Searching for signals
from the Dark Universe:
recent results from DAMA

> 9% of the Universe is dark
What is the nature of our Universe?
What is the future?

Roma2/Roma/Beijing R. BERNABEI




The WIMPs

Relic CDM particles from primordial
Universe

® in thermal equilibrium in the early stage of Universe

° non relativistic at decoupling time
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° expected flux: @ ~ 107 -
® form a dissipationless gas trapped in the
gravitational field of the Galaxy (v ~ 1072 ¢)
..... searching for a candidate

® neutral, stable (or with 1 ~ age of Universe) and
massive particle

— the most favoured candidate ...

° MSSM +SUGRA
“ R-parity conserved — the LSP is stable
* LSP=y
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= spin 1/2 - Majorana LSP
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relevant diagrams for cross section on ordinary
matter:

a) coherent contribution:

higgsino-Zino mixture: gecA2

b) spin-dependent contribution:

higgsino component: ¢ o AZJ(J+1)

¢) spin and coherent contribution




The WIMP wind

Direct detection mainly
° by elastic scattering on target-nuclei
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Energy spectrum
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¥g = Earth velocity in the galactic frame

WIMP velocity distribution = )
Maxwellian with cut-off at v..,. .| ,f( \

and \rﬂ:’\/%v,..md.: 220 km js ."ll
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measured quantity: Er in the keV region
(quasi-exponential behaviour)
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Intrinsic uncertainties
when comparing exclusion plots
from different experiments

* the same carefull knowledge and control of the “physical”

energy threshold and of techmical gquantities such as
quenching factors, semsitive volume, efficlencies, energy
calibrations, ... ?

? stabflity with time of all these quantities (ako for expts
measuring only counting rates) at the same level of

accuracy?

? the same carefull knowledge and control of the quantities

invoived in recoil’background discrimination and related
efficiencies? use of Montecarlo subtraction 77?2

* umcertainties in the astrophysical parameters
? uncertainties in the form factors

® uncertainties in different contributions from possible

systematics and their proper “handling”, mainly when
different techniques are nsed

efr. elc. elc. efc.

+ to compare experiment with different target nuclel scaling
laws to cross section on proton are necessary

L

% mo discovery pontentiality (ako in case of discrimination

comcurrent processes from neutron, end-range alphas, etr.
are nndistinguishable and reliable ways to handle that do
not exist!)

4

a signature is needed




DAMA exclusion plots
90% C.L.
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A signature Is needed !

* Comparison of the results from different
experiments.

(SI: R=<AZ: SD: Rc.:c;l.ﬁ_‘[[_]q]; <Er> = f(M ) for each My}
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* Directionality.
Correlation of nuclear recoil track with the Earth’s galactic
motion due to the distribution of WIMP velocities

Jewy hand To uolize

* Diurnal modulation
Daily variation of the rate due to different Earth depth

sk s ouly for heph €

* Annual modulation of the signal
annual variation of the rate due to Earth motion around the

i Th“«fg Mm



Identifying signals
from the WIMP wind

In practice only one signature can be exploited:
the annual modulation of the rate

Vil = v+l kmis

{Sun velocity In the halo)

‘:J.ukm-t Yorh = M kmis
y o {Farth orbital veloeity around the Suni
< &
232 ks Sun Y = '3
Earth o = 2T with T=1 year
to = 200 June

when Vi i5 al maximum)

change in dER along the year because of the yearly motion of the
Earth around the Sun moving In the Galaxy:

Vall) = Vi + vy, cosycos[@(t-ty)]

‘rﬂ;{.!-_!
Tt )= g =Ny+Ancos[®(t-ty)]

with 1;=1.05 and An= 0.07 — large mass needed

Expected rate in_given energy bin at time t of the year:

dR ;
SO | gg, dEr=Siin) +m‘L Ancos[a(t-to)] =
C 0

AEy

= Sy k + Sy, k cos{m(t-1p) ]
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Is the annual modulation
signature
well distinctive?

1) Modulated rate according 10 cosine function
2) only in a defined low energy range

3) with proper period (1 year)

4) with proper phase (about 2 june)

5) for single hit events in a multi-detector set-up

6) with modulated amplitude in the region of maximal
sensitivity s 7%.

YES!

