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Direct Detection of WIMPs: Order-of-magnitude Estimates

neutralino e
T~ 220km/s\

\

recoil
E~ O(10keV)

Event rate :
For a single detector nucleus, the rate of WIMP scatteriRys, n,vo, ~ , gives

~ —25 .—1 Px 100 GeV v TxN
R ~2.7x10 yr (0.3 Gchm_3) ( My ) (300kms_1) (10—37 cm2>

No. of nuclei ofatomic numberd in 1 gm is6 x 1023 /A. So, total rate

~ —1...—1 (100 Px 100 GeV v Ox N
Riotal ~ 1.6 eventskg™ " yr=! (57°) (O.BGchm_3) ( T ) (SOOkms_1> (10—37 cm2)

Recoil Energy :
For a WIMP ofmassm, andvelocity v striking anucleus of masd/ at restAp ~ m,v. = Recoll

energy of nucleus,

2
2 my 2 v 100 GeV
Er ~ (Ap)=/2M ~ 50keV (100GeV) (300kms_1> ( M
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Direct detection: kinematics

{ )_, Nucleus
in laboratory
WIMP (v =0 kmis)
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Mucleus

Non-relativistic elastic scattering:

Simple kinematics: Use conservation of energy and momegtmponents
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Proper calculations:

Recoil energy:E = (u*v?/M)(1 — cos 0*), wherey = m, M/(m, + M) = reduced
massv = WIMP speed relative to the nucleus, afid= scattering angle in the center of
mass frame.

Differential recoil rate per unit detector mass (typicattgasured in units of
counts/day/kg/keV

% — % pn(E,t) = Particle Physics ® Astrophysics,
X

with ¢ = vV2M E = nucleus recoil momentuma,(q) = WIMP-nucleus cross-section,

U(E,t) - fv>vmin f(Z’t) dgv )

Vmin = ]2”71;3 — minimum WIMP velocity that can result in a recoil energy

f(v,t)is the (time-dependent) velocity distribution of the WiMftive to detector at
rest on Earth.
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Modulation Signal

V| =250 km/s v
June — earth
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Vsun
<
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— V|| =220 km/s

f(V7 t) — fGalaxy (V + VEarth(t)) .
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Modulation analysis. .
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WIMP-nucleus effective cross sections
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WIMP-Nucleus (Effective) Interactions

The effective WIMP-Nucleus X-section can be obtained from fundamental
WIMP-quark/gluon x-section: Oy— A Oy_N < Oy_g

do(q 1 )
M- oA
dg* 4dm v . .

V= WIMP-nucleus relative velocity _ Form factor:
Coherence |oss of coherence

Spin-independent (SI) interaction:

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

Spin-dependent (SD) Interaction: dd(?} = > NG J(J+DF(g)
dg- V- |
1 : .
A=_ q ! — T measure the amount of spin carried by
J [HF’ ( P> T <9" )] <SP-"> <‘N Sﬂ-" N) 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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Nuclear Recoil Spectrum

WIMP Differential Event Rate
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dR/dQ (events / kg/ keV ! day)

Low mass WIMP: Si vs Ge

m_WIMP=8 GeV
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R 10
Recoil Energy (keV)

E th = 10 keV

For low mass WIMPs, need lower threshold and lower target nucleus mass
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2-6 keV
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Temporal variation of single-hit event rate fitted with ausinidal curve:A cos w(t — to) with a period
T = 27” = 1yr, a phaseg = 152.5 day (June 2%). The zero of the time scale is at Januafy af
the first year of data taking of the former DAMA/Nal experimhelDashed vertical lines: expected

maximum (June 2¢). Dotted vertical lines: minimum. (Bernabei et al, arXi8aB.5109)
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Astrophysical issues

Expected number of events in direct detection (DD) or irdtidetection (ID) experiments, and thus
the interpretation of the results of these experimentsg@pipon the density and velocity distribution
of the WIMPs in the Galaxy.

