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Direct Detection of DM

* Detection of DM in laboratory is the so called “Direct Detection” based on DM-SM particle Scattering.

* Goodman & Witten proposed DM-Heavy nuclei scattering for WIMP DM |[Tone-scale Xenon
experiments].

10-4

Dark Matter Standard Model
Particles Particles

*/
PN

Dark Matter Standard Model
Particles Particles :
Neutrino Floor

N=n i
— l()—l'l 1 I‘ 1
| p 10! 10° 10% 10*

m, [GeV]

* Currently, DM-nucleon/nuclei elastic scattering, y+N—yx+N, becomes one of the most general and
benchmark processes when we talk about direct detection.
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Scattering
DM-nucleon og; [cm

!

2 —
. . my x’NN NN :
* Quadratical coupling: % [scalar] or Xi >— [fermion]
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Difficulty of Light DM Detection

SENSEI CRESST

CaWO4 instrumented
holding stick '

conduction band

* People have built different DD experiments
to probe wide mass and interaction strength

x:/
n

w ‘

d <

[

[

ranges. They e.sse.ntially rely on the same = :::
underlying principle: ©eeee
valence band
¢ SearChing for scattering events With F T TTTTRM T TTTTIm LI IIHIH/I T TTTTIT T T TTTITI T TTTTIT T TTTITT T
energy transfers above the experimental s l , 22 :
threshold. ToLF e, B :
. . ;: 107 E \f\U\J r'19 .
* However, lighter dark matter particles carry £ o
T 1 2 -6 3
less kinetic energy [T, ~ mevx~10 m, ] z )
and therefore deposit less energy transfer. 2 ﬁz S
* The detection of lighter [sub-MeV] DM is 7 107}
still an experimental challenge! 107t
0 10~ 107! l 10 10 10° 10*

DM mass in GeV
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Summarizes of DM-nuclei SI cross section limits

Oyn [cm?]

Direct
Detection

10730
10—35
1 0—40
10745
1050
1 0—5 5
10750
10

} { +—>m,,
1015V 10%V  10%eV

1010V 1075eV \ leV 10%eV

% (&) V2 @
e | | Detection gap of
N(p1) * >— - N(ps) /!
" J I DM-nucleom
- R R | elastic scattering
N(ps . N(pa) ,/
¢ Y1 (3
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Our Target

o

We want to propose a new detecting mechanism for light D

o,y [cm?]

10730 Direct
10-3 Detection
10—40

10—45

10—55

-

- - - -
X~ & mpy, (event-rate limited)
- - - -
- -
] l l l l I

T T T T T —>mp,
1020V 107 3eV 1010V 107°eV leV \{e\l 1010V 10%5eV 102%eV 10%5eV

Target this sub-eV mass range
and place stronger direct-
detection limits.
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Merits of lighter DM

We know: The drawback of light dark matter is the insufficient energy transfer.

For nuclei [GeV] and light DM [< MeV] scattering, we have:
2

q
~ = =103 , AE=T.=—.
q~Dy =My Uy my A
A
q, T
Y ®

forbidden

What, then, are its merits?
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Merits of lighter DM

We know: The drawback of light dark matter is the insufficient energy transfer.

For nuclei [GeV] and light DM [< MeV] scattering, we have:
2

q
~Dy = =103m,, AE=T,=—.
q~Dy =My Uy my L
A
Py 4
q, Tr ny = m_x
Y = & ®
tforbidden

> >
‘mX mX

What, then, are its merits?

I. Large Number Density II. Large Scattering Cross Section!!!
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Coherent scattering enhancement

AWVA

Number of
nuclei N,

A 4

A

2R

v

« Light DM have a relative long de Broglie wavelength:
1 1 1073

* 0.0leV DM ~ 1cm

« Coherent Scattering: If the DM wavelength is
larger than the size of the target, the scattering
cross section is enhanced by N*.

)
Otot = N“ Oy

* This N? coherent factor is verified by neutrino
scattering in CEVNS.

* Incoherent [q(pX)R > 1, heavy DM]: 0ot = N Oyy

023

» For macro object, N ~ 1 [Avogadro constant]
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Intuitive picture of coherent scattering

Uncertainty principle: ép * dx ~ 1, coherence scattering length/interacting region: A, ~$

It 1s also the DM de Broglie

DQD/ wavelength = ~ —.
4 Dy

. /

. »

® \VAR '—.—:.
® o
1. ~Z=
“q
1) Small-q Iimit (@R < 1) Pror = IXA; 7 2) Large-q limit (¢R > 1) Peor = XIAl?
Oror = N? 0yyy Otor = N oy
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Form factor description of coherent scattering

102E T ———

101

10

Otot [sz}
p—
<
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O-tOt = N2|F(q)|20')(N ‘F(q)‘Q — W dsr,,; d3rj€ q&ru_

3

For a sphere: Fs(q) = ok [sin(¢R) — qRcos(qR)] .
Check the limits:
1) Small-q limit (¢R < 1)
F@=1-2 +0@)=1- U L o(ar)) = Opor = N2 oy
2) Large-q limit (¢R > 1)
_ 3cos(gR)
Fs(a) =~ ==y > 0oyt X 1/q

The shape and size of target
determines the scattering form factor.

