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Evidence for dark matter & the idea of WIMPs



Evidence for dark matter
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The dark matter particle

What are the particle physics properties of dark matter?
— mass, spin, quantum numbers, interactions ?

Dark matter has to be...

e stable on cosmological timescales

e (almost) electromagnetically neutral

e dominantly non-baryonic

e cold, i.e. non-relativistic during structure formation



The dark matter particle

What are the particle physics properties of dark matter?
— mass, spin, quantum numbers, interactions ?

Dark matter has to be...

e stable on cosmological timescales

e (almost) electromagnetically neutral

e dominantly non-baryonic

e cold, i.e. non-relativistic during structure formation

[ No viable candidate in the Standard Model of particle physics! ]

In the last decades, several classes of candidates have been proposed:
« Axions (m =~ ueV)

e Sterile neutrinos (m ~ keV)

» Primordial black holes (m ~ 10'°g — 10°°g)

« Weakly Interacting Massive Particles (WIMPs) (m ~ GeV — TeV)

-

Rest of this talk




Motivation of WIMPs

Hypothesis: 1) mpv ~ 1 GeV ...100 TeV
2) DM has weak-scale interactions with SM particles
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Detection of WIMPs
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Detection of WIMPs

x° Dark Matter
(mass ~ GeV — TeV)
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E~3V 6;‘. (tens of keV)
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Production at colliders:
SM + SM -» DM + DM



Outline

Direct detection of dark matter



Direct detection: the idea
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Direct detection: the idea

e Dark Matter
(mass ~ GeV — TeV)

recoil energy
E~3V (tens of keV)

Astrophysical input:

UpMm = 10_3

2 D2
Er < ZFTDM < (10 — 100) keV

mr

Expected recoil rate:

dR

dER

Ploc

e SN
>/ | /fl)

MpMDM

©.@)

min (ER)

dv dEr

» local dark matter density pioc =~ (0.3 — 0.4) GeV /cm”

* local velocity distribution f(v)

— standard assumption: Maxwell-Boltzmann distribution

Particle physics input:

e dark matter mass mpy

* scattering cross section do/dFEgr

— standard assumption: spin-independent (SI) or

spin-dependent (SD)




Experimental landscape

Spin-independent parameter space (for Maxwell-Boltzmann f(v))
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Experimental landscape

Spin-independent parameter space (for Maxwell-Boltzmann f(v))
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Experimental landscape

Spin-independent parameter space (for Maxwell-Boltzmann f(v))
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Experimental landscape

Spin-independent parameter space (for Maxwell-Boltzmann f(v))
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Experimental landscape

Spin-independent parameter space (for Maxwell-Boltzmann f(v))
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 We are getting close to the neutrino background!
* But there remain several well-motivated scenarios within
the reach of the next-generation experiments




Direct detection: extended particle physics

dR
dER

Ploc == dO'
dv v
mrmpyM /vmin(ER) AL dEr

There is much more than standard SI and SD scattering!

(a) spin-independent s D NN

(b) spin-dependent

(c) anapole moment

SD
— e

L=Axv"y Xay pv
do/dER has

(d) magn. dipole mom. £ = D00 X0 xFn non-trivial depen-

(e) “dark” magnetic

dipole moment

dence on E'r and v

L= Dmagn XU XF/

— can these interaction scenarios be distinguished
by future direct detection experiments?




Direct detection: extended astrophysics
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There is much more than the Maxwell-Boltzmann distribution!
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— how does this huge uncertainty impact our ability to infer
particle physics properties from future experiments?




Outline of the next section

1) Assume that one or several future DD experiments
observe a signal with O(100) events.

2) Can we determine the interaction type of dark matter
from data alone, without relying on a specific velocity
distribution f(v)?

\J

Halo-independent determination
of dark matter properties




Outline

Halo-independent determination of DM properties
a) Interpreting (future) positive detections



Rewriting the differential event rate

dR Ploc /OO do
— = dvovf(v
dER MTMDM Jugin(ER) f( ) dER

e For (almost) all interaction types of DM, we have = \/ mr Er/27

do do 1 dos

Er) = Er)- —
dER(/U’ R) dER( R) ’U2 +dER

(ERr)



Rewriting the differential event rate

dR e = d
= = j/ dvovf(v) -
dER mrTmmpmM Vmin(ER) dER

e For (almost) all interaction types of DM, we have = \/ mr Er/27

do do 1 dos

bp) = k). —
dER(/U’ R) dER( R) ’U2 +dER

(ERr)

e Let us further introduce the velocity integrals
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Rewriting the differential event rate

dR e = d
e el j/ dvovf(v) -
dER mrTmmpmM Vmin(ER) dER

e For (almost) all interaction types of DM, we have = \/ mr Er/27

do do 1 dos

Er) = Er)- —
dER(/U’ R) dER( R) ’U2 +dER

(ERr)

e Let us further introduce the velocity integrals

oomin) = [ av LY o) = [ douf@)
VUmin % VUmin
dR Ploc d0'1 d02
: R S min E h min E
dER mrTmpmM (dERg(v ( R)) + dER (U ( R)))