No. of events (DD or ID) = Particle Physics ® Astrophysics

\J \J
(mx,oxn) ® (PoMm,0 5 f(V))
1 1
e.g., LHC ® Galactic Dynamics (e.g., rot. curve)

e Need to fix Astrophysics to extract particle physics of DM { , ).
e Use the observed rotation curve data of the Galaxy to deterthie phase space DF of DM patrticles,

€. oon,@ 5 (V).
e Galactic rotation curve near solar location is significanfluenced by visible matter.

e Self-consistent approacbetermine the DF of the DM particles by self-consistentigiuiaing the
effect of known visible matter (VM) such that together (DMMYthey give a good fit to the observed
rotation curve data
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e For drawing conclusions from the results of any direct oirext detection experiments,
we need to specifypw,o and f(u) ., both of which area priori unknown

e Determinepnn,o andf(u) from the relevant observational data pertaining to our
Galaxy=- Rotation curve data, data on the dynamics of satellites t&yMhay, . ..

e Need to start at the level of the Phase Space Distributiocttam(DF), f(x, u), of
WIMPs in the Galaxy.

e Theoretically expected DF:@iasi-Maxwellian

Violent relaxation: [Lynden-bell (1967)]
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e AssumeDark Matter consists ofVIMPs

= Phase space DF satisfies collisionless Boltzmann (Viaspaten (CBE),
df _ Of of _

Jeans Theorem: Any steady-state solution of the CBE depends on the phase-space coordinates

only through integrals of motion in the galactic potential, and any function of the integralsyields a

steady-state solution of the CBE.
Simplest choicef(x,v) = f(E),with E = & + 102
Isothermal DFE

f(x,v) = p—0§ exp [—E/O'Q] :
(27wo2)2

with (v2?) = 302 and boundary conditiof?(0) = 0, so that

p(x) = [ f(x,v)d>v = poexp |[-P(x)/0?]| ,andV?® = 47pg exp [—P(x)/0?] .
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DM Velocity Distribution: Simulations

Ag-A-1

0 150 300 450 600
v [km s

(From Vogelsberger et al, arXiv:0812.0362)
The velocity distribution can be described by a “quasi-Meakian".

Also, the possibility of aD M thick disc”
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Local WIMP velocity distribution, in the Galactic rest frams taken aglaxwellian
(isotropic isothermal spheye

fG(V) = N[exp(—|v|2/’uf)—exp(—vgsc/vz)] V| < Vesc ,
ffv)y = 0 V] > Vese s

whereN is a normalization factor. ~ 220km s~ andves. ~ 730km s~ are the local
circular and escape speeds respectively.

Usual fiducial value for the local WIMP density, = 0.3 GeV cm™°.

; ; ; 2\1/2 __ 3
For anisothermal gravitating spher@?)*/2 = \/;vc,oo.
With ve,co = ve.0 = 220kms™!, one hagv?)'/? = 270 km s~ *.

Standard Halo Modet Maxwellian velocity distribution withppy o = 0.3 GeV/ cm?

and<v2>]13/1\i,@ = 270kms ",
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Problems with SHM

" Isothermal spherhasp oc r—2 for larger. = M (r) — co asr — oo.
= Need to truncate ,bbut must do s@elf-consistentlyelse not a solution of CBE.

™ DF of DM at solar neighborhood is strongly influenced by Visimatter Need to

self-consistently include the effects of visible mat@determineppy, o and f (vpa ) o -

Two approaches:

e Make a reasonablensatz for the Dfef a finite gravitating system that is a solution of CBE,
self-consistently include the effect of VMNnd determine the parameters of the model so &sttee
rotation curve data of the Galaxy

Or,

e Assume a parametrized form of the density profile of Idsed on, e.g., results of numerical
simulations)in presence of the (known) VMletermine the parameters b¥iteto the rotation curve

datg and therlinvert’ the density profileo derive the DF byeddington’s (1916) method
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Truncated Isothermal —“King model"

Isothermal model has divergent total ma&&(r) o r asr — oo. Need to
self-consistently truncate. it

To2)—3/2 65/02 -
fo) = oy = | ORI (T ) o0,

0 fore <0,
with e = ¢ — (%vz T qb) , ando = @yis + Pon = Drotal -
VZ2¢om (R, 2) = 4nGppm(R, 2), Vihyis(R, 2) = 47rGpyis(R, 2) .

Pou = Pou|bvis + Pou] = [ f d°v. NoteSelf-consistency

Three parameterg,, ¢ andgy .
ppu Vanisheatr = r; wheres = 0.