J

To fake this signature, the spurious
effects and side reactions must satisfy
contemporaneously all the 1 to &
requirements




Scintillators as
target-detectors

* Known technology

« Cost/Mass relatively low

 Large mass — suitable statistics for
annual modulation

o Statistical discrimination of recoil
nuclei e.g. in Nal(Tl) and LXe

* A large set of target-detectors nuclei

* Sensitive also to spin-dependent
interactions




DAMA ACTIVITIES
@LNGS

Recent References
« ~100 kg Nal(TI)

PLB389 (1996) 757; PLB40R (1997) 439, PLB424 (1998) 195; PLB450 (1999) 44%;
N.Cim.ALLZ (1999} 545; PRDG1 (2000) 023512; PRLE3 (1999) 4918, N.Cim. A1 12 {1999)
1541; ROM2F/2000-01 and INFN/AE-00] To @ppegs eu PLE

* ~6.5 kg LXe
N.Cim.C19 (1996)537; PLB387(1996) 222; PLB436(1998) 379; ROM2F/2000-05

* CaF2(Eu) + by-products + others

Astrop, Phys 5(1996) 217; Astrop.Phys. 7(1997)73; N.Cim.Al110 (1997)189;
PLB408(19971439; Asirop. Phys. 10 (1999} 115; NPB546 (1999) 19; PLB460 (1999) 235;
NPB363 (199%) 97; PRCG0 (1999) 065501; PLE465 (1999), 315; ROM2F/~9/32




The ~100 kg Nal(Tl) experiment

Unique in the world for exposed mass

The Nal(T]) crystals..... the installation and ..... the glove-box for calibration

It
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Ox9.70kg Nal(Th (WIMP exp) + 4x7.05kg Nal(T1) (old
SIMY exp) 1n sealed Cu box Mushed with [11” Na from

bottles

Reduced standard contaminants (e.g. U/Th of order of ppt)
by malternal selection and growth/handling protocols.

Lach detector coupled - through 10em long light guides - 10 1wo low
background EMI9265B53/T1.3" diameter PMTs working in
comneidence (zelected materais).

Low Radioactive Shields: 10em of high radiopurity copper inner;
13cm of very low radioactivity lead outer; | .3mm Cd foil and
polyethylen paraftin for newtron shield.

Further exlernal sealing of the shield from environmental air.

Installation with conditioned temperature.

Calibration in sealed environment using the upper glove-box:
no air pollution + in the same conditions as the production
rumns.

Smgle PMT working at single photoelectron level.
Usual software energy threshold: 2 keV.

Pulse shape recorded over 3250ns by a 200 Msample/s
Transient Digitizer.

Monitoring and control of several stability parameters.

Control and alarm system continuously operating by sell-
controlled computer processes,

Data collected from low energy up to MeV region, despite
the hardware optimization was done for the low energy.




Energy scale monitoring

Calibration stability control mainly
by “!“Pb(*) peak (46.5 keV) each ~ week:

E‘Eﬂk position and energy resolution.

! Mainly extemal contamination at beginning
of the storage underground

ok 2 Am source (59.5keV)
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* Using the sealed glove-box: 7 sources down to keV range
through low Z MIB window on detector housing + keV range
"Compton" electrons

* Hardware threshold @ single photoelectron level

* 5.5 - 7.5 photoelectrons/keV
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Residual noise rejection
above software energy threshold

In our Nali'Tl) sef-up:
= Absence of microphonic noise.
» Photoelectrons/keV from 5.5 to 7.5 (depending on the delector)

« Scintillation pulses time distribution with T of = 240 ns.
» PMT noises: fast single photoelectrons with T of order of tens ns.
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— PMT noise rtjet.laﬁle by the study of pulse profile recorded by TD.
Several variables can be built from the considered low energy data (2-20 keV)
1 greject noise from scinBullation pulses, such as e.g, '

2-2 0 Kelr PRopucTiol Daia

x1 expected values: close to 0 for noise and close Lo =017 for scinbiliation pulses
x7 expecled values: close to | for noise and close o =0.5 for scintillation pulses




Typical energy spectrum

The DAMA/Nal-3&4 running periods
* The 9 Nal(Tl) detectors all together

* Single-hit events — low energy Compton events and
X-rays/Auger electrons correlated with higher energy

escaping y's vetoed by the close detectors (impossible
when a single detector is used).

