Whither WIMP Dark Matter Search?

Pijushpani Bhattacharjee
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Dictionary meaning of Wimp: (Mariam-Webster’s Online Dictionary):

. A weak, cowardly, ineffectual, timid person (Americanism)
Origin: around 1915 - 20; source: unknown

Example:
Schwarzenegger calls members of Congress ‘wimps’

— Los Angeles Times, 27 October 2010

2. Wieakly) I(nteracting) M(assive) P(article)

Origin: 1985 - 90; Source : Physics.
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Parameters of the Universe
Best fit model for flat ACDM model

Planck 2015
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TT+lowP+lensing
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1.04103 + 0.00046
0.066 = 0.016
3.062 = 0.029
(L9677 + 0.0060

67.31 £ 0.96
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03150013

67.81 +0.92
0,692 £ 0.012
0.308 £0.012

Flat ACDM provides an excellent fit to Planck data

No compelling evidence for extensions

Percentage level precision on most parameters
n, significantly different from 1
Reionization: T significantly lower than before

General good consistency between temperature, polarization and lensing

results
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F. Zwicky, "Die Rotverschiebung von extragalaktischen Nebeln",
Helvetica Physica Acta 6: 110-127 (1933)

F. Zwicky, "On the Masses of THEN ig&gﬁi}ggi};m{ogi}jAL
Nebulae and of Clusters of ASTRONOMICAL PHYSICS
Nebulae", Astrophysical
Journal 86: 217 (1937) VOLUME 86 OCTOBER 1937 NUMBER 3

iy o o e M alaXle ON THE M OF NEBULAE AND OF
i Lo e CLUSTERS OF NEBULAE

= L2 - T T ABSTRACT
N~ 10t* A7

inciple of p
The

— Radial velocities of galaxies in the Coma cluster are too large for the galaxies to be bound in the

cluster with the known "visible" mass of the cluster.
Note: Zwicky used (wrong!) Hy = 558 kms~! Mpe~! (as measured by Hubble!). Correct result

*'ll'Jr'i'-.:-n'_il. cluster ™ 'E'[];l'f'-.'i.-:il:-lr-
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Also, earlier Oort (1932) ...

BULLETIN OF THE ASTRONOMICAL INS'I“%T LTS
QOF THE NETHERLANDS. '
1932 August 17 Volume VI.

COMMUNICATION FROM THE OBSERVATORY AT LEIDEN.

The force exerted by the stellar s_vste%n in the direction perpendicular to the galactic
plane and some related problems, by F /. Oorf.

center of galaxy
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Galactic scale Dark Matter seriously studied only begining early 1970s: Vera Rubin: Rotation Curve of

Spira

Circular Rotation Speed: v2
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Evidence for nonbaryonic cold dark matter

Dark matter is non-baryonic

GALAXY FORMATION More than 80% of all matter

does not couple

Matter fluctuations uncoupled to the to the primordial plasma!  spss
plasma can gravitationally grow into

galaxies in the given |13 Gyr

Dark mu’f y

Baryon
Acoustic
Oscillations I

-~ | No dark
\ maltter
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Matter-Radiation
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(amplitude of fluctuation)?

Paolo Gondolo, AAPCOS 2015 SINP

T=1.28 eV T=0.26 eV T=0.2348 meV
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Colliding Galaxy Clusters
“Bullet Cluster”

-
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Colliding Galaxy Clusters

Galaxy Cluster MACS J0025.4—-1222 -
Hubble Space Telescope ACS/WFC Dark matter
found via gravitational lensing

- Chandra X-ray Observatory

(Stars in) galaxies
visible in optical

A Presence of DM at 7.6g
Absence of lag between stars and D

Fdrag /TTlDM ~ (O-DM /TTZDM) VT ODM laxies-gas)
O-DM mDM < O°47cm g — 0°83 barn GeV bserved_offset between various components o:;ﬁiiture Ij((:J
(95% C.L.) Harvey et al, Science (27 March 2015

10/51

Sg) :

(galaxies-dark matter) T
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Dark Matter in the Galaxy

Rotation Curve
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Dark Matter Density near the Solar System
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Read at IDM 2014
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Pijushpani Bhattacharjee

Candidates of DM:
No lack of options!

