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Motivation
@ WIMP-nucleus scattering
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Motivation
o Differential event rate for elastic WIMP-nucleus scattering

drR 5 /V’“ax |:f1(v):|
9N _UF nwjy
dQ AFQ) Viin(Q) v w

Here

Vmin(Q) = 05\/5

is the minimal incoming velocity of incident WIMPs that can deposit
the recoil energy Q in the detector.
P00 my . meN

A= ———— «

2 2
2rannr,N 2rnr,N

po: WIMP density near the Earth
oo: total cross section ignoring the form factor suppression
F(Q): elastic nuclear form factor
fi(v): one-dimensional velocity distribution of halo WIMPs
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Motivation
o Differential event rate for inelastic WIMP-nucleus scattering

R _ AF2(Q)/VW {@} dv

dQ vein(@ LV
Here i
Vmin(Q) = 05\/5 + %

is the minimal incoming velocity of incident WIMPs that can deposit
the recoil energy Q in the detector.
Podo my ) 4 __mymn

A= ———— «

2mym? 2m? 2my ’ my + mn

po: WIMP density near the Earth
oo: total cross section ignoring the form factor suppression
F(Q): elastic nuclear form factor
fi(v): one-dimensional velocity distribution of halo WIMPs

C.-L. Shan December 31, 2012, p. 5



Identifying Inelastic WIMPs from Direct Dark Matter Detection Experiments
LModel»independent data analysis - formalism m

LReconstruction of the WIMP velocity distribution =

Reconstruction of the WIMP velocity distribution - inelastic scattering
@ Normalized one-dimensional WIMP velocity distribution function

f(v) =N{(a\/5+ %) (a\/a, %) _1{—20' % [FJQ) (%)] }}

with
v2 — 2aas £ vi/Vv2 — daog

202

v T v 8) [ (D))

Q(v) =
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Determinations of the WIMP mass and the mass splitting
@ Threshold (minimal required) velocity of incident inelastic WIMPs

° Vmin(Q) = Oé\/a-f— 3_%
Q(V) _ V2 —2aastvy/vi—daas

2a2

@ Vihre = 2¢/QQs
_ 3 m
Quie = Qv = Vanre) = % - (ijLXmN) 0

@ Determining my and ¢ (by combining two targets)

_ QVLhre«,YmY — QVthrevaX
mX =

QvthreaX - Q‘/thre Y

_ Qe X Quipe, ¥ (mMy — mix)
Q‘/threaymy - QVthrevme

)
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LDeterminations of the WIMP mass and the mass splitting
Determinations of the WIMP mass and the mass splitting
@ Differential event rate for inelastic WIMP-nucleus scattering

drR 5 /V’“‘"x |:f1(v):|
9N _AF nwj
dQ AFQ) Viin(Q) v w

Here

OV /D
me(Q) = \/5+ \/6

is the minimal incoming velocity of incident WIMPs that can deposit
the recoil energy Q in the detector.
000 mN 0 my my

A= ———— «

2mym? 2m? 2my my + mn

po: WIMP density near the Earth
oo total cross section ignoring the form factor suppression
F(Q): elastic nuclear form factor
fi(v): one-dimensional velocity distribution of halo WIMPs
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Determinations of the WIMP mass and the mass splitting
@ Differential event rate for inelastic WIMP-nucleus scattering

dR 2 Vmax fl(V):|
i — AF ly BA\Y)
( dQ ) o, (B { “

v
Vthre

maximal, indep't. of f;(v)
Here

Vmin(Q) = 06\/5+

o5
e

is the minimal incoming velocity of incident WIMPs that can deposit
the recoil energy Q in the detector.
Po00 my (5 meN

A= ——— a=

2mm? 2m? 2mn ’ my + my

po: WIMP density near the Earth
og: total cross section ignoring the form factor suppression
F(Q): elastic nuclear form factor
fi(v): one-dimensional velocity distribution of halo WIMPs
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Reconstruction of the recoil spectrum - elastic scattering
@ Integrals over two simplest theoretical velocity distributions

dR) > —a2Q/V2
— x F7(Q)e 0
<dQ Gau

(%), > F@or(24gem) —er(208=2)]

@ Exponential ansatz for reconstructing the measured recoil spectrum
(in the nth Q-bin)

5,000 events on "°Ge, 7 bins
T T

(f) = 1, ekn(@—=0s.n) = Mo \
dQ / expt, Q~Qp bp E

=

g
=

@ Logarithmic slope and shifted point
(in the nth Q-bin)

_ 1 Mo b, knb, 1
Q= 0nln = - 3 (00— On) = (Z)eon(22) - =

1 sinh(knbn /2)
n=Qn+ —In|————
Qs, Qn + P n[ Knbn/2 }

1R dR/AQ [1/keV]
_ =
T g
3 =

7
S

- . .
100 150 200 250 300
QIkeV]

x
3
<
o
8

[M. Drees and CLS, JCAP 0706, 011]