Three“measurable’parameters of the model:
poase = pore(R = Ro,0), (v2)phic = (v*)uhi (R = Ro,0) and r.
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Self-consistent DM Density Profile
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(S. Chaudhury, PB, R. Cowsik, JCAP (2010j)isible matter “pulls in" the DM; DM density profile

made steeper with enhanced density in the inner Galaxy

= Impact on DM annihilation signals from the Galaxy Centrewag
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Rotation Curves for Truncated Isothermal Models

v2(R) = Rg&(R,0) = R [pou( R, 0) + ¢is( R, 0)]

3.5 le+13 T T T
DM ng = 120 kpc 0- 300 km/sec pDM sun= 0. 2 GeV/cm DM:King: r;= 120 kpc, =300 km/sec, ppy syn=0-2 Geviem?®
3 (VM+DM) - T
] le+11
g : < 1e+09 |
£ ; z
8 X =  1let07 f
) 3 =
o )
> L
: 100000 f
, : 1000 f Mwm+pm)H) ——— ]
FHTTEFEETY FRRTE FRETE FEETE FETEE FEETY PR FEUTE P P s . . . .
0 5 10 15 20 25 30 35 40 45 50 55 60 0.01 0.1 1 10 100
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Rotation curve data out to 60 kpc (Xue etal (2008) is used.
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Self-consistent DM Velocity Distribution
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Non-Maxwellian velocity distribution; cutoff speed datgned self-consistently
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DM velocity distribution at various locations
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VDF from p : Eddington’s Formula

For a given DFF(x,v), we geto(x) = [ d°v F(x, V).
Can we invert thisGiven ap(x) (or equivalentlycb(x)), can we get a uniqué?

Eddington (1916) Possible for spherical systems with isotropic V,DE.,
if F(x,v)=F(F), whereE = l 2 + ®(r) = Total energy, i.e., if the system'isrgodic”. Here
v = |v|, r = |x]|. Isotropic VDF:> (v2)1/2 = (v§)/2 = (v2)!/2. Eddington formula:

£ 2
F(E) = 1 [ AW dp2+ 1 (dp) },
\/§7T2 0 vg—‘I’d\I’ \/E dv =0
whereV(r) = —®(r) + ®(r = co) = relative potentiaand

= —E + ®(r = 00) = ¥(r) — sv% = relative energy

Note,]—">0for5>O,and]—":Ofor£<O

Also, p(r) < F (&) isunique ifff0 \/7 j&’, IS an increasing function df.

TheVDF, f.(v) = F/p(r), has anatural truncatio@tv(r) = vmax(r) = /2W (7).

Eddington inversion also possible for anisotropic VDF atam special forms (Osipkov-Merrit)
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VDF of DM patrticles by Eddington’s Formula

£ 2
F(E) = 1 [ AW dp2_|_ 1 (dp) },
\/gWQ 0 vg—‘I’d\Ij \/E dv U=0

with U (r) = —®(r) + ®(r = c0) and £ = U(r) — 107

We takep(r) = ppwm (7). But notethat®(r)#APpum(r).

Rather,®(r) = ®pu(r) + Pyis(7), Since the DM particles “see" and move in the total
gravitational potential including that of the visible nattActually, sincevisible matter is
still the dominant component in the solar neighborhd®@M dominates at larger

distances), th& DF of DM in the inner regions of Galaxy is essentially detered by VM,
not DM.

Parametrizeb, ;s and®py; (Or ppn), and determine the parametersN\dZMC fit to the

observed rotation curve dat@nd then use Eddington formula to firfigd(v) at anyr.
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Rotation curve with best-fit values of DM and VM parameteratdare from Y. Sofue, PASH
(2012) 75; arXiv:1110.4431
(PB, S.Chaudhury, S. Kundu, S. Majumdar, PRD (2@13)
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Figure 1:The 2D posterior probability density function for Dark Matparameterérs — ppwm, @ ), marginalized
over the visible matter parameters.