* Never used neutron source in the set-up.

* Electronics optimized and environmental background
contributions well reduced.

DAMA/Nal-3+4
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Discussed in the seminars at CERN by R.Bermabei on april 1999;
Beyond99; included in the paper N.Cim.A112(1999),1541; energy

spectra [3,6]keV on PLB460(1999),236 and up to 500keV on
PROCAGD(1999) (065501,




The running periods
for annual modulation search

period

statistics
(kgday

references

DAMA/NAI-1 3363.8 winter
2 PLBA4Z4 (1998), 195
1185.2 sommer
DAMA/Nal-2 14962
T PLB4S) (199, 440
of J:II
DAMA/Nal-3 224585
- INFN/AE-00/81
middle August — to appear on PLB
end of September
DAMA/Nal-4 16020 3
~ middle October .
— second hall of -
August
Total statistics 7086 idem

+ DAMA/Nal-0

(properly included
in the final result)

limits on recoils
fraction by PSD

PLB3&% (1996), 757




Model independent result

from DAMA

« 4 yearly cycles
« Exposure of 57986 kgday

o« Residuals of rate vs time

- Low energy region: 2-6 keV interval
Zero of the time scale:

Residuals {cpd fxg fke\)
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1) tp = 152.5 days (fixed)

January 15t of the first year of data taking
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w2(A=8)/dof = 48/20 (P =4 x 10-9)
0

2) T = 1 year (fixed)

A = (0,02220.005)cpd/kg/keV ﬁ_{'l] 02220.005)cpd/kg/keV
T = 2nfw = (1.0020.01) years = (144%13) days
x2fdof = 23/18 '_:Hinl.' - 23/18




Residuals vs time

Residual; = <rjjk - flatjz >

© ihe average is made on all the detectors (i umd -
all the 1 keV bins (ki which constitute the

consicered enerev ipteryal.

i e 4 o8 I
. r]'}k i ke Take By i Consicgeyed) o a0 giine anterva] Tog

the j th defector in the k' energy bin

. flﬂtjk Is the rate of the j 'h detector in the k th

energv bin averaged over the cyeles,




Residuals vs time

Presence of annual modulation in the low
energy counting rate

(see "“*Residuals vs time®")
==

Stability controls

No modulation in the:
- parameters (as T, Rn, ...)
- electronic noise
- background
- energy scale
- efficiency

+ they fail some of the & requirements

(see “‘Stability control™)]

oo

Side reactions

No one found able to give the observed
modulation and to satisfy the 6 requirements

(see later)]

| Compatibility with presence o
WIMP in the Galactic halo




Investigation
on possible systematics
and side reactions
for the new
DAMA/Nal-3 and DAMA/Nal-4
running periods




The stability control (1)

* Several parameters monitored and acquired by CAMAC to
know the set-up working conditions
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* Sizeable temperature variations could cause (PSA not
used!) only small light response variation: average

slope of the light output ~ -0.2%/0C in our operating
temperature range.

— modulated amplitude (T and ¢ as for Wimp):
(0.021 £ 0.046) °C DAMA/Nal-3
(0.064 + 0.058) °C DAMA/Nal-4 — consistent with zero

* Detectors excluded from environmental air! + time
correlation analysis of the external Radon level with

time — modulated amplitude (T and ¢ as for Wimp):
(0.14 £ 0.25) Bg/m® DAMA/Nal-3
(0.12 £ 0.20) Bg/m* DAMA/Nal-4 — consistent with zero

I_,Nu “onnwnw In THE PAEAEET!E&




The stability control (2)

* Distribution of total hardware rates of the 9 crystals
over the single ph.el. threshold (that is from noise to
"infinity''):

shows a cumulative gaussian behaviour fully
accounted by expected statistical spread arising
from the sampling time used for the rate

evaluation.
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(0 = 0.6% for DAMA/NaI-3 and ¢ = 0.4% for DAMA/Nal-4, values
in agreement with those expected on the basis of statistical arguments
+ no evidence of time modulation of RH has been found)
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HE spectrum stability (3)

