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Evidence of Dark Matter

Galaxy Cluster MACS J0025.4-1222
Hubble Space Telescope ACS/WFC
Chandra X-ray Observatory
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The image of distant galaxy is
distorted by gravity of dark matter
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Clowe et al., arXiv:1612.03906
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Dark Matter Candidates
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A “Standard” Cosmological History of Dark Matter
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Thermal Freeze-out

Boltzmann equation of dark matter

n(t) + 3H(t)n(t) = —(oxx v) (n(t)2 — neq(t)Q) .

/ /N

expansion of the universe DM annihiliation regeneration from the SM plasma

a(1)3 c;it (n(t)a(t)3) = —(Oxx V) (n(t)2 — neq(t)2)

& T ( 1’,”((;))3) = (o ) (n()? = neg(1)?)

& av(t) _ —(oyx ) T(t)? (Y (£)? — Yeq(t)?) with Y (t) := # .




Thermal Freeze-out

n(t) + 3H (t)n(t)
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Thermal Freeze-out

i(t) + 3H (B)n(t) = —(oxx v) (n(t)? — neg(t)?) |
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Thermal Freeze-out

n(t) + 3H (t)n(t) = —(oxx v) (n(t)” — neq(t)”) |-
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13



é?,’

0=
o= 4 ' |

O+
#'SuperCMDS -

Soud

=

&

1
0

CDMS
CoGe

RF
UX

SENSEI

. DEAP-3600

14



Constraints on WIMP Dark Matter

WIMP-nucleon og; [cm?]

| TP T

I llllllll

1 lllllll

I T T T L I/—f”ll]ll T T L 1
\ -

«)[ \] 9,(\\11\‘:[ ‘_w:

L L I8 11l

* -
- -
O‘ I'
-

.0
.
.
‘.
-

-
-
-
-
-
I'
-

-

| llllllll

"
-
"
-

-f'
-
-
-
o 1% -
-~ -‘
-~ -
- ———

» Median 30 discovery potential

-=-== Median expected upper limit
= Power constrained upper limit

| lllllll

===+ Unconstrained upper limit
| L1 11 I | 1 1

llllll | | 1

L1 1 11

[N
-
[
-

—
(g

10° 10
WIMP Mass [GeV/c?]

How???

0p~1

LZ 2207.03764

XENONNT 2303.14729
PandaX-4t 2408.00664
LZ 2410.17036

0~ ¢

1

2



Dark Matter Distribution

VELOCITY IN PLANE OF GALAXY (km s")
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Rubin et al, Atrophy’s. J. 1980
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Dark Matter Distribution

<Mp = —-21.2

observation

Persic et al MNRAS 1996
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Dark Matter Distribution
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Dark Matter Scattering Cross Section

Dark matter scatters though the Z boson mediator
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The Scattering Rate

number of target nuclel
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Constraints on WIMP Dark Matter

WIMP-nucleon ogp [em?]
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Kinematics of Light Dark Matter

keV+t

 The maximum dark matter energy
deposition depends on its mass

* The energy deposition reduces for lower
mass dark matter

3 eVp--t--t-mmmmmmme e
"""" Single phonon excitations /
; (typical crystals) 1 0 (mx,v _ q)2 q2
- = | X X
meV} s L = S —
= = % D 5 <
> 2 = < |=
= 2 > 6
eV keV MeV W < Ek ~ MpyV ~ 10 Mpwm
q

Trickle et al, arXiv: 1910.08092

Look for electron recoill instead!



SENSEI/CDEX
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The Strong CP Problem
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The Strong CP Problem

2
o Js ~
The QCD theta-term £ = Zsm — 0 2.3 GGl

l—>—>

F, " « E-B

E: even under time reversal (T/CP)

B: odd under time reversal (T/CP)

GG violates CP conservation
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The Strong CP Problem

GG violates CP conservation

Theoretical prediction of neutron EDM

d, ~ fem?> /m3 ~ 107'°fecm.