(PB, s.Chaudhury, S. Kundu, S. Majumdar, PRD (2013)
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Self-consistent DM Density Profile
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(S. Chaudhury, PB, R. Cowsik, JCAP (2010))

Visible matter “pulls in" the DM; DM density profile made sps with enhanced density in the inner

Galaxy

= Impact on DM annihilation signals from the Galaxy Centreoag
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Dark Matter VDF
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Figure 2:Normalized local speed distributioffic, (v), corresponding to the most-likely set of values of the Gidac
model parameters determined from fit to rotation curve datd,its uncertainty band (shaded) corresponding to the
68% C.L. upper and lower ranges of the Galactic model parenset

Best-fit (non-Maxwellian) speed distributiofficy (v) ~ 4mv? (£(8) — £(Bmax)) , Where
E(z) = (1+ )k e
k= —1.47.

(PB g Chaudhury S Kundu. S Majurﬁjangarﬁ%ﬁail?&fg)Workshop-Sangam@HRI:2014, HRI, Allahabad, 24-26 Rfaitd — p. 30
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o(q®°=2my ER)
QmX,u2

: . dR
Recoil spectrum: F==(ER, t) =

ng(ER7 t) 3
with . = mympy /(m, + my) = reduced mass, and
Umax (t) d3u
o(En.t) = | TU o (w4 VE() O (umax — tmin)
u>umin(ER) u

u (with u = |u|)=relative velocity of the WIMP with respect to the detecibrest on Earth

vg(t) = time-dependent velocity of the Earth relative to the Gataetst frame.

umin(Er) = (mnER/2u?) /2 _ minimum WIMP speed required for producing a recoil energy
E r of the nucleus,

umax (t) = lab frame (time-dependent) maximum WIMP speed correspgridiv,.x = /2%
(defined in the Galactic rest frame).

Can show that( E'r, t) is a monotonically decreasing functiion Bfz, and thus takes itsirgest value
atErp = Eip.

The lowest WIMP mass that can be probed by a given experiment:

1/2 —1
My min =— TN |:(2mN('UmaX,® + UE)Q/Eth) / - 1i| .
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Define( = g(Er = Fin)/gnvaxwell (Er = Ein)

>F Sodium
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Figure 3:The ratio¢ for most-likely f (v), with E};, = 2keV. The shaded bands correspond to the
uncertainty bands of (v) from rotation curve. The calculations are for 2nd June, wihenEarth’s
velocity in the Galactic rest frame is maximum.

Effect of departure from Maxwellian VDF is important for lomt,,

¢ ~ 1072 at My = My min |
(PB, S.Chaudhury, S Kundu, S Majurﬂjasg??rﬁ%ﬁaﬁ&fg)Workshop-Sangam@HRI:2014, HRI, Allahabad, 24-26 Rfaitd — p. 32



Summarizing . .

" WIMPs are natural candidates for the Dark Matter in the Uisige

™ Direct Detection experiments have already achieved sehsit the level of~ 10~ ?pb for
SI WIMP-nucleus cross section. Some kinds of WIMPs may bgecto detectionf they are
there!

™ Expected number of events in direct detection experimegpgiids oppy;, ¢ and
f(v) b, Must determine these parameters from observational data Rotation Curve)
by self-consistently including the gravitational effeofghe visible matter

™ DM DVF is in general non-Maxwelligrandeffect of departure from Maxwellian VDF is
important for low-mass WIMPS- Maxwellian overestimates VDF at both high and
low-velocity ends.

" Properly determined VDF will impact the interpretation aofsfiron excess etc., from WIMP

annihilation (Sommerfeld enhancement etc.).
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PICASSO/PICO @ SNOLABMainly sensitive to
spin-dependennteractions

(mini)-DINO@ (Jaduguda)-INOLalMainly sensitive to
spin-independenhteractions
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WIMP Dark Matter Search with
Superheated Droplet Detector

_—- Nucleus Detect the recoiling nucleus with a
- in laboratory

Superheated Droplet Detector
WIMP (v =0kmfs) e o :
A superheated liquid drop can vaporize
From galactic halo ;
(v ~ 200 km/s) / due to energy deposited by the passage

__ of the recoiling nucleus.
WIMP
Elastic WIMP Vapour bubbles larger than a

scattering critical size expand and finally burst
, sending out acoustic waves through the
— O Bpecon medium (gel) in which the liquid drops are
\ suspended. This acoustic signal can be
picked up by suitable electronic sensors.

