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Introduction to DM

Existence: Amount: [arXiv:2406.01705]

wikipedia r=0
Today

Observations
from starlight

radiation

Velocity )
(km s-1) baryonic matter

(luminous + gas)

20,000 30,000 40,000

- Distance (light years)

CMB reveals that DM

constitutes approximately
Many astronomical and cosmological 27% of the total energy of
observations have proved the existence the universe (6 times of that
of dark matter (DM). of baryon).

Email: jie.sheng@ipmu.jp 3



Introduction to DM

* We know that more than 80 percent of the matter in our Universe today is dark matter (DM)

from astro and cosmic observations.

* Answering “what dark matter is” has become one of the most important questions in physics.

10721 10718 1071 10712 1079 10°° 103 10° 103 10° 10° 10'2 105 1018 102t
Dark matter mass [eV]

« Physics is fundamentally an experimental science.

1 024

Pr&inﬂgcgola;‘z:nﬂam | wimp || Composite/Macroscopic DM
| Axion-like particle | | Hiddensector DM | [ Q-balls |
| Ultralight scalar field | ] Gravitino |
‘ Dark photon ” Light DM ‘
Wave-like Particle-like s rikes

1027

1030

From wikipedia

* Therefore, the more urgent question may be: “How can we detect dark matter?”, especially

in the laboratory.

Email: jie.sheng@ipmu.jp



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.

~

1

> time

l“—h;

1047

Scattering
DM-nucleon og; [cm

!

2 —
. . my x’NN NN :
* Quadratical coupling: % [scalar] or Xi >— [fermion]

Email: jie.sheng@ipmu.jp



Difficulty of Light DM Detection

SENSEI CRESST

CaWO4 instrumented
holding stick '

o
o

conduction band

* People have built different DD experiments
to probe wide mass and interaction strength
ranges. They essentially rely on the same
underlying principle:

e/t
\.\
e e

OOO® <

<
[Y)
—
0]
=1
[a)
(]
o
(Y]
=
[~

¢ SearChing for scattering events With F T TTTTRM T TTTTIm T T TTTTIT, T TTTTTm T T TTTITI T TTTTIT T TTTITT T
energy transfers above the experimental s l %
threshold. r iz : '~‘-‘€?{€¢:r;,? ¥
. . ;7 104 | X[ \.n\; I'lo
* 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. F; ﬁz S
« T,~10"°m,(1MeV) > AE (1eV) 2 iﬁf :
* The detection of lighter [sub-MeV] DM is m_ TERTS ! 10 10° 010
still an experimental challenge! DM mass in GeV

Email: jie.sheng@ipmu.jp 6



Summarizes of DM-nuclei SI cross section limits

Oyn [cm?]

10730
10—35
1 0—40
10745
1050
1 0—5 5
10760
105

Direct
Detection

{ { { t —> Mpm
0°eV 1010eV 1052V 1020V 10%5eV

10 %eV 1070 10°eV

Y1 (o 'G‘)
N o ) "::':::— X '\ A /r ID o m ﬁ:
e " the DM Bkg will change J - etection gap o
v the nucleon mass and e DM-nucleomn
. " affect the BBN. elastic s@&mﬁmg
e ‘ o 6 ¥s

Email: jie.sheng@ipmu.jp /



Our Target

We want to propose a new detecting mechanism for light D

o,y [cm?]

Direct
Detection

1030
10—35
1040
10745
10750 g
1055
10760

10_5 1 | 1 1
T T T —>mpy,
10%V  10"%eV  10¥eV 10V  1eV  10%V \(Qﬂev 10'%V  102%V  10%eV
I. Place stronger direct- II. Direct detection of keV-scale
detection limits on sub-eV DM- DM-nucleon elastic scattering.

nucleon elastic scattering.

Email: jie.sheng@ipmu.jp 8
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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?

Email: jie.sheng@ipmu.jp
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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!!!

Email: jie.sheng@ipmu.jp



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-nuclei
scattering in CEVNS.

