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Bayesian inference and analysis method
P01 X)dO < L(X]0) - = (6)dd

| | |

Posterior probability

Pri
function (PDF) ror

- Marginalization over systematic and astrophysical observables
(integration over all the parameters other than WIMP mass and sigma)

Experiment Parameter Prior

All log(mpn/GeV) 0—3

All log(c>! /em?) —44(—46) — —38

DAMA gNa 0.2 —04

DAMA q 0.06 — 0.1

CoGeNT C 0 — 10 cpd/kg/keVee :
CoGeNT Eo 0 — 30 keVee SYSTemGT'CS
CoGeNT A 0 — 10 cpd/kg/keVee

Xenonl00 L.s —0.01 — 0.18

Experiment Observable Gaussian Prior

All Local standard of rest v$> = 230 4 24.4 km g~}

All Escape velocity v = 544 4+ 39 km s~ as’rrophysi cal
All Lc')c'al DM density p‘“’b = 0.4£0.2 GeV c¥n—3 par.ame.rer.s
All Virial mass Me>» =2.7+0.3 x 102M,

vIr

Posterior sampled via MCMC techniques
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Inference: results for DAMA/LIBRA and SMH

1D marginalized posterior PDF

quenching factors (nuisance) 2D marginal credible regions at 90 and 99%
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Varying astrophysics results for DAMA/LIBRA inference, NFW DM profile

- 1D marginalized posterior PDF quenching factors as SMH
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=
Preferred values for astrophysics: L
m =
obs __ +40 —1 i : : : : :
'UO — 220_20 km S 42 e S o rrreeeeeees e, e eeaeenn _
obs __ +19 -1 i : : : : :
Vooy = 58715 km s _ : : : 5 .
—0. -3 ! : : : : instetior p
p2* = 0.3870:13 GeV cm - § § z z é
o - | A SR . .............. .............. SETPERPR —
i . : . : DAMA
44 L1y Lo v v b v v v b v v v b e v by
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log 3 (Mpyy) (GEY)

- 2D regions at 90, 99% are larger than SMH case
- volume effect due to the integration over all possible velocities and density values of the halo at the Sun position
- same behavior for Einasto, Burkert and cored isothermal profile
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CoGeNT 2011

(data courtesy of CoGeNT coll.)

2D marginal credible regions at 90 and 99%
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- 3 nuisance parameters for background modeling

In Leogent = InLrr +In Lyr

- less affected by volume effects
- 2D region matches profile likelihood
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10g | 4 (Mpy4) (GEY) 109 14(Mpy,) (GEY)
Analysis of the modulated work in progress in mpy = 7.4 GeV
collaboration with J. Hamann, R. Trotta and Y. Wong 051 = 9.7 x 10~*cm?
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: : fCombined fit
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DAMA and CoGeNT, combined ft

2D marginal credible regions at 90 and 99%
-38

- quenching factor prefers now the value 0.57
(same behavior also for SMH)
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Averaged S, lepd/ke/keVee)

eped ke keVee

More on the combined ft

mpmMm = 7. (GGV)
05T =1.53 x 10740 (cm?)

gNa = 0.57 %+ 0.03

A =17%£1.1 (cpd/kg/keVee)
C =1.2+£0.8 (cpd/kg/keVee)
&y = 15.1 £ 8.9 (keVee)
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Bayesian evidence for evaluating the support for astrophysics

Z = / L(X|0)x(6)dP6

PM|X) x Z 1(M)

PMolX) _ 5 17T(Mo)
PMX) (M)

Bayes factor for model comparison

Empirical Jeffreys' scale for determining the strength of evidence

|In Bg1| Odds Probability  Strength of evidence
< 1.0 g 3:1 < 0.750 Inconclusive

1.0 ~J3:1 0.750 Weak evidence

2.5 ~ 12:1 0.923 Moderate evidence
5.0 ~150:1 0.993 Strong evidence

p(Mo) = p(M1) = 1/2

p(Mold) + p(M1]|d) =1
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Results from evidence calculations

