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o Differential event rate for elastic WIMP-nucleus scattering

dR

dQ
= AF 2(Q)

∫ vmax

vmin(Q)

[
f1(v)

v

]
dv

Here

vmin(Q) = α
√

Q

is the minimal incoming velocity of incident WIMPs that can deposit the
recoil energy Q in the detector,

A ≡ ρ0σ0

2mχm2
r,N

α ≡
√

mN

2m2
r,N

mr,N =
mχmN

mχ + mN

ρ0: WIMP density near the Earth

σ0: total cross section ignoring the form factor suppression

F (Q): elastic nuclear form factor

f1(v): one-dimensional velocity distribution of halo WIMPs
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p

o Measured recoil spectrum
(76Ge, 0 - 100 keV, exponential bg 0 - 100 keV, 500 events, 20% bg, mχ = 10 GeV)

[Y.-T. Chou and CLS, JCAP 1008, 014 (2010)]
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p

o Measured recoil spectrum
(76Ge, 0 - 100 keV, exponential bg 0 - 100 keV, 500 events, 20% bg, mχ = 25 GeV)

[Y.-T. Chou and CLS, JCAP 1008, 014 (2010)]
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Model-independent data analyses

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of the 1-D WIMP velocity distribution

o Normalized one-dimensional WIMP velocity distribution function

f1(v) = N
{
−2Q ·

d

dQ

[
1

F 2(Q)

(
dR

dQ

)]}
Q=v2/α2

N =
2

α

{∫ ∞
0

1
√
Q

[
1

F 2(Q)

(
dR

dQ

)]
dQ

}−1

o Moments of the velocity distribution function

〈vn〉 = N (Qthre)

(
αn+1

2

)[
2Q

(n+1)/2
thre

F 2(Qthre)

(
dR

dQ

)
Q=Qthre

+ (n + 1)In(Qthre)

]

N (Qthre) =
2

α

[
2Q

1/2
thre

F 2(Qthre)

(
dR

dQ

)
Q=Qthre

+ I0(Qthre)

]−1

In(Qthre) =

∫ ∞
Qthre

Q(n−1)/2

[
1

F 2(Q)

(
dR

dQ

)]
dQ

[M. Drees and CLS, JCAP 0706, 011 (2007)]
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Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of the 1-D WIMP velocity distribution

o Ansatz: the measured recoil spectrum in the nth Q-bin(
dR

dQ

)
expt, Q'Qn

≡ rn e
kn(Q−Qs,n) rn ≡

Nn

bn
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Model-independent data analyses

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of the 1-D WIMP velocity distribution

o Ansatz: the measured recoil spectrum in the nth Q-bin(
dR

dQ

)
expt, Q'Qn

≡ rn e
kn(Q−Qs,n) rn ≡

Nn

bn

o Logarithmic slope and shifted point in the nth Q-bin

Q − Qn|n ≡
1

Nn

Nn∑
i=1

(Qn,i − Qn) =

(
bn

2

)
coth

(
knbn

2

)
−

1

kn

Qs,n = Qn +
1

kn
ln

[
sinh(knbn/2)

knbn/2

]
o Reconstructing the one-dimensional WIMP velocity distribution

f1(vs,n) = N
[

2Qs,nrn

F 2(Qs,n)

] [
d

dQ
lnF 2(Q)

∣∣∣
Q=Qs,n

− kn

]

N =
2

α

[∑
a

1
√
Qa F 2(Qa)

]−1

vs,n = α
√

Qs,n

[M. Drees and CLS, JCAP 0706, 011 (2007)]
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Model-independent data analyses

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of the 1-D WIMP velocity distribution

o Reconstructed f1,rec(vs,n)
(76Ge, 500 events, 5 bins, up to 3 bins per window)

[M. Drees and CLS, JCAP 0706, 011 (2007)]
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Determination of the WIMP mass

p

o Estimating the moments of the WIMP velocity distribution

〈vn〉 = α
n

 2Q
1/2
min rmin

F 2(Qmin)
+ I0

−1  2Q
(n+1)/2
min rmin

F 2(Qmin)
+ (n + 1)In



In =
∑
a

Q
(n−1)/2
a

F 2(Qa)
rmin =

(
dR

dQ

)
expt,Q=Qmin

= r1 e
k1(Qmin−Qs,1)

