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- Bayesian analysis of direct detection data motivated by

(i) Tension between experiments (4 hints of detection and exclusion bounds)
(i) Experimental systematics (e.g. Lest, guenching factors) and backgrounds

(iif) Astrophysical uncertainties in both the halo parameters and velocity distribution

- Bayesian Evidence for model comparison and compatibility

» Best scenario that accommodates XENON100 and the hints of detection (DAMA,
CoGeNT, CDMS-Si, CRESST)

 Best particle physics scenario for hints of detection

* Quantitative measure of incompatibility between XENON100 and hints of detection
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X data P(6)X)d6 o« L(X|6) - 7(6)d6
6): {81,---76n7¢a7“'7¢2} l l l

(97; theoretical model parameters Posterior probability

function (PDF) Prior

wk nuisa arameters =
astrop ys cs and systematics
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X data P01 X)d0 < L(X]|0) - mw(0)db
6): {91,---76n7¢a7°-'7¢2} l l l

: ' Posterior probabilit :
(9@ theoretical model parameters e (FF’)DF) y Likelihood Prior
wk nujsa param ters = (proper of

astrop ys cs and systematics each EXP)

dlog, if Omin <60 < Opax,
0, otherwise,

Tog(log 0) dlog 6 = {

Common prior choices that do not
favour any parameter region do, if 0., <0 <0«
vour any p gi o (0)d6 { , i Oin < 0 < Ornas

0, otherwise,

Observable Prior
WIMP mass (6;) log(mpy/GeV): 0 — 3
SI cross-section () log(o>'/cm?) : —44(—46) — —38
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X data
0=101,....00, V...,

(97; theoretical model parameters

@bz}
wk nuisa aram ters =
astrop ys cs and systematics

Common prior choices that do not
favour any parameter region

P(O)X)d0 x L(X|) - 7(6)dd

| | |

Posterior probability

function (PDF) l(_g:sgzcr)(())? Prior
each EXP)
dlog@, if Omin <6 < omaxa
Tog(log §) dlog & = { 0 otherwise

do’ if emin S 7 S 9max>
0, otherwise,

Tt (0)d0 o {

Observable Prior
WIMP mass (6;) log(mpy/GeV): 0 — 3
SI cross-section (f3) log(o>'/cm?): —44(—46) — —38

Posterior sampled with nested sampling techniques (MultiNest) given the likelihood and the prior

and marginalized over nuisance parameters

’Pmar(é’l, ,Han) 0.¢ /d¢1d¢m P(@l, couy

ena wlnw wm|X)
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X data P(0|X)d0 < L(X|0) - w(6)dd
6): {91,---76n7¢a7°-'7¢2} l ‘L l

0, theoretical model parameters Ej%i‘t?g'r?r(lgg’;ab'“ty Likelihood Prior
wk nujsa param ters = (proper of
astrophysics and Systematics each EXP)

dlog@, if Omin <6 < omaxa

Tog(log 0) dlog 6 = { 0, otherwise,

Common prior choices that do not
favour any parameter region raus (0)d0 o { df, if 0., <0 <0,

0, otherwise,

Observable Prior
WIMP mass (6;) log(mpy/GeV): 0 — 3
SI cross-section (f3) log(o>'/cm?): —44(—46) — —38

Posterior sampled with nested sampling techniques (MultiNest) given the likelihood and the prior
and marginalized over nuisance parameters

Panar (01, -+, 0al X) o [ dtps...dp P01, 0, by Y1, Y| X)

Lorot (X |01, ..., 0r) o wrlnaic L(X|01,...,00,%1...,0n) AxCe(mpy, 050) = —21n Loror(Mmpy, o))
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Marginalization over all nuisance/new physics parameters

Experiment Parameter Prior

DAMA gNa 0.2 —0.4

DAMA q1 0.06 — 0.1

CoGeNT C 0 — 10 cpd/kg/keVee

CoGeNT Eo 0 — 30 keVee _
CoGeNT Q. 0 — 10 cpd/kg /keVee Background and systematics
CRESST Na 5 — 17 counts

CRESST Cpb 1 — 7 counts/keV

CRESST Nn 3.3 — 34 counts

CDMS-Si Ne 0— 2

XENON100 L.g —0.01 —» 0.18

Observable Constraint

Local standard of rest v0™ =230+ 24.4 km s+

Escape velocity vo = 544 + 39 km s~ * Astrophysical parameters
Local DM density p‘ébs =0.44+0.2 GeV cm™3 (Common to all exp)

Virial mass MePs =274 0.3 x 102 M,

Model Parameter Prior

Inelastic §/(keV) 0 — 300 Beyond elastic S| scattering
Inelastic 0/ (keV) —100 =0 (common to all exp)

Isospin violating fn/fp —2—=1
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Inference for constraining data , example with DAMA

1D marginalized posterior PDF
quenching factors (nuisance)

2D marginal credible regions at 90 and 99%
(shaded f(v)=NFW, solid blue f(v)= MB)

_39 1 1 I 1 1 1 I 1 1 I 1 1 I 1 1 1 I 1 1

0.6;— — —39 5

0.5 1 1.5 2 2.5 3
Iogm(mDM) [GeV]

4 Matches with profile likelihood analysis
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log, () [em’]

Inference for non constraining daka: COMS-Si

data from CDOMS-Si collaboration
arXiv:1304- 4279

e Likelihood follows a Poisson distribution with spectral information
* 3 events seen with estimated bckg of 0.7: not constraining data

_3 e I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII |

log, 4(03) [em’]

2D marginal credible regions at 68 and 90%for fixed astrophysics
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Inference for exclusion bounds: XENON1oo

- 2 events seen, likelihood follows a Poisson distribution
- expected background of 1. +- 0.8, analytical marginalization

- considered Poisson fluctuation below threshold In Lxenon = In Lgvents + In ‘CLeff

L I B | "”'fromofr)(iy::lll‘o‘lfl-.;s"t-‘)

Posterior pdf A 03sE- E
1 : 1 T “TE X Bernabei éUOl -
Elastic Scattering 03E- & Ao 200 | E
........................................... F S — - ¥ Aprile 2005 -
—_ O Chepel 2006 1. =
0.25 = . Ap?ﬁz 2009 ] ﬁ% =

—~ A Manzur 2010 :f;I: pu)
§ 0'25 = Plante 2011 »—c%—- ;
0.15E 4 et =
0.1 | 4 E
0.05 ;— | —;
0: . ) A. o , , . o -

...................................................... 1 2 3 4 5678910 20 30 40 50 100
Energy [keVnr]

......................................................

l0g, o(03) [em?]