Experimental measurement

d,| <1.8 107%°ecm

2
Ga
327r
T N
n i p >\|< n
8 N . N

Pospelov et al, arXiv: hep-ph/9908508
Crewther et al, 1979
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The Strong CP Problem
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Credit: Ringwald
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The Strong CP Problem
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The Effective Axion Coupling

1 ieCNEDM —  Qa
E - 2 2 , F:U’V Ca
m,a 5 fa, Q¢N0u YsYN T T fa,
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/ /

axion-nucleon coupling axion-photon coupling

1 0,a —

F;U/F'W/ =+ 5 Caf f %W“%%‘-’

/

axion-fermion coupling
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The Axion Experiments
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The Misalignment Mechanism

A simple real scalar field

1 1
L= 0u$0"¢ — ;mge” + L

S = [ dtey/=5(59"0,00.69 - V(&)

¢+ 3Hop+mi¢p =0
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The Misalignment Mechanism

A simple real scalar field

1 1 Hubble friction

L= 0u$0"¢ — ;mge” + L
v(6) /
Misalignmepght Mechanism
b =0

S = /d“a:\/—_g(%g“”@mbau@ - V(9)) /V\
g 0

e o Gi

¢+3H</5+m?b¢20.

H<m m1a; Ve t
b O~ P 3 COS Mg dt
mea t1

H> m, the field is frozen

H < m, the field oscillates
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The Misalignment Mechanism

H mla? 1/2 :
KMy ¢~ ¢ ( ) COS (/ Mg dt) -
mea3 . Hubble friction
o o o v(#) /

10 1 Misalignmeglt Mechanism
- 4 é; 6

. |

o H > my, the field is frozen

H < my, the field oscillates
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The Misalignment Mechanism

1/2 {
H <K My ¢~ ¢ (mlaé) COS (/ m¢dt)
mea t1

A(t) = ¢1(miad/mya®)/?

V(6)

1
——¢2 —m¢¢2 SMA” +

Hubble friction

Misalignr%/lechanism
6;=0

Py = —¢2 - %mqbgbz = —%mé.AQ cos (2a) — AAm sin (2a) + A? cos (a)

(pg) = (A% cos? () = , A®

w = (p)/{p) =0

The oscillating field behaves like matter

6,

H> m, the field is frozen

H < m, the field oscillates
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The Misalignment Mechanism

H<<m m1a e t
b O~ P —— COS Mg dt
t

¢CL

1

2 2 2
3 1 3 /2
N = pa’[/mg = o 111a191

The oscillating field behaves like matter

Hubble friction

V(6)
Misalignmepght Mechanism
6;=0

H> m, the field is frozen

H < m, the field oscillates

See e.g. Arias et al, arXiv: 1201.5902
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The Axion Haloscope

Sikivie, 1983
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onaturce

Irastorza, Nature, 2021

Axion could convert to photons in the cavity when applying strong magnetic field
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The Axion Haloscope
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Axion could convert to photons in the cavity when applying strong magnetic field
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Dark Matter Haloscopes
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Future Dark Matter Haloscopes
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Radio Observation Constraint
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* Primordial perturbations reenter the horizon,
If the overdensity is larger than the critical

value, 0 > 0., the overdense regions may
collapse into black holes
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Primordial Black Hole Dark Matter

* Primordial perturbations reenter the horizon, if the overdensity is larger than
the critical value, 0 > 0., the overdense regions may collapse into black holes

47 _
Mpgu(k) =y pH™®

3 k=aH

G 1015 Mpc™* ?
Mppn(k) ~ 5 x 10'5g ( 22
peH(K) ~ 5 x 107g (g*,z') ( L )
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Primordial Black Hole Dark Matter

* Primordial perturbations reenter the horizon, if the overdensity is larger than
the critical value, 0 > 0., the overdense regions may collapse into black holes

