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Indirect detection
(Freeze-out in the early Universe)
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Indirect detection
(Freeze-out in the early Universe)
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Direct Detection Experiment Map
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- background rejection : :
: - annual modulation signature - planned or under
technique :
- bubble chamber construction

- directional signature
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Puzzling status of DM direct detection

1) Claims of hints of Dark Matter at low mass (~ 10 GeV) by 4 experiments
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Puzzling status of DM direct detection

arXiv:1304.4279 s .
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2) Several exclusion limits in contrast with the ‘excesses’ (XENON100, CDMS ...)

See recent works:
Frandsen et al. 1304.6066,
Mao et al.1304.6401,

Del Nobile et al. 1304.6183
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1. A detector should be the largest possible and have long exposure time

because of the small event rate

2. A detector needs to have the lowest

threshold OSSIble because the signal
has no artlcu ar features and is

characterized by small recoil energies
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» Background discrimination = source of SYSTEMATICS !!

O misidentified electrons (surface events)
DO neutrons in the recoil band

0O use of multiple detection techniques (ionization, heat,
scintillation)

0O use of sighature proper of the a WIMP such as the annual
modulation due to the Earth motion around the Sun
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1. Theoretical model parameters (mom,J) span several orders of magnitude

2. DM velocity distribution
0O depends on the solar neighborhood quantities and properties

O approximated with Standard Model Halo (SMH), that is a spherically
symmetric and isotropic Maxwellian distribution

 Consider a Milky Way-like galaxy
simulated with the code RAMSES
(DM + baryons) and the velocit
distribution in ashell 7<R <9 kpc

(sun position)

 Maxwellian distribution does not
describe well DM velocity
distribution

3. Astrophysical parameters in the
solar neighborhood are uncertain
by a factor 2 or 10%

0P = 544 + 39 km s~*

100 200 300

P2 =0.4+0.2 GeV cm ™ ° |l Lingetal.’09
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log, (03 (cm?)

Bayesian procedure of marginalizing CA, J.Hamann and Y.Wong, JCAP 1109 (201 1), arXiv:1 [05.5121
over all nuisance parameters CA, arXiv:1211.0435, Phys.Rev.D86 (2012)
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(i) Upper bounds become less constraining however they are still in tension;
(ii)) All motivated velocities distributions give similar results: indistinguishable with present direct detection
sensitivity.
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Updates from Aspen 2013 conference

] LUX (LXe) is running and will soon
elease data from 2 month running,
u Itimate goal is 300 day of science run

[
-

AL Rl | T
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(2) DarkSide-50 (Ar) running:

* not yet comBetitive but prototype for

&
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- - goal zero background :
* light element, complementary to Xe 5
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‘‘‘‘ Cheung et. al.
10-48 el ,_‘__‘,‘."l ‘ ‘ arxiv: 121‘ 4873
1 2 3
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WIMP Mass [GeV/c?]

(3) Super-CDMS Soudan (10 Kg Ge) is
runnlng and results are promlsmg or:

* Spin-independent WIMP sensitivity
comparable to XENON100 with a different

nuclear target (2015)

e Special strategy for low thresholds to
study dark matter with masses <10 GeV
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MOVing to Ton Sca|e deteCtorS Updates from Aspen 2013 conference
Lot of effort: XMASS, DEAPClean, SuperCDMS Soudan... Among others:

XENON1T:
- start construction ~ 2013
- science run expected to start 2015

Elena Aprile, arXiv:1206.6288
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Outline of the rest of the talk

(A) Identification of a generic WIMP candidate

* Suppose there is a ‘convincing’ dark matter (DM) detection in a
direct search experiment

* Next step: reconstruction of the theoretical physical parameters
describing the dark matter (i.e. mass, cross-section on nucleus)

* Direct detection experiments have known limitation in reconstruction
of dark matter parameters

(B) Complementarity to resolve the theoretical
DM parameters

*Exploit complementarity of DM searches to
improve the reconstruction of these parameters

* In particular consider neutrino telescopes,
sensitive as well to the cross-section dark matter-
nucleus.

