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Introduction: evidences

• Dark Matter (DM)
• 25% of mass density of the Universe
• ‘Dark’: invisible

• Galaxy rotational curve
• contrast to Kepler’s law
• The rotation curve can be used to measure 

the mass distribution
• predicted more mass than the visible one
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Galaxy rotational curve
K.G. Begeman et al. Monthly Notices of the Royal Astronomical Society, Volume 

249, Issue 3, April 1991, Pages 523–537

https://map.gsfc.nasa.gov/media/080998/index.html
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Introduction: evidences

• The density of the Universe (𝜌!)
• equations of state: 𝑤! = 𝑝!/𝜌!
• Dark Energy (𝑤" = −1)
• Dark Matter (𝑤#$ = 0)
• baryons (𝑤% = 0)

• Concordance model
• Ω! = 𝜌!/𝜌&
• CMB: flat Universe → Σ!Ω! = Ω" + Ω#$ + Ω% = 1
• SN: accelerated expansion → Ω" ≅ 0.7
• lensing effect of Galactic cluster → Ω#$ ≅ 0.25
• Ω% ≅ 0.05 → amount of light isotopes well explained 

Concordance model
Jaan Einasto, Dark matter (arXiv:0901.0632) 2009



4

Introduction: candidates

• Properties
• no interactions via EM 

or Strong forces
• need to be neutral
• Weak-type interaction

• Hot Dark Matter (HDM)
• neutrinos, etc
• Do not cluster at small scales

• Cold Dark Matter (CDM)
• non-relativistic at decoupling
• bottom-up structure formation: smaller structures formed first that merge to 

bigger ones

HDM CDM

Light Heavy

Fast Slow

Failing to explain distribution of 
Galaxy at small scales

successful to explain distribution 
of Galaxy at small scales

Neutrions, etc. WIMP, Axion, etc.
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Introduction: WIMPs

Weakly Interacting Massive Particle (WIMP)

• Weak-type interaction
• no electric charge, no color

• Mass range in GeV-TeV range

• WIMP miracle
• correct relic abundance is obtained at WIMP < 𝜎𝑣 > = 𝑤𝑒𝑎𝑘 𝑠𝑐𝑎𝑙𝑒
• most extensions of SM are proposed independently at that scale.



Introduction: detection strategies

• Direct detection: DM interacts with SM particles (left to right)
• Indirect detection: DM annihilation (top to bottom)
• Accelerator: DM creation (bottom to top) 6



Direct Detection (DD)

• The signals are WIMP-nucleus recoil events

• Low probability requires high exposure
• Underground to avoid background

• Direct Detection experiments depend on :
• Detector’s target (nuclear response functions)
• Detector’s response (efficiency, light/charge yield, energy resolution, exposure)

• Different nuclear targets and background subtraction:
• Ionizators, scintillators, bubble chambers/droplet detectors and etc.
• COSINE-100, ANAIS, DAMA, LZ, PandaX-4T, XENON-1T, PICO-60 and ect. 7



Indirect Detection

• WIMP scatters off nucleus at distance r inside celestial body
• same interaction probed by DD

• If its outgoing speed 𝑣"#$ is below the escape velocity 𝑣%&!(𝑟), 
it gets locked into gravitationally bound orbit and keeps scattering 
again and again

• Capture process is favored for low (even vanishing) WIMP speeds
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𝜒

𝜒

𝜒

nucleus
𝑣!"# > 𝑣$%& 𝑟

𝑣!"# < 𝑣$%& 𝑟



Non-Relativistic Effective Theory (NREFT)

• WIMP is slow, so that the recoil events are non-relativistic
• NREFT provides a general and efficient way to characterize results
with mass of WIMP and coupling constants

• Hamiltonian: Σ'()* 𝑐'+𝒪'+ + 𝑐'
,𝒪'

,

• Non-relativistic process
• all operators must be invariant

by Galilean transformations
(𝑣 ~ 10'(𝑐 in galactic halo)

• Building operators using:
𝑖 -
.!