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

023

» For macro object, N ~ 1 [Avogadro constant]

Email: jie.sheng@ipmu.jp 11



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

Email: jie.sheng@ipmu.jp 12



Form factor description of coherent scattering

1 3. 3. iq-Ary
If we receive the outgoing wave at infinite far with otor = N?|F()|Popn  [F(a)f* = vz / d’r; dr; "N,
momentum transfer g, initial and final momentum
: . . 3
fixed, the only d1fference of these waves is the For a sphere: Fs(a) = oz [sin(aR) — aR cos(qR)].
phase factor e*?"J. ()
, 2
At the amplitude level, Amp — Amp ), '™, 10 ] R
. — iCIATi i 101 _
At the cross section level, o,; = o,y 25 € ], i
100L
2. 101 3
N
102 3
o ®° ;
N ‘o
\V/ " O A
° 10
® o 1076

Email: jie.sheng@ipmu.jp 13



Form factor description of coherent scattering

102E

101

10~

Fs(q) = (q;)g [sin(gR) — qRRcos(qR)] .

Check the limits:

1) Small-g limit (¢R < 1)

F@=1-" 106 =1- " o(qr)’) = Gpor = N2 Oy

2) Large-q limit (¢R > 1)

é po=0E -

Email: jie.sheng@ipmu.jp

The shape and size of target
determines the scattering form factor.
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Merits of light DM imply:-----

/"
Demerit:
Observable: le scattering event
———
The momentum/energy transfer beyond the :on threshold

is highly suppressed

Merits:

1. Number density becomes large

2. Scattering cross section can be
super-enhanced

Scattering Rate ~ n,v, 0,

Email: jie.sheng@ipmu.jp 15



Merits of light DM imply:-----

Demerit:

The momentum/energy transfer

is highly suppressed

Merits:

1. Number density becomes large
2. Scattering cross section can be

super-enhanced

Scattering Rate ~
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Observable:
beyond the

le scattering event
on threshold

Observable: Some collective effects
enhanced by the scattering rate
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Merits of light DM imply:-----

Demerit:
The momentum/energy transfer
is highly suppressed

Merits:

1. Number density becomes large —_—

2. Scattering cross section can be
super-enhanced

Scattering Rate ~ n,v, 0,

Email: jie.sheng@ipmu.jp

Observable:
beyond the

le scattering event
on threshold

Observable: Some collective effects
enhanced by the scattering rate

What it 1s?

15



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

Email: jie.sheng@ipmu.jp



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

Email: jie.sheng@ipmu.jp



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

Email: jie.sheng@ipmu.jp
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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

Email: jie.sheng@ipmu.jp 18



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

Email: jie.sheng@ipmu.jp 19



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.

Email: jie.sheng@ipmu.jp 19



WEP'teSting tOI‘Sion balance [WEP: weak equivalence principle]

Experiment Materials Mass Shape Structure Outer Diameter Height | Aa|

Roll et al. (1964) [55] Al/Au 30 g cylinder solid /solid 3.2cm < 1.8-10 "' cm/s?

Braginskii et al. (1972) [50] Al/Pt 0.49 g sphere solid /solid . : . : - < 1.1-10 "2 ecm/s?
Eot-Wash (1994) [57] Be/Al 10 g cylinder fsolid/hollow 2.0cm/2.0cm 1.7cm < 1.0-10" ' em/s%“
Be/Cu 10 g cylinder [solid/hollow 2.0cm/2.0cm 1.7 cm .0 - e 2
Eo6t-Wash (2008 & 2012) [55, 59] Be/Al 5 g sphere” [solid/hollow 1.7em /1.7 cm
Be/Ti 5 g sphere” [solid/hollow 1.7em /1.7 cm

m=pxV

ROLL, KROTEOV, AND DICKE

=1, 1. Early stage: Current stage:

I. Same outer-size but
different inner structures

I. Same shape but
different outer-sizes

SUSPENSION SUSPENSION PLATE

§ II. Daily modulation due II. Self-rotation[mHz] with
A umimu . ’ Ao to the earth rotation a mHz frequency