1 12
Mpgu(k) ~ 5 X 10%5g (9*,0) ° (1015 Mpc 1)

g*,z‘ k
g - PPBH,i
Initial BH fraction B(Mpu) = !
Ptotal,i
Q M * .7 % M %
B(Mppn) = PBH’QO( f)BH) (g, ) (A;BH>
Qf,‘o Y2 gx.0 HO

frBH =

5(MPBH)Q3,0”Y% (9*,7: ) 4 (MPBH ) 2

QcpMm.o 9%.0
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Primordial Black Hole Dark Matter

* Primordial perturbations reenter the horizon, if the overdensity is larger than
the critical value, 0 > 0., the overdense regions may collapse into black holes

G 1015 Mpc™* ?
M g 1 15 g*,o
pan(k) ~ 5 x 107 (9*,?2) ( k )

Initial BH fraction  B(Mppy) = FroH:

Ptotal,i

B(Mpgu) = Erfc (\/ﬁic(R))

o2(R) = / WQ(kR)Pa(k)%

Ps(k) = 4 (;jg"‘;)Q Pr (k)
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Primordial Black Hole Dark Matter

* Primordial perturbations reenter the horizon, if the overdensity is larger than
the critical value, 0 > 0., the overdense regions may collapse into black holes

1 _ 2
Mpgg (k) ~ 5 x 10%g (g*"’) 6 (1015 Mpe 1)

o (M My [Mo)]
_ L Pr(k) ~ g2 102 108 a0 R ?
Gx,i - | | | ' | | amplitude required
. I . for fopy ~ 1
- : PPBH,: PBH
Initial BH fraction  B(Mpgu) = o
Ptotal,i = more on other
,5 ( M ) — Erfe ( 56 & 106k constraints later
PBH) —
\/ﬁa( R) measured ]
amplitude on 107 : Plaack |
cosmological d |
1 9 scales 00 100 107 1°  10° 107 10% »
Atk ~ 0.05 Mpc™, Pp ~ 2.1 X 1077, much less than the k [Mpe] k [Mpc™']

requirement O(1072), curvature perturbation needed!

See e.g. arXiv:2208.14279
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Constraints on PBH Dark Matter

Carr, Kohri, Sendouda, Yokoyama, arXiv:2002.12778
MIM ,

105 1010 10 1 10° 1010

1015
10 g ———

- C - \ - , ‘_. . '\ % y | "
\ \ / / . VY \ * D 3
\ = ( / / : b :
- / / : e ' D ;
0.1 | w ’ = ) | CMB
- ] d .
,’ \ Ly o \ GC : “
| '. y: .
| : 3 . 5
: y .3 w : 3 -
[ -

1020

0.01

Fraction

S— S— S—
- - - -
(@)} W B AN W
<
'
'l/
d

GB n j 1Gravitational lensing

-

1077 }

Hawking radiation'®" B 3 : _
109 [

ol & ;
1 1 GIWI l ll 1 I 1 /l/ll 1 I 1 1 1 1 I l- 1 | 1 l

1023 1039 103 1040 104 10°9 1073
M [g]

GGB -
. . nip 5 :

1020

10-10 |
1015

50



** Introduction

** Particle-like dark matter

** Wave-like dark matter

*%* Primordial black hole as dark matter
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Dark Matter Distribution

<Mp> = —-21.2

observation

R/ Ropt

Persic et al MNRAS 1996

Milky Way

Mo ~10%2 Mg

PO 0.3 GeV/cm3

Rhalo
Mhalo ~ 47T/ dr 7'210(7') ? Rhalo ??
0
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Dark Matter Distribution

<Mp> = —-21.2

observation

R/ Ropt

Persic et al MNRAS 1996

Milky Way

Mo ~10%2 Mg

PO 0.3 GeV/cm3

Rhalo
Mo ~ 4 / dr 'r2p(r) — Rualo
0
~100 Kpc

GM alo
(v) N\/ palo <200 km/s
Rhalo
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Dark Matter Distribution

Boltzmann equation of the phase space

L|f] = Clf]
of . of . 0f

X v— =0 <+— assuming DM is collisionless
at  9x ' ov J

56



Dark Matter Distribution

Boltzmann equation of the phase space Binney, Galactic Dynamics
Jeans theorem Any steady-state solution of the collisionless Boltzmann
L[f ] — C[f ] equation depends on the phase-space coordinates only through integrals of

motion in the given potential, and any function of the integrals yields a
steady-state solution of the collisionless Boltzmann equation.