Theories of
Dark Matter
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Scattering Cross Sections

s +
» Hidden sector particles
* Dark photons

neutrinos  WIMPs  Sterile neutrinos
neutralino .
KK photon * Asymmetric dark matter
branon =
LTP

axion 4 axino
SuperWIMPs :

l_ gravitino
KK graviton

15 12 2

L TR IO ¢ L | (L (R, L TR O 3 & B33 ‘45 18
10 10 10 10 10 10 io 10 10 10 10 i0 10 10 10 1D
mass (GeV)

WIMP: Weakly Interacting Massive Particle
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The WIMP Miracle'

DM must be , and can have only very
with SM particles

Clustering on (sub)Galactic scales =>" , l.e.,

hence non-relativistic
=1 Weakly Interacting Massive Particles (WIMPSs)
In the sufficiently early universe, WIMPs would be in

thermal equilibrium due to thermal production by

collision of, and Into, SM particles:

In thermal equilibrium, (2) o (m)i% 2 ,—m/
s/ eq T
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The WIMP Miracle ...

I B i, = 12 < OV >anpX 1T°TP

Sl o< 10, < ov >,nnox TP [p = O0(1) for s(p) wave ann

But expansion rate sl 5o gt some T=T_f, at which

The species “ "or"” " and leaves the exponentially
falling abundance curve

Present -day abundance:

-
L=

Relic density (a. u‘)
& : \

=20 |
1 3 10 30 100 300 1000

(Kolb & Turner) *™™T  (Time —)
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The WIMP Miracle ...

WIMP abundance today:

Q, h2 ~ 0.1 ('“‘ .8

._.I :";l:.l:. b
. ) - ].':..:l_;:_':, corrections

Typically, o ~ a2/ m, ~ 1078 GeV ™2 ~ 4 x 107 3% ecm? (with & ~ 1072 m, ~ 100 GeV),

and {v) y ~ 0.25¢c. Also, h ~ 0.7.
Thus, if there is a WIMP, it is the natural DM candidate! (“*WIMP miracle™)

WIMP annihilation into SM particles = WIMPs must also have some (weak) interaction (albeit small)
with nuclei, via crossing symmetry = Direct detection of WIMPs may be possible.

Also, WIMPs captured within astrophysical bodies (e.g., Sun) would annihilate == annihilation

products (e.g., neutrinos) may be detectable.
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Some numbers

opm = 0.3 GeV em 3

100 GeV
o & 3000 [ ——2 ) mo
mMmpwMm

Typical speed ~ 300 km/s. Thus, about 10 trillion DM particles
will have passed through your body during this presentation!
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Direct Detection of WIMPSs

/|

Drukier & Stodilsky (1984); Goodman & Witten (1985); Primack, Seckel, Sadulet (1988)
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neutraling «

T Eiﬁkmf\ -
k)

Tacoil

E== C{ 10kea'V)

Event rare :

For a single detector nucleus, the rate of WIMP scatterings, i ~ n, vo, ~ , gives

o= ¥ & LOD (e o O N
B~ 2.7 % 10~ 2% yp—1 x : S €\ —
: b 0.3GeV em— 2 Ty 300 kim s — 1 10— 90 gy 2

No. of nuclei of atomic number A in 1 gmis 6 x 1023 /A. So, total rate

~ 16 cvente ea— L pe—1 (100 £y LO0 GeV " I,
JF?Hmhll L6 {'1‘{“1""‘}"3" i I: A J ([]..-:'r'::L"".-'I -:'!u—;i) ( L ) (_'l_;[][] L.;_““_-—J) (][]—:ui (.mﬂ)

Recoil Energy :

For a WIMP of mass m, and velocity v striking a nucleus of mass M at rest, Ap ~ m. v. = Recoil
energy of nucleus,

; 2 ] )
E, ~ (Ap)?/2M ~ 50 keV Iz'”—‘-f ( v ) (Jtm{,:-\. )

100 Gel 300 km s— 1 M
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Proper calculations
Recoil energy: Er = (p v /M)(1 — cos8*), where p = m, M/(m, + M) = reduced
mass, v = WIMP speed relative to the nucleus, and #° = scattering angle in the center of

mass frame.

Differential recoil rate per unit detector mass, in units of counts/day/kg/keV :

i 'I ; . Y . : - .
— _m”;-r pn(Er,t) = Particle Physics & Astrophysics,

';:'n'i'l-,‘.

with ¢ = +/2M E = nucleus recoil momentum, «(q) = WIMP-nucleus cross-section,

li-ll.l JF‘:”_ III_:I o II | I.--:‘-:-'..u'l [l_:.:.!"