[M. Drees and CLS, JCAP 0706, 011 (2007)]
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p

o Estimating the moments of the WIMP velocity distribution

〈vn〉 = α
n

 2Q
1/2
min rmin

F 2(Qmin)
+ I0

−1  2Q
(n+1)/2
min rmin

F 2(Qmin)
+ (n + 1)In



In =
∑
a

Q
(n−1)/2
a

F 2(Qa)
rmin =

(
dR

dQ

)
expt,Q=Qmin

= r1 e
k1(Qmin−Qs,1)

[M. Drees and CLS, JCAP 0706, 011 (2007)]

o Determining the WIMP mass

mχ
∣∣
〈vn〉 =

√
mXmY − mXRn

Rn −
√

mX /mY

Rn =

 2Q
(n+1)/2
min,X

rmin,X /F
2
X (Qmin,X ) + (n + 1)In,X

2Q
1/2
min,X

rmin,X /F
2
X
(Qmin,X ) + I0,X

1/n(
X −→ Y

)−1 (n 6= 0)

[CLS and M. Drees, arXiv:0710.4296]

o Assuming a dominant SI scalar WIMP-nucleus interaction

mχ
∣∣
σ

=
(mX /mY )5/2 mY − mXRσ
Rσ − (mX /mY )5/2

Rσ =
EY
EX

 2Q
1/2
min,X

rmin,X /F
2
X (Qmin,X ) + I0,X

2Q
1/2
min,Y

rmin,X /F
2
Y
(Qmin,Y ) + I0,Y


[M. Drees and CLS, JCAP 0806, 012 (2008)]
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Model-independent data analyses

Determination of the WIMP mass

Determination of the WIMP mass

p

o Reconstructed mχ,rec

(28Si + 76Ge, Qmax < 100 keV, 2 × 50 events)

p

[M. Drees and CLS, JCAP 0806, 012 (2008)]
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Model-independent data analyses

Estimation of the SI scalar WIMP-nucleon coupling

Estimation of the SI scalar WIMP-nucleon coupling

o Spin-independent (SI) scalar WIMP-nucleus cross section

σSI
0 =

(
4

π

)
m2

r,N

[
Zfp + (A− Z)fn

]2' ( 4

π

)
m2

r,NA
2|fp|2 = A2

(
mr,N

mr,p

)2

σSI
χp

σSI
χp

/

=

(
4

π

)
m2

r,p|fp|2

f(p,n): effective SI scalar WIMP-proton/neutron couplings
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Model-independent data analyses

Estimation of the SI scalar WIMP-nucleon coupling

Estimation of the SI scalar WIMP-nucleon coupling

o Spin-independent (SI) scalar WIMP-nucleus cross section

σSI
0 =

(
4

π

)
m2

r,N

[
Zfp + (A− Z)fn

]2' ( 4

π

)
m2

r,NA
2|fp|2 = A2

(
mr,N

mr,p

)2

σSI
χp

σSI
χp

/

=

(
4

π

)
m2

r,p|fp|2

f(p,n): effective SI scalar WIMP-proton/neutron couplings

o Rewriting the integral over f1(v)/v

(
dR

dQ

)
expt,Q=Qmin

=
Eρ0A2

2mχm2
r,p

[(
4

π

)
m2

r,p|fp|
2
]
F 2(Qmin)

mr,N

√
2

mN

2Q1/2
min rmin

F 2(Qmin)
+ I0

−1[
2 rmin

F 2(Qmin)

]

o Estimating the SI scalar WIMP-nucleon coupling

|fp|2 =
1

ρ0

[
π

4
√
2

(
1

EZA2
Z

√
mZ

)]2Q
1/2
min,Z rmin,Z

F 2
Z (Qmin,Z )

+ I0,Z

 (mχ +mZ )

[M. Drees and CLS, PoS IDM2008, 110 (2008)]
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Model-independent data analyses

Estimation of the SI scalar WIMP-nucleon coupling

Estimation of the SI scalar WIMP-nucleon coupling

o Reconstructed |fp|2rec vs. reconstructed mχ,rec

(76Ge (+ 28Si + 76Ge), Qmax < 100 keV, σSI
χp = 10−8 pb, 1(3) × 50 events)

p

[CLS, arXiv:1103.0481]

C.-L. Shan (XAO-CAS) TeVPA 2017, August 10, 2017 p. 16



Determinations of Properties of Low-Mass WIMPs from DMDD Experiments with Non-negligible Threshold Energy