Higher sensitivity

Email: jie.sheng@ipmu.jp 20



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]

Email: jie.sheng@ipmu.jp 21



DM limits from existing WEP exper1ments

. ~ ! Px TtV = p—XUtOtvi E j:_;:
Signal Mot My e
B ]_ ; f thOt (q) N 109 10— Y ] 10— 10—
<“”’>‘mtotmx/dv"dg 4= I TV =50 sy, v SRR —
) 10-44
fx (v) eXp(_‘v—g) Q(Uebc |V|) with v = v)( + Usolar 10~%5 |- Supernova Cooling
Yo
10-46
Sensitivity: DM wind £ 10 o Bt Wk a00_
— = 104 o3
DM signal frequency = S 1048 &&‘?" )
TB rotating frequency L = .
DM wind 10030 "Nl o
SenSitiVity of WEP 10-31 K?;ro i C:F' Asy;n-n;e;r_m-'i‘ﬁ .(prD_]]
° ° L To
testing can be directly _ A . el e
used here in this case Earth rotation 10-3 10-2 101 10°
my [eV]
. . . .-, = . . . ~ _ ~ _3
Limits: signal < sensitivity Areminder: g~ py~ myv,~107"m,
PRL136, 121803 (2026)
Email: jie.sheng@ipmu.jp 22



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

Email: jie.sheng@ipmu.jp 23
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What we are not satisfied:--

Otot

For a sphere:

2) Large-q limit (gR > 1)

Fs(q) ~

~ 3cos(qR)
(¢R)?

—

= NZF(Q)ZU)(N

OyN (€M™

5 [sin(qR?) — qRcos(qR)].

1 0—43
1 0--1-1

10~45 | Supernova Cooling

10—46
1 D—-IT

N
o

Edt-

Wash (1994)

10-9 101 100

103L

1040
10—(:

Email: jie.sheng@ipmu.jp
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What we are not satisfied:--

Otot = NZF(Q)ZO-)(N

For a sphere:

UK [sin(¢R) — qR cos(qR)] .

2) Large-q limit (gR > 1)

3 cos(gR) - 1 _ At

Is it possible to enhance sensiti viz‘y?wis 10}
Our intuition is that it can, which
motivates the following thought

experiment.

oy N [cm

10-43

1 0-44
1 0—45
10—46
1 0-47
104
1074
1 0—50

10—31 4
52 Bﬁc’“

Supernova Cooling

-

g:.e 01!

-, e e == ==

cg, Asymmetric TB (proj.)

Edt-Wash

(1994

ol
PRTTT BERTTT BERTTTT BT B

10°

10-3

10!

10(]

Y

1072

1073

10-4L

10-9

100

107

10—(5

Email: jie.sheng@ipmu.jp




A scaling estimation

0ot = N°F%a,y,[N=n*V]

Case I: large sphere with radius R > 4 ~3

N=nxV~n=x*R3

_ 3cos(¢gR)

2) Large-q limit (g > 1)  Fs(q) = (qR)?

()] ormree

O-tOt ~ (TLR3)2 R

1 2
~ &~ (3)

4

Email: jie.sheng@ipmu.jp
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A scaling estimation .. = N*F?oyy

Case I: large sphere with radius R > 4 ~%

N=nxV~n=xR3

3 cos(qR)

1 2
2) Large-q limit (gR > 1) Fg(q) ~ — (4R)? - [, ~ (E)

4
A
Oror ~ N°RO (E) oyn ~ N°R*A*0,y

: : 1
Case IlI: small spheres with radius r = 4 ~a
32 216
GS~(n/1) Oyn = N°A°0,y

3
How many spheres: Ng = (%)

3
R
0 tor ~ Nsog = (I) n*A%o,y = n°R3 %0,y

Email: jie.sheng@ipmu.jp

DM wavelength A

DM wavelength A = r
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A scaling estimation .. = N*F?oyy