CASE 1. individual experiment and SMH compared to NFW

Model O = DAMA + SMH

: In B()1 = 5.3
Model 1 = DAMA + NFW (nested in model O)
Model O = CoGeNT + SMH
Model 1 = CoGeNT + NFW In BOl =3.9

CASE 2: combined fit and SMH compared to NFW

log ZO:SMH = —99.87 +0.03
Model O = DAMA + CoGeNT + SMH
Model 1 = DAMA + CoGeNT + NFW log Z1—nrw = —68.25 = 0.03

lOg B01 = —32

- A single direct detection experiment does not constraint astrophysical DM models
- Combined experiments need astrophysical parameters for compatibility

C. Arina (RWTH-Aachen) - DESY 2011



Xenonl00: what about the compatibility with current exclusion bounds?

- 3 events seen, likelihood follows a Poisson distribution
- expected background of 1.8 +- 0.6, numerical marginalization

- considered Poisson fluctuation below threshold

ln Exenon — 1n »CEvents + ln LLef‘f

from arXiv:1104.2549
0'352_ X B 2001 i | | | _z
N o . 03F & Akmov00: =
- Scintillation efficiency is a systematic of the E 7 Aprile 2005 ] E
. 025 tl ihC%Clzz()%OQG o . v =
experimental set-up 4 gpF. ° Manur 2010 rj e | 4 P
- freated as nuisance parameter with truncated S TTE ™ Plante201] , ~ : mg% -
gaussian prior and marginalized over 013E 1 T 4 %I I . 3
0.1 = A ) _:
0.05F 1] | =
or 2 3 4 5678910 20 30 4050 100
S Energy [keVnr]
nr
S =12
ce (m — m)
Inly , =— 5
dS f dE dE X P(Sl|SI( )) 20771
1
PE‘:}mx dR
S — iwdetT Z (F
n=PEnin 1
’ dR| B dN
B
InLeyents =—S —B+3+ ) In + = +C
ven Z dSl B dSl i norm
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Xenonl00: what about the compatibility with current exclusion bounds?
2D marginal credible regions at 90% + 903%

-38
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-39 :
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E
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— -43
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109 1 1 (Mpy,) (GEY)
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Experimental excess + XenonlOO exclusion bound
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- for SMH the experiments are marginally compatible at 90% C.L.
- Varying astrophysics augments the compatibility between the exclusion bound and DAMA, CoGeNT
- the combined fit is compatible at 90% C.L. with Xel00 bound
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Summary

- Bayesian inference of Xenonl0O, DAMA and CoGeNT data for elastic scattering off
nucleus, with particular attention to the light WIMP region

- Marginalization over the systematics and nuisance parameters characteristic of
each experiment

- Inclusion of velocity distributions arising from DM density profile and
marginalization over astrophysical variables

- Astrophysical uncertainties can not be yet constrained by direct detection
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Back-up slides
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2D region for SMH, all experiments

l B> DM 90%
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Varying the velocity distribution

dR_ Po 3,d0 I £(2
dE ~ mpy f> T AN

min

Velocity distribution at the Sun position

pom(T) = / d*v F(7,7) ~ f(W'(®) = F(®, Ro)/pe

po = pom(Ro)

- Spherically symmetric halos produce isotropic velocity distribution
- Considered as example the case of the NFW density profile

Vo — ,l—)ObS 2 Vose — ’l_)esc
lIlLAstroz_( 02 20 ) _( 202 o 202 T 9 2
Tvo e Tpo " Mo g = 230 + 24.4 km s~
| | | | v =544 £ 39 km s~
- Astrophysical variables are nuisance parameters with a . 5
obs __ -
gaussian prior centered on the measured value pe" =04£0.2 GeV cm
- Marginalization over astrophysical uncertainties b 12
g Py M =2.74+0.3 x 1012M,

C. Arina (RWTH-Aachen) - DESY 2011

15



- 3 events seen, likelihood follows a Poisson distribution
xenonloo - expected background of 1.8 +- 0.6, numerical marginalization

- exposure of 1481 kg days
- energy range from 4 -> 30 PE
) + Cnorm
0

+ B dNpg
B dS,

3 dR
In Levents = —S — B+3+§jln 1q
1

(m — m)?