Data are not constraining therefore the upper bound
depends on the prior choice:

..................................................

2D marginal credible regions at 90% +

— -~ . 905%

Invariant exclusion bound based on the S signal
with bayesian interpretation:

25 3 AxZg < 2.7

0.5 1 1.5 2
Iog1 O(mDM) [GeV]

Pmar (mDMa Uys;llx) — Pmar(S:z:|X)
data from XENON1oo collaborakion, arXiv:1207.89% %
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Inference for elastic SI scabtering

Posterior PDF -
Elastic scattering -

- Marginalized astro (NFW)

\

profile likelihood analysis
fixed astrophysics arXiv:1207.89% %

10’39 1 LI I 1 1 LI | 1 1 1 LI
T |
\ Q DAMA/Na XENONIOQ (.20 12)
0 AN - observed limit (90% CL)
10 \ Expected limit of this run:
‘ CoGeNT [ + 1 o expected
3 DAMA/I * pe
s + 2 o expected

10—41

-
-

2012)

log, () [cm’]

10 cour?l
el NN\ X U EDELWEISS Q011/12) 2
i 10
-44 10
B [ 1 1 1 1 I 1 1 1 1 1 1 L1 I 1 R [ R N—
- 6 7 8910 20 30 40 50 100 200 300 400 1000
i : : : : WIMP Mass [GeV/c?]
_45 P 1 1 1 111 I | T T O O | I 1 11 1 1 1111 I | T T O O | I | T | I
1 1.5 2 2.5 3

log ] 0(mDM) [GeV]

- The marginalization over astrophysics does not improve the compatibility between XENON100 and all detection hints

- The XENON100 bound is less stringent at masses larger than 30 GeV than the one of the collaboration because of
the approximate likelihood

- Same analysis can be done with LUX, more difficult to reconcile low mass regions, as its threshold is at 2 PE
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l0g, () fem?]

Inference for isospin violating scattering

Posterior PDF -

1 1.5 2 2.5 3
log ] 0(mDM) [GeV]

Assumption that interaction of WIMP with
proton and neutron is of different strength:

fn # fo

2
do  MyoS! (HZ+(A-2D)f)

2
dE — 2uly2 f2 7 E)

- The extra parameter is not supported/

constrained by current data

- The marginalization over the parameter

causes a volume effect: detection regions
becomes larger and the exclusion bound
moves to the right

Within the Bayesian approach the hint
regions become compatible with the 90%
CL of XENON100

Inelastic and exothermic dark matter have
same volume effect, however the
agreement between detection regions
and exclusion bounds is worst than
isospin violating scenario
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Bayesian evidence for model comparison
L(X10)

PO1X) =7(0) Zp

Bayesian evidence

Z = /E(X\H)W(H)dDH 1. model averaged likelihood

2. contains notion of Occam’s razor principle
3. used for model comparison and statistical test

Posterior pdf for a model:

Empirical Jeffreys’ scale
PM|X) x Z 7(M) g /
In By Odds M; : My Strength of evidence
< —5.0 < 1:150 Strong evidence for M,
T(Mp) = (M) 50— —25 1:150 —1:12 Moderate evidence for My
(non committal prior) —25—--10 1:12—1:3 Weak evidence for M
—-1.0—-1.0 1:3—3:1 Inconclusive
1.0 — 2.5 3:1—12:1 Weak evidence against M|
; 2.5 — 5.0 12:1—150:1 Moderate evidence against M
PMo|X) 7 w(Mo) | s :
— By > 5.0 > 150 :1 Strong evidence against M,
P(My|X) N (M)
Bayes factor: ratio of model’s evidences
10 C. Arina (IAP, Paris & GRAPPA Institute, UvA) - PASCOS 2013



Combined fit and model comparison
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Combined fit pushes the quenching factor
and the local standard at rest at corner
values (1D pdf not flat anymore but peaked
at gna=0.6)

Combined
* Evidence between elastic and isospin
violating scenarios is inconclusive
CDMS-Si * Inelastic and exothermic moderately
disfavored with respect to elastic Sl

CoGeNT
—38 P T T e e T T T
[ 3 3 3 3 3 ‘ Posterior PDF ]
: : : : : - Elastic scattering -
CRESST  oel 0 1\, .. . Marginaiized astro (NFW)_
DAMA _ag U
—
£
S,
c7£c ~39.5
o
o
9

caosf b N NN

12 13 14

—41
06 07 08 0.9 1 1.1
log ] o(mDM) [GeV]
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(In)Compatibility between XENON10O and detection hints ?