C.-L. Shan December 31, 2012, p. 10



Identifying Inelastic WIMPs from Direct Dark Matter Detection Experiments
LModel»independent data analysis - formalism m
—

LReconstruction of the recoil spectrum

Reconstruction of the recoil spectrum - inelastic scattering
@ Integrals over two simplest theoretical velocity distributions

dR > 7(u20+a2 /Q)/vz
— x F7(Q)e 8 0
<do)in, Gau

(%) o(Fz(Q)[erf(a\/a+a‘%/\/6+ve)7erf(a\/6+a‘%/\/6+ve>j|
in, sh

@ Typical recoil spectrum

Gteov]

@ 2-para. exp. ansatz for reconstructing the measured recoil spectrum

(f) ~ e k=K' /Q o= Neot
dQ /in, expt e [0 —ke—K'/Q 4o

Qmin
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Reconstruction of the recoil spectrum - inelastic scattering
@ Moments of the 2-parameter exponential recoil spectrum

"l abix g, L [T[ 2vavE NG —2/avh Vb
/ﬁe dX—E ;[e erf(\/g\/;-%-ﬁ)-%-e erf(ﬁf—w)

—ax—b/xg L [T] L[ 2vavh VB 4 —2vaVh _ VB
/\/;e dx = 2\/:{23 [e erf(\/E\/;+ \/;)Jre erf(\/gf \/;)]

—\/E[ez‘/s\/gerf (\/5\/>7+ %) e VAV (\/5\/;( — %) ] }

71 (\/;e—ax—b/x)
a

@ Infinite moments of the 2-parameter exponential recoil spectrum

(Qmin — 0, Qmax = 00, Vmax — 00)

(= [ et [T o2ies

Ve = [ R L [Tomavavi (82
" 0 2V a a a
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LReconstruction of the recoil spectrum

Reconstruction of the recoil spectrum - inelastic scattering
e Estimating k and k’ analytically
i (e ey, L (e (e,
o <Ql/2>inf <Q73/2>inf N <Qil/2>i2nf <Qil/2>inf <075/2>inf B <Qi3/2>i2nf
/OCQ)\ (dR/dQ)in expt a2 1 A

A i
<Q > == - ngQa

S AN 20 B

@ Solving k and k' numerically (with ka,, and k.., as the starting point)

ana
2

N 7 <X)\> (Knum s k;Um;X = Qmax) — <X)\> (Knum k;unﬁx = Qmin)
(@) (knums kyum) = %
/ max ¥y k/* /x
e dx

Cmin

e Equation for solving Q,,,..

(k K > N 2 < dF) 0
- = =
QVthre 7 (QVthre) &9 Q=Qv e
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L Numerical results

LReconstruction of the recoil spectrum

Reconstruction of the recoil spectrum

@ Measured recoil spectrum
(76Ge, 0 — 150 keV, 50 events, m, ;, = 100 GeV, i, = 25 keV)

70Ge, Qqgy < 150 keV, 50 events, o5 = 10°® pb, m, = 100 GeV, § = 25 keV

45

AMIDAS | hysikunt tusbi

<= (ARQ)sgnal
. . (dr/dQ)

Imeasured
- + 2-para. exp (analytic)
———— 2-para. exp (numerical, 1st)

— = 2-para. exp (numerical, final)

dR/dQ [x 10 events/kg-day/keV]

110 120 130 140 150

QkeV]
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LNumericaI results

LReconstruction of the recoil spectrum

Reconstruction of the recoil spectrum
@ Distribution of the reconstructed kiec
(76Ge, 0 — 150 keV, 50 events, m, ;, = 100 GeV, i, = 25 keV)

70Ge, Qqgy < 150 keV, 50 events, o5 = 10°® pb, m, = 100 GeV, § = 25 keV

0.09

AMIDAS hysik uni tusbi

..... analytic

numerical, 1st
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=+ =+ numerical, final
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LNumericaI results

LReconstruction of the recoil spectrum

Reconstruction of the recoil spectrum
@ Distribution of the reconstructed k'

rec
(76Ge, 0 — 150 keV, 50 events, m, ;, = 100 GeV, i, = 25 keV)

70Ge, Qqgy < 150 keV, 50 events, o5 = 10°® pb, m, = 100 GeV, § = 25 keV
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L Numerical results

LReconstruction of the recoil spectrum

Reconstruction of the recoil spectrum

@ Distribution of the reconstructed Q. rec
(76Ge, 0 — 150 keV, 50 events, m, ;, = 100 GeV, i, = 25 keV)

70Ge, Qqgy < 150 keV, 50 events, o5 = 10°® pb, m, = 100 GeV, § = 25 keV

0.1 Y
AMIDAS | hysikuni-tuabi
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L Numerical results

LReconstruction of the recoil spectrum

Reconstruction of the recoil spectrum

@ Measured recoil spectrum
(76Ge, 0 — 150 keV, 50 events, m, ;, = 100 GeV, i, = 10 keV)

