analysis of null search experiments (in the same 
spirit as for the “traditional” SI and SD interactions

2) Model independent analysis of the DAMA signal, in view of the 
null results from other direct detection experiments. 

Catena, AI, Wild '16
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CDMS-Si confronted to null results in a halo independent way 

The silicon detectors of the CDMS II experiments observed three DM 
candidate events, with relatively little exposure (23.4 kg day). 
Is the DM interpretation ruled out, for all models and all velocity 
distributions?



CDMS-Si confronted to null results in a halo independent way 

The silicon detectors of the CDMS II experiments observed three DM 
candidate events, with relatively little exposure (23.4 kg day). 
Is the DM interpretation ruled out, for all models and all velocity 
distributions?



CDMS-Si confronted to null results in a halo independent way 

The silicon detectors of the CDMS II experiments observed three DM 
candidate events, with relatively little exposure (23.4 kg day). 
Is the DM interpretation ruled out, for all models and all velocity 
distributions?

Step 1: Calculate the maximum number of events for a fixed-velocity
            distribution.



CDMS-Si confronted to null results in a halo independent way 

The silicon detectors of the CDMS II experiments observed three DM 
candidate events, with relatively little exposure (23.4 kg day). 
Is the DM interpretation ruled out, for all models and all velocity 
distributions?

Analytically, 

Step 1: Calculate the maximum number of events for a fixed-velocity
            distribution.

Step 2: Sample over velocity distributions and determine the maximal
            number of events



CDMS-Si confronted to null results in a halo independent way 

The silicon detectors of the CDMS II experiments observed three DM 
candidate events, with relatively little exposure (23.4 kg day). 
Is the DM interpretation ruled out, for all models and all velocity 
distributions?

Step 1: Calculate the maximum number of events for a fixed-velocity
            distribution.

Step 2: Sample over velocity distributions and determine the maximal
            number of events

Step 3: If the maximal number of events is < 3, then the DM interpretation
            is ruled-out in a halo- and particle physics independent way.



CDMS-Si confronted to null results in a halo independent way 

The silicon detectors of the CDMS II experiments observed three DM 
candidate events, with relatively little exposure (23.4 kg day). 
Is the DM interpretation ruled out, for all models and all velocity 
distributions?

Catena, AI, Rappelt, Wild
 arXiv:1801.08466 

Maxwell-Boltzmann

Halo-independent



  

ConclusionsConclusions

 The interpretation of any experiment probing the dark matter distribution inside 
    the Solar System is subject to our ignorance of the local dark matter density 
    and velocity distribution, as well as of the underlying particle physics model.

 We have developed a method to calculate the minimum/maximum number
   of signal events in an experiment probing the dark matter distribution inside the 
   Solar System, in view of a number of constraints from direct detection experiments 
   and/or neutrino telescopes.

 Some applications are:

        i) to derive a halo-independent upper limit on the cross section 
     from a set of null results. 

          ii) to confront in a halo-independent way a detection claim 
      to a set of null results.

        iii) to assess, in a halo-independent manner, the prospects for detection 
         in a future experiment given a set of current null results.

 The method could be extended to include other dark matter interactions, or to
   account for more realistic velocity configurations.
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