OF L 91 91 _y
TN f(xv) = £(6)
1
g:\I/—§U2

Let’s guess! f(g) X 68
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Dark Matter Distribution

Boltzmann equation of the phase space

L{f] = Cl/] fv) = f(E)  E=T— o

Vx99 g f(€) ox €f

0O o0 U — 2 9
poc/ dvvzf('u):/ dv v* exp( Z/ )oce‘I’/"2
0 0

o



Dark Matter Distribution

Boltzmann equation of the phase space

L(f] = C[f] fv) = f(E)  E=T— o
of . 0f of
o TXox TV 0 f(f,')oceg
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Dark Matter Distribution

poc/ dvvzf(’u):/ dv v* exp(
0 0

U — 0?2 /2
12)/)0(6\1!/02

-
V20 = —471Gp — p(r) = o p(’l“) X 1/7“2
21 Gr?
M 4 Rhalo d 9 R <'U> ~ \/GMhalo
halo ™~ &7 /O rr ,0(7‘) — Llhalo Rhalo
202 _ .,
M(’I’): UGT V()—VC—\/EU
—vz/vg

Maxwell-Boltzmann distribution [~

(10"
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Exercise: Kinematics

Recoll energy of the nucleus?
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Kinematics

q = 2u,\vcost

v ~ 300 km/s ~ 10 3¢

m)(‘l‘mN

tm, >> my
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The Form Factors

//t)?N (Zf) + (A= 2)f)° 2
OYN = Opp™ 5 2 F(Ep)
Fyp I

1 —2q-r
Fla) =37 / Pmass(r)e” VT d’r

(r) = 225 r < R,  assuming constant nucleon
pUulT) = 0, r > R, density distribution

31GR) _ s , sinz  cos
F(g) = ———e¢~ @2 h(z) = —=

gR 7 g



The Form Factors

F(q)l?

10°
101
10-%
1073
104
10-°
10-°
10-7
10-°
102
10-10

F(g) =

gR

-
*a

L |

l ‘ I | b | I

— — _Woods—Saxon (2pF)
......... Helm /DarkSUSY 4.1

Fourier—Bessel
—.—. Helm/Lewin—Smith  —

| | L1 1 | | |

0

1 2
q |[fm™!]

Neutron

The form factor measures how coherent
It IS to scatter with the nucleons in the
nucleus

Duda et al, hep-ph/0608035
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Spin-dependent Form Factors

Spin-independent  Og = (yr,0)(Gr"q)

Spin-dependent Osp = (1,.150(qr"ysq)

2
JJSB — (“Nf) S, (ap(Sp) + an(,S',,,,))2 ai?, N

Salq) = a(z)Soo(CI) + apa1501(q) + G%SH(CI)-

(2 +1)(J +1)
- 4 J
X |(ao + a})(Sp) + (ap — a})(Sn)|”

SD _ A2,.SD
O, n A C,)

n,p

65



Spin-dependent Form Factors

Salg) = 0(23500((1) + apa1So1(q) + 0%511@)'
(2J +1)(J + 1)

S4(0) =
A(0) 4]
x[(ao +a})(Sp) + (a0 — a})(S)]2
129Xe 131X€ 1271 73Ge ZQSi 27A1 23Na 19F