(C) Discussion about astrophysical issues
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Future XENON1T experiment (2017)

dR _ po 43y %(E,v)vf('ﬁ’(t))

dE ~ mpumy

U2>VUmin
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Future XENON1T experiment (2017)

dR . Po do

—_— — d3 o E — t
dF MDMMN Ju>vin v dE( ,’U)’U f('v( ))
Particle and nuclear physics ,
do Myro™! (pr+ (A - Z)fn) 72 (5
do do do { dE st 22 v? f2 51(E)
—_— — + _
dE dElsr dElsp do AMoSD T
NO +1
- ((Sp) + an/ap<5n>)2f§D(E)

dElsp = 3u2v? J

12 C. Arina (GRAPPA Institute, UvA) - KITP, May 28t 2013



Future XENON1T experiment (2017)
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Future XENON1T experiment (2017)
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WIMP-Nucleon Cross Section [cm?]
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Future XENON1T experiment (2017)
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Particle and nuclear physics

Future XENON1T experiment (2017)
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X = Mock data (1 realization) from mpum [GeV] ¢3! [cm?] onP [cm?]

phenomenological models arising from A 60 3.7x 10~ % 2.0 x 10740
HSES B 100 8.8x 1074 2.0 x 1074
C 500 1.1x107%* 9.6 x107*°

X data

P(6)X)d6 o« L(X|6) - 7(6)d6
0= {01, ... O, Yy e V02 } l( - (l ! (l)

6)7; theoretical model parameters Posterior probability

. Likelihood Prior
¢k nuisance parameters = function (PDF) (proper of
astrophysics, nuclear and
systematics each EXP)
WIMP Parameters Prior
Common prior choices that do logy, (mDM/GeV) 1—3
not favoun;:gi%sarameter logm (agl/cmz) —60 — —43
log(03° /cm?) | —55 — —38

2D (1D) Posterior pdf sampled with MultiNest and marginalized over nuisance/other physical parameters

Panar (01,60 X) [ dp...dtbn P vy Oy Yo | X)
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Particle physics models

* Several models predict both a S| and SD contribution to the direct detection events
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Particle physics models

* Several models predict both a S| and SD contribution to the direct detection events

-36 Silverwood et al 2013
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Particle physics models

* Several models predict both a S| and SD contribution to the direct detection events
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Inference for XENON1T

* Degeneracy between Sl and SD

Sxe(©)  Sxe'(©) (CEFT)

contributions to the number of 1.1 422.8
observed events 252 .8 356.1
74.4 4.4 x 1073
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log, (0> [cm’]

Inference for XENON1T

e Usual limitation of direct detection experiments: for mpm > Mnucieus the rate goes as 1/mopm
and the reconstruction becomes affected by the diminished sensitivity;
e The features are unphysical and are due to difficulties in sampling a flat likelihood.
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o, [pb]

Mass degeneracy

¢ A possible way to reduce uncertainties in the mass reconstruction is the combination of
several target materials (Pato et al. arXiv:1012.34568)
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n

log 1 O(o

Inference for XENONAI1T

e The degeneracy can be seen as well in the plane Sl and SD
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Inference for XENONAI1T

e The degeneracy can be seen as well in the plane Sl and SD
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IceCube 86 including Deepcore

Detector v
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IceCube 86 including Deepcore

Detector v
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IceCube 86 including Deepcore

Detector v

N=C_CAN2

r — Cy N2 — C  steady state approximation
A 2 4 12 (allows to get rid of (o,v))

R
Po dC;
L= ——*4
C — /o dr v e

dCz B Umax
av  J,

f(u) wQ" S(w)

N

oSl + 5P for i =1,
o; =
‘| B%05TA2 for i > 2.
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IceCube 86 including Deepcore

_ TI'y dn,
47wD?* dE

Detector y

N=C_CAN2

2 4 12 (allows to get rid of (o,v))

R
Po dC;
c — —4
¢ mDM/o dr dV mr?