, �⃗�/, 𝑆0 , 𝑆*
9

Operators spin up to 1/2



Non-Relativistic Effective Theory (NREFT)

• Each operators have distinct couplings to proton and neutron:

Σ1(,,+Σ'())3 𝑐'1𝒪'1 , 𝑐41 ≡ 0

• Equivalent form using isospin:

Σ'())3 𝑐'51 + 𝑐')𝜏6 𝒪' = Σ7(5,)Σ'())3 𝑐'7𝒪'𝑡7 , 𝑐45 = 𝑐4) ≡ 0

⟩|𝑝 = )
5 ⟩|𝑛 = 5

) 1 ≡ 1 0
0 1 𝜏6 ≡

1 0
0 −1

𝑐'5 =
)
4
𝑐'
, + 𝑐'+ 𝑐') =

)
4
𝑐'
, − 𝑐'+

𝑡5 ≡ 1 𝑡) ≡ 𝜏6
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Non-Relativistic Effective Theory (NREFT)

• Scattering amplitude:
)

48"9)
)

48!9)
Σ&,'+& 𝑀 4 ≡ Σ:Σ7(5,)Σ7#(5,)𝑅:77

#
�⃗�;/

4, -
$

.!
$ , 𝑐'7 , 𝑐87

#
𝑊:

77#(𝑦)

• 𝑅:77
#
: WIMP response function

• Velocity dependence: ℛ)**
!
= ℛ),,**

!
+ℛ),-**

!
𝑣. − 𝑣/!0.

• 𝑊:
77# : nuclear response function

• 𝑦 = (𝑞𝑏/2)^2
• b: harmonic oscillator size parameter

• 𝑘 = 𝑀, Δ, Σ<, Σ<<, ?Φ< and Φ<<

• allowed responses assuming nuclear ground 
state is a good approximation of P and T

11
N. Anand et al. Phys.Rev.C.89.065501
R. Catena and B. Schwabe, JCAP04(2015)042

WIMP response function

Nuclear response function



Non-Relativistic Effective Theory (NREFT)
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WIMP response functions

• 𝑐' : coupling for i-th operator

• 𝑗0: spin of WIMP

• 𝑞: transferred momentum

• 𝑚* : mass of nucleon

• 𝑣;/: WIMP incoming velocity
• perpendicular to the direction of q



• Scattering amplitude:  
1

2𝑗! + 1
1

2𝑗" + 1
Σ#$%&# 𝑀 ' ≡ Σ(Σ)*+,-Σ)!*+,-𝑅())

! �⃗�./
',
�⃗�'

𝑚"
' , 𝑐%

), 𝑐0)
!

𝑊(
))! 𝑦

• Differential cross section : 12
13"

= -
-+#

'4$
56

7%

8%
-

'0&9-
-

'0$9-
Σ#$%& 𝑀 '

• Differential rate : 
1:
13"

= 𝑁. ∫8'()
8*+, ;&

4&
𝑣 12
13"

𝑓 𝑣 𝑑𝑣

• With 𝐸: =
<&$
% 8%

4$
,   𝑣4%& =

-
'4$3"

4$3"
<&$

+ 𝛿

Non-Relativistic Effective Theory (NREFT)
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• DD event rate

R11 = 𝑀𝜏234
5"
/"

∫ 𝑑𝑢 𝑓 𝑢 𝑢 Σ6 𝑁6 ∫7#,%&
.8"'

( 9( //' 𝑑𝐸; 𝜁234
<='
<7#

• 𝑀𝜏-./ : exposure

• 𝐸0,23 : experimental energy threshold

• 𝜁-./ : experimental features such as quenching, resolution, efficiency, etc.

• 𝑅== = ∫+
>*+4 𝑓 𝑢 𝐻== 𝑢

𝐻## 𝑢 = 𝑢 𝑀𝜏234
5"
/"

Σ6 𝑁6 ∫7#,%&
.8"'

( 9( //' 𝑑𝐸; 𝜁234
<='
<7#

DD event rate
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Capture rate
• Capture rate

𝐶⊙ = 5"
/"

∫ 𝑑𝑢 𝑓 𝑢 -
9 ∫,

;⊙ 𝑑𝑟 4𝜋𝑟. 𝑤. Σ6 𝜌6 𝑟 Θ 𝑢6?'/@3 − 𝑢 ∫/" 9( /.
.8"'

( A( //' 𝑑𝐸;
<='
<7#

• 𝜌!: the number of density of target 

• r: distance from the center of the Sun for Standard Solar Model AGSS09ph

• 𝑢: DM velocity asymptotically far away from the Sun

• 𝑣"#$(𝑟): escape velocity at distance r

• 𝑤% 𝑟 = 𝑢% + 𝑣"#$% (𝑟)