I -Rates at higher energy (above 90 keV), Rog:

a - Rog percentage variations with respect to their mean
values for single crystal
— cumulative gaussian behaviour with o = 1.3%
(DAMA/NalI-3) and =1% (DAMA/Nal-4) - fully
accounted by statistical considerations
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-1 -ams o any 0 -1 —Qbs. @ 458 o)
(Ry = Fg ]/ hig (R = T i R

b -Fitting the behaviour with time, adding a term
modulated according to T=1 year and tg = 152.5 day
(as for Wimps) one gets as modulated amplitude
Rgp = (-0.11 £ 0.33) cpd/kg for DAMA/Nal-3
Rop = (-0.35 £+ 0.32) cpd/kg for DAMA/Nal-4

— consistent with zero + if a modulation present in the whole
energy spectrum at the level found in the lowest energy region
— R9p ~ tens cpd/kg — -~ 100 o far away

2 - Focusing the attention on an energy region nearer to
the one of possible signal (10-20 keV), the
modulated amplitudes: A = (-0.0044 = 0.0044)
cpd/kg/keV for DAMA/Nal-3 and A = (-0.0071 *
0.0044) cpd/kg/keV for DAMA/Nal-4 are found

— they can be considered statistically consistent with zero.

Lv Ne Mosucation In The Bacxeroumo




The stability control (4)

 Relative variations of the energy calibration factors
(tdcal) from the 219Ph peak - without applying any
correction - for all the 9 detectors during the whole
DAMA/Nal-3 and DAMA/Nal-4 data takings

Py =iy
)

(] E

e i A
L T O g i -iI L
=0 N L= n.os ol =01 =0:F o 0.0 nA
[ederi —eanals ) S g = fldezl €l b el

gaussian behaviour with g =(0.95+0.04)%

Uncertainties on tdcal for each detector <1% within

each =7 days period — Negligible effect because of the

routine calibration corrections and energy resolution at
low energy: overall additional relative energy spread <3

10-4 @ 2 keV and <3 10-3 @ 20 keV
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The efficiency stability

% keV 65 different sets; AE=2 keV: crystals together.

(2-414+(4-6)1+(6-5) keV o i E—ﬁ—
n | |
« DAMA/Nal-3: } Il
41 different sets ! \
st ;L@. i J 0=0.6%

* DAMA/Nal-4: _
24 different sets | l Fome ohoc

_\ o= 0.5%

L i i -
" fi—c;ﬂffn

i)FF and G as for WIMP:

Energy Modulated
amplitude
DAMAHEI 3 + 4
T 24 keV | (10s10) 107
"_‘hﬁ kﬂ’ xi}q.1+ﬁm H’I‘-r.-_
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Level of known systematic
uncertainties

* Temperature variations
<< 0.1% random variation in the Mght response along the
year + calibration and emergy resolution + time
correlation analysls pgives modulated contribution
compatible with zero

e Radon variations

Detectors excluded from emvironmental air. Moreover,
time correlation analysis gives modulated contribution
compatible with zero

* Energy calibration
Uncertainties negligible with the respect to the energy
resolution at low energy: overall additional relative

energy spread <3 10-4 @ 2 keV and <3 10-3 @ 20 keV
« Efficiency

ot LA T all detectors in 2-8 keV
<E> ™

* Background variations
i} No evidence of modulation in total hardware
rate above single photoel. (no noise modulation);
if) No evidence of modulation in rate above 90keV,
R90< 0.3 cpd/kg;

iil) Sy compatible with zero above the first pole of
the Helm FF;

|
even if larger cannot satisfy

all the 1 to 6 requirements
of the annual modulation signature




"Side reactions"

* They must simulate the WIMP signal features:
yearly modulation of "single hit" rate with 1y and only
in the lowest energy region.

* Up to now not suitable candidate found:
MACRO g modulation:

“ all the needed requirements not satisfied
” expected modulated amplitude << 10~ cpdkg/'keV

??Suggestions??




...while collecting further statistics

for the annual modulation studies...
ROMZF/99/26 b apg. v N. Cim. A UL (19)5()

* Investigation of possible rate diurnal modulation

in.the DAMA/Nal-2 data: 14962 kg day
Z
PL Daily variation of the
5 rate due to different
%o Earth depth crossed by

WIMP. Appreciable

only for high op

candidates
|50 DETEC T Mg
Ripc

To test the possibility of a high o, relic
a component with small halo fraction E<10?