12



Merits of light DM imply------

Merits:

1. Number density becomes large

2. Scattering cross section can be
super-enhanced

—_— Scattering Rate~n,v, 0,

|

Wh aﬁ ﬁﬁ ﬁ S —?) . Observable: Some collective effects
L]
. enhanced by the scattering rate
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Force/Acceleration as observable DM halo

Solar System

Solar System
DM has a relative velocity to the earth. As a S et
result, the continuous scattering will induce ( ¢’ W @ &
. : . —q
some force and acceleration to the targets. o = S e
motion

DM wind
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Force/Acceleration as observable DM halo

Solar System

Solar System
DM has a relative velocity to the earth. As a S et
result, the continuous scattering will induce (, ¢’ W @ &
: |  —
some force and acceleration to the targets. o S e
Q motion
Px 2
F=n,o00vq= o Otot Vy 1My Vy = Py Otot Vy-
X
2 2 2 2
Mearget Mearget N my my

It can be enhanced by a factor an atom number,
which is of order 10?3 in macro-objects.

DM wind
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Force/Acceleration as observable DM halo

Solar System

Solar System
DM has a relative velocity to the earth. As a 3 motion
result, the continuous scattering will induce ‘( - @ pe 4
some force and acceleration to the targets. o S e
P Q motion
_ _ X _ 2
F= Ny Otot Vq = m_)( Otot Vy 1My Vy = Py Otot Vy-
2 2 2 2
Mearget Mearget N my my

Please always do a conservative order
estimation before doing the project!

py = 0.4 GeV/cm?

N = 10% = a~4x10 * cm/s’ DM wind
OyN = 10 * cm?
s Not bad!
v, = 10
X
my = 1 GeV
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How to detect such a small acceleration?

« Torsion balance was first invented for the detection of

gravity and determination of Newton constant G [Cavendish
Experiment (1797)].

_ _ * With more than two centuries of development, it now reaches
Torsion wire e s 10~ Bcm
a sensitivity: 6 a = . ©

S
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How to detect such a small acceleration?

DM wind

—

L torsion fiber

« Torsion balance was first invented for the detection of

gravity and determination of Newton constant G [Cavendish
Experiment (1797)].

With more than two centuries of development, it now reaches
10~ Bcem

SZ

a sensitivity: 6 a =

>+ However, the usual symmetric torsion balance with
] same masses and same sizes does not work.

=0
_p Aoyot V)%

N~
Mearget

Aa
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How to detect such a small acceleration?

Torsion balance was first invented for the detection of

gravity and determination of Newton constant G [Cavendish
g .
With a sensitivity: Torsion balance Experlment (1797)]-

107 B¢cm
da=

s2

With more than two centuries of development, it now reaches
10~ Bcem

SZ

| a sensitivity: 6 a =

£ l * However, the usual symmetric torsion balance with
Tl same masses and same sizes does not work.

<2
_ PDoror)vy

N~
Mearget

Spherical shell

Aa

« If we want to detect DM wind, some asymmetry is

needed! The two targets have different scattering
cross section with DM.
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WEP'teSting tOI‘Sion balance [WEP: weak equivalence principle]

Outer Diameter

Experiment Materials Mass Shape Structure
Roll et al. (1964) [55] Al/Au 30 g cylinder solid /solid
Braginskii et al. (1972) [50] Al/Pt 0.49 g sphere solid /solid
E6t-Wash (1994) [57] Be/Al 10 g cylinder [solid/hollow

Be/Cu 10 g cylinder [solid/hollow
Eo6t-Wash (2008 & 2012) [55, 59] Be/Al 5 g sphere” [solid/hollow

Be/Ti 5 g sphere” |solid/hollow

ROLL, KROTEOV, AND DICKE

=1, 1. Early stage:

SUSPENSION

PLATE — FITTING

ALUMINUM

WEIGHT WEIGHT

SUSPENSION PLATE

m=pxV

I. Same shape but
different outer-sizes

II. Daily modulation due
to the earth rotation

Email: jie.sheng@ipmu.jp

Height | Aa|

3.2cm < 1.8-10 "' cm/s?
> . - < 1.1-10 "2 ecm/s?
2.0cm/2.0cm 1.7cm < 1.0-10" ' em/s*“

—11 c L_2-‘1.