202

m

lIl EL('ff - =

Lo (E) = Let(E), E > 3 keVur,
eff (L) = max{m/[ln(E /keVnr)—In3|+0.09, 0}, 1< E/keVnr < 3

S :
S1(E) = Leg(E) L, E =~ conversion between keVnr and PE
ee
PE‘::mx dR
S = Mg T Z —
t n=PEnin dSl )
dNp/dS; = 0.069/(1481 kg days)
dsl /) dE dE X P SllSI(E)) Chorm = 2i-12.3 In(MgeT')

All the likelihoods are normalized such that In £ = 0 if the background matches
exactly the number of observed events
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Xenonl0O0: results of bayesian inference for the 2D marginalized credible region at 90% C.L.

Data are not constraining therefore the upper bound

depends on the prior choice
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ZD credible regions for NFW density profile case

-38

@ DAMA go/o

@ DAMA 99%
e CoGeNT 90, 99 %

— CDMS335i90, %
Re100904 %

Preferred values for the

astrophysical observables
: ._ : . L | vo (km s™1) Ve (kms™!)  pu (GeV em™)

- E | : __-----'“"'--—-. : DAMA | 220+ 558+19 0.37+015

- : | —— : CoGeNT | 21975 559 + 17 0.37+0-20
-42 b s s s s s s s s 3 .............. . ]I R LR R EEERE R ............ — CD.\ISSi 218i—}‘; 560-&19 0.361-3(‘-]3

- : : 3 : : ; Xenonl00 | 21975 559 4 18 0.3710:8
43l U L S . S _

- ; Y -

L . ' -

L NRW profile L : AT

! : ; S e A - Volume effect due to
-440 L1 1 1 UIS L1 1 1 1| L1 1 1 1 IS\NI I | 2["'" ‘ L1 1 2|5 L1 1 1 3 mC(r'glnCllIZClTlon over

l0g 1 (Mpy) (GEV) astrophysical variables
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CoGeNT 2011 (SMH)

Germanium cryogenic detector
detector mass 0.33 kg

live time 442 days

total exposure 148.56 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

lnﬁw}zz—%——; 20__3
> ' ' ' | ' 1 AFE; (keVee) S, (cpd/kg/keVee)
: : 0.9
Y] S SSTRT S—— T e 0.0—-0.9 1.10 £0.39
| v 0.9 —3.0 0.60 £ 0.12
Lo R 3045 007209
Ng -41 o ............. .............. ............. ........... 05
0 e [ : : : : : mpwm 7.5%x1.1 (GGV)
_ : : : : 04 o5l (1.8540.12) x 107%°(cm?)
-42-_ ........... ............. ............. .......................... s 50 15.51 + 8.6 (keVee)
: C 1.41 £ 0.76(cpd/kg/keVee)
asl T— S b e lemecd |02 A 1.62+1.30(cpd/kg/keVee)
| . : . Co§GeNT2011 - 01
_ : : ; Total + moc:!ulaned rate dB
DY N B N B B B 0 1 &i+1 dB
0 05 1 15 2 25 b, = — —d —=C+A —&/&
109 15 (Mpyy) (GEY) Ab ~[-‘:i d€ ¢ d& exp( / 0)
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CoGeNT 2011 radioactive peaks