Consider a data set which is aiven by T T T T "~ T "~ T - T T "~ T ~ T ™1
two subsets: d = {@ D} o .t e
- y T[T T T T T 7 PRaaE T
1. D =this Is the data set which is T o o -
taken as true, hence fixed R L o B
, ‘/.. 20 |
2. 9 = data set that we want to o |2 o .
test, that is we want to quantify if it is I O R a’ -
compatible with [) g * L -
- S .
ég 10k // //. 30 i

= ! L]
I -1 S 7 -
b L
%(@obS) _ p(_@o SaD|H0) _tal | //‘ )
p(2°"|H1)p(D|H,) i

-16F | —
-181- | Elastic scattering n
In Z(Nobs = 2) Interpretation ol o )
—0.32 £ 0.07 | Inconclusive evidence against Ho 0 10 20 30 40 5 60 70 80 90 100

events

—0.53 £0.07 | Inconclusive evidence against Ho
—0.22 £0.07 | Inconclusive evidence against Hg

p(@oble) B p(@ObS,D)

g _@obsD — —
(Z*ID) = L (@maxD) = p(@me, D)

Isospin violating framework: likelihood ratio in data space
gives incompatibility at 9)
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Bayesian approach for XENON100, DAMA, CoGeNT, CRESST and CDMSI-Si data
with marginalization over the systematics and nuisance parameters characteristic of
each experiment (can be applied to LUX, similar to XENON100 procedure)

* Inclusion of velocity distributions arising from DM density profile and marginalization

over astrophysical variables (NFW)
Difficult to reconcile at 90% CL all detection hints and XENON100

Going beyond the elastic Sl scattering (isospin violating, inelastic and exothermic
scattering) ameliorates the compatibility between experiments: the additional physics
parameter is not constrained by the current data

» Astrophysical uncertainties can not be yet constrained by direct detection experiment

alone (however combined fit can constrain astrophysics)

Combined fit implies large value of the quenching factor on Sodium for DAMA and
small local standard of rest velocity

For hints of detection the elastic and isospin violating scenarios have the strongest
support form the data; isospin violating framework ameliorate the compatibility
between hints of detection and exclusion bounds

13
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Inference for inelastic/exothermic SI scattering

_36- -||||||||!lllll||||!|||||||||!|||||||||- _39 ||IIIIIIIIIIIIIIIIIIIIIIII
: : : : Posterior PDF -

Sl
n

Iog10(0

log, 0(oﬁ") [cm?]

Inelastic scattering f
Marginalized astro (NFW)

_44-|||||||||||||||||||||||||||||||||||||i||||||||| _44 IiIIIIiIIIIIIIIIiIIllillll
1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
Iog1 0(mDM) [GeV] Iogm(mDM) [GeV]
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Changing the WIMP ijSEA“:S inkeraction

Isospin violating interaction Feing et al. ‘11
-1
- Assumption that interaction of WIMP with proton 10 ' ! ] ' ! I
and neutron is of different strength: —
— \ \ \
fn 7'é fp N
2 N\ of
: : : : 107 K \ / —
- Defined a mean Sl cross-section with an effective o = - .
couplings to nuclei: < B / -
- - m\"“é i \\ \ I/ Xe 7
< i \ )
oSl — On + Op 3 \ /cV \ I,I
— 9 107 F \ / | E
. J .
n Nz \\ ’
- \ | -
2 2 I \ |
A%, = Z 27~.[Zf +(A._Z)f] 4 | l | 11 |
eff ( D ? n 10
i—isotopes -1.2 -1 -0.8 -0.6
L/

P (Schwetz, Zupon ’ 11)

- Example of realization in WIMPs model: The couplings neutralino-squark-quark violate
iIsospin, however in the most common scenarios they are not the dominant contributions to
elastic scattering

- Other possibilities: long range interactions, inelastic scattering, spin-dependent interaction

16
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Tucker-Smith, Weiner ‘01

DM q — DM* q
DM DM*

:\/ L (MxEr
min QMNER /J/n

Am = (mDM* — mDM) =5

- If the splitting is positive the DM scatters into an heavier state: kinematic condition implies that the scatter
occurs most probably with heavy nuclei (hence more sensitive to heavy WIMPS)

- If the splitting is negative exothermic Dark Matter, it decays into a lighter states and light target are
favoured

+9)

17 C. Arina (IAP, Paris & GRAPPA Institute, UvA) - PASCOS 2013



SI elastic scattering scenario CDSM-SL
‘/ data from CDMS-Si collaboration
arXiv:1304- 4279

Y Pi(S+B)

1=1

InLoprprssi =

+ | Po(S+ B)| +InLyek

1D marginalized posterior PDF for all parameters:

1 L
= w 08k L
T O O
- o o
2 5 06¢ 5
(1) — —
— D @
- w 04f @
C & x

o2 |
ol

46 44 40 40 38
Iogw(onsqj (omaZ?

1%
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combined fit pushes the
guenching factor and the
local standard at rest at
corner values (1D pdf not
anymore but peaked at
gNa=0.6)

flat

Combined (elastic Sl) vo = 214+
mbined (elasti
Vesc — 556+15
po = 0.35T

8(1)3 (GeV cm™

2 (km s™1)
(km s 1)

)

w3 = 219753 km s~

—1
Single experiments ;’Stif — 557+ km s
pg® = 0. 37;8}5 GeV cm ™
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DAMA and CoGreNT, combined £ik: hidden directions behavior

_38 L I L L I L UL I LI
: dNa :
i . 0.55
-39 R —
: *r .ﬁ : 0'5 _3(.- L B ' L [ LI | L I L ' LI
B - > ¢ 7 B : : : i
_40 . : . ] = : |
< | 1 [ {045 i vo(km/s) 1
g B | I T S S TR T R N S AL T T LTI AT IE —
e 41— — | 0.4 i )
o [ - i i
(@) 5 _ _4Cb_ ................ —
= i 1FH{oss ~ [ -
-42 __ ...................................... _— 5 i ]
- - _ B 7
i i 0.3 u)oc 4P L —_
i i % T
e - g ;
i i 025 — . .
i ’ 43— .
_44— RN B I R B R l I | I i B B
0 0.5 1 1.5 2 2.5 3 ) ’
10g,5(Mpyy) (GEV) -43— —
_4 i L1 1 | l L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 |
- the larger gna the smaller the WIMP mass 0 0.5 2.5 3

- low mass region is independent on q;

1 1.5 2
l0g,5(Mpyy) (GeV)