2.0cm/2.0cm 1.7 cm

1.7em /1.7 cm
1.7em /1.7 cm

Current stage:

I. Same outer-size but
different inner structures

II. Self-rotation[mHz] with
a mHz frequency

17



Cross-section difference ooz The shape and size of

VX
A==, targetdetermines the
rors woTROv. Ao Do ‘ scattering form factor.
1: o Braginski t al. 1972 _ The largest difference occurs when
the dark matter wavelength lies
L between the sizes of the large and
S small objects. In this case, it can
10-F coherently scatter only with the
w T : smaller test mass.
10~ .
107°

10" ey e S E
: E6t-Wash (2008 & 2012) ]

10 The largest difference occurs

when the dark matter

wavelength is smaller than the

W \ | ! size of the test mass, so that it
N\ can “resolve” or “see” the
] HAAMIFI

10! -
102f
109 [

104 — .
s internal structure.

b L _
105 104 103

q[eV]
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DM limits from existing WEP expenments

. 1 PX e pxgtotvi
Signal: Mo iy 0 X gy
]_ ,0 3 ! dgtot(q)
(a,) = Mm_); /d deQqu Vil f(Vy) W
[v/* ithv = v, +
fr(v) ox exp 2 O (Vese — |v|), WMV = Uy T VUsprar
0

Limits: signal < sensitivity

| A
< 1.8-10 ' em/s?
2 < 1.1-10" " cm/s*
pXAO-tOt Ux —11 2a
Aa = < 1.0- 10 cm/s
Mtarget < 1.0-10""" cu.;s

—_— 3
=< 4.9- 10" 'IL m/s
=

8.3 - 10 " em/s22

1()2

10t

a [eV]

107*5 | Supernova Cooling

N e E6t-Wash (1994)

10—31

"Eﬁ?;".o o .;-,G Asymmetru: TEB (proj.)
10—32 -Bac PR T i L i o s 3 sl i i i s a i il
10-3 10-2 1071 109

my [eV]

A reminder: g~ p,~ m,v,~1073m,,
PRL136, 121803 (2026)
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Conclusion

]
Torsion balance

With a sensitivity:
10~ 3cm

da=
52

o,n[cm?]

10-30

1073
10—40

AsymmetricTB  Heterogeneous TB

Solid sphere

Spherical shell

10745
10-50
10—55
10760
1073

1020eV  10%V  107%V  10fev  lev  10%V | f&

._,uﬂ‘

Asymmetric TB (proj.)

Conclusion: Through our studies of coherent dark matter

scattering and accelerometer-based constraints, we have H h @ m k @ M [l
made some contributions here in this plot.
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Backup: UV completion

As one would expect for a model of a light scalar with non-derivative couplings, the
mass Mg is very fine-tuned. The dark matter relic abundance depends sensitively on my
(for example through the misalignment mechanism [18-20]), so this tuning may have an
anthropic origin |21]. On the other hand, a coupling of the form

AL — 2@

P 4
= -2 (B.1)

is allowed by all symmetries and is also UV seusitive. This coupling is tightly constrained

by constraints from structure formation [22)

A< 3x 1077 (&)4 (B.Q)
¢~ eV
5 Ao . :

This gives a ¢ dependent shift in the Higgs VEV:

ov €p?
= ; (B.4)
v 2m?

where m;, = 125 GeV is the physical Higgs mass. Below the electroweak symmetry breaking [a rXiv: 231213345 Vl]
scale, this induces various couplings of ¢? to standard model fields. For example, the coupling
to SM fermions 1) is given by

1 - 1 €My
ALy = — —— %l — = Ly B.:
ff Z waf?' vy fo mi (B.5)
P
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-5. Signal

DM wind

»
>

* Because of the earth rotation, we
can observe a time-dependent
signal with a period of one day.

, ‘ * When the setup is parallel to the
DM wmd‘ H DM wind, the signal is at its
minimum

* When the setup is perpendicular to
the DM wind, the signal is at its
maximum

Earth rotation

Email: jie.sheng@ipmu.jp 27



A new proposal

PRD112, 075023 (2025)

tun},gf,sltlen turntable 10-43 ] IS =
R =42cm | 1074 |
| _— frame 10745 E.Supernova Cooling
b/_ A <«— vacuum chamber & 10:':3-[
fiber =3 10 E.
2 tungsten Z 10'48é- o0
f\ cube autocollimator © 1049 ;E' ‘b-cﬁe%?'.
1090F s
R2 p— 0.8 cim endulum . ‘". 4—;A/\ 10-51 E ““h
’ v | — - E'-'"";é“‘g%ofc’e X ]
m1 =mg =10g 9 . DA Wind T T TS T
m, [eV]
* Self-rotating, High Sensitivity
. Expected to be completed around
* Large Form Factor Difference 2027.05 by HUST

* Large Mass & N-Enhancement
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