70Ge, Qg < 150 keV, 50 events, o5 = 10°® pb, m, = 100 GeV, § = 10 keV

12 T T T T
AMIDAS| hysik uni-tuobir
e = (dR/Q),
10 Jsignal
+ (R measured
- + 2-para. exp (analytic)

"
e

———— 2-para. exp (numerical, 1st)
— = 2-para. exp (numerical, final)

©
s

dR/Q [x 10" events/kg-day/keV]
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LReconstruction of the recoil spectrum

Reconstruction of the recoil spectrum

@ Distribution of the reconstructed Q. rec
(76Ge, 0 — 150 keV, 50 events, m, ;, = 100 GeV, i, = 10 keV)

70Ge, Qg < 150 keV, 50 events, o5 = 10°® pb, m, = 100 GeV, § = 10 keV
— - -
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leentification of the inelastic scattering

)

Identification of the inelastic scattering

® Quyerec in unit of o(Qy,. rec)
(76Ge, 0 — 150 keV, 50 events, numerical)

8y [keV]

200
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Identification of the inelastic scattering

® Quyeth — Quyerec in unit of o(Quy,. rec)
(76Ge, 0 — 150 keV, 50 events, numerical)

8Ge, Qpax < 150 keV, 50 events, numerical

200 - v T
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Determinations of the WIMP mass and the mass splitting

@ Reconstructed my e

(?8Si 4+7 Ge, 0 — 150 keV, 2 X 50 events, &, = 25 keV)

285 4 766e, Qpax < 150 keV, 2 x 50 events, § = 25 keV

2000 - T
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Determinations of the WIMP mass and the mass splitting
@ Reconstructed my e
(?8Si 47 Ge, 0 — 150 keV, 2 X 50 events, &, = 10 keV)

285 4 766e, Qpax < 150 keV, 2 x 50 events, § = 10 keV
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Determinations of the WIMP mass and the mass splitting
@ Reconstructed my e

(?8Si 47 Ge, 0 — 150 keV, 2 X 50 events, &, = 40 keV)
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Determinations of the WIMP mass and the mass splitting
@ Reconstructed my e
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Determinations of the WIMP mass and the mass splitting

@ Reconstructed Jec
(%Si +75 Ge, 0 — 150 keV, 2 X 50 events, m, i, = 100 GeV)

285i + 7°Ge, Qpay < 150 keV, 2 x 50 events, m, = 100 GeV
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Determinations of the WIMP mass and the mass splitting
@ Distribution of the reconstructed 6ec
(%8Si +75 Ge, 0 — 150 keV, 2 X 50 events, m, i, = 100 GeV, &, = 25 keV)

Normalized number of experiments
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Determinations of the WIMP mass and the mass splitting
@ Distribution of the reconstructed 6ec
(%Si +75 Ge, 0 — 150 keV, 2 X 50 events, m, in = 50 GeV, &, = 25 keV)
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Determinations of the WIMP mass and the mass splitting

@ Distribution of the reconstructed 6ec
(%8Si +75 Ge, 0 — 150 keV, 2 X 50 events, m, i, = 250 GeV, &, = 25 keV)

285i + 7%Ge, Quay < 150 keV, 2 x 50 events, m, =250 GeV, § = 25 keV
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LDeterminations of the WIMP mass and the mass splitting

Determinations of the WIMP mass and the mass splitting
@ The two-parameter exponential ansatz for reconstructing
the recoil spectrum could be a good approximation.

e With O(50) events one could in principle identify inelastic WIMPs
from the elastic one model-independently.

@ For inelastic (§ > 0) case, we could
o observe positive Q. with a 20 - 50 confidence level.
e observe positive ¢ (although this could be slightly underestimated).
e give an upper bound of m, (underestimated, improvement required).

@ For elastic (6 = 0) case, we could observe
o very small, but non-zero positive Q...
e very small, but non-zero positive §...
@ (unphysically) negative m,: the larger the input m,, the larger the
absolute value of the reconstructed m,
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Determinations of the WIMP mass and the mass splitting

@ Distribution of the reconstructed Q. rec
(76Ge, 0 — 150 keV, 50 events, m, ;, = 100 GeV, di, = 0 keV)

75Ge, Qugy < 150 keV, 50 events, o5y = 10°® pb, m, = 100 GeV, § = 0 keV/

0.14

o o
° o o
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Summary and outlook
@ With a single experiment one could identify inelastic WIMPs from
the elastic one model-independently.

@ By combining two experiments with different target nuclei, one
could determine the mass splitting and (for small mass splitting)
give a rough upper bound of the mass of inelastic WIMPs.

@ Possible improvement of the determination of the (upper bound of
the) WIMP mass is currently under investigation: e.g., the use of
the pretty certainly determined §.

@ The reconstruction of the 1-D WIMP velocity distribution could
then be achieved.

Thank you very much for your attention!
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