- similar behavior for the DM density at the sun position
- less sensitive to the escape velocity value
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XENON1oo

- S = 2 (seen events), likelihood follows a Poisson distribution

-B=1.+0.8
- Total exposure 2323.7 kg days

Anode
Egas
Grid
Sensitive TT T Tf Eain
volume /
Y
Cathode
WIMP
Snr
S1(E) = Lea(E) L, E ¢

ff
O
o

Le

0.35

e
W

0.25

0.15

o
[y

0.05

O

XENONL1oo collaboration, arXiv:1207.59%%

Aprii.e ek al. arXiv:1104 2549

ln Exenon — ln LEvents + ln LLeH

- ' ' J =
E X Bernabei 2001 E
— A Akimov 2002 _ —
— ¥ Aprile 2005 -
U Chepel 2006 ) T =
- ® Aprile 2009 — . ﬁ é B
:_ A Manzur 2010 , &4 I 5 "
C = Plante 2011 v ' : ] P -
- T : e FH— -
: 1 L Al L L L il 1 I 1 1 L L L 1 L L I :
1 2 3 4 5678910 20 30 40 50 100
Energy [keVnr]

- Scintillation efficiency is a systematic of the
experimental set-up

- treated as nuisance parameter with truncated
gaussian prior and marginalized over

22
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XENQON1oo

=12
Lovene(Nore|S. B) = —§ — B 4 ~ (m—m
: ‘C"'"c')"‘(?\” IS: B) b'z \ 2 b * : * ? ln‘ cl—deif - —( 2 )
+In [‘Zu‘i‘llﬂ“"m‘_] . 207f1
Lea(E) = Leg(E), E > 3 keVnr,
A max{m/[ln(F /keVnr)—In3|+0.09, 0}, 1 < E/keVnr < 3
S .
S1(E)=Leg(E) L, E Sm conversion between keVnr and PE
ee
PEm,
max dR
S = Mge T —
- nPZEmZn dSl

| dNp/dS; = 0.069/(1481 kg days)
dR oo dR ~
d—Sl - . dE (_E X P(Sl|Sl(E))

All the likelihoods are normalized such that In £ = 0 if the background matches exactly
the number of observed events
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Germanium cryogenic detector

COGQNT 201 1 detector mass 0.33 kg

live time 442 days
total exposure 145.86 kg days

- Data analysis and binning follow arXiv:1106.0650 [astro-ph.CO]

- Radioactive peaks subtracted as prescribed by the collaboration

- Analysis of the total rate with a background (27 bins)

- Analysis of the modulated rate without background in 3 energy bins

- All data are corrected by the efficiency factor, ranging from 0.7 to 0.82

In Lrg = —X; = — ; (5 +§;)i2 G AFE; (keVee) S, (cpd/kg/keVee)
(S L 0.5 — 0.9 1.10 + 0.39
I = 0.9 — 3.0 0.60 + 0.12
3.0—-4.5 0.07£0.9

3 nuisance parameters for the non

modulating background )
Experiment Parameter

b= - /52'“ dB ¢ CoGeNT  C

Ay Je;, dE CoGeNT Eo
iB CoGeNT A
E =C -+ Aexp(—c‘:/&))

Prior

0 — 10 cpd/kg/keVee
0 — 30 keVee
0 — 10 cpd/kg/keVee

quenching factor:  £(keVee) = 0.19935 x E*1?%(keVnr)
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=)

(o8
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Modulation: from 2 .35 tol.G0

Gaussian likelihood

ColreNT

* Background
1. does not modulate, included only for the total rate
2. constant + exponential background (mimic surface events)

3. 3 nuisance parameters

* Radioactive peaks subtracted

100

Counts/30days
N
S

20+ |
0 100 200 300 400 500
t (days)

o0
-

N
)

~AFs = 0.9 — 3.0 keVee

[hep—[ah] ;

Aalseth etk al. arXiv:110&6,0680

Ge detector, 146 kg days
Very low threshold:
0.4 keVee = 2.7 keV

Counts/30days

In Loogent = In L +1In Lyr

60 - AE3 = 3.0 — 4.5 keVee.

N t

i e
I | . i

30+ H ++— +L —

20 |

10: ““““““““““““ :
0 100 200 300 400 500

t (days)

CA, JHamann, R.Trotta & YiWong arXiv:1111.323%

RS
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160:
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—
-
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counts / 0.05 keV,. 0.33 kg 442 days
o oo
o o

ColreNT 2011

Data analysis

Radioactive peaks

energy (keV,.) |

DA(ty,t2) = (exp(

NA

tot

In2
~224) — exp(———t;)
T1/2

In 2 )

T1/2

Element | £, (keVee) | o, (keVee) | 71/, (days) | Ny
arXiv:1106.0650 B As 1.414 0.077 80. 12.7
| [ DAL Eh R Eh A A - 8Ge 1.298 0.077 271. 638.9
ool — 7 Gevie. 1540 1 68Qa 1.194 0.076 271. 52.8
516; - 12 GeVie', 2E-5 pb | Zn 1.096 0.075 244. | 211.2
w | =75 GeVic, E-4pb ° 56Ni 0.926 0.075 5.9 1.53
o 12} 14 5638Co 0.846 0.074 71. 9.44
; E i 57Co 0.846 0.074 271. 2.59
S 5 Fe 0.769 0.074 996. 44.9
fl & - 55Mn 0.695 0.073 312. 21.1
P12 Cr | 0.628 0.073 28. 2.93
PSS B S T 19y 0.564 0.073 330. 14.9
: 'n. ‘r"e. "t N |
. 7 A pa [ _
L e, U T A (Eins Ema) = /E " Gaussian(€, £,,0,)d€
0.4 0.8 1.2 1.6 2 2.4 2.8 3.2

(gmim gmax: tl) tZ) — NOP;:d (gmina gmax)DA(tlv t))

RE
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Angloher et al,, arXiv:1109,0702
evidence at 4 sigma

