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Dark Matter Underground Searches - Silver Jubilee in 2012

oFirst publication on an underground experimental search for cold dark matter (Ahlen et al.
1987. PLB 195, 603-608).

http://www.pnnl.gov/physics/darkmattersymp.stm

Volume 195, number 4 PHYSICS LETTERS B 17 September 1987
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An ultralow background spectrometer 1s used as a detector of cold dark matter candidates from the halo of our galaxy Using a
realistic model for the galactic halo, large regions of the mass-cross section space are excluded for important halo component
particles. In particular, a halo dominated by heavy standard Dirac neutrinos (taken as an example of particles with spin-indepen-
dent Z° exchange interactions) with masses between 20 GeV and | TeV is excluded. The local density of heavy standard Dirac
neutrinos 1s <0.4 GeV/em® for masses between 17.5 GeV and 2 5 TeV, at the 68% confidence level,

Dark Matter Searches e ey s gy e e




*1986 operating a 0.8 kg Ge ionization 102
detector at Homestake Mine, SD (adjacent
to Ray Davis’s operating Solar Neutrino
Experiment)

33 kg-days

Sn K X-rays
210Pp y-ray

> Pb K X-ray
D
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Gaitskell (Graduate Work) Superconducting Nb Single Crystal Detector

o1 cmlong - 12 g - 250 eV Threshold - “One Careful Owner”
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Idealized Dark Matter Direct Detection Experiment

oA Simple Binary Indicator that only registers nuclear/Dark Matter recoil events
and nothing else - “Platonic ideal’
+\We almost have this in PICO (COUPP) bubble chambers
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Idealized Dark Matter Direct Detection Experiment

oA Simple Binary Indicator that only registers nuclear/Dark Matter recoil events
and nothing else - “Platonic ideal’
+\We almost have this in PICO (COUPP) bubble chambers

eHowever,

+\We will naturally be skeptical of the occasional events - do they fit the pattern
—CF3l nuclear recoil events were time clustered

+The absence of a dark matter beam off test means that it is particularly difficult to address the
possibility of misidentification of backgrounds/systematic

*S0 we require more information about each event
and for the detector response to be as homogeneous as possible

+\We also want to do physics with recoil energy spectrum / target dependence
+*Maybe we can return to the platonic ideal ... reduce competing backgrounds

Dark Matter Searches 8 Rick Gaitskell, Brown University, LUX / DOE



Reduction in Backgrounds

eElectron Recoil Events
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Thanks to David Malling, Brown, for preparing slide
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Recent Key Sensitivity Improvements

eSome targets have been scaling in size significantly

*Provides raw sensitivity for lower cross sections - Club Sub Zepto <10-4° ¢cm? (<1 events/kg/century)
*In 2 years sensitivity to 50 GeV WIMPs has improved by a factor 10. Recent LUX detector sensitivity ~10 / kg / Century

o[ ow Mass WIMPs - energy thresholds very important for sensitivity

*Improving energy sensitivity/thresholds
* Greater rate of sensitivity improvement for low mass WIMPs , all the way down to 3 GeV WIMPs

*Improvements => Potential Signals - seen in multiple detectors, motivated detector energy threshold reduction
*\We have re-spawned quite an industry - smaller mass detectors able to make interesting contributions

o\/ery Low Energy Calibrations (Electron Recoil + Nuclear Recoil) are being hotly pursued in a
range of materials
*Some calibrations are up-ending previous shibboleths
*Others are showing convergence in the understanding of response of specific targets

e|mportance of Background Calibrations/Discrimination with very High Statistics

+ Allows Convincing Use of Likelihood Models for Signal + Background
*Accuracy of Monte Carlos has become remarkable good
*But requires the right detector geometry/calibrations to be credible

e|mproving understanding of the detector response/physics of target material

*In 90’s/00’s we saw a lot of effort in phonon, quasiparticle, electron-hole
*In 00's/10’s have seen tremendous progress in photon/ionization, and superheated liquids
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Luca Grande / DM2014 UCLA

DarkS|de-5O F"’St ReSultS First results from DS-50

eThe DarkSide-50 has been operating @LNGS Liquir Scintilator

Water Tank sphere

since Oct. 2013 with all three detectors filled
*Ensure able to reject neutrons

eCommissioned using regular argon in order to
measure PSD performance

+Collect in a few days, the background from 39Ar
expected in few years of run with underground argon