I, = & N2 = C  steady state approximation
A

dCz . Umax
dv 0

f(u) wQ" S(w)

N

oSl + 5P for i =1,
g; =
") 8205142 fori > 2.
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IlceCube 86 including Deepcore

T, dN,

\ Detector © _ . :
N=C—CuN° Signal given 9%
rA —_ & N2 = 9 steady state approximation :1)/”2[;)‘20lng
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IlceCube 86 including Deepcore

T, dN,

\ Detector . _ .
N = C — C4N? Signal given W&
rA _ & N2 = 9 steady state approximation :‘lyul(j)flgomg
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IlceCube 86 including Deepcore

DM
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IlceCube 86 including Deepcore

DM
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The signal is not affect by nuclear uncertainties
because scattering occurs on protons
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IlceCube 86 including Deepcore
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Inference for IceCube alone

mpwm [GeV] o’ [cm?] o3P [cm?] S,.(©)
A 60 3.7x 107"  2.0x 107" 24.9 (t77°)
B 100 8.8x107%  2.0x 10~* 66.0 (WTW™)
C 500 1.1 x107% 9.6 x 107% 7.8 (Vu17,)

* Likelihood of IceCube: the public likelihood released with DarkSUSY

e Considered only the winter season for data taking

* Expected background in 5 years is 205 events

* Only one energy bin, we use the event number likelihood (not possible a
spectral analysis)

* Poor energy resolution: for muons with energy less than 108 GeV, it can be
affected by a factor of 2

Inference benchmark A and C: the posterior pdf is flat in all the priors range,
meaning no detection hence providing only an upper-bound on the DM parameters
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Iogm(o

* Almost independent on Sli

Inference for IceCube

* Sensitive to SD

e Again the features have no physical meaning

- Benchmark B

- 1C86 (WTW™)

- Fixed
Astrophysws

log. 0(ofD) [cm?]

2D marginalized posterior pdf for 68% and 95% C.L.

- Benchmark B
—46' IC86 (WTW")
- Fixed Astrophysws
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Inference for XENON1T and lceCube combined

* Detection in both experiments

* Determination of SD contribution and of the mass

2D marginalized posterior pdf for 68% and 95% C.L.
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Combined XENON1T and IceCube

2D marginalized posterior pdf for 68% and 95% C.L.
* Only upper bound for the Sl cross-section
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log 1 0(0

Combined XENON1T and IceCube

Even if there is no detection in IceCube: tightening of the confidence level (similar for case B)

[T rrrrrrorrt rrrrrrorot rrrrrrorrt _43_ ,,,,,,,,, T
- Benchmark C
- XENONAT me
. Fixed Astrophysics CTE
N —45F
—
£ i
N L. —46F
BH_c
o _
3 S —47T
(@)
[e) [
- —48F
| Benchmark C
- —49F XENON1T and IC86 (vaM)
" Fixed Astrophysics ]
......... I ' ol b s b b
log, ,(m,,) [GeV] log, ,(my,,) [GeV]

* Tightening of the credible regions
* Sl gets a lower bound as well

* Mass degeneracy is not uplifted

2D marginalized posterior pdf for 68% and 95% C.L.
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Even if there is no detection in IceCube:

Combined XENON1T and IceCube

38T rrrrrrro rrrrrrrr I
—43 RS RS . . Benchmark C
- Benchmark C -39F XENON1T and IC86 (VMVM)
_44F XENON1T | 40 Fixed Astrophysics
. Fixed Astrophysics - O:
45+ < =41 ‘
N'E g i
= 42}
S, _46} Q. :
%, S _a3f
=) 2 :
© 47 D i
8 = 44
—48r 45}
—49F —-46
- —47 b P
—501 """" 1 Ié """" > -50 -48 0g. (
. Og10 o
|091o(mD|v|) [GeV]
* Tightening of the credible regions
» Sl gets a lower bound as well
* Mass degeneracy is not uplifted o ,
2D marginalized posterior pdf for 68% and 95% C.L.
25 C. Arina (GRAPPA Institute, UvA) - KITP, May 28t 2013



Discussion of the prior dependence

®* Prior on the mass: 10 GeV to 1 TeV (as it is natural for WIMP definition) compared to 10 GeV to 10 TeV
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Discussion of the prior dependence

®* Prior on the mass: 10 GeV to 1 TeV (as it is natural for WIMP definition) compared to 10 GeV to 10 TeV
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Discussion of the prior dependence