Model-independent data analyses

Determinations of ratios of WIMP-nucleon cross sections

Determination of the ratio of SD WIMP-nucleon couplings

o Spin-dependent (SD) axial-vector WIMP-nucleus cross section

σSD
0 =

(
32

π

)
G2
F m2

r,N

(
J + 1

J

)[
〈Sp〉ap + 〈Sn〉an

]2
σSD
χp/n =

(
32

π

)
G2
F m2

r,p/n ·
(
3

4

)
a2p/n

J: total nuclear spin

〈S(p,n)〉: expectation values of the proton/neutron group spin

a(p,n): effective SD axial-vector WIMP-proton/neutron couplings
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Determinations of ratios of WIMP-nucleon cross sections

Determination of the ratio of SD WIMP-nucleon couplings

o Spin-dependent (SD) axial-vector WIMP-nucleus cross section

σSD
0 =

(
32

π

)
G2
F m2

r,N

(
J + 1

J

)[
〈Sp〉ap + 〈Sn〉an

]2
σSD
χp/n =

(
32

π

)
G2
F m2

r,p/n ·
(
3

4

)
a2p/n

J: total nuclear spin

〈S(p,n)〉: expectation values of the proton/neutron group spin

a(p,n): effective SD axial-vector WIMP-proton/neutron couplings

o Determining the ratio of two SD axial-vector WIMP-nucleon couplings(
an

ap

)SD

±,n
= −
〈Sp〉X ± 〈Sp〉YRJ,n

〈Sn〉X ± 〈Sn〉YRJ,n

RJ,n ≡
[(

JX

JX + 1

)(
JY + 1

JY

)
Rσ
Rn

]1/2
(n 6= 0)

[M. Drees and CLS, arXiv:0903.3300]
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Model-independent data analyses

Determinations of ratios of WIMP-nucleon cross sections

Determination of the ratio of SD WIMP-nucleon couplings

o Reconstructed (an/ap)SDrec,1

(73Ge + 37Cl and 19F + 127I, Qmin > 5 keV, Qmax < 100 keV, 2 × 50 events,

mχ = 100 GeV)

[CLS, JCAP 1107, 005 (2011)]
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Model-independent data analyses

Determinations of ratios of WIMP-nucleon cross sections

Determinations of ratios of WIMP-nucleon cross sections

p

o Differential rate for combined SI and SD cross sections(
dR

dQ

)
expt,Q=Qmin

= E

 ρ0σ
SI
0

2mχm
2
r,N

[F 2
SI(Q) +

(
σSD
χp

σSI
χp

)
CpF 2

SD(Q)

] ∫ vmax

vmin

[
f1(v)

v

]
dv

Cp ≡
4

3

(
J + 1

J

)[ 〈Sp〉 + (an/ap)〈Sn〉
A

]2
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Determinations of ratios of WIMP-nucleon cross sections

Determinations of ratios of WIMP-nucleon cross sections

p

o Differential rate for combined SI and SD cross sections(
dR

dQ

)
expt,Q=Qmin

= E

 ρ0σ
SI
0

2mχm
2
r,N

[F 2
SI(Q) +

(
σSD
χp

σSI
χp

)
CpF 2

SD(Q)

] ∫ vmax

vmin

[
f1(v)

v

]
dv

Cp ≡
4

3

(
J + 1

J

)[ 〈Sp〉 + (an/ap)〈Sn〉
A

]2

o Determining the ratio of two WIMP-proton cross sections
σSD
χp

σSI
χp

=
F 2
SI,Y (Qmin,Y )Rm,XY − F 2

SI,X (Qmin,X )

Cp,X F 2
SD,X

(Qmin,X )− Cp,Y F 2
SD,Y

(Qmin,Y )Rm,XY

Rm,XY ≡
(

rmin,X

EX

)(
EY

rmin,Y

)(
mY

mX

)2

o Determining the ratio of two SD axial-vector WIMP-nucleon couplings(
an

ap

)SI+SD

±
=
−
(
cp,X sn/p,X − cp,Y sn/p,Y

)
±√cp,X cp,Y

∣∣∣sn/p,X − sn/p,Y

∣∣∣
cp,X s2

n/p,X
− cp,Y s2

n/p,Y

cp,X ≡
4

3

(
JX + 1

JX

)[
〈Sp〉X
AX

]2[
F 2
SI,Z (Qmin,Z )Rm,YZ − F 2

SI,Y (Qmin,Y )
]
F 2
SD,X (Qmin,X )

[M. Drees and CLS, arXiv:0903.3300]
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Model-independent data analyses

Determinations of ratios of WIMP-nucleon cross sections

Determinations of ratios of WIMP-nucleon cross sections

p

o Reconstructed (an/ap)SI+SD
rec vs. (an/ap)SDrec,1

(19F + 127I + 28Si, Qmin > 5 keV, Qmax < 100 keV, 3 × 50 events,

σSI
χp = 10−8/10−10 pb, ap = 0.1, mχ = 100 GeV)