Case I: large sphere with radius R > 4 ~3

COS A 2
2) Large-q limit (¢R > 1) Fs(q) ~ _ 3cos(qR) -» F, ~ (_)

(qR)? R
%
Oror ~ N°R® (E) oyn ~ N°R*2*0,y
!/
Trot — Xy q
Case lI: small spheres with radius r = 4 ~1 Otot A
q
2 -
o5 ~ (n/13) OyN = n2,16ng With interference
How manv spheres: N. — (5)3 Independent patches
y p . S y
R\3
0 tor ~ Ngog = (E) n*Ao,y = n*R3A30,y

Email: jie.sheng@ipmu.jp
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Random, heterogeneous material

For mX~keV, q ~ 1eV,A ~ um scale.

From experimental side, it would be
difficult to maintain the acceleration
sensitivity and keep the size of target so
small.

random phase

We need some macro targets with micro
fluctuations, which is Random,
Heterogeneous Materials

vV in phase

/ /
/ f\ /
\ / \

Email: jie.sheng@ipmu.jp 27



Cross section for random, heterogeneous material

For g ~ 1eV,A ~ um scale.

We need some macro targets with
micro fluctuations, which is Random,
Heterogeneous Materials

(6n(x1) n(ra)) = dnZ ¢~ r2-m/¢

doio doyn
< > N2, F (@) 2

|Friue(q ’om / +.\

Coherence length size &

random phase
/' in phase

—

Density ﬂuctuatlon

Email: jie.sheng@ipmu.jp 28



MICROSCOPE, accelerometer made of random materials

Phase Structure Lattice Parameter (A) Weight Frac. (Ti/Al/V) Volume Frac. Nucleon Number Density (cm™?)

o HCP  a=2.9228, ¢ = 4.6692 92.05/6.30/1.66 74.39 % 2.65 x 10%*
A3 BCC a = 3.2001 88.44/5.50/6.05 25.61 % 2.81 x 10%*

TABLE I: Summary of the microstructural properties of the a and 8 phases in the Ti-6A1-4V alloy.
,gﬁ'vy‘ffw "“A{;‘{ 3/;«7%, g

- - ‘4 sk LLR
Ti-6Al-av  f 2 s;; >

ng = 2.69x10%* /cm?.

"7 (AMS4928) Y
Jox =1 ( )4 | nZ = (7.29 x 10?2 /cm?)
» \ Aa=+4dg §~2um
% | 0~ 2cm
Aa = 4.8 X —
S

Thanks to the private communication
with M. Rodrigues, 2026.

Pt-Rh
Homogenous alloy

Email: jie.sheng@ipmu.jp 29



ay [em?]

Limits from MICROSCOPE

Phase Structure Lattice Parameter (A) Weight Frac. (Ti/Al/V) Volume Frac. Nucleon Number Density (cm™?)
o HCP  a=2.9228, ¢ = 4.6692 92.05/6.30/1.66 74.39 % 2.65 x 10%*
A3 BCC a = 3.2001 88.44/5.50/6.05 25.61 % 2.81 x 10%*
TABLE I: Summary of the microstructural properties of the a and 8 phases in the Ti-6A1-4V alloy.
107~ ! L | ' L ! L | "=
X — i YN i =P OO  hy ) S
10-30 CDEX-10 - 44 )h%}:? ;’?; - A{)‘( %ﬁ:’ — 92.69 1024 3
— - O Nay, 1 AR~ ™ o = 2.09X fem”,
10732 f Super-K LUX-ZEPLIN P 1 §,~ e b‘ o \‘5«%1' > \
E Pl - [ ,\ p .'.. -Cs_lr ‘—_‘:“\ '.(';\\ v\\_l I .
10-3# PPN OSCO?};“} i . -(\_.f/,‘),(_{ o RN e, f@'i?:z‘.,é{ek"g‘ on* = (7.29 x lﬂzz/cmﬁ)z
r ACRU " L - I\« P~
10736 i HB Cooling B}}S}-“-“ C— . 'i :r\\,z\\() ﬁh-;gf:(\ nz:v\i_:\i‘. \:"Y;bf' }&
- PT — ' ST PSRBT G N
L0-38 frrniraaan AT L D=t ¢ ¥ 8 W §~5um
1 —— 1 o iy iﬂg‘} SR YK& & 12
1077 : Nt 1 Ny L eigay CIP SOl N g 0~1%cm
Y F Supernova Cooling - TQO E ©= = Paques et al. .é iﬁ»‘ﬂ_}h_ { %.{{, '7 y ‘k?}):’ 50 um < Aa — 4‘.8 % -
10 ] = === Armstrong et al. E ﬁ' M N .Vi()\ ¢ YRAY —_ S
10—44!- sl Ll PR e S AT | ..-!
103 1072 1071 10° 10
my, [keV]
Email: jie.sheng@ipmu.jp 30