By partial integration, h(vni,) can be expressed in terms of g(vpin):

homin) = g0, + | o

min



Reinterpreting direct detection data

=
observable quantity

/ dR
/\E': [particle physics] x g(vmh}

=

e captures all the astrophysical input
e same function for all experiments!
* has to be monotonically decreasing

Isothermal Halo
Tsallis Model
Double-power law
Triaxial Halo
Hernquist Model
Via Lactea II Halo

200

400

800




Remterpretlng direct detectlon data

AdR-

- dER = |particle physics] X g(vml?)/ —L
observable quantity

e captures all the astrophysical input
e same function for all experiments!
* has to be monotonically decreasing

For a given observed recoil spectrum dR/dEr , we can
confirm/exclude a given particle physics model as follows:

1) Translate the measurement of dR/dER into a measurement
of g(vmin), assuming the given particle physics model

2) Check whether there is any monotonically decreasing function
g(vmin) providing a good fit to the data

- if not, the model is excluded in a halo-independent way!

Early related works: Fox& [1011.1915]
Frandsen& [1111.0292]
Gondolo& [1202.6359]



Relnterpretlng direct detectlon data
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e captures all the astrophysical input
e same function for all experiments!
* has to be monotonically decreasing
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Reinterpreting direct detection data
fdR N

| : : N
| ——— = |particle physics| X g(Umin

observable quantit T
. y e captures all the astrophysical input
e same function for all experiments!
* has to be monotonically decreasing

... adding an iodine-based experiment to the xenon experiment ...
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Reinterpreting direct detection data
AR ahen

|—— = |particle physics| X( g(Vmin
G Perticle physics - |

observable quantit T
. y e captures all the astrophysical input
e same function for all experiments!
* has to be monotonically decreasing

... and adding Poisson noise ...
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Reinterpreting direct detection data
(AR

observable quantity

10728,

o

10—31

= [particle physics] X g(vmin)\\

4
A\ dE B

=

e captures all the astrophysical input
e same function for all experiments!
* has to be monotonically decreasing

... and adding Poisson noise ...

Best-fit halo
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Fitting the Veloc1ty 1ntegral

&(Vmin) [day™']
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- Fitted model: ST (50 GeV)
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[| ¢ ¢ ¢ Todine No Poisson fluctuations 1
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* Question we want to answer:
is there any g(vmi,) providing a good fit?

 We parametrize ¢(vmin) as a
piecewise-constant function:
9(Vmin) = gj for vmin € [vj, Vj41]

with- =21 - A-
(Kahlhoefer et. al. [1403.4606])



Fitting the Veloc1ty 1ntegral
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Fitting the Veloc1ty 1ntegral

10728,
True model MDM (500 GeV)
- Fitted model: ST (50 GeV)
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* Question we want to answer:
is there any g(vmi,) providing a good fit?

 We parametrize ¢(vmin) as a
piecewise-constant function:
9(Vmin) = gj for vmin € [vj,Vj41]

with- =21 - A-
(Kahlhoefer et. al. [1403.4606])

step heights, free to float

= [particle physics| X g(vmin(Fr))  in the fit to the data,

b

(i+1)
ER

Q
ER

g, ZD@J%‘

only monoticity constraint!

matrix fully determined by the assumec

expected events
in bin i

~ particle physics scenario

Goodness-of-fit: —2log £ = 2 Z R; — N; + N; log(N;/R;)




Quantifying p-values

Assume a true model (SI, SD, Anapole,
magn. dipole, or dark magn. dipole)

|

Generate mock data
(many realizations)

|

consider a typical prediction
of this fitted model

|

Generate mock data
(many realizations)

|

For each realization of the mock data,
perform the fit (i.e. vary mpwm and 9; ),
assuming a given fitted model

Distribution function &(xo) for
xg = —2log L

For each realization of the
mock data, perform the fit,
assuming the same fitted model

|

Distribution function &£(z1 ) for

x1 = —2log L




Similarity/Distinguishability of models

Construction of S Construction of D
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e Qualitative statement: if £(xo)and &£(x1) look “sufficiently different”,
the true model can be distinguished from the fitted model

 Similarity S: p-value of typical realization of the true model
« Distinguishability D: fraction of realizations with p < 0.05

For small S and large D, the fitted model can be ruled out
as an explanation for the data generated by the true model