• Neutrino Telescope (NT):
• the neutrino flux from the annihilation of WIMPs captured in the Sun

• DM annihilations into 𝑏G𝑏

15



Capture rate

• with assumption of equilibrium between capture and annihilation:
Γ⊙ = 𝐶⊙/2

• 𝐶⊙ = ∫5
#%&'()

𝑑𝑢 𝑓 𝑢 𝐻I 𝑢

𝐻? =
𝜌B
𝑚B

1
𝑢
U
,

;⊙
𝑑𝑟 4𝜋𝑟. 𝑤. Σ6 𝜌6 𝑟 Θ 𝑢6?'/@3 − 𝑢 U

/" 9( /.

.8"'
( A( //'

𝑑𝐸;
𝑑𝜎6
𝑑𝐸;

• 𝑢6?'/@3 = 𝑣2C& 𝑟
D/"/'

/"'/'
( : maximum WIMP speed for capture possible
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Model independent method

• Scattering count rate:
𝑅 ∼ ∫𝑑𝑣 𝐻 𝑣 𝑓 𝑣

• Two parts of interaction and velocity distribution
• needs to avoid uncertainty
• interaction: include all possible interaction types
• velocity distribution: halo independent approaches

• Model independent method: the most general scenarios

17

velocity distribution
interaction



𝑐&
'

𝑐&
'

𝑐&
' + 𝑐&(
𝑐&
' + 𝑐&( + 𝑐)

' + 𝑐)(

𝑚*

Bracketing DD exclusion plots

• Possible all interactions
• Single coupling interactions
• Interferences between p-n, operators, short-long range interactions

• Subspaces
• 𝑐-, 𝑐(, 𝛼-, 𝛼( , 𝑐--, 𝑐-., 𝑐-E, 𝛼--, 𝛼-., 𝛼-E
• 𝑐D, 𝑐E, 𝑐F, 𝛼D, 𝛼E, 𝛼F , [𝑐G, 𝑐H, 𝛼G, 𝛼H]
• 𝑐I, 𝛼I , 𝑐-,, 𝛼-, , 𝑐-(, 𝛼-( , 𝑐-D, 𝛼-D

18
S. Kang et al., astropartphys.2023.102854

𝑐&
' + 𝑐&( + 𝑐)

' + 𝑐)( + 𝛼&
' + 𝛼&( + 𝛼)

' + 𝛼)(



Halo independent approach

• WIMP velocity distribution as Maxwellian:
𝑓J@K 𝑢 = -

L*/(M,*N-./
𝑒'9(/M,( Θ(𝑢2C& − 𝑢)

• 𝑢: WIMP velocity in Galactic rest frame
• 𝑣+: Galactic rotational velocity
• Θ: Heaviside step function
• 𝑢"#$: Escape velocity
• 𝑁"#$ = erf 𝑧 − 2𝑧𝑒,-&/𝜋&/%
• 𝑧% = 𝑢"#$% /𝑣+%

• In laboratory frame :

𝑓 𝑣6, 𝑡 = -
N-./

(
.LM01.

(

(/.
𝑒
'*|3'435|

(

(301.
( Θ 𝑢2C& − |𝑣6 + 𝑣7 𝑡 |

• 𝑁"#$ = erf 𝑧 − 2𝑧𝑒,-&/𝜋&/%
• 𝑧% = 3𝑢"#$% /(2𝑣/0#% )

• 𝑣/0# =
)
%
𝑣+ ≅ 270 km/s
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Halo independent approach

• Halo independent approach with arbitrary speed distribution, 𝑓 𝑢
• The only constraint: ∫#(5

#'() 𝑓 𝑢 𝑑𝑢 = 1

• Direct detection experiments have a threshold 𝑢 > 𝑢$_``
• Due to the energy threshold of experimental detectors

• Capture in the Sun is favored for low WIMP speeds
• 𝑢 < 𝑢;Ia.bc

• In order to cover full speed range: combine DD and capture

20
F. Ferrer et al. JCAP09(2015)052



Halo independent approach

• Considering one effective coupling (𝑐') at a time:
• 𝑅%c, 𝑐'4 = ∫ 𝑑𝑢 𝑓 𝑢 𝐻%c, 𝑐'4, 𝑢 ≤ 𝑅.bc
• 𝑅.bc : corresponding maximum experimental bound