] Illl .II. '

[ =+ = minimum WIMP velocity that can result in a recoil energy Ey.

f(wv, 1) 1s the (time-dependent) velocity distribution of the WIMPs relative to detector at

rest on Earth.
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The effective WIMP-Nucleus X-section can be obtained from fundamental

WIMP-quark/gluon x-section: Ox—A S Oy—N $ Oy
— — —q

( q ) = g” A { {q )

Spin-independent (SI) interaction:

dqg ; 4dm V-

V= WIMP-nucleus relative velocity Form factor:
Coherence loss of coherence

WIMP-nucleon x-section
WIMP-nucleon reduced mass = nucleon mass for m_WIMP>>m_n

Spin-dependent (SD) Interaction do(q) — h J.-f(};j{_[ 8 1]#{_;;}

dq’ TV

measure the amount of spin carried by
the p- and n-groups inside the nucleus

ap, an: effective coupling of the WIMPs to protons and neutrons, typically ot/mw?
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WIMP Differential Event Rate

My = 100 GeV/c?
a,~n = 107 ¢cm? |
Xe

Counts [#1 -D_ﬁfkgfke"lﬁd ay]
=}
events on e/ keV [arb. [Tmix]

0 50 100
Recoil [keV]
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The energy deposited by WIMP-induced nuclear recoil in the detector medium
manifests as light (scintillation), sound (acoustic waves/phonons) and charge (ionization)

Detection Strategies

Pijushpani Bhattacharjee

CaWoO, +...

Dark Matter Strategies ;:E.f E[I}Iu
1LUxX
B ArDM
Nal Dama/Libra
Ar DEAP-3600 ©
Ar/Ne MmiClean 5
Xe Xmass

Scintillation

\
\

CRESST \\
ROSEBUD .

~ Phonons

COURE
PICASSO

COUPP
SIMPLE

ICGC-2015, [ISER-Mohali

Xe
Xe
Xe -
Ar DRIFT CS,
CoGeNT Ge
~. DM-TPC CF,
Io*n
|
/
/ SuperCDMS

/7 - Edelweiss
-~ .

TeO,
CyFro
= PICO
CF.l1
[1:;‘.1‘21—' A. Noble ICRC2013
16 December 2015
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Go Underground to reduce Cosmic Ray Background

T

Solotvina

WIPP
Soudan

Canfranc
Kamioka

Boulby
Gran Sasso

Homestake Baksan
Mont Blanc

Muon Intensity (m™ sr™' y’

East Rand

J. Formaggio and C. Martoff, Ann. Rev. Nucl. Part. Sci. 54 (2004) 361
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Pijushpani Bhattacharjee

Direct Detection Technology Summary

Cryogenic Ge detectors (CDMS,
Edelweiss, CRESST)

Threshold Detectors (COUPP,
SIMPLE, PICASSO)

Single-phase LAr, LXe (DEAP, Clean,
XMASS)

Dual-phase LAr (Darkside, WARP)

Dual-phase LXe (Xenon, LUX)

Low pressure TPCs (DMTPC, Drift)

Scintillating Crystals (DAMA/LIBRA,

KIMS)

lonization Detectors (CoGeNT,
DAMIC,...)

Proven background rejection,
experience

Ultimate EM rejection, inexpensive,
easy to change target material

Simple and reasonably inexpensive

Excellent EM rejection and relatively
inexpensive compared with Xe, Ge

Suitable target for both Sl and SD,
low E threshold possible

Directional detection of WIMPs
possible

Annual modulation with large target
mass

Very low E threshold and good E
resolution

Expensive to build/test detectors

Alpha backgrounds, no energy
spectrum, scaling to large mass?

Not clear if rejection good
enough, E thresholds high

39Ar reduction needed, ~x10
more target mass needed than

Ge or Xe, E threshold high

Poor intrinsic EM rejection, low E
performance not understood

Very hard to get sufficient target
mass, backgrounds unknown

No background rejection. Long-
term stability crucial

Background rejection difficult
and small target masses

There may not be one clear winner; all experiments run into backgrounds!
More than one technology will be needed to establish a WIMP signal

From: Dan Bauer, 2012
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Underground Laboratories
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Annual Modulation:DAMA EXxpt.

V, =250 km/s
-— Vearth
' 30 km/s

DAMA + DAMAJ/LIBRA claimed detection based on a claimed positive modulation signal
June
2-6 keV
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December
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Time {day)

aimed detecting an annual modulation in their data
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Exclusion Curves (spin-independent interaction)
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P. Cushman et al, arXiv:1310.8327
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Exclusion Curves: Spin-dependent interactions

Aprile et al (XENON100) 2013 Amole et al (PICO) PRL 2015
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. Detecting WIMPS means fighting Backgrounds !

WIMP scatters (< 1@\:&’1'00 kg/ 100 day;) swamped by béckgrnunds’( > 1057f evis/kg-d)

Radioactive Nuclides in rock, Cosmic Rays
surroundings Z%U, Z2Th chains, K, 2Ar, ®Kr '.

