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Weak Interaction Discussion Group
History

® | was around for the founding WIDG

® | think | gave the second WIDG ever on the
Klapdor OvBB claim in January 2005

® 8 out of || slides were all text

® This is my 9th
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We think dark matter exists
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So what is it?

Particle Physics

L I ] 1 L J 1

A sampling of
avallable dark
matter candidates

|

neutrinos WIMPs:
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KK photon
branon
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1 KK graviton

1071071071010 10" 10”7 10% 10° 10" 107 10°

mass (GeV)

Wednesday, May 7, 14



WIMPs not necessarily related to
supersymmetry

® Dark sector could be as complicated as standard model

® Searches not limited by expectations from SUSY models

Unknown coupling b en SM and DM

Dark Sector

Multiple dark matter states likely with

Mp ~1 GeV
Standard Model

at least some of them being low mass
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How do we find it!?

® Indirect - detect annihilation products from regions of high density
like the sun or the center of the galaxy

N R
- -

Fermi bubbles, courtesy of NASA
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How do we find it?

® Indirect - detect annihilation products from regions of high density
like the sun or the center of the galaxy

® Accelerators - create a WIMP at the LHC

® Missing ET and monojet searches
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How do we find it!?

® Indirect - detect annihilation products from regions of high density
like the sun or the center of the galaxy

® Accelerators - create a WIMP at the LHC
® Missing ET and monojet searches

® Direct detection - WIMPs can scatter elastically with nuclei and the
recoil can be detected
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The differential cross section (for spin-independent interactions)
per kilogram of target mass per unit recoil energy is

dR_ P0 (70A2 2 f(V)
10 mX>< 2 XF(Q)X/VdeV (1)
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The differential cross section (for spin-independent interactions)
per kilogram of target mass per unit recoil energy is

dR __Po O'()A2 o f(V)
dQ_mXX 212 ><F(Q)></ Tdv

Vm

(1)

Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty
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The differential cross section (for spin-independent interactions)
per kilogram of target mass per unit recoil energy is

R _ 2 f(v)
dQ_mXX xF(Q)x/Tdv

Vm

(1)

Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty
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The differential cross section (for spin-independent interactions)
per kilogram of target mass per unit recoil energy is

R _ : f(v)
dQ_mXX ><F(C?)></Vm7dv (1)

Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

The nuclear part, approximately given by F?(Q) x e~ %/ where

80
QO ™~ m |\/|eV
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The differential cross section (for spin-independent interactions)
per kilogram of target mass per unit recoil energy is

dR—&x ><F2(Q)></

dR f(v)
dQ = m, v ()

Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

The nuclear part, approximately given by F2(Q) «x e~ %/ % where
Qo ~ % MeV

The velocity distribution of dark matter in the galaxy - of order
30% uncertainty (not-statistical), and v, = /Q/2m?
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The energy scale

® Energy of recoils is tens of keV

® Entirely driven by kinematics, elastic scattering of things with
approximately similar masses (100 GeV) and v ~ 0.001c

1 1
ém,\,v,%, = 5 x 100GeV x 107° = 50keV

O ,
’ 2
hd
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How do we find it!?

® Very low rate process (~events/year)

R(cts/10kg/yr) for 10* cm?, 100 GeV

]

e Rate depends crucially on WIMP mass and threshold
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How do we find it!?

® Very low rate process (~events/year)

R(cts/10kg/yr) for 10+ cm?, 10 GeV

Knowing your energy scale
and efficiency at threshold
are cruciall

e Rate depends crucially on WIMP mass and threshold
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The canonical plot

X ENON100 (2012)
- Observed limit (90% CL)
Expected limit of thisrun:

+ 1 o expected

+ 2 o expected
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® Limited at low mass by detector threshold
® Limited at high mass by density
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The canonical plot

X ENON100 (2012)
- Observed limit (90% CL)
Expected limit of thisrun:
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Phys. Rev. Lett. 109, 181301 (2012) WIMP Mass [GeV/c]

® What happened to “weakly” interacting?