CRESST-11

- 8 detector modules made by CaWOs4 crystals (multi-

target detectors) > e — - 3
- scintillation + ionization to disentangle background = 10° —F —— W _;
(e, n, alpha, decays of Pb isotopes) = E E
- exposure of 730 kg days = 10° ;_ ~
- S = 67 events (background can account only for 65% 2 F §
of S) ; 10° T
B - -

[« 8
e 10%E =
c 8 =
= - -
o - "

o
108

10°
WIMP mass [GeV]

Light Yield

light elements are more
sensitive to light particles
and viceversal

i

|
80 100 120 140

B A 1
0 20 40 60
Energy [keV]

1. Total counts in each module
Likelihood ——>  Poisson distribution 2. Global spectral information

3. Background as nuisance parameters: 3 nuisance parameters

27 C. Arina (IAP, Paris & GRAPPA Institute, UvA) - PASCOS 2013



CQE:SST“II Angloher et al,, arXiv:1109,0702

- 8 detector module made by CaWO4 crystals (multi-target detectors)
- scintillation + ionization to disentangle background (e, n, alpha, decays of Pb isotopes)
- exposure of 730 kg days

- S = 67 events (background can account only for 65% of N)

In C(_‘RESST (-'\rtot |Sa B) =In Emodule +In CSpectral +In LB

i _ B; = Bj, + B; efy + Bin + Bipp
In ['module = Z In Li(nfybslsis Z Bt‘j)
i=1 J

dBpy, , E —-90
. = Cpy |0.13
In Li(nge,e|Si, 225 Bij) = dE o [ e ( 13.72 )]
In [('S‘-k}_; B:,'jn"f"'-~- cxp(—S‘—}_:A, B,’,)]

Nobet

r Emin Emax
1 | | [ | By =N, [e"p (_ 23.54) eXp ( 23.54)}

8 J — total -
— WIMP signal

> | Y bek ! B, £ 0, = 9.2423,
) — Pb recoil bck B. +0. = 97+5.1
iy — o. bek - Sl v
2 — neutron bck Bp, £ opp, = 19£5
c | 1
>
()
'o pr— —
O
a
o)
(&
&

0 ] ] ] | ] 1 1 1 I T T T T I T I = [ 1 1 ] T T

10 15 20 25 30 35 40

Energy [keV]
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* We assume that:

events l D)

In L (N

1. The fixed setis: D = {DAMA, CoGeNT, CRESST}

2. The result to be tested is the number of events seen in the XENON100 detector

T T T T 1 T T T T
¢ n -
-~ -
S SMZ — — ]
. . -~ 10
Elastic with Nmax=60 , - W .
¥ - i
// /'
7~
________ B
E p P 20 |
/ ”~
> / - _
2 / g
S . s~ Elastic wit Nmax=100 -
/ ”
» o
- -, - - - - -----"--"=-"=-"=-"=-"=-"=-"=-"=-"=-=-== 3—0—-'
/ / —
4 /
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| / =
[ ‘ -
| /
I / =
‘F/ -
J _
| —
|
|
= -
[ P T R R ST DT DR TR S |
0

10 20 30 40 50 60 70 80 90 100

events

events I D)

InL(N

_gl 1

1 l L LI I 1 L\l 1 1 ' Ll ) ) ) I L\l L\l 1 ! ' ' L ) I LI | 1 Ll ' ' L}

« | Inelastic m
7
*-
- 7
i /
__.___‘_\_\ _________________ - e —lo_ _]
\* - ,/
- _ P
-~ " ~/
ST T
)
/7
/7
/
7
B g 2o_ __
. -
B 7
P 7
)

/7 o o o
,Isospin violating

Observed

I L Ll I 1 Ll 1 l 1 L Ll l 1 1 1 1 l L Ll 1 I Ll 1 1 l L L

0 10 20 30 40 50 60

events

We find that elastic and isospin violating models are incompatible at 2 sigma
level, while inelastic scattering is within 1 sigma
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Which is the best model that accounts for the
excessat Llow WIMFT mass?

Inelastic reduces to elastic for 0=20
Elastic, inelastic and isospin violating models are nested models: Isospin violating reduces to elastic
I I I I I I I I I I I I I for fn/fp =1
e Inelastic DM (M1) ¢ |sospin violating DM (M2)
| L L |
| | | | | |
| -3.48 | -p.81 | | | M; : M
Combined I ® I * I I I M Inelastic DM odds Ax2e p-values
| | | | | | DAMA 2:1 1.95 0.08
| | | | | | CoGeNT 1:37  0.87 0.18
| | | | | | CRESST 1:2 0.04 0.42
| | | | | | Combined 1:32 071 0.20
I I I_0.48 ! I | M2 Isospin violating DM
| | | o | | | DAMA 2:1 1.88 0.09
CHESOT | | | _::; | | | CoGeNT 1:3 0.12 0.36
I I | I I | CRESST 1:1 0.03 0.43
I I I I I | Combined 1:2 8.56 0.002
| | | | | |
| | | | | |
-3.82 -1.04
| | | | |
CoGeNT , ® , + | : . |
| | | | = | . .
| - . FORNF = CoGeNT and combined fit
= 51 = :_g g £ disfavour inelastic scattering
-3 s! &' |osaR 1§ '3 because the excess is in the
DAMA o | 8 | 8 | | 8 L8 |8 . .
8! S1og1 |08ty S 'S low energy region and it
g | o! XTI 1S o IS )
S AR 13 1T = prefers light WIMP masses
S | § I ® I S |§ IS
& S =2 1S IS %
1 | | L1 1 | | L1l 1 1 | |
-6 -5 4 -3 -2 -1 0 1 2 3 4 5 6
In B
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Parameter inference 3D: inelastic case
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Parameter inference 3D: isospin violating case
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Construction of DM velocity distribution (1)

>
min p@ B pDM(RG)

[ @ (' (#)) f(W'(t)) = F (¥, Bo)/po

DD depends on the distribution function (DF) at the sun position arising from the
WIMPs phase-space distribution  F (7, 7) d3r d3v

pou(7) = [ d*v F(7,7)

» DF obtained inverting the above equation
 Symmetries assumed: density profile spherically symmetric and f(v)
iIsotropic -> DF only function of the energy

.