(Sn) | (Sp) | (Sn) [ (Sp) [(Sn)[(Sp) [(Sn)|(Sp) |{Sn)| (Sp) [{Sn)|(Sp) |{Sn)[(Sp)| (Sn) |(Sp)
This work  [0.329] 0.010 [—0.272] —0.009 [0.0310.342]0.439]0.031[0.156] 0.016 [0.038[0.326]0.024[0.224[—0.002]0.478
(Int. 1) 0.450|0.006
20] (Bonn A) [0.359| 0.028 [—0.227| —0.009 {0.075]0.309 0.020 [0.248
20] (Nijm. 11)[0.300| 0.013 |—0.217| —0.012 |0.064|0.354
18 0.030]0.343
17 0.468/0.011] 0.13 |—0.002
19 0.378/0.030
23 0.273|—0.002| —0.125| —7-10~*[0.030|0.418
29 0.038/0.330{0.407|0.005 0.020 [0.248
21 0.133|—0.002 0.0200.248—0.009[0.475
13] 0.248| 0.007 |—0.199| —0.005 [0.0660.264|0.475]0.008 0.0200.248—0.009[0.475

Klos et al, 1304.7684

0.01k

S,(u)

0.001E

0.0001F

0.1

0.01}

S (u)

0.001E

0.0001}

0.1}

IlllllIIlIlllIIlllllllllllllllllllllllllllll

— Sp(u) 1b currents E

-- S_(u) 1b currents
- Sp(u) 1b + 2b currents

mm S (u) 1b + 2b currents -

1 2 3 4 5 6 7 8 9
— Sp(u) 1b currents E

131
Xe

-- S _(u) 1b currents
- Sp(u) 1b + 2b currents

w= S (u) 1b +2b currents -

’—.———————-——
—
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Xenon Experiments
The PANDAX Experiment

Ge - Counting
station Storage Cylinderss with Gas Xenon Xe - Detector

'''''

||||||

—>
Outgoing
Particle

Incoming
Particle

)
WAL
AN
' .

- -
A —
L e

Tirelesé Collaborator

* Particle interacts and produces the prompt scintillation signal (S1), and the electrons
drifted to the top generate the delayed scintillation signal (S2)

 The ratio of S1 and S2 can be used to distinguish different particles, or electron vs
nuclear recoll



Inelastic Dark Matter



The WIMP Miracle?

e Dark matter with weak 2
. . Qh
Interactions freezes out to the
correct relic abundance

 Dark matter scatters though
the Z boson mediator

4 2 72
g mxmp
o, ———— 10_39 sz

P An(m, + m,)? mi

Are there ways around?

WIMP-nucleon og; [cm?]

2

3 x 1072%cm?/s

(6V)

10 107 10 10
WIMP Mass [GeV/c?]
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Feb 22, 2019, 02:00am EST | 57,704 views

The "WIMP Miracle' Hope For Dark
Matter Is Dead

Ethan Siegel Senior Contributor
Starts With A Bang Contributor Group ®

Science

The Universe is out there, waiting for you to discover it.

WIMPs on Death Row

Posted on July 21, 2016 by woit

One of the main arguments given for the idea of supersymmetric extensions of the
standard model has been what SUSY enthusiasts call the “WIMP Miracle” (WIMP=Weakly
Interacting Massive Particle). This is the claim that such SUSY models include a stable
very massive weakly interacting particle that could provide an explanation for dark matter.
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Inelastic Dark Matter

. M v
. Off-diagonal mass term (
v M
° After diagonalization M%l — M + v’ M%z — M o v GEZOn—mOn):o<10‘50|010'49|010'L‘l4[:|eV] |olOiETfi?ijfi?gj?2;2X
Neutralino DM, see Bramante et al,
¢« 0= M)(2 — 1\4)(1 < M)( 1510.03460, 1412.4789

 Example: dark photon-mediated DM
Z D y(D,y" — m )y + Yo' C Yy +h.c)

Bramante, NS, PRL/2006.14089
Batell, Pospelov, Ritz, 0903.3396
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Inelastic Dark Matter

. M v
. Off-diagonal mass term (
v M
» After diagonalization M)(1 =M+ v, M)(2 =M —v M Sty
Neutralino DM, see Bramante et al,
« 0= M)(2 — ]\4)(1 < M)( 1510.03460, 1412.4789

 Example: dark photon-mediated DM
& D y(iD,y* —m )y + (' C 'y + h.c.)