A new proposal

10-285 R, ’
- L.CDEX-10 :
1030 1
Panda-I1 3

10—32 Super-K
LUX-ZEPLIN ,@ .i
S 107% OO? 1
SR 0% 1
% 107%9 F HB Cooling C - 1
> . c}e’o '!
° 107y N 1
- \ SN L
40 E 2Oy . 3
10 40 r (&O{?X' - -!
107928 =" — Supernova Cooling
10—44E Al P | M | PR -!

10-3 102 107! 10 10!

my, [keV]
on2 =nd = (5.80 x 10** ncm__ﬂ‘y2 2 orders
E~2um
~13
pa=22_" 1order
S
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A new proposal

10_285 T T T B E
30 [LCREX_10 L
10~ .
Panda-11 ]

10'32 Super-K
LUX-ZEPLIN e
S 107% 0?6 -
= 0 1
S 36 F . O?v E
: 10" FuB Cooling 2° E
' e L
< oo B APl E
o 10738 AVl 1
: Nt :
1040 - 1
- @O}; - 3

.
1072 L aae- -- Supernova Cooling §
: :
A L o a gl L L3 sl 1 PR T I I
102 107! 10 10!
my, [keV]

3.2 24 . —3\2 .
on? =nf = (5.80 x 10*em )" 2 orders For the same mass, size, and shape,

E~2um the backgrounds should be well
10-13 ¢ controlled. The key challenge is how to
Na = ——— 1 order fabricate a material with large density
S

fluctuations.
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Conclusion and discussions
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Direct
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10735
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10755
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102%eV 10 15eV 1010V 107e leV 10%eV 1010V

Conclusion: Through our studies of coherent dark matter
scattering and accelerometer-based constraints, we have
made modest contributions here and there across this plot.
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Conclusion and discussions

Oun [cmZ] AsymmetricTB  Heterogeneous TB
10730 Direct
10735 Detection
10—40
10—45
10-50 =" -
1055
o mp,, (event-rate limited)
10—60
107 L 1 1 L
T T i T Ll > Mpm
10720eV 107 15eV 1070V 107%eV leV 10%eV 10%eV 10%%eV 10%2%V 10%5eV
arXiv: 2606.07008

Discussion: We recently wrote a paper discussing interference effects in the
scattering of light dark matter off the MICROSCOPE test masses.
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Backup: References

L In early studies, similar ideas were used for cosmic neutrino back-
ground (CvB) detection [25, 32-35]. Unfortunately, due to the
diffuse flux of cosmic neutrinos and their small scattering cross-
section with nucleons, the resulting acceleration of the objects is
far below the detectability threshold of current technologies.

Although the energy transfer of such a DM is insuffi-
cient to detect, their continuous momentum transfer can

induce acceleration on macro-objects [25-31].1
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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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Backup: coherent scattering formalism

e — e m—em —m e e mm - —— -

In standard potential scattering, an incoming plane
wave incident on a radially symmetric potential evolves
to the outgoing state

) = Slp) = Ip) + [ Bp'8(Ep — Ep)f(0,0) D).

from the origin to some location x # 0, we would replace
S — USUT where U = exp(—ix - p) is the translation
operator. Using this instead, the plane wave scatters to
p) - USU" |p)
3.7 —iX- ! ! (3)
—lp)+ [ dB3(E, ~ Bl (p.p) )

where the momentum transfer is q = p’ — p.