Fle) = 1 [0 d?ppy AW 1 (dPD\I)

V/8m? a0 e—T ' e

e f(v) is a function of the gravitational potential (including baryon contribution)
e f(v) is a function of the DM density profile
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Construction of DM velocity distribution (2)

Spherically symmetric DM density _ 1000 -
pI’OfI|eS PDM — PDM(Cvir, Mvir) : mE
* NFW §
* Einasto 3
* Cored Isothermal ~
* Burkert 2
Q

0.00I 0.01 0.1 1 10 100
The profiles mostly differ near the galactic center, at the sun position they give r (kpe)

similar behavior for f(v)
In what follow only shown comparison between NFW and SMH

Likelihood for astrophysical observables (nuisance parameters for ALL EXP)

(vo = 5™)?  (Vesc — Tae)*  (bo — ﬁ%bs)2 (Myie — M3®)?

In Lastro == 202 B 202 B 203G B 20
Observable /Parameter Constraint/Prior Vese = V20 r=Ro
Local standard of rest vy =230 £ 24.4 km s™* quU
Escape velocity vg:.’j = 544 4+ 39 km s* o=\""4,
Local DM density pe =0.4+£02 GeV cm™ Tt
Virial mass M2 =2.74+0.3 x 10"2M, po = pom(Ro)

Concentration parameter (NFW, Einasto) ¢, : 5 — 20
Concentration parameter (ISO, Burkert) ¢, : 50 — 200
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For nested models with parameter priors separable the Savage Dickey density ratio
(SDDR) gives an analytical estimate of the effect on InB changing the width of the prior

38

marginal normalized prior density

computed at fixed value of ¢ 132-5 SR
R20° -——————
Eis | :
* 7 | |
B _ PO M) ! ]
10 — 210 | :
p(9*|d, M) S :
0.5 :
Q, i :
marginal posterior pdfs, computed 00 el

0.0 05 10 15

|
&
in

at fixed value of the parameters

Prior width
EXAMPLE
z. - InB of 1a:2a is now 3.11 instead of
S =0—0.5 5.21, still moderate evidence
In2% ~ 2.1
In By, = —1.06 - Results are robust from a Bayesian

point of view!



Velocity distribution from DM density profile
Assuming equilibrium between gravitational force and pressure:

symmetric DM density profiles that

] Eddigton formula for spherically
0 lead to isotropic f(v)

Fle) = 1 e d’ppy  dVU 1 dpD\I
V8r2 [Jo d¥? Je—T f

Poisson equation for the gravitational potential including contribution from the bulge and disk:

o (2 (1+(2)

My, €7/

d?¥ | 2d¥ (1) =
dfr2_ + ; E — —47TG[:0DM + Pdisk + Pbulge] disk 47T7’<2jisk r
pbulge("") - Mbulge(sg) (7'_')
The velocity distribution is translated to the reference frame of the Earth:
v(t)) 1 1
d3v’ f — 27 '1/ do’ 'v’/ da F(U, — —v?
'/U,>v1,nin 'U, p® v,>vx,nin —1 ( 2 2 ) — d‘Ij
Vo = —Tr—
dr B
2 | ]2
ve = |V + Ug | =02 +v3 + 2V'vg0,
Y Vesc = V2V
r=ILo

Ve = |Up + % ®,rot| = Vo + Vg, 1o COS 7y cos[27(t — t0) /T
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DM density profiles

. . Tvir 4
Ts(Mvir, Cvir) = Tv1r(Mv1r) Mvir =A4r 0 dr T2pDM (T) = gﬂ-rgir(scpcrit

Cvir

Cored isothermal

=0 (1) (14(7))

3
Jcpcrit Cyuir

3 lIl(]. + Cvir) - cvir/(l + Cvir)

e = e (2[() 1]

Navarro—Frenk-White (NFW)

Ps (Cvir) -

Ez.naSto ( ) 5cpcrit C?/ir[z—% exp(ﬁ)a%—l]—l
s(Cvir) = a
’ 3r(2)-r(5%)
r -1 r -2
pon(r) =ps (14 7) (1+7)
Burkert y ’ ) ’
cHeri Cyir
ps(cvir) - Pt

3 2In(1+cy)+In(1+¢2,) — 2tan~(cy)
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Theoretical predictions for elastic spin-independent scattering off

nucleus
Differential dR 06 3 da
s d
rate dE  mou /v e v v f (U( )
2
do _ Myo3 (SZ+(A=2)fn) F2(E)
dE  2u2v" f2
€2/q dR
£ =qE S(t) = Mgaetd dE e(qgF
() det £1/q (q ) dE
Modulated rate
1 E2/ax 1 [dRx dRx -
s = £ _¢, Xzzl;a,lwxfgl/qx dFE 5 -d—E(June 2) 7 (Dec 2)-

g . R(June2) — R(Dec2)
“% ™ R(June2) + R(Dec2)
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Drukier, Freese and Sperqgel ‘%6,

Signature of WIMP recoil in the detector Freese, Frieman and Gould ‘g%

In the Earth’s rest frame the DM velqcitY distribution acquires a time
dependence, which follows a sinusoidal behavior

June
WIMP Wind V) <—
T o

December

2-4 keV Bernabei et al. arXiv:1002.102§

DAMA/LIBRA ~250kg (0.87 tonxyr) ———>

v = 60°

Residuals (cpd/kg/keV)

effect of O(10%)
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1s there evidence for DM modulation in CoGeNT?