Bramante, NS, PRL/2006.14089
Batell, Pospelov, Ritz, 0903.3396

kinematically suppressed loop suppressed
72



Homework Exercise: Kinematics in Nuclear Recoill

o=M, - M,
q

, LO S S

oM, 2M,  2M,

| 9)
. Amin/max = :u)(AV 1 $\ = 2//{ sz
X
)

Minimum velocity v, .. = \ 22—

) HyA

/3



Why not XENON

10 ————————— S :
i | E ]
 Xenon not heavy enough ol | . M =1TeV
1 | ;
. L ; | E
« Xenon experiments only sensitive to o] :)
low energy deposition 1 | i
= | 5
(ER 5 4() keV) % 1015_ : i
= : : kinematically
107 | . forbidden
I :
[ I :
XEI\I@SI\I exclusmn(—: Vo >V,
I :
o2 L L T R S
0 100 200 300 400 500 600

shutterstock.com - 1808704210




Two Criteria

"
* Heavy nuclear target 108
Omax = EIM;(A(Ve + Vo) .

* High energy deposition acceptance i'; 107
R

Target nuclei with A ~ 200 .

""""""""""""""""""""" I
|
M,=1 TeV :
|
[ |
: |
: |
: |
- |
| |
|
|
|
|
132¥e NR I
184W NR :
*®Pb NR Pb exclusion <=
1890s NE |
|

............................... |

0 100 200 300 400 500 600
d|keV]

NS, Nagorny, Vincent, PRD/2104.09517

700
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Light

Heat

1072 1

10—40 B

= -

Nuclear Recoll with Scintillating Bolometer

Ta

CRESST-II

—’
——
-

-
-
-
—-—
—-—
—-_—
- -
-—
-—

--—-(3a\NT)4
Nuclear Recoll ——PbWO,

Os isotopes
- g 1.6 keV proj.

M)( =1 TeV

200

250 300 390 400 450 500
d|keV]

550

600 650

NS, Nagorny, Vincent, PRD/2104.09517
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Strongly Interacting Dark Matter



WIMP-nucleon og; [em?]

Are the above all excluded???

1 lllllll
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I I I I lllll l/—f"lllll I I 1 | [
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Overburden

P dO'i
Nexp = N, T —= d ER)dE
p Eiﬁ mx/uff(uf) Uf/dERe( R)AER
dark matter velocity distribution

Dark matter velocity distribution at the
underground detector could be different
from the halo

HEENENE

DM too slow?
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Overburden

~(Vf)d3Vf — (vi)d3vi
= (vf)vf dv¢ dvf = f(v;)v? dv; d\"ri

. 2 .
= f(vy) = f(vi) (U—%) 2 :

v dvy
d(Ey) 1 B
i =2 Eren )y Er)i= oy ), B
55T D
_ o T~ P d
Nicat = Ei:nzazL 500 ( TP (m>
du - . SI species sz ,
D= mX“xp Z; ni(r m A;Ci(my,v)
X —Myv JSI Spf:les ni(r)A2C;(m, — o0,v).
Y\, X

do;
dFEg

dER .
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Overburden

do ’ species “4
o SI X% 42
— = o ni(r)——A;C;(my,v)
dD my u2, P m;
XF'xp 5 L
QI \ species
- Op 5
N —myv | —— ni(r)A;C;(m, — 00,v).
mx :
1
800 . 1 L 1 v I . ' ¢ 1 . 1 § 1 § P 800 § 1 v ! § ' ¢ | ¢ 1 ’ 1 . 1 P
[ m“\,=10'5 GeV /’ ' [ m',(.=105 GeV ,/
70011581 _ 9 10727 m? -7 ) 70011 581 _ 1028 o2 /’ )
P s P s
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= 500¢ o 1 @ 500¢ e i
7 z, /;:.,:-7""
e .~ Atmos.
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Kavanagh, arXiv:1712.04901