*Results from 6 days operation

(a) Neutron induced ion recoils
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Darkside DS-50 Calibration

*Pulse shape discrimination based on the shape of primary light
*Nuclear recoil pulses are faster => F90 is larger ~0.7. Electron recoils F90 ~0.3

*39Ar intrinsic background used as ER calibration

+44 kg fiducial single scatters x 6.3 days = # of 39Ar events equivalent to 2.6 year exposure
with 1/200 th reduced 39Ar
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Luca Grande, DM2014/UCLA Conference
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LUX in Water Tank - First Run 2013
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LUX - Electron Recoll and Nuclear Recoil Bands

Tritium provides very high statistics electron recoil calibration (200 events/phe)
Neutron calibration is consistent with NEST + simulations

| I

(a) Tritium ER Calibration

log ; O(SZb/S1 ) X,y,z corrected

0 10 20 30 40 50
S1 x,y,z corrected (phe)

Gray contours indicate constant energies using a S1-S2 combined energy scale
LUX Dark Matter Experiment / Sanford Lab 14
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Slides from Lauren Hsu, Fermilab @ UCLA DM 2014

sidewall & surface events=
betas and x-rays from 21°Pb, 21B;,
recoils from 2°6Pb, outer radial
comptons and ejected electrons from
compton scattering

Lindhard nuclear-recoil energy [keVnr]
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Multiple Background / BDT

3

Input 1

102

Elnput 2

Modeled w/simulated Modeled w/ NR
data based on sidebands  from 252¢cf

|

2
&
3
5
3
£
2

Number of events
I

-
o

b2 and calibration rescaled for 10 ?
€ GeV/c? WIMP 8
2 102
(3 = E=
5 10 “é = 2_ -1 0 1 2
total phonon energy [keV] g I lonization energy [keV]
£
= 10—
1=
28 — 2
310" -1 05 0 0.5 1 §%Emput 4
s E Input 3 BDT score s E
E = g I
“ 10~ B WiMP (10 Geve?) * 10f-
i 0 sidewall *®Pb &
L B sidewall *'°Pb+*'Bi L
= 210 210 =
-0.2 0 0.2 04 - Face Pb+ B' 0.1 0.2 0.3
phonon z-partition B 1.3 keVline phonon radial partition
I Comptons

Dark Matter Searches 16 Rick Gaitskell, Brown University, LUX/ DOE



Neutron Conduit Installed in the LUX Water Tank - Fall 2012
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top hit pattern:
X-y localization
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lonization Yield Absolutely Measured below | keV,,, in LUX
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The Practical Matter of a Low Energy Rare Event Search

eDark Matter signals will be expected to appear first in the lowest energy bins of
an experiment that is still in search mode

eUnfortunately, that is also where the first indications that systematics are
starting to dominate

Thresholdinos

*You should be ready to be skeptical of the results from your uppermost and
lowermost bins of your histogram - Attributable, in spirit to Rutherford (I believe)

o[t is difficult to control systematics that may cause events to be in edge bins/tails
*This is particularly important when a result is dependent on subtle effects

eAnd we will need to push the detectors by another 10* before we reach the
Irreducible coherent scattering atm. neutrino backgrounds
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CDMS Il Si 2013 (140.23 kg-days in 8 Si detectors)

Unblinding Results - after timing cut

Data taken 2007/8
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Comparing Thresholds in Direct Detection Experiments

eThreshold Efficiencies as function of Erecoil and vmin . Mt is the mass of the target nucleus.

Comparison NR Eff — Gaitskell 140224 ; mW = 1000.0 GeV (Gaitskell 140224)
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Restate the Er value as the minimum WIMP velocity in Lab frame able to generate that recoil energy

(Mw-+mr)/(mw+mT)2 1/2 mw
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Sensitivity Compared using WIMP Velocity in Lab

o\WIMP Mass 1000 GeV

mW = 1000.0 GeV (Gaitskell 140224)
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Sensitivity Compared using WIMP Velocity in Lab

o\WIMP Mass 20 GeV

3 51e—3 , mW = 20.0 GeV (Gaitskell 140224)
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Sensitivity Compared using WIMP Velocity in Lab