\ o ! e Il
| W E L5 s L ;
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Viktor Zacek (AAPCOS:2015, SINP)
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Superheated Liquid as a threshold detector for WIMPs

Ap = superheat

Vapor

T

« proto-bubble »

Bubble chamber principle: (D. Glaser, 1952)

* E,., < E,,,within R_,, — proto-bubble collapses

dep thr

* Eyop > Eyp,, within R,y — irreversible bubble expansion!

Surface tension

R =" E, = 4er§( -
' Ap !

Crit. Radius Surface energy Latent heat

Threshold energy E,, is set by varying (7,,, P,,)

Fluids of choice: Fluorinated halocarbons — SD, Sl
= C b CsF 4,5, C3Fg, CF@.. (right surface tension)
- B in principle any quuid\

Spin Independent Interactions

Spin Dependent Interactions
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3
L \ MOSCAB

Viktor Zacek

Pijushpani Bhattacharjee

Technical Realizations

auiierivy Bubble chambers
E (water)

synthetic Acoustic & optical read out

silica jar -

L Target Flusid
Hydrau lic 1 {f'. I-JI'I{:JFC‘}
fluid

A to hyvdraulic controller

Droplet detectors

Acoustic read out

Cold }Epour

Condensation chambers “Geyser”

Acoustic & optical read out
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Fluorine — good for spin-dependent WIMP search

I N o

Courtesy: Tony Noble
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PICO
Merger of PICASSO and COUPP Collaborations

Queen’s, Valencia, PMMNL, Morthwestern, Saha, FMAL, Toronto, Chicago, Montreal, Laurentian, SMOLAB, Alberta, Mexico, Drexel

» Develop the BC technology with the ultimate goal of building a tonne
scale detector at SNOLAB

Fully explore the Spin-Dependent sector with F-loaded targets and
particular sensitivity to low mass WIMPs

Exploit the multi target capacity of this approach (C;Fg, CF;l...)

PICO 2L - PICO 60 L - PICO 250 L
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Superheated Liquids and Gamma Rejection

Can set superheat parameters (T, P) such that
detector is blind to electronic recoils

CF,| (varicus)
CF_] fit
Prelimi :
reliminary G F, various
CF, fit

1010 ~ 3 keV

‘,;/

10w 10 eV

B 8
Threshold (ke')
10°1° rejection or better!

Viktor Zacek (PICASSO/PICO)
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dark matter

ot-Fecol]

Particle Responses

Threshold device with integrating response
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1 10

Threshold energy (keV)

Recoil nuclei from
50 GeV /c2 WIMP ) _ _
Any o is counted along with DM candidates!

Viktor Zacek

Pijushpani Bhattacharjee
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Acoustic Alpha Discrimination

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

PICO

Alphas deposit energy over tens of microns

Nuclear recoils deposit theirs in tens of nanometers
Alphas are several times louder |

Alpha rejection> 98.2%

Acoustic intensity

Viktor Zacek
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Bt PICO 2L @ SNOLAB - Run1

C. Amole et al.: Phys. Rev. Lett. 114, 231302 (2015)
212 kgd exposure of C,F,
4 thresholds (3 — 8 keV)
12 anomalous nucl. recoil events
Timing not random/!

Rejected by optim. interval analysis

=
2

No DM signal detected!
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i
WIMP mass [GeV/c’)

World best Spin Dependent WIMP-proton

e ) \ . .-
limits for direct detection! WIMF mass [GeVicT]

Spin Independent results
challenge signal claims!

Courtesy: Viktor Zacek (PICASSO/PICO)
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PICO

Pijushpani Bhattacharjee

PICO 60 CF,| @ SNOLAB

and May'14

ICGC-2015, [ISER-Mohali

EEIID\'.JE‘___,__.-.-g

Acoustic S.Eﬂsu.rS,/

Pressure Vesse|_—"

Fused Silica Jar/""

16 December 2015

 Largest ever Bubble Chamber for DM search
« 36.8 kg (18.4 Litre) of CF3l
» 3415 kg-days of exposure (between June'l3

Mineral Qil
(hydraulic fluid)

Water (buffer)

CFil [targ&t}

{ameras

To hydraulic ca
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PICO-60 (CF3l) Bubble Chamber @SNOLAB
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PICO collaboration (arXiv:1510.07754v?2)
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Looking Ahead on Bubble Chambers DM Detection

Bubble Chamber Two-phase liquid scintillation detector

|ONIZATION or CHARGE

Phys. Rev. Lett, 112,

* 10" discrimination against ER! + ~10* discrim. against ER 341302 2014

Phys. Rev. Lett. 112,

091303 (2014) LUX COMS
* (Cannot measure depOS'\tE‘d energy * (Can measure deposi[ed energv!
Combine the technologies!
SCINTILLATION OR LIGHT

—
CRESST ™ PHONONS OR HEAT

+ Initially scintillation & heat '
+ Later jonization (TPC?)