®* Prior on the mass: 10 GeV to 1 TeV (as it is natural for WIMP definition) compared to 10 GeV to 10 TeV
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Inclusion of uncertainties

(A) Nuclear structure functions (Soo) for SD interaction

Log(Soo)

1073

1074

1075
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-
\.
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-~
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_____________
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-----
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~Q
‘l
~
-
~

| (LA S B (L S SN B SR R

L1 I I!III

LT

mpm [GeV] S52: (CEFT) S52, (NijmegenlII)
A 60 422.8 170.9
B 100 356.09 122.3
C 500 4.42 x 1073 1.48 x 1072

00

02 04 06

(92 A13)/2

08

(i) Number of events affected by a factor of 3
(i) Systematic offset and bias if the reconstruction does not reproduce
the true structure function

Likelihood for nuisance parameters is an interpolating function for the

structure function with flat prior on the 3 free parameters
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Inclusion of uncertainties

Observable Constraint

Local standard of rest | v3” =230+24.4 km s -
Escape velocity v = 544+ 39 km s~
Local DM density p%® =0.4+0.2 GeV cm

Include a likelihood for nuisance parameters:

e gaussian likelihood for astrophysics

* the shape of the velocity distribution is not varied, assumed to be the

standard Maxwellian distribution as in the case of ‘fixed astrophysics’

lIl EA —r— (’UO - @8b8)2 . (chc - @g£5)2 B (p® — ﬁ%bs)‘z
stro 2030 2072 9 02,-\
esC 0,
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Results marginalized over all nuisance parameters

2D marginalized posterior pdf and 68% C.L.
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Shape of the velocity distribution

- XENON1T and IceCube are both affect by the DM velocity distribution function
- However the dependence on it is different in the two experiments

1 A A A 'y 1 n »

arXiv:1010.4300

0 100 200 300 400 500 600
v (km/s)
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Shape of the velocity distribution

- XENON1T and IceCube are both affect by the DM velocity distribution function
- However the dependence on it is different in the two experiments
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Shape of the velocity distribution

- XENON1T and IceCube are both affect by the DM velocity distribution function
- However the dependence on it is different in the two experiments
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Shape of the velocity distribution

- XENON1T and IceCube are both affect by the DM velocity distribution function
- However the dependence on it is different in the two experiments

Via Lactea -

a A . 'y

arXiv:1010.4300
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v (km/s)
only low velocity WIMPs get captured only high velocity particle can produce a nuclear
recoil with energy E above threshold ~10 keV
v — VAmpouMy Vmin = /My E /24

mpwMm — MN

Maxwellian parametrization underestimates both tails of N-body velocity distributions
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N-body simulation versus Maxwellian distribution

For a 100 GeV particle the difference in the event number is for Aquarius 15% for the
low tail and 17% in the high tail (Umax ~ 200 km/s while Vmin ~ 300 km/s)
Ramses simulation with baryons very close to MB (~4% variation)

Estimation of the bias in the reconstruction if it is assumed a standard halo model but
the true velocity distribution is taken to be given by the N-body simulation: the

reconstruction is robust against variation of the shape of the velocity distribution
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Conclusions

1) A detection in both experiments can help in reconstructing the degenerate parameters
and overcome the limitation of pure direct detection experiments (other way: combine
different target materials)

2) Even a non detection in IceCube86 improuves the reconstruction

3) In 6 year-time hopefully astro/nuclear parameters will be more constrained and the
optimistic picture will hold (see GAIA satellite and experimental dd effort)

IceCube likelihood:

- Publicly available number likelihood without spectral information;

- Spectral information should improuve the reconstruction of all physical parameters even if the
energy resolution is still a factor of 2;

- Now that IceCube79 have published the ana;ysis could bepossible to use their energy
dependence as guideline for forecasts

- Spectral information might be relevant for resolving the DM mass reconstruction in
combination with direct detection experiments!

- the capture rate is sensitive to the averaged DM density (averaged over one Sun period around the

galactic center ~ 2 108 years);
- the direct detection rate depends only on the DM density at the Sun position;
- the equilibration time of our benchmarks is ~ solar orbit, hence number of events can be affected by this

difference.
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