X;. To lowest order in perturbation theory, the amplitude
adds coherently, and the scattering process produces

N
p) = p)+ > / d’p'§(Ep — Epr)e” ™ f(p,p) |p) -
i=1

P(p') o< |(p'|0)” Z (emixnd) (PP (5)

[arXiv: 2111.03597v3]
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Backup: Frequency

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

‘L‘ wind, the signal is at its minimum

DM wind
* When the setup is perpendicular to
the DM wind, the signal is at its
Earth rotation maximmum
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Backup: unitarity limit

Strong-interaction-limit

AWA
\V

l

\ 4
L
[
[

From partial wave method,
o, =‘;—’§(21 +1) sin? 8 s‘;—f(m +1)

If the incoming particle’s energy is low, usually its s-
wave scattering, [ = 0. The maximum cross-section is

i .
o =—sin®§.
p

In the strong interaction limit, the incoming wave will
be backwards at the surface of the ball, 5~ — pR.

The maximum cross section is then, ¢,,,4, =~ 4TR?.



Backup: materials

(6n(0)dn(r)) /on2
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FIG. 4: Normalized two-point correlation functions obtained from representative AMS 4928 Ti—6A1-4V micrographs, together
with the corresponding constrained fits to a sum of two exponentials. Left: Paques et al. [48]; right: Armstrong et al. [49].

Email: jie.sheng@ipmu.jp

ol



Backup: Cosmological constraint (BBN)

The key issue in the BBN-era rate estimate is the number density of nucleon targets.
The estimate I'/H ~ oT Mp, corresponds to a target density of order T3, as appropriate
for a relativistic species. At T ~ 1 MeV, however, nucleons are non-relativistic and
nucleon—antinucleon pairs are Boltzmann suppressed. The relevant target density is the
residual baryon density,

2¢(3)

np(T) = npn,(T), ny(T) = ?T?’, (8)

with g ~ 1.7 x 1072 at T ~ 1 MeV [13]. This gives the nucleon scattering rate
2¢(3)

Iy~ =npl{oywv) =18 3 T3(o\ nv), (9)

and hence
FxN L B QC(B)

H  1.66\/g. =
For o,y ~ 4 x 10738 cm? ~ 1.0 x 10710 GeV~2, g, = 10.75, and v ~ 1, this gives

Tyn . ( Oy ) ( T ) (10.75)1/2
—— ~ 9.3 x 10 . 11
H |7_; Mev 10710 GeV~*/ \1 MeV 9 D)

The nucleon elastic scattering rate is therefore far below the Hubble rate at BBN tempera-
tures. Therefore, the dark matter in the parameter space considered in this work is not in
thermal equilibrium during the BBN epoch.

O’XNUTMpl. (10)




Backup: Cosmological constraint (BBN)

decoupling. Since scattering off residual baryons is suppressed by their small abundance, the
dominant low-temperature energy-transfer channel is typically photon scattering induced
by a proton loop. In the absence of an additional UV contribution that cancels the loop-
induced amplitude, the y—proton interaction generically generates an effective coupling of
x to photons of the form,
£ L X o (12)
XY 6 A2~ )

For relativistic particles this gives a photon scattering cross section of order

1 (a>2 s (a>2 = (13)
g 2 e ||| e —_—~ | — —0
X1 16r \6r/ AL~ \6x/ m2, X

where the last expression uses s ~ (47)% and o,y =~ m3/(7A?). Evaluating the corre-
sponding interaction rate at the decoupling temperature gives

1 Te ) TYN 10475 ) 2 i
H |r_p, 10 MeV 4 x 1023 gm? Jx '
Requiring I'y,/H S 1 at Tgee ~ 10 MeV therefore gives
10 MeV\? / g, \1/2
<4x1073 em? [ ¥ ( : ) . 15
TR o= N T T 10.75 (15)
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