I Mock et al, Berkeley Workshop on Dark Matter Detection, June 2015

y

LXe: 10¢improvement in ER discrimination

LAr: pulse shape discrimination at higher energies, can achieve

low thresholds with coupling to Bubble chamber technology All three modes accessible!

Scintillating Fluorinated Halocarbons:  Spin dependent searches

J- Mack et al, Berkeley Workshap on Dark Matter Detection, June 2015

Pijushpani Bhattacharjee ICGC-2015, IISER-Mohali 16 December 2015



Ultimate Background: The Neutrino “Floor”
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Cushman et al, arXiv:1310.8327
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Detecting SN neutrino with DM detectors

PHYSICAL REVIEW D 89, 013011 (2014)

OBSERVING SUPERNOVA NEUTRINO LIGHT CURWVE IN ...
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FIG. 1 {color online). Left: Recoil energy spectra (differential event rate as a function of recoil nucleus kinetic energy) for * B solar
neutrinos in a dark matter detector with three different target materials, namely, '*F, *5i and "' Xe¢. Right: The integral recoil energy
spectra (total event rate above a threshold recoil energy) as a function of the threshold recoil energy of the detector.

CHAKREABORTY, BHATTACHARIEE, AND KAR PHYSICAL REVIEW D 89, 013011 (2014)
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FIG. 5 (color online). Recoil energy differential spectra (left) and integral spectra as a function of the threshold recoil energy (right) for
SN neutrinos in a l-ton Xe detector. Curves are shown for the Basel/Darmstadt SN model as well as for another SN model with average
energies of ¢, I, and v, equal to 10, 12 and 18 MeV, respectively, both for a SN at a distance of 10 kpc from the Earth.
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INDIRECT DETECTION

AMS-02: Positron excess in Galactic CR
FERMI-LAT: Gamma rays from WIMP annihilation in dwarf Spheroidal satellites of Milky Way
Super-K, ICECUBE: Neutrinos from WIMP annihilation in Sun
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Gamma-rays from WIMP annihilation J factor

2 3 'III rﬁ I3
annihilation P = _<m">r N % / p* ds
dQAdE  8mm; dE g e

Galactic DM Halo b ,
- good S/N bl Pl N _ Y Galactic Center
- difficult background R e - brightest DM source
- angular information L e e : - bright background

DM clumps

- no baryons
- bright enough?
- boost overall signal

Extragalactic e | Dwarf Spheroidal Galaxies

- nearly isotropic e | - harbor small number of stars

- visible near Galactic Poles - 3 - otherwise dark (no y-ray emission)
- angular information : :
- galaxy clusters!?

Kuhlen, Diemand, Madau 2007
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Milky Way's dwSphs

S00-kpc
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sphere
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Constraints on WIMP annihilation from gamma rays from
Milky Way's dSphs -

PRL 115, 231301 (2015) PHYSICAL REVIEW LETTERS 4 DECEMBER 2015

1'| 21

—  d-vear Pass 7 Limit I-wear Pass T Libnit

10 | —  E-vear Pass § Limit -2 | G-weay Pasg § Limit
== Median Expectad ) Median Expected

g% Contalnment ) L BE% Containment

17 G5% Conlainment - L GEE Contlatnment
14
14

11

1 g
DM Mass {GeV/e®) DM Mass (GeV /e?)

FIG. 1 (color). Constraints on the DM annihilation cross section at the 95% CL for the bb (left) and 7+~ (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300 randomly
selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity while the
bands represent the 68% and 93% quantiles. For each set of random locations, nominal J factors are randomized in accord with their
measurement uncertainties. The solid blue curve shows the limits derived from a previous analysis of four years of PAss7 REPROCESSED
data and the same sample of 15 dSphs [13]. The dashed gray curve in this and subsequent figures corresponds to the thermal relic cross
section from Steigman er al. [5].

Fermi-LAT collaboration (Dec 2015)
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Wither WIMP Direct Detection?
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Courtesy: Viktor Zacek (adapted from R. Gaitskell)
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In order for the Ilght to

shlne SO brlghtly, the
[darkness must be present

Franczs Bacaﬂ

THANK YQU!
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