Element | £, (keVee) | o, (keVee) | 71/, (days) | Ny
BAs 1.414 0.077 80. 12.7
68Ge 1.298 0.077 271. 638.9
%8Ga 1.194 0.076 271. 52.8
657Zn 1.096 0.075 244. 211.2
6Nj 0.926 0.075 5.9 1.53
96,98 0.846 0.074 71. 9.44
Co 0.846 0.074 271. 2.59
B Fe 0.769 0.074 996. 44.9
5Mn 0.695 0.073 312. 21.1
S1Cr 0.628 0.073 28. 2.93
Wy 0.564 0.073 330. 14.9
gn‘.ax
P4, (Emin, Ema) = /g ™ Gaussian(€, &, 0,)d€
In 2 In 2
DA(ty,t2) = (exp(———t1) — exp(———t5))
T1/2 T1/2
N{it (gmim gmaxa tl) tZ) — IVOPr‘id (gmina 8max)DA(tla t2)
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Velocity distribution from DM density profile

Assuming equilibrium between gravitational force and pressure:

F(e) = and spherically symmetric DM

1 [ ¢ d’ppy d‘I’ 1 (dpD\I)
’ density profiles

\/87['2 dW?2 VE — \/>

] Eddigton formula for isotropic
0

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

pou(r) = ps (%)_1 (1 + (;)f NFW

d?0 24U Myis, € "/Tdisk
+ ——— =4~ G[pDM + Pdisk T Pbulge] paii(r) = AMrgiac T

dr?2 rdr ‘s
pbulge("") - Mbulge(sD)(’r_')

The velocity distribution is translated to the reference frame of the Earth:

W 1
/ d3,Ul f('U (t)) — 27.‘.’051/ d’l)/ ’U,/ do F(\IIO . 1,02)
v >v’ ! v > 2

| Y i dv
min min /UO — 8
dr .
2 |y |2 —
ve = |V + Ug | =02 + v} + 2050,
Vese = V 2V B
Ve = |Up + v ®,rot| = Vo + Vg, 1o COS 7y cos[27(t — t0) /T r=Ro
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Results for various DM halos
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. -2 events seen, likelihood follows a Poisson distribution
CDMSGe analysus - expected background of 1.38 +- 0.38, analytical marginalization
- exposure of 1063.2 kg days (all runs combined)
- energy range from 10 -> 100 keVnr
- used spectral information

dR BdNp
In £CDI\/’ISGC =-5S—-—B+2+ Z In ( + = ) + Cnorm
4 \dE; B dE
£ 5, OB
11

(dR B—angB) , 1 dNg
i=1,2 '

+

I dE, B dE,

e ! N | | |
: : : Posterior pdf

995%  AxZ; = 7.4

log o (2 em®)

Chorm = Zz’:l,‘z ln[MdCtTE(qu)]
El,2 - 123, 15.5 keVnr

logl y(Mpy,) (GeY)
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CDMSGe low energy analysis

- 2-100 keVnr energy range

- 462 events combined into 16 bins

from 2 -> 10 KeVnr and 9 from 10 to 100 keVnr

- 214 kg days

<@ DAMA 90%
23 | =D DAMASD%
y | ' | <= CoGeNT 90,99%
’35 : | =5, COMSGe 904,99 %
_ {f § | CDMSGe(LE) 90%
agl b e S COMS Si80,%
- : i : _ Xe10090.%
i § s g
= : : :
L . . .
a:c : .
K z s z z
o : : : :
L=, . : : :
42l SRUTRTR 5.t N T O Rtk
i ; v % g\ ; e
f A L L e
z ¥ ARG ;
. : - SN :
43l SO oo \“ U U i
; vy ; R : o
: \ : c™ :
: ot _
. i 5 N i . swH
-44 1 1 1 1 I I 1 1 \l I‘-.-.i' o el el _-i ] -I 1 1 I 1
0 0.5 1 1.5 2 2.5 3
log 1[](mDM]u (GeY)

g (E) { mg(E),

from arXiv:1011.2482

4 6 8 10

Event rate (keV_lkg_lday_l)