+ "Sidereal time” vs “0";

& B Gron Sosso
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g 2.5 & 745 10 125 15 175 20 225

Sidereal Time {h)




Limits on halo fraction (&) vs op
plane for SI coupled candidates for
EET’Erﬂl Mn-

* Slanted lines: best existing limits on Eop,
* Dashed regions are excluded by the diurmal variation analysis

* Dotted regiuns are allowed by the annual modulation analysis
[

el 3
102 \\\

ROM2ZE/O9/26

M. Cous. A
uz s s

I M =b00Gey M,=1000GeV

in-ld [ L 1 1A 1 |r 1 1
ot o 1ou el qpE e o0 T

7, (pb) 7, (pb)
* Absence of rate diurnal variation in DAMA/Nal-2
excludes the presence of:

- high cross section Dark Matter particle
component (with small halo fraction)

- spurious effects correlated with the diurnal
sidereal time.

(similar conclusions when correlation
analysis with solar time is used)




CONCLUSION #1

presence of modulation with the proper features
for a WIMP induced effect
+
absence of known sources of possible systematics
and side reactions able to fake this modulation

L5

presence of a WIMP contribution to the
experimental rate is candidate by these data
independently on its nature and coupling with
ordinary matter

4,

At this point one can 1nvestigate a possible candidate
= for that a model is needed as well as an

effective energy and time correlation
analysis strategy




Analysis strategy

MAMIMUM LIKELIHOOD METHOD:

— studying the differential energy spectrum with AE=1keV
(best compromize between an high S/N and available statistics)

FORMULATION:
¢ grouping the events in cells of 1 day (i), 1 keV(k) for
each detector (j) : Njjx

® Compare the Nijk with the expectations:
Wijk = (bjk + S0k + Sm,k cosa{ti-tp}) M; At AE gk

bijg = time independent background
Sk = "-;:ﬁp SFI,MMW}
Sm,k = £0p S, k( M)

- p‘*t 1 " - i
‘E"_IL.“}ET."I::IIIJ' : 8" according o standard hiypholeses)

° Minimize the function:
. M
L Hige "1

y = - 2ln(l.) - cons with [ =Tl e T
Niig !
° Final results by minimizing y with respect to o,

My, bjis (remind always AL = JTkeV [)
GOODNESS OF THE METHOD:

—>» exiracls a possible signal in encrgy bins where the
sensitivity 18 maximal (generally at lower energy) +
consistency in higher energy bins (where a possible signal is
fallen down) offers a further strenght to the result,

— does not requires any a priori choice of the most sensitive
energy interval.




New results: DAMA/Nal-3&4

* Framework: SI candidate; standard astrophysical parameters
(e.g. vo=220 km's), detecior parameters included; standard
scaling law for cross sections; Helm SI lodine form factor;
bijk=(}; Mw>30GeV to account for results al accelerators

I ﬁEﬁmmtal _"Gi'ik <> Bijk expected [rom the model

running statistics My Egp C.L.
Eerind {ku d) (GeVv) {ph) lm.l.r}
DAMA/Nal- 3363.8 winter
1 + cqgt3s +0.1 -£| 90
PLB424 | 11852 summer g 10, 0
(1998),198
14962
DAMA/Nal- from middle go*t 2 (7.0" ¢.4 ) 10°%]98.5%
4 november 1o the =14 =
B4 S &
1995).445 | SUDSCquent july
= e L —_|
DAMA/Nal- 22455
i [rom middle R T it W 1 i
EOM2 Fi2000-4 1 Augnst 1o T g RSO s
wlf;:;.:l;ﬂt;.f{tﬁ end of September
DAMA/Nal- 166320
4 middle Oclober 14*32 |1'f|.‘5‘+3'g}£lil' BlU2. 8%
ROMIF2000.814 { second hall of =l 228
INFN/ A E-040041 Y
it appear oo PLE Angusl
..'D_E E T T T 1
' {5 = ! 3
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o DI £ =
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1073 &~ =
o =4 3
» : 3
st 1078 2 : . 9e¥% cL
E S T E
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DAMA/Nal-3 & 4
statistical evaluations

1) Maximum likelihood ratio:

DAMA/Nal-3:
(-2 InA) = 5.67 is asymptotically distributed as a 32

DAMA/Nal-4:
(-2 InA) = 3.23 is asymptotically distributed as a x2

— in favour of the hypothesis of presence of

modulation with given £op, Mw at 98.3% C.L.
and at 92.8% C.L. respectively

2) z-test:
Nk
—tr (PDP)
Hijk
(Similar conclusions obiained with other chosen variables)

- N number of considered {ijk} bins (d.o.1.).