Comparison between 5 phenomenological models that describe a sinusoidal modulation:

R;(t) = U, (1 + S cos[2m(t — tpax — 28)/T])

Model Description Fractional Phase t,,.x Period T' Extra
modulation S (days) (days) params
0 No modulation 0 v=20,0
la Pheno-DM Sh?=0-0.2 152 365 v=12
55, =0
1b Consistent DM Gaussian, clipped at 0 152 365 v=13
(Sm 2 0)
Sl =0.098 £+ 0.021
52 =0.026 = 0.011
S3 = (0.37£36) x 1074
2a, Non-DM, annual 0—1 0 — 365 365 v=24
2b Non-DM, free period | 0 — 1 0 — 365 1—-366 v=23,5
60 - AFE; = 0.5 — 0.9 keVee ~AE; = 0.9 — 3.0 keVee- 60 AE3 — 30 — 4.5 kei/eéﬁ
.50 : 50,
%‘507 > < +
g | 2 5 [
< 40 Q & 10 + i
= = = 30? f ? % T
= S =
@) 3 o) o
© 30+ )
| ~ 20
20! N
0 0 100 500 0 100 200 300 400 500
t (days) t (days)
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Bayes factor

314 : 1

045 : 1
- PASCOS 2013
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o= [ p(t|Ho)
‘2= —2In E(i’?)
L L(9,9)

Classical Famvatues

probability of obtaining more extreme data than
observed assuming the null hypothesis is correct and
NOT probability for hypothesis

test statistics for nested models if
1. additional dof distributed as a gaussian
2. unbounded likelihood
3. all additional dof identifiable under the null

Ax?s relative to model 0
Model | Bin 1 Bin 2 Bin 3 All 3 bins

la 2.04 4.23 - 6.26
=008 =002 - o = 0.02
(v=1) (=1 (v =2)

1b 1.94 1.88 0.020 3.84

=008 =009 p=04 p=0.1
(v=1) (w=1) (w=1) (v=3)

2a 3.61 8.36 0.025 10.63
2b 3.70 8.87 10.88 10.86
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o= [ p(t|Ho)
‘2= —2In E({’ip)
L L(9,9)

Classical Fa-—-vatu,es

probability of obtaining more extreme data than
observed assuming the null hypothesis is correct and
NOT probability for hypothesis

test statistics for nested models if
1. additional dof distributed as a gaussian
2. unbounded likelihood
3. all additional dof identifiable under the null

Ax?s relative to model 0
Model | Bin 1 Bin 2 Bin 3 All 3 bins

la 2.04 4.23 - 6.26
©=0.08 p=0.02 - o = 0.02
(v=1) (v=1) (v =2)

@ 1.94 1.88 0.020 3.84
=008 =009 p=04 p=0.1

v=1) (=1 (=1 (=3

2a 3.61 8.36 0.025 10.63
2b 3.70 8.87 10.88 10.86
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Classical Fa-—-vatu,es

probability of obtaining more extreme data than

O = / p(t|Hp) observed assuming the null hypothesis is correct and
Fobs NOT probability for hypothesis
- . - test statistics for nested models if
Av2. = L(V*, ) 1. additional dof distributed as a gaussian
Xeff = —21n X A : :
_ £(1§’¢) _ X unbounded likelihood
3. all additional dof identifiable under the null
Ax?s relative to model 0
Model | Bin 1 Bin 2 Bin 3 All 3 bins
la 2.04 4.23 — 6.26
©0=008 =002 - 0 = 0.02
v=1) (=1 (v =2)
@ 1.94 1.88 0.020  3.84
=008 =009 pP=04 p=0.1
v=1) (=1 (@@=1) (¥=3)
2a 3.61 8.360 0.025 10.63
2b 3.70 8.87 10.88 10.86
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Classical Fa-—-vatu,es

probability of obtaining more extreme data than

O = / p(t|Hp) observed assuming the null hypothesis is correct and
fobs NOT probability for hypothesis
- L oa test statistics for nested models if
AvZ. = —921n L(V*, ) 1. additional dof distributed as a gaussian
Xeff = £05.9) % unbounded likelihood

3. all additional dof identifiable under the null

Ax?s relative to model 0

Chernoff’s theorem Model | Bin 1 Bin 2 Bin 3 All 3 bins
N la 2.04 4.23 - 6.26
_,(V = 0.08 = 0.02 - — (.02
Y ; <Z)p(xz Xeﬁ) (v=1) (v=1) (v =2)

@ 1.94 1.88 0.020 3.84
=008 =009 p=04 p=0.1

v=1) (=1 (=1 (=3

2a 3.61 8.36 0.025 10.63
2b 3.70 8.87 10.88 10.86
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Classical Fa-—-vatu,es

probability of obtaining more extreme data than

O = / p(t|Hp) observed assuming the null hypothesis is correct and
fobs NOT probability for hypothesis
- L oa test statistics for nested models if
AvZ. = —921n L(V*, ) 1. additional dof distributed as a gaussian
Xeff = £05.9) % unbounded likelihood

3. all additional dof identifiable under the null

Ax?s relative to model 0

Chernoff’s theorem Model | Bin 1 Bin 2 Bin 3 All 3 bins
N la 2.04 4.23 - 6.26
_,(V = 0.08 = 0.02 - — (.02
Y ; <Z)p(xz Xeﬁ) (v=1) (v=1) (v =2)

@ 1.94 1.88 0.020 3.84
=008 =009 p=04 p=0.1

v=1) (=1 (=1 (=3

2a 3.61 8.36 0.025 10.63
2b 3.70 8.87 10.88 10.86

4.3 C. Arina (IAP, Paris & GRAPPA Institute, UvA) - PASCOS 2013



Classical Fa-—-vatu,es

probability of obtaining more extreme data than

O = / p(t|Hp) observed assuming the null hypothesis is correct and
fobs NOT probability for hypothesis
- L oa test statistics for nested models if
AvZ. = —921n L(V*, ) 1. additional dof distributed as a gaussian
Xeff = £05.9) % unbounded likelihood