Overburden

800

dw ’ species /*"4
SI 1 42
— = o n;(r) == A7C;(my,v)
dD myp2, P Nmy X
XFxp i .
QI \ species
- Tp 5
X —myv | —— ni(r)A;C;(m, — oo,v),
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Kavanagh, arXiv:1712.04901
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Overburden

Nexp — ZNiquz_X/uff(uf)duf/

X

dark matter velocity distribution

dO’i

dER

G(ER)dER

108

minimum exclusion

T

.

maximum exclusion

observation

33



Skylab and Ohyia

Etching holes
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Constraints on Multiple Scattering Dark Matter

dE|  2E b2 4 9 p2 4 pia o\
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Bhoonah, Bramante, Courtman, NS, PRD/2012.13406
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Daily Modulation

DM Wind

Earth Axis

70/

— Isodetection Ring
— Detector Trajectory

Emken, Kouvaris 1706.02249
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Daily Modulation

1500 ——————
’5: |-I—| Isodetection ring ©® = 0°
P H+ Isodetection ring © = 175°

g _ —.—-Halo DM distribution
.S L ——
= 1000 - . —35 . 2 il
bS | I oyp = 107 cm
: T AL o
- T 7% J‘ I’—I—‘ __‘\\ Jn = fp =1
E TN At
R -+ :
=5/ B
o T
< ‘
R galeaNe
. ya g, N

g ey 3

0 L= - 2 C = Y

0 0.0000  0.001  0.0015 0.002 0.0025  0.003

vy

87



Daily Modulation
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Annual Modulation

Speed Distribution (arbitrary)
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Freese et al., arXiv:1209.3339



The DAMA Experiment

L : I : ! : I : ! : I : !
0.05F | | | N | ' : . .
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Freese et al., arXiv:1209.3339



The COSINE-100 Experiment

COSINE-100 Full Dataset Challenges the Annual Modulation Signal of
DAMA /LIBRA

For over 25 years, the DAMA /LIBRA collaboration has claimed to observe an annual modulation
signal, suggesting the existence of dark matter interactions. However, no other experiments have
replicated their result using different detector materials. To address this puzzle, the COSINE-100
collaboration conducted a model-independent test using 106 kg of sodium iodide as detectors, the
same target material as DAMA /LIBRA. Analyzing data collected over 6.4 years, with improved
energy calibration and time-dependent background description, we found no evidence of an annual
modulation _siganed—ciratienging the DAMA /LIBRA result with a conhidencetevelexeater than 3o.

°Tiis finding represents a significant step toward resolving the long-standing debate surroundiitg
DAMA /LIBRA’s dark matter claim, indicating that the observed modulation is unlikely to be

wased by dark matter interactions.
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The COSINE-100 Experiment
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Cosmic Rays

Nucleus Kinetic Energy ©O(10 KeV)
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Cosmic Ray Boosted Dark Matter: Constraints

s [em?]
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Cosmic Ray Boosted Dark Matter: Kinematics

1—cos 6 T? + 2m;T;
T S
2 T+ (mi+my )%/ (2m,)

Kinematics:

- 7™
Timin _ (&_mz) 1 + \/1 : 2TX (mz+mx) ,

Mex (2mi_Tx)2_




Cosmic Ray Boosted Dark Matter: Boost

1—cos @ T? + 2m;T;

T =Tma.x Tmax
T Ty X T T (mtmy)Y 2my)

Kinematics:

- 5
Timin _ (%_mz) 1 + \/1 : 2Tx (m,,+mx) ,

M (2mi_Tx)2_

LIS
px AP
dl'or . = 0.,; X dl:dV
CR?'—)X X'I’ mx dﬂ 1
dd, [dQ py d®; P dPLIS
dT; | 4w /l Odf Ixi m,y d1; = Ixi m, dI; Desr

dd, >0 dd, 1 e
_/0 dT dT Tma (T)@ [TX (TZ) TX]