Results (1): single xenon experiment

+— Fitted models —

<— True models —
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Results (1): single xenon experiment

+— Fitted models —

<— True models —

Sl

SD

AM

MDM
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S
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—0.49 |

S

—0.52

S =049
D =0.053 |

S = 0.014]
D =0.66 |

T

S =050 |
D = 0.046 |

20 30 40

true model = fitted model

S ~0.5, D ~0.05



Results (1): single xenon experiment

+— Fitted models —
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Results (1): single xenon experiment

+— Fitted models —

<— True models —
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True model “dark magnetic
magnetic dipole moment”
can be distinguished

from all other interactions!

|

Reason: this model predicts
a non-monotonic recoil
spectrum, which can not be
mimicked by any decreasing
function ¢(vmin)



Results (1): single xenon experiment

<— True models —
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The magnetic dip. moment
model provides a bad fit
to the data generated for
all other true models!

|

Reason: for magn.dip.mom.
dark matter the spectrum
falls very steeply, which can
not be compensated by

any decreasing function

g(vmin)



Results (2): xenon + germanium experiment

+— Fitted models —
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Results (3): xenon + iodine experiment

+— Fitted models —

<— True models —
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Would the detection of an

additional signal in a

iodine experiment help?
— yes!

Now, SI and SD scattering
can be ruled out if the true
model is anapole or magn.
dip. moment scattering

— Reason: p'V

magn

>



Outline

Halo-independent determination of DM properties

b) Upper limits from existing data



Halo-independent lessons from existing data?

 So far, we are lacking a (conclusive) detection of DM in
direct detection experiments

e Can we at least use the existing null search results for setting
upper limits on opm—jp, independent of the choice of f(v)?

— Problem: every direct detection experiment
is insensitive in the limit v — 0



Halo-independent lessons from existing data?

 So far, we are lacking a (conclusive) detection of DM in
direct detection experiments

e Can we at least use the existing null search results for setting
upper limits on opm—jp, independent of the choice of f(v)?

— Problem: every direct detection experiment
is insensitive in the limit v — 0

There is no halo-independent upper limit on
~—»  the DM scattering cross section from
direct detection experiments alone!




Dark matter capture & annihilation in the Sun

P ¢ velocity
distribution

Sun H . _ o _ Earth
ot v mteractions L Y

._IJ_

ram.ihﬂa.ﬂl:nn Detector

* DM scattering in the Sun: same process as direct detection!

* If energy loss is large enough — DM is gravitationally bound

e Trapped DM annihilates into SM particles
— high-energy neutrino flux correlated with the Sun's direction
— not observed so far by e.g. IceCube

* Crucial for our purposes:
capture rate is strongly enhanced in the limit v — 0



Decomposing f(v) into streams

In order to quantify the complementarity of DD and capture in the Sun,
we decompose the velocity distribution in (infinitely many) streams:

S /OOO dvg 6(v — vg) f(vg)

O-gl " 0.3GeV /em® [sz]

Upper limit on %, for fs, () = 63 (7 — @) Either direct detection or
1040 gy neutrino telescopes lead to
- SRR : mpym = 100 GeV ] . :
ool XENONI0O! WHW ] an upper limit on opn—p ,
: i | for all values of vo
1042 — :'. I:I ':I :: — i
107 E IceCube Ill.\\.\}t‘}"x:\ - i
: When combining DD and
0= E capture, one is sensitive to
10_450'_5 T . S e the complete velocity space
Peak position vy of the velocity distribution Of dark matter!

Ferrer, Ibarra, SW [1506.03386]



Halo-independent upper limits

Limits on o§;, for ann. into WTW~ (777~ for mpu < mw) Ferrer, Ibarra,

10—40§| Aa — 3 SW [1506.03386]
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The complementarity of direct detection and neutrino telescopes
leads to an halo-independent upper limit on cpy—p

— first upper limit which is fully robust against changes of f(v)
— it depends, however, on the annihilation channel of DM in the Sun



Conclusions

« WIMPs are one of the most motivated (and most testable)
particle candidates for dark matter

* Direct detection experiments look for the nuclear recoil produced by
elastic scatterings of WIMPs
— so far, no unambiguous signal has been detected
— however, new experiments will probe significant new parts of the
parameter space within the next decade!

e Can we determine particle physics properties from a future detection,
even without making any assumption on the velocity distribution f(v)?
— yes, depending on the experiment(s) and on the model
— our method is based on finding the best-fit f(v), and quantifying
how good it can fit the experimental data

 We also derived a halo-independent upper limit on the DM-nucleon
scattering cross section
— for this, we combined DD with the information from capture and
and annihilation of DM in the Sun
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