® Mediation via Z was excluded long ago (~10-3? cm?), but only
now are we probing Higgs exchange
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So we look for WIMPs

® A few hundred just passed through us,and we might expect a
handful of counts in a detector per year
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So we look for WIMPs

® A few hundred just passed through us,and we might expect a
handful of counts in a detector per year

® The problem is that background radioactivity is everywhere!

|00 events/second/kg =

3,000,000,000,000 events/year
S 1-800-420-3881 in a ton-scale experiment

Air Quality Control g
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Backgrounds!
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Background sources

® Cosmic rays are constantly streaming through

® All experiments have to go underground to get away
from cosmic rays
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Background sources

® Cosmic rays are constantly streaming through

® All experiments have to go underground to get away
from cosmic rays

® Radioactive contaminants - rock, radon in air, impurities

® Emphasis on purification and shielding
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Background sources

® Cosmic rays are constantly streaming through

® All experiments have to go underground to get away
from cosmic rays

® Radioactive contaminants - rock, radon in air, impurities
® Emphasis on purification and shielding

® The detector itself - steel, glass, detector components
® Self-shielding to leave a clean inner region

® Discrimination - can you tell signal from background (gamma
rays, alphas, neutrons, etc)?
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Bulk electron recoils
Surface electron recoils
Nuclear recoils

recoil energy 10-100 keV
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Background sources

® Cosmic rays are constantly streaming through

® All experiments have to go underground to get away
from cosmic rays

® Radioactive contaminants - rock, radon in air, impurities
® Emphasis on purification and shielding

® The detector itself - steel, glass, detector components
® Self-shielding to leave a clean inner region

® Discrimination - can you tell signal from background (gamma
rays, alphas, neutrons, etc)?
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Chicagoland Observatory for
Underground Particle Physics (COUPP)

[Some debate over the pronunciation (should the Ps be silent?)]
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Chicagoland Observatory for
Underground Particle Physics (CCGUPP)

[Some debate over the pronunciation (should the Ps be silent?)]
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PICO/COUPP fast compression bubble chamber

Water
(buffer)

® Pressure expansion creates Synthetic
superheated fluid, CF3l or Csfg silica jar

® | for spin-independent

. Propylene Glycol
o [ for spin-dependent (hydraulic fluid)

® Particle interactions nucleate
bubbles

< to piston/ pump

® Cameras see bubbles

' Y\Mearl expansion tihe, 39.0°C <

® Recompress chamber to reset

33.5°C!
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Elapsed Time (seconds, linear in each region)
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Why bubble chambers!?

® By choosing superheat parameters appropriately (temperature
and pressure), bubble chambers are blind to electronic recoils
(10-'° or better)

® The probability for gamma interaction to produce a bubble:

] CFSI (various) *
) _CF3| fit

5 Cst (various) |
—Cst fit

Probability

6 8
Threshold (keV)
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Why bubble chambers!?

® By choosing superheat parameters appropriately
(temperature and pressure), bubble chambers are blind

to electronic recoils (10-'° or better)
® Jo form a bubble requires two things

® Enough energy

® Enough energy density - length scale must be
comparable to the critical bubble size

Wednesday, May 7, 14



Why bubble chambers!?

21 -'F]D e
a-recoil .=

CF3|, T =40°C

10 3 10? 10° 10°
energy (keV)
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Why bubble chambers!?

® Easy to identify multiple scattering events

| 4
e Easy DAQ and analysis chain N N
® Cameras
® Piezos

® No PMTs, no cryogenics
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Why not bubble chambers?

® Threshold detectors - no energy resolution

® Harder to distinguish some backgrounds, less information
about any potential signal

® Alphas (several MeV) were a big concern
® Energy threshold calibrations are hard and important

® Bubble chambers are slow - about 30 s of deadtime for every
event

® QOverall rate must be low
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About those alphas

® Discovery of acoustic discrimination against alphas by
PICASSO (Aubin et al, New |. Phys 10:103017, 2008)

® Alphas deposit energy over tens of microns

® Nuclear recoils deposit theirs in tens of nanometers

® |n COUPP bubble chambers, alphas are several times louder

Observable bubble
~IMT

50 nm ¢

Caughter heavy nucleus  Helium nucleus
(~100 keV) (-5 MeV)



The PICO program

® COUPP4:A 2-liter chamber operated at SNOLAB from 2010-2012
o COUPP60: Up to 40 liters, running at SNOLAB now

® PICO-2L: Refurbished COUPP4 with CsFg, filled in October, 2013

® PICO-250L:Ton scale detector in G2 DM competition, at SNOLAB in 2016
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COUPP4 at SNOLAB

® First run at SNOLAB: About 140 live days of data, with 79% acceptance
after all cuts
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COUPP4: Acoustic discrimination