}).'-::pr.-t o

» Superheated droplets atambiemt T& P°
= 150um dropiets of cambofisorides
dispersed m polymerised gel
“active Bgukt C.F ., T,=- §75%C)
= Radiation triggers phase transkion
= Events racerded by pezo-slectric traneducars

AF
Viktor Zacek, Uiy, of ddomdreal _

P -

Tarmperalure (O}

Fig. 2. Bveolution of the energy threshold for '*F recoils as a fimection of
temperatuee {123 bars) m P (b 11720y

At threshold the 5F recoil delectron eficienoy rses gradually and the broken
{oontnncnis) lines  inchoate 50% (B0%4) detection efficiencies, respectively
WIRAF induced recoil energies are smaller than 100 ke and becorme
detectable above 309070 al arouned 15700 the detector becomes sansitive to alpha

pedticles o LIV Th contamanations.

Barnabe-Heider e al Plgs Lo B2 4 (2005) 186
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The PICASSO Collaboration

CANADA Cizech Republic INDIA

| I;IIHI !IIL LU LD

University of Alberta, Laurentian University, Universite de Montreal, Queen’s University,
SNOLab, Bubble Technology Industries, CANADA
Indian Universty, Southhend, USA, Crech Technical University in Prague,

CAPP, Saha Institute of Nuclear Physies, INDIA i : Mﬂ.y 2009
9 organizations from 4 countries with 28 people (at present)
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PICASSO Results

& Archusbaule eval § Miysics Lewers 8 7H (2003) 153151 “3
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Dark-matter@INO (DINO) Ton-scale 2020

T LOADING BAY

e e e

CAVERN-1

ERN-4
10M X 10M

VEHICLE RIVERSE

ACCESS TUNNEL 7.5m, 'D' SHAPED :1966.0m
ADDITIONALLY DRIVEN INT. TUNNEL 5.5m 'D' SHAPED: 175.4m
AUXILARY TUNNEL 7.5m 'D" SHAPED 1 224.6m
INTERCONNECTING TUNMEL 3.5m 'D' SHAPED : T72.5m
ADDITIONAL TUNNEL 7.5m 'D' SHAPED (future expn) : 50.0m

CAVERM -1 = 132m x 26M x 32.5m

* INO Lakb Depth 1-3Kkmenn ; m:tan o

CAVERN -4 : 10m x 10m x 10m Pottipuram in Bodi West
hills
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Mini-DINO @ UCIL-Jaduguda Mines

™ A 15-30 kg Si/Ge detectdor low-mass (< 10 GeV) WIMPs

™ Two possibilities being explored:
(i) Useonly ionization signal— canoperate at 77 K or 4 Kvith few keV threshold.
No phonon sensors (which would require TES operating at miésatures)
(i) Use both ionization and phonon signals at sub-keV thoés

™ New iZIP detector technology developed at TAMtAN pick up low-ionization
events due to nuclear recails

™ Discriminationagainst high-ionization events due to electron recoilsibdsby
pulse-shapdased analysi€R&D going on at SINP & TAMU)

Multi-institutional collaborative effort:
SINP (Kolkata), Texas A&M (TAMU, USA), NISER (BhubaneswafFR, IIT-Bombay,
loP-Bhubaneswar, PRL-Ahmedabad,
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Proposed Silicon Detectors for DINO

Cryogenically-cooled-Si-detectors
with photo lithographically
patterned sensors for low
threshold (~10 keV), medium
energy resolution (~ 1 keV) and
3-D position determination
capability

6" diamefer
1.383" thick= !

e Passive Shielding (Pb, poly, Pb, poly)
* Active Shielding (muon veto shield)
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WHY SILICON in miniDINO ?