3. all additional dof identifiable under the null

Ax?s relative to model 0

Chernoff’s theorem Model | Bin 1 Bin 2 Bin 3 All 3 bins
N la 2.04 4.23 - 6.26
_,(V = 0.08 = 0.02 - — (.02
Y ; <Z)p(xz Xeﬁ) (v=1) (v=1) (v =2)

@ 1.94 1.88 0.020 3.84
=008 =009 p=04 p=0.1

v=1) (=1 (=1 (=3

2a 3.61 8.36 0.025 10.63
2b 3.70 8.87 10.88 10.86
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Classical Fa-—-vaiues

probability of obtaining more extreme data than

O = / p(t|Hp) observed assuming the null hypothesis is correct and
fobs NOT probability for hypothesis
- L oa test statistics for nested models if
AvZ. = —921n L(V*, ) 1. additional dof distributed as a gaussian
Xeff = £05.9) % unbounded likelihood

3. all additional dof identifiable under the null

Ax?s relative to model 0

Chernoff’s theorem Model | Bin 1 Bin 2 Bin 3 All 3 bins
N la 2.04 4.23 - 6.26
_,(V = 0.08 = 0.02 - — (.02
Y ; <Z)p(xz Xeﬁ) (v=1) (v=1) (v =2)

@ 1.94 1.88 0.020 3.84
=008 =009 p=04 p=0.1

=1 @=1) @=1) (=3

2a | 3.61 8.36 0.025 10.63
2b 3.70 8.87 10.88 10.86
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Classical Fa-—-vaiues

probability of obtaining more extreme data than

O = / p(t|Hp) observed assuming the null hypothesis is correct and
fobs NOT probability for hypothesis
- L oa test statistics for nested models if
Av2. = L(V*, ) 1. additional dof distributed as a gaussian
Xeff = —2 ln A A . .
£, 9) X unbounded likelihood
- TS & all additional dof identifiable under the null
Ax?s relative to model 0
Chernoff’s theorem Model | Bin 1 Bin 2 Bin3  All 3 bins
N la 2.04 4.23 - 6.26
v (V = 0.08 =0.02 - = 0.02
e ; (Z)p(x@ Xett) =1 (1) v —2)

@ 1.94 1.88 0.020 3.84
=008 =009 p=04 p=0.1

=1 @=1) @=1) (=3

2a | 3.61 8.36 0.025 10.63
2b 3.70 8.87 10.88 10.86
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Classical Fa--vaiues

probability of obtaining more extreme data than

O = / p(t|Hp) observed assuming the null hypothesis is correct and
Lobs NOT probability for hypothesis
- A test statistics for nested models if
2 L(9*,v) 1. additional dof distributed as a gaussian
AXeff — —2 ln ~ A . .
L(@ 2@) X unbounded likelihood
- T f( all additional dof identifiable under the null
Ax?%: relative to model 0
Chernoff’s theorem Model | Bin 1 Bin 2 Bin3  All 3 bins
N la 2.04 4.23 - 6.20
N 4 — (0.08 = 0.02 - — (.02
0 =2 @p(’“ Xett) (v=1) (=1 (v =2)
1=0 )
1b 1.94 1.88 0.020 3.84
=008 =009 pPp=04 p=0.1
o =1 (v=1) (¥=1) (v=3)
Rely on Monte Carlo simulation for 28, | 3.61 8.36 0.025  10.63
mapping the t statistic into p-values 2b 3.70 8.87 10.88 10.86
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Parameter inference: amptcmcié of
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Parameter inference: amptcmcié of
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Parameter inference: phase and period
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Lo&auj aniso&ropw DM veioc:i;&j

Ellipsoidal, triaxial DM halo model gives rise to a triaxial gaussian velocity distribution:

log, (') (em®)
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Background CoCGreNT

Priors on the fractional modulated amplitude pfedicted from configurations of DM mass and sigma that account for the
CoGeNT total rate R(t)=S5(t)+ B

% =C+ Aexp(—g/&])
Background:
1. does not modulate, included only for the total rate
2. constant + exponential background (mimic surface events) |2

—_ 0.4F :
N 90 dashed line: 12 GeV/c’, 1.5E-5 pb (CRESST like?) : Correction factor ]
o solid line: best WIMP fit from 2-D energy-time analysis 0 2ﬁ (W|“ improve with SfdfleICS)
o - circles: best fit to bulk events (pulser analysis) '
— 80
; 0005 - Al.O. - .115. P— .210. P— ‘215. PR
(V]
>
W 60

50 r

J. Collar talk @ TAUP 2011.
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CoGeNT total rate

l0g,,(c>) (cm®)

Model 1b: consisktent DM

Priors on the fractional modulated amplitude predicted from configurations of DM mass and sigma that account for the

R(t) = S(t) + B
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Rate [kg day keVnr]_1

Modulated Rate [kg day keVnr] !

5.0_]. 1.9 keVnr

0.5
0- .+.a-*. - .+_*- -+*-+*- - +.-*- - .# .....
=
-0.35 ‘ '
0 200 400 600
Days Since Jan. 1st
Recoil Energy [CoGeNT keVee]

0 0.50 1.21 1.85 2351 3.20
0.6} ]
04 i
0.2

0 _-_ — e ———
-0.21 . ] , , i
0 2.27 5 73 9.6 119
Recoil Energy [keVnr]

CDMS collaboration, Z. Amhed et al.,

arXiv:1203.1309 [astro-ph.CO]

® 214 kg days exposure

°requirement that event scatter only once in the

detector
* 5 keVnr as threshold
* No evidence for annual modulation

Amplitudes larger than
are excluded at 999% C.L.

n/2 (~Apr.1)

0.06 [keV,, kg day] *

32 (~Oct.l) D

49

C. Arina (IAP, Paris & GRAPPA Institute, UvA) - PASCOS 2013