® Better than 99.3% rejection against alphas at |6 keV threshold

® Limited by statistics, and backgrounds

AmBe data sample
— WIMP search data

1 '« Acoustic

' cut, 96%
", acceptance
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This is what dark matter would
sound like

0.2,

015’ - 2 a0 2B b PR A B R B DR RLIR ) (O N 2R T h RP AGran  gn i Ae TY L WA ; ., 4

‘ \»\‘U W W; pVA ““‘NW UR

--—WMM' \,/J \.“0‘#[-”"*"1 r’ﬁ”‘nfﬂ\l‘l }" ﬁfM*\ﬁ \"‘! &V\

Wednesday, May 7, 14



This is what dark matter would
sound like
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This is what an alpha sounds like
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This is what an alpha sounds like

l|

6

| 1” fll i l' i J} i Sujld ‘
LML%“ ’%IMMU' q lr | i W

Wednesday, May 7, 14



Both together, just to hear the
difference
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COUPP4: Results and sensitivity

® 20 WIMP candidates (6 at 8 keV,
6 at | | keV, 8 at |16 keV)

® 3 multiple bubble events imply
neutrons
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COUPP4: Results and sensitivity

® 20 WIMP candidates (6 at 8 keV,
| ‘ 6 at || keV, 8 at 16 keV)

® 3 multiple bubble events imply
neutrons

® U, Th in the piezo-acoustic
sensors and the viewports
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COUPP4: Results and sensitivity

® 20 WIMP candidates (6 at 8 keV,
| ‘ 6 at || keV, 8 at 16 keV)

® 3 multiple bubble events imply
neutrons

® U, Th in the piezo-acoustic
sensors and the viewports

® Remaining excess of singles at
_— low threshold

® Time clustering

® Correlated with activity at
water-CFsl interface
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COUPP4: Results and sensitivity

® Given uncertainties on backgrounds, no background
subtraction: PRD 86:052001 (2012)
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COUPP4: Results and sensitivity

® Given uncertainties on backgrounds, no background
subtraction: PRD 86:052001 (2012)
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COUPP60

® Engineering run at shallow site in 2010

® | ow backgrounds and acoustic
discrimination
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COUPP60

® Engineering run at shallow site in 2010

® | ow backgrounds and acoustic
discrimination

® Fluid darkening due to photodissociation
of iodine

® Excessive surface rate
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COUPP60

® Engineering run at shallow site in 2010

® |Low backgrounds and acoustic -
discrimination ———
® Fluid darkening due to =N - .\ 3
photodissociation of iodine = r— 12\
® Excessive surface rate : =
|
T
: : : e
® |Improved purification and chemistry, el
tested in November, 201 | ‘ ——

® Moved to SNOLAB beginning summer of
2012
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COUPP60

® Filled with 36.8 kg of CF3l at end of April, 2013

® First bubble observed on May |(radon decay)

® Physics data started June |3



COUPP60

® Collected >2700 kg-days of dark matter search data
between 9 and 25 keV threshold

® Good live fraction > 80%, no darkening

® >|500 neutron source events from calibration runs
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COUPP60 - the data

® Position reconstruction working
well

Preliminary  X-Y

® (Clear set of events on surface
and hemisphere

® Not a background, and rate is
under control

Preliminary

16 250
14 200
150
12
100

50

0

-50
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COUPP60 - the data

Preliminary

— AmBe neutron source

® Acoustics are working
200/ I | well

< 150 o T | ® Calibration data show
S | a narrower
€ 100 R I B VO distribution than
3 SR COUPP4
RNt W SN ¥ S iy

® Alpha discrimination still
very strong

N

: : : >
/4'-“*; -r.
\/\\\% j

o

| — Alpha, 12000 < R* < 16000
| —Neutron, 12000 < R? < 16000

Timeouts
1 I 1 1 1 1 I

10°
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® Analysis still under development

® Good news:

® Bad news:
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COUPP60 - the daa

® Analysis still under development

® Good news: Zero multiple bubbles, no

neutrons. Limit on neutron rate is factor 6
below observed rate in COUPP4

® Bad news:
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® Analysis still under development
® Good news: Zero multiple bubbles, no

Y "'t‘.!f; n'r' '| !' ,‘ef” | ' _‘ >
neutrons. Limit on neutron rate is factor 6 " - ’ %'7'_;’ Z
below observed rate in COUPP4

® Bad news: Population of events that sound like
nuclear recoils but are clearly not WIMPs

® Silver lining:
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COUPP60 - the dat