- z variable would be a ¥2/d.o.f. for sufficiently large Nijk
which is not always the case here.

- expected distribution of the z variable by a MonteCarlo
code (simulation of 104 independent experiments with the
same statistics as each one of the considered periods)

3 - 1 *
using the variable : e :.E[Z(;Am_ ~ N |+2Ng In
i

- DAMA/Nal-3: z = 1.036 when using the best fitted values
- DAMA/Nal-4: z = 1.009 when using the best fitted values

— 2z MonteCarlo distribution gives a probability of
19% and 99.8% to get worse z value




GLOBAL ANALYSIS

* bramework: SI candidate; standard astrophysical
parameters (e.g. vy=220 km/s); detector parameters
included; standard scaling law for cross sections; Helm
S1 lTodine form factor; bjx=0; Mw>30GeV to account
for results at accelerators

H. experimental Nijjg < ik expicted from the model I

running period | statistics My Ecp C.L.
!kE d) 1GeV) ipb} Hm.l.r)
DAMA/Nal-1
to o +10 +0.4 40
DAMA/MNal-4 | F708¢ | 520y |(7.205 7, )10®
4
_————————— e e

DAMA/Nal-1
to 12 ~4 0 y
DAMA/Nal-4 | ° 236 | 44" | (5.421.0)10¢ {<-"‘<

T :
constraint
Irom
DAMA/Nal-0*

* It completely accounts for all the DAMA results on
P ]

WIMP search: constraint from exclusion plot of
DAMA/Nal-0 (FeD)




Result
with the Feldman and Cousins
approach
(standard assumptions)
DAMA/Nal-0 to 4

« Allowed at 3 ©

* v, = 220 km/s
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My = (43"5) GeV,
£0p = (5.4+1.0) 106 pb
at ~4 g C.L.




Extending the DAMA/Nal-0 to 4 region
by accounting for the .,uncertainties

® vqg = 220 km/s (dotted)

* vy = (220350 km/s (90% C.L.) {continuous)
{ ¥ese = (5502100} km/s (90% C.L.) = negligible effect}
at lo C.L. 30 GeV < my < 105 GeV

* Including possible Dark halo rotation  {dashed)
at o C.L. 30 GeV < my < 132 GeV
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A similar analysis was performed for DAMA/Nal-1&2:
PR D61 (10D#) 023512




Accounting for
further uncertainties
can enlarge
the allowed region

* example:
the lodine Form Factor (by Helm)

Q EG ] 1540 *K 250 a0 Pt} A
Fr {iee]

e.g.: varying the standard values of the FF parameters
by 20%:

1 - the region moves toward larger My and lower op

2 - the S5,(2-6 keV) increases of =15%




CONCLUSION #2

The comparison of the experimental data
with the model for
a spin-independent coupled WIMP
with mass larger than 30 GeV (such as the
neutralino) allows to put it as a candidate for the
observed effect

1

Is a neutralino with mass and cross section
in the region presently allowed by DAMA of
cosmological interest?

= (from A.Bottino et al.)
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Conclusions

* A WIMP contribution to the measured rate is candidate by
the model independent residualks and by the investigation of

kmown somrces of systematics
*The global full correlation in terms of a Si
candidate with mass > 3 GeV favours the modulation at ~

40 C.L. (+ shown by Bottino ef al. a ¥ in the DAMA allowed
region will be of cosmological interest)
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investigation on other possible uncertainties on the astrophysical,
nuclear and particle physics parameters in progress (e.g. FF)
—+ it could enlarge the allowed region.

\)

¢ data taking in progress

* new electronics and DAQ installation on
July 2000 (exploiting further peculiarities)

* fulfil the present installation up to 250 kg

— wait for more