• Using relation : 𝐻 𝑐'4, 𝑢 = 𝑐'4𝐻 𝑐' = 1, 𝑢
• 𝐻 𝑐',.bc4 𝑢 , 𝑢 = 𝑅.bc
• 𝑐',.bc4 𝑢 = d'()

e !*(),#
• 𝑐',.bc 𝑢 : upper limit on 𝑐' at single speed stream 𝑢

21
F. Ferrer et al. JCAP09(2015)052



Halo independent approach

• 𝑅%c, 𝑐'4 = ∫ 𝑑𝑢 𝑓 𝑢 𝐻%c, 𝑐'4, 𝑢 ≤ 𝑅.bc
• 𝑅%c, = ∫5

#'() 𝑑𝑢 𝑓 𝑢 𝐻 𝑐'4, 𝑢

= ∫5
#'() 𝑑𝑢 𝑓 𝑢 !*

$

!*,'()
$ #

𝐻 𝑐',.bc4 𝑢 , 𝑢

= ∫5
#'() 𝑑𝑢 𝑓 𝑢 !*

$

!*,'()
$ #

𝑅.bc ≤ 𝑅.bc

• upper limit on 𝑐' over whole streams: 

𝑐'4 ≤ ∫5
#'() 𝑑𝑢 f #

!*,'()
$ #

a)

22
F. Ferrer et al. JCAP09(2015)052



Halo independent approach

• 𝑐∗ = 𝑐.bc*; T𝑢 = 𝑐.bc`` T𝑢 : halo independent limit
• T𝑢 : intersection speed of NT and DD

• To	cover	whole	speed	range,
• 𝑢;Ia.bc > 𝑢$_``

• 𝑢;Ia.bc = 𝑣%&! 𝑟
h.".,

."a.,
$

• 𝑢$_``
4 = .,

4i",
$ 𝐸d,$_

23F. Ferrer et al. JCAP09(2015)052
S. Kang et al. JCAP03(2023)011

𝑢 𝑢!"#

P𝑢

𝑐!"#

𝑐∗



Halo independent approach

• Intersection:

𝑐*; .bc
4 𝑢 ≤ 𝑐∗4 for 0 ≤ 𝑢 ≤ T𝑢

𝑐`` .bc
4 𝑢 ≤ 𝑐∗4 for T𝑢 ≤ 𝑢 ≤ 𝑢.bc

𝑐4 ≤ 𝑐∗4 ∫5
j# 𝑑𝑢 𝑓 𝑢

a)
= !∗$

k

𝑐4 ≤ 𝑐∗4 ∫j#
#'() 𝑑𝑢 𝑓 𝑢

a)
= !∗$

)ak

𝛿 = ∫5
j# 𝑑𝑢 𝑓 𝑢

𝑐4 ≤ 2𝑐∗4 𝛿 = 1/2

24F. Ferrer et al. JCAP09(2015)052
S. Kang et al. JCAP03(2023)011

𝑢 𝑢!"#

P𝑢

𝑐!"#

𝑐∗



Halo independent approach

• If 𝑐`` .bc
4 𝑢 > 𝑐∗4 at 𝑢 = 𝑢.bc :

𝑐4 ≤ 𝑐∗4 ∫5
j# 𝑑𝑢 𝑓 𝑢

a)
= !∗$

k

𝑐4 ≤ 𝑐`` .bc
4 𝑢.bc ∫j#

#'() 𝑑𝑢 𝑓 𝑢
a)

=
!.. '()

$
#'()

)ak
𝑐4 ≤ 𝑐`` .bc

4 𝑢.bc + 𝑐∗4

• Sensitive to 𝑢.bc

25F. Ferrer et al. JCAP09(2015)052
S. Kang et al. JCAP03(2023)011
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P𝑢

𝑐!"# 𝑐∗

𝑐!"#%%



Halo independent approach
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• If 𝑢$_`` > 𝑢.bc :

𝑐4 ≤ 𝑐*; .bc
4 𝑢.bc

• Sensitive to 𝑢.bc

F. Ferrer et al. JCAP09(2015)052
S. Kang et al. JCAP03(2023)011

𝑢 𝑢!"#

𝑐!"#

𝑐!"#&'