® Analysis still under development
Good news: Zero multiple bubbl.es, no .‘ ‘&“'ﬁ(”‘"" LRIy
neutrons. Limit on neutron rate is factor 6 e
below observed rate in COUPP4

® Bad news: Population of events that sound like
nuclear recoils but are clearly not WIMPs

® Silver lining: statistics - we can actually stud
them in detail
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COUPP60 - the data

® Jemperature dependence - more ® Spatial dependence - looks
specifically,a dT/dt dependence temperature-related to me

T in glycol

(not to scale)

T in water
(not to scale)

Rate

(not to scale)

Cumulative livetime in days
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COUPP60 - the data

® (lear shift in acoustics relative to neutron calibration data

® Developing more advanced acoustic analysis that shows much better
discrimination on a subset of data
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PICO-2L (COUPP4 redux)

® Alternate fluid - remove the iodine - CsFs

® | ower threshold (down to 3 keV in test stand)




PICO-2L (COUPP4 redux)

® Why CsFs again! Excellent gamma rejection at a
lower threshold

] CFSI (various) *
) _CFSI fit
5 Cst (various) |

—Cst fit

Probability

6 8
Threshold (keV)
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PICO-2L (COUPP4 redux)

® Alternate fluid - remove the iodine - C3Fg
® | ower threshold (down to 3 keV in test stand)

® |mproved sensitivity at low WIMP mass

® |Improved SD sensitivity

® First effort in concert with the PICASSO
collaboration

® Chamber filled in October, 2013
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PICO-2L
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PICO-2L

Run: 20131110 0 Event: 26 Event Time: Sun Nov 10 01:56:21 2013

PEARLLLE B0t sl Savgn ¥ e

® 26 bubble event from AmBe neutron source!
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PICO-2L

== AmBe neutron source

i ‘«— Neutron events
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Alphas from

® Acoustics from commissioning data (with neutron source)

® Radon injection at start of run provides some alphas in

our neutron data set
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PICO-250L

® Straightforward scale up of existing PICO-2L and COUPP60 detectors

Begin with C3Fg to maximize leadership

°
&
potential (Spin-dependent and low
masses)
® Retain flexibility to respond to

developments in the field

Slvs. SD

l09100sD

log100s;
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PICO-250L

I ® Funded by NSF and DOE as part of G2
Il Dark Matter (big showdown in February)

® Engineering well underway

® Construction 2015-2016?

—
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Projections

C\,II_I
&
2,
C
o
o
O
>
c
| -
0]
o
c
o
i—
(&)
4]
7))
n
(%]
@)
S
&
c
@)
]
@)
S
o
Q
n

10°
WIMP mass [GeV/c?]

Wednesday, May 7, 14



Projections
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Dark Matter Searches: Past, Present & Future

® Edelweiss '98

® Oroville H_M '04
o

® Homestake
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Conclusion

® Dark matter searches are making fast progress (indirect, accelerator
and direct)

® PICO is producing the best direct detection limits on spin-dependent
dark matter

® PICO bubble chambers are competitive for spin-independent searches
(particularly for light dark matter)

' . ‘i,/,“ y
o P

/) ' : . - 3 | A
i MR : ' e
Wednesday, May 7, 14




SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

10—39 v¥ , COMS-Il Ge Low Threshold (2011) | 10_3
CoGeNT
_40 (2012) l1n-4
10 CDMS Si 10
(2013)
— _ 20‘\2) _
& 1074 R J SIVMPLE ¢ 0 —107°
< 10-* N 7EPE ’G\G @00 - 107°
\
= ~43 COM> q 012 _7
§§ 10 Jorom Q2= 10
= 0D
_ SoudZs= ORERE0 - o o
@ 10 a4 DMz — . D aﬂf‘é\g © ’&b;g\_ 10 8
S e Neutrinos ERENISS BN N Renrmeme = T 00 picOB
c 1074 T B IR T B NO e = 110-9
8 ””GYG ‘\l\,s—-/ /___.-s'('e'(\()ﬂ sz _____
- Sup=- // """" Da(\&_s_@-e- """ -
S10% WSS ST ’ '/,\,,Z,/’ 10-10
= L RTEET T e e
a 10°% e o 101
> e cRNG
= 48 S -12
(\NO -
= 10 o= g e 10
i an
_ nerc a 3
10 49 \ — ’p:r\’\osp -10 13
10_50 ‘ ' Lo L 0—14
10 100 1000 o

WIMP Mass [GeV/c?]

Wednesday, May 7, 14