Cosmic Ray Boosted Dark Matter: Boost

7 _ qmax 1—cos 6 Tmax _ T? + 2m;T;
X7 TXx 2 X T . 2/(9
i+ (mi+my )%/ (2m,)
Kinematics: _ _
2
Timin — (%_mz) 1+ \/1 | ZX (mztf'mX)z :
] x (2m;—T,) _
LIS
px AP;
dl'cor. = Oy; X dl;dV
CR;—x X1 my d’I:,, )
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dT; | 4nx /l Odf Ix my dT; Ix m, dI; Detr

dd, >0 dd, 1 e
o /(; dT" de. T;nax(Ti)@ [Tx (Tz) TX]

Hadronic elastic B
Gi(Q%) =1/1+Q*/A))?*. 4 = 40

scattering form factor
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Cosmic Ray Boosted Dark Matter: Spectrum
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Bringmann et al, arXiv:1810.10543



Cosmic Ray Boosted Dark Matter: Detection

Tma.x
Attenuation AT — " doxn T.dT.
dr EN: nyn /(; dTr rwlLy
dl v 0 o 020 al,  do,
Detection dT ' xN N( N N) T, (T2 ™) T,T]%X(T)?) dTX

Bringmann et al, arXiv:1810.10543
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Blazar Boosted Dark Matter

Accretion disk @ Accelerated e'/e”

Relativistic jet Doppler factor 20-30 ® Accelerated protons

+ +
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Gao et al, Nature Astronomy, 2019
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A Dark Matter Spike?

p(r) Mg pc™?]

._._._“._._

Non-annihilating
(ov) =107 cm? s71
(ov) = 107" cm?® 571

(ov) = 1072° cm?® s

v=1, vp =7/3, Rs, = 100 pc

! — Spike

10° |
i === Generalized NFW (v) 7
103 ' Qorbit | : .
105 103 10~ 10°

r [pc]

Lacroix, arXiv: 1801.01308
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0 r < 2Rg
r ~Ysp
p(r) = phalo(Rsp)('R_) 2Rs < r< Rsp
Sp
halo(r ) r 2 Rspa
-y y-3
r r
r) =ps|— 1+ — ,
pair=a(2) (142

Spike inside, NFW outside
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Blazar Boosted Dark Matter
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Wang et al, arXiv: 2111.13644
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Solar Reflected Dark Matter

109 T T LI — [ T L I T T
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Need dedicated simulations! Emken. arXiv: 2102.12483
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Solar Reflected Dark Matter

cross section @, [cm?]

Heavy mediator

DM mass m, [MeV]

Emken, arXiv: 2102.12483
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An et al, arXiv: 2108.10332
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Supernova Neutrino Boosted Dark Matter
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Janka et al, arXiv: astro-ph/0612072
105



Supernova Neutrino Boosted Dark Matter
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Supernova Neutrino Boosted Dark Matter

1, =10 MeV and o, = 1073° cm 2

. — m, =1eV — GC
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Lin et al, arXiv: 2206.06864

See also Lin et al, arXiv: 2404.08528
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Migdal Effect

The nuclear gets recoll, but the electron cloud is left behind

Dolan et al, arXiv: 1711.09906
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Migdal Effect

The nuclear gets recoill, but the electron cloud is left behind

d3 Rion dz Rnr

— Zion b 7Ee °
EndE.do ~ dEndp < [Gon(Er; Ee)l

2 1 dpge (’Tbl — Ee)
|Z101’1(ER7 Ee)l — z o dEe

nl

Dolan et al, arXiv: 1711.09906
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Migdal Effect

The nuclear gets recoill, but the electron cloud is left behind
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CDEX collaboration, arXiv: 1905.00354
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Migdal Effect

nature

Explore content v  About the journal v  Publish with us v

nature > articles » article

Article Open access