o\WIMP Mass 6 GeV

Dark Matter Searches

3,51e'3 , 1 mW = 6.0 GeV (Gaitskell 140224)
T T T T I
ga— = LUX >3keVnr (2013
A oo | =y Ima
3.0t - : ol SuperCDMS Ge (20
. SH M I D D Dgpg(r) Ar-proj (3021 4)1 Y
! : 0.8 +
1 :: llllllll LlS
L \ .
m 2.5 : | .: -~ 07 [
— ! ! ': . \\
| 2 0- ] “ :: " \ Use SHM 0.6 |
oo Y, ‘1 (Simple Halo Model) i
27, T 1 05|
By 1 5 : ‘:: -
/S ! ] \\"". s
"’ | \ve
10 0a}
! ‘
i ' 02}
0.5¢! k)
" ?') 0.1
I N |
0.0 l 1 T l 300 200 500 660 7(1)0 800 900
0 200 400 600 800 1000 o0
| ..
v/km's LUX >3 keVnr - can see why the limit
Velocity distribution from of the sensitivity is ~6 Gey WIMP for
“WIMP physics with ensembles of direct-detection 2013 result because vmin is at tip of
experiments” AHG Peter et al. arXiv:1310.7039 SHM
25 Rick Gaitskell, Brown University, LUX / DOE



Further Threshold Improvements

oCoGENT

+Continue to reduce noise in Ge ionization detectors

eSuperCDMS “HV” would re-task its detectors to operate in high drift field mode

*Measure the e-h pairs using Luke phonons they generate in ~100V drift field

oXe TPC’s

+Improving Xe NR Calibrations at lowest energies ~1 keVnr
+S2-only operation

oAr TPC

¢ Threshold limited by ER discrimination, will continue to study
+Current project increase in energy threshold from 35->47 keVnr, DS-50 -> DS-G2
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WIMP-nucleon cross section [cm?]
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Low Mass WIMPs - Fully Excluded by LUX
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Blinding

*Blinding needed when there are concerns that analysis cuts will be “optimized”
subjectively
+This can cut both ways - leading to loss of events, or unwarranted confidence for a discovery

o[t is necessary where calibrations don't fully cover the response and so some average
characteristics have to be assume for background response

o|f we are able to calibrate all parts of the detector response at a level of statistics that
Is beyond the signal
*e.g. Intrinsic sources mixed with liquid targets are allowing this - every part of the detector is oversampled

*Blinding can be avoided - we should not simply state it is better
*|f we apply simple cuts,results insensitive to boundaries
+Use of Profile likelihood to input all aspects of background model - if well motivated and can be applied
simply. Again results should be insensitive to uncertainties in model.
*\We have to be concerned that blinding can induce overconfidence in ability to discover
new signals, since a conservative estimation of response will reward experiments with
WIMP candidates.

+This could be described as a WIN (better discrimination) -WIN (WIMP events, if not) which is undesirable
in blinding - what is the control for this?
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The Practical Matter of a Rare Event Search

oIn 28th year of searching - now at a sensitivity that 10° better than the first
round - we need detectors with a

L ow Sisyphean Index T

* They must want to work correctly / do so without misleading us / low
complexity - mustn’t roll back down the hill when we stop paying attention for a
moment

*And we will need to push them (pun indented) by another 10* before we reach
the irreducible coherent neutrino backgrounds

1 Experimentalist’s Perspective of the Technology itself, not the definition that the task can never be completed
Dark Matter Searches 30 Rick Gaitskell, Brown University, LUX / DOE




DARK MATTER LIMIT . . "
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Conclusions

oUS Selection Process of G2 “Generation 2” Dark Matter Experiments
*P5 has reported (+ve for G2 and G3), with US agency decisions to follow at end of June 2014

*Strong encouragement to US agencies to increase (double) the proposed project funds
* This would allow a more competitive program to be backed with multiple targets

oL ow Mass WIMP signal(s) - sensitivity has improved by two orders of magnitude since 2012
*Critically there has also been an improvement in our understanding of potential systematics in detector response

*This Focus - Has brought the best out of people. Yes, we are combative, but that is the spice that makes the best sauce,
and it has caused us to hone our arguments, and improve our detailed understanding of the detectors/backgrounds

*Calibration strategies that can provide abundant statistics, and have low systematic uncertainties are critically important

*\We have improved the sensitivity to 50 GeV WIMPs by over an order of magnitude in the last
two years
*|et us look forward to doing something similar by 2016

*The Spectre of Discovery is always upon us, and is a great responsibility
*Clearly, multiple detectors / multiple techniques will be required to build a robust case of discovery
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