Sensitivity to low mass WIMPs (spin independent sector)

Trade off between overall higher sensitivity (Ge) and low mass WIMP
sensitivity (Si)

Well-known and well-proven technology

Easy availability of high purity crystals and low cost (compared to Ge)
Much higher sensitivity than the silicon payload in CDMS Il set up (0.8
kg vs 30 kqg)

» All the more important in the present scenario

» Can be an unique experiment

Pijushpani Bhattacharjee : Workshop - Sangam@HRI:2014, HRI, Allahabad, 24-26 Rfaitd — p. 41



JADUGUDA UCIL MINE SITE : SOME BACKGROUND

UCIL operation in Jaduguda
(1967):

Jaduguda Mine

Bhatin Mine

Turamdih Mine

Bagjata Mine

Narwapahar Mine
Banduhurang Mine
Jaduguda Mill

Turamdih Mill

Mohuldih Uranium Project (New
Project Under Construction)

The fact sheet about the Jaduguda mine:

Distance from Kolkata by rail ~ 231 km

Nearest rail station: Rakha Mines (~6 km from UCIL site)

Time taken by express trains from Howrah: 3 hrs a few minutes

Also connected to Kolkata by road via Kharagpur, Jhargram and Ghatshila
(~5-6 hrs by road)

Major junction rail station in the vicinity: Tatanagar (~20 km to the west)
Time taken to go to Tatanagar by train: ~ 20 minutes

Time taken to go to Tatanagar by road: ~ 1 hour

No. of levels in the mine: 2 (550 m and 880 m depth)
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JADUGUDA UCIL MINE SITE : A FEW PICTURES

Entry Tower to the mine
shaft

Tunnel along 550 m level

Rakha Mines Rly Station

From the Guest
House

Shear zone and Mr
Bhowmick, GM (Mines)
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TR W S

JADUGUDA MINE ELEVATION DRAWING

Bypass tc ore
bin

. “r——— Uranium mining
8 on

Pijushpani Bhattacharjee : Workshop - Sangam@HRI:2014, HRI, Allahabad, 24-26 Rfaitd — p. 44



e

JADUGUDA MINE ELEVATION DRAWING

The fact sheet about the
Jaduguda mine:

*
i,’

No. of levels in the mine: 2
(550 m and 880 m depth)

To reach 555 m level: By
vertical shaft (shaftl), 3.5
Tonnes capacity, 4-5 km/hr
speed

To reach 880 m level: Walk 500
m horizontally , and go down by
another shaft (shaft Ill)

Active Uranium mining
continuing at 880 m level (at
least till 2020).

Rock data inside the mine:
Igneous (granite) stable rock
not bearing uranium ore near &
below shaft I. Metamorphosed
quartz type rock near the shaft
I1I.

Average rock density = 2.9
gm/cc.
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©/13 JADUGUDA MINE : VERY PRELIMINARY RADIATION SURVEY

0.02 - 0.03 mrem [ hr
=20-3 gamma rays
ar the by to ore bin Il - STAGE

DS ML
£O8 ML P——s

BEAD - FRAME
"1':&
O
558 KL{:“E’F‘Z I Ml

SN b P S

et 0.1- 0.2 mrem / hr
e = 100 - 200 cpm
gamma rays along the

AT T e ore bin track "I':l
/ 0.3 -0.8 mrem / hr ",I‘,
0.02 - 0.04 mRem / hr = 300 - 800 cpm gamma g5 e
= 20 - 40 cpm gamma rays ' \
By near the ore m@ructlo_n zone ORE pass %\'
_ | \
U.0I- U.OSirenm /7 hr = i \
=10-30cp amma
d th ft
U308 content of the ore = o et = =
0.063 % (~ 0.6 mrem / hr) "
Non-ore rocks ~ < 0.005% o
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Chemical composition analysis of Jaduguda rock

samples

(Courtesy: AMD, Hyderabad & Jamshedpur)
Si02 66.45%

Al203 18.20%

FeO 4.61%

K20 2.61%

CaO 1.82%

Na20 1.60%

MgO 1.39%

TiO2 0.59%

SIMULATION SET-UP INITIATED AT
SINP

SOME WORK GOING ON AT TAMU &
PRL
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PROPOSED LABORATORY SITE DETAILS

s A e # AT 550 M LEVEL NEAR THE
¢ SHAFT
i
“+ SIZE OF THE CAVE: 9 M x 5 M x
2.7 M
X
S ey I NE—— “+ DISCUSSION ON SITE

. . . PREPARATION FOLLOWING SINP-
| | UCIL MOU

IR SHOWER
FOR ENTEY

D&l CARTH FLECTRICAL AZC CARIN
12°X128% = ulat)
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With several DD and ID experiments running + LHC, the DarkeSodl the Universe is
looking bright indeed!
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