Recoil energy (keV)
L e o ;[. dddend
2 5 10 15 20

Recoil energy (keV)

Nbin (S’i _ §0bs)2

In L = —
CDMSGe(LE) ; 952

Si =

E;+AE; /2 dR
AE

— E
~AE; /2 dE + ms( )]

E > 5 keVnr,

0.1 x 10el(E/keVar)=5] = 9 « E/keVnr < 5

(a—a)°
202

InL,, =—

prior range flat over:

—0.60 — —0.18

Angf < 4.6
905%
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CDMSSi dﬂdlYSiS - 2 events seen, likelihood follows a Poisson distribution
- expected background of 4.4 (Be = 0.8, Bn = 3.6)
- exposure of 65.8 kg days
- energy range from 10 -> 100 keVnr

In ‘CCD.\'ISSi(ZIS) B) =-S—-B -+ 2 + 21n (S'_;l})
00 ) ! ! ! 1
LEbumssi(2]S) = /0 dB Lepwssi(2]S; B) p(B) oo i 03
Axgﬁ' S 4.2 07
S <33

logl, o (e em)

0.2

Analytical marginalization over the background:
1 (B — B)?
p(B) = exp [— ]

2 - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Vo2 20'5 0 0.5 1 15 2 25 3
\/ B 1091 (Mg ) (GeY)

Btop=44+0.6,

-40.1

o2 +(S+B-
In Lo oo = — — B+7+2+ln[ (Z 7b)°
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Statistics

Praar (01, ooy 0] X)) o /dwl...dwm POy, ... Oy, yens | X))

Eprof(X\Ql, coes Qn) X wrlnazgc £(X\91, .o s On, wl..., me)

Axﬁﬁ(mnm, UTSLI) =

2 lIl ,Cpmf(mDM, O'n )

PM|X) x Z 7(M)

SI

- Occam's razor effect for nested models is controlled by the volume of
parameter space enclosed by the prior distribution for the new
parameters

- The evidence for the more complicated model will be larger only if the

quality-of-fit increases enough to offset the penalizing effect of the

Occam’ factor

p—value Biyp InBjy sigma category

0.05 2.5 0.9 2.0

0.04 2.9 1.0 2.1 ‘weak’ at best
0.01 8.0 2.1 2.6

0.006 12 2.5 2.7 ‘moderate’ at best
0.003 21 3.0 3.0

0.001 53 4.0 3.3

0.0003 150 5.0 3.6 ‘strong’ at best

6 x 10—7 43000 11 5.0
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DAMA

log ZO=SMH = —9.47 4 0.02
log leNFW = —14.74 £ 0.03
log ZQ=IS() = —18.00 = 0.03

Nbin (31: _ gObS)2
7

In Loama = — Y 502

1=1 (]

logt, 5 () (em?)

-38

-42

43

-44 1 1 1 1

Pfosnen'or pdf

DAMA

1 i 1 1 1 1

log 4 (Mpy,) (GeY)

2.5

09

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1
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logt, 5 (™) (em?)

-38

42

-43

-44 1 1 1 1

In BOl = 9.3

Profile likelihood

: : : © DAMA
1 I 1 1 1 1 l 1 L 1 L I L 1 1 1 l L L L 1

1 1.5 2 2.5 3
l0g 4 (Mp,) (GeY)
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04

0.3

0.2

0.1
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Differential rate

E =qF

Modulated rate

1

Ea — & X=Na,l

S

E2/q 1| |
> wx/ dE 5 %(June 2) dftx (Dec 2)

R(June2) — R(Dec2)

S m% —

%™ R(June?) + R(Dec2)

dR_ Po 3 ,do W
dE  mom /> Az v W)

min

dO' o MN’O'TSLI (pr+(A—Z)fn)2

AN — 2
dE  2upv”? Iz FE)
£2/q dR
t) = Mg T —
S( ) det gl/q dE E(C_IE) dE

€1/ax ! dE
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