Halo independent approach

• Repeat by combining each DD to NT
• 1: NT and XENON 1T
• 2: NT and PICO-60(𝐶6𝐹l)
• 3: NT and PICO-60(C𝐹6𝐼)

• Halo independent limit:
the most constraining one

27F. Ferrer et al. JCAP09(2015)052
S. Kang et al. JCAP03(2023)011

S. Kang, A. Kar, S. Scopel, JCAP03(2023)011

2 3
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Halo independent approach

28
S. Kang et al. JCAP03(2023)011



Halo independent approach
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• Spin independent
• Ο-,(,--,-.,-E
• 𝑊$, 𝑊U!!

• Enhanced for heavy targets

S. Kang et al. JCAP03(2023)011



Halo independent approach
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• Spin dependent
• ΟD,E,F,I,G,H,-,,-(,-D
• 𝑊V!! , 𝑊V! : directly coupling to spin
• 𝑊W: related to angular momentum
• 𝑊XU! : spin larger than 1/2

S. Kang et al. JCAP03(2023)011



Halo independent approach
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• If 𝑐== 4?@
' 𝑢 > 𝑐∗' at 𝑢 = 𝑢4?@ : 𝑐' ≤ 𝑐== 4?@

' 𝑢4?@ + 𝑐∗'

• If 𝑢BC== > 𝑢4?@ : 𝑐' ≤ 𝑐". 4?@
' 𝑢4?@

• 𝑢4?@: 780 km/s → 8000 km/s

• Effect of large 𝑢4?@ is mild: factor less than 2

F. Ferrer et al. JCAP09(2015)052
S. Kang et al. JCAP03(2023)011



Halo independent approach
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• Relaxing factor

𝑟Y. =
.&∗(

&789
-:; ( = 2𝑐∗. ∫,

91<: 𝑑𝑢 Y9 9
&-:; 1<:

( 9 = 2𝑐∗. <
-

&-:; 1<:
( >≅ 2𝑐∗. <

-
&-:; 1<:

( >%9K)

∫m#n: 𝑑𝑢 𝑓o 𝑢 ≈ 0.8

S. Kang et al. JCAP03(2023)011



Halo independent approach
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• small or large mass range
• outside the bulk of Maxwellian
• smooth dependence on u

• intermediate range (10 ~ 200 GeV)
• inside the bulk of Maxwellian
• steep dependence on u

S. Kang et al. JCAP03(2023)011



Halo independent approach
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• small or large mass range
• outside the bulk of Maxwellian
• smooth dependence on u

• intermediate range (10 ~ 200 GeV)
• inside the bulk of Maxwellian
• steep dependence on u

S. Kang et al. JCAP03(2023)011



Halo independent approach
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• small or large mass range
• outside the bulk of Maxwellian
• smooth dependence on u

• intermediate range (10 ~ 200 GeV)
• inside the bulk of Maxwellian
• steep dependence on u

S. Kang et al. JCAP03(2023)011



Halo independent approach
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• small relaxing factors
• 𝑂h,p : SD with no 𝑞 suppression
• 𝑂q,)5,)h : SD with 𝑞4 suppression
• 𝑂r : SD with 𝑞h suppression

S. Kang et al. JCAP03(2023)011



Halo independent approach
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• Velocity dependent operators(𝑂p,)h)
• small relaxing factor
• velocity dependence → weaker limit

S. Kang et al. JCAP03(2023)011



Halo independent approach
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• High relaxing factor: 
the halo-independent method can weaken the bound

𝑟Y. =
.&∗(

&789
-:; ( = 2𝑐∗. ∫,

91<: 𝑑𝑢 Y9 9
&-:; 1<:

( 9
= 2𝑐∗. <

-
&-:; 1<:

( >≅ 2𝑐∗. <
-

&-:; 1<:
( >%9K)

S. Kang et al. JCAP03(2023)011



Summary

• Halo independent method can be applied to any speed distribution

• Combining results of direct detection experiments and capture in the Sun 
may provide halo-independent bounds on each couplings

• In most cases the relaxation of halo independent bounds is moderate
in low and high 𝑚!

• More moderate values of the relaxation is obtained with 𝑐D=
$

• High relaxing factor: halo independent method weaken the bounds
→ sensitive on speed distribution 39