[CLS, JCAP 1107, 005 (2011)]
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Model-independent data analyses

Determinations of ratios of WIMP-nucleon cross sections

Determinations of ratios of WIMP-nucleon cross sections

p

o Reconstructed
(
σSD
χp /σ

SI
χp

)
rec

and
(
σSD
χn /σ

SI
χp

)
rec

(19F + 127I + 28Si vs. 23Na/131Xe + 76Ge, Qmin > 5 keV, Qmax < 100 keV,

σSI
χp = 10−8 pb, ap = 0.1, mχ = 100 GeV, 3/2 × 50 events)

[CLS, JCAP 1107, 005 (2011)]
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Effects of a non-negligible threshold energy
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Effects of a non-negligible threshold energy

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of the 1-D WIMP velocity distribution
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Effects of a non-negligible threshold energy

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of f1(v) with a non-negligible threshold energy

o Reconstructed f1,rec(vs,n) (before correction!)
(76Ge, 2 - 50 keV, 500 events, mχ = 25 GeV)

[CLS, IJMPD 24, 1550090 (2015)]
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Effects of a non-negligible threshold energy

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of f1(v) with a non-negligible threshold energy

o Modification of the renormalization constant

N =
2

α

[
f̃1,rec(v

∗
min)Q

1/2
min +

2Q
1/2
min

F 2(Qmin)

(
dR

dQ

)
expt, Q=Qmin

+ I0(Qmin,Q
∗
max)

]−1

where

f̃1,rec(v
∗
min) ≡

[
2Qminr(Qmin)

F 2(Qmin)

][
d

dQ
lnF 2(Q)

∣∣∣∣
Q=Qmin

− k1

]
(
dR

dQ

)
expt, Q=Qmin

= r1 e
k1(Qmin−Qs,1) ≡ r(Qmin)

In(Qmin,Q
∗
max) =

∫ Q∗max

Qmin

Q(n−1)/2

[
1

F 2(Q)

(
dR

dQ

)]
dQ →

∑
a

Q
(n−1)/2
a

F 2(Qa)

Q∗max ≡ min

(
Qmax, Qmax,kin =

v2
max

α2

)
[CLS, IJMPD 24, 1550090 (2015)]
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Effects of a non-negligible threshold energy

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of f1(v) with a non-negligible threshold energy

o Reconstructed f1,rec(vs,n) with the input WIMP mass (after correction!)
(76Ge, 2 - 50 keV, 500 events, mχ = 25 GeV)

[CLS, IJMPD 24, 1550090 (2015)]
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Effects of a non-negligible threshold energy

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of f1(v) with a non-negligible threshold energy

o Reconstructed f1,rec(vs,n) with the input WIMP mass (after correction!)
(76Ge, 5 - 50 keV, 500 events, mχ = 25 GeV)

[CLS, IJMPD 24, 1550090 (2015)]
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Effects of a non-negligible threshold energy

Reconstruction of the 1-D WIMP velocity distribution

Reconstruction of f1(v) with a non-negligible threshold energy

o Theoretical bias estimate of
[
∆

v∗min
0 −

∫ v∗min
0

f1(v) dv
]
/
∫ vmax

0
f1(v) dv

[CLS, IJMPD 24, 1550090 (2015)]
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Effects of a non-negligible threshold energy

Reconstructions of WIMP particle properties (current work...)

Reconstruction of WIMP particle properties
(current work...)
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(76Ge (+ 28Si + 76Ge), 5 - 100 keV, 50 events)
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Reconstructions of WIMP particle properties (current work...)

Determinations of (an/ap) with a non-negligible threshold energy

o Reconstructed (an/ap)SI+SD
rec vs. (an/ap)SDrec,1 (before correction...)

(73Ge + 37Cl (+ 28Si) / 19F + 127I (+ 28Si), 5 - 100 keV, 2/3 × 50 events,

an/ap = 0.7)

[CLS, JCAP 1107, 005 (2011)]
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of f1(v) can be corrected pretty well.

o The reconstructions of |fp|2, an/ap and σSD
χ(p,n)/σ

SI
χp seem to be able to also

be improved significantly.

o However, once the WIMP mass is as light as mχ ' O(5 GeV), there are
still some technical details to be considered carefully.

o We are still working on the strongly corrected statistical uncertainties on
the reconstructed WIMP properties...

Thank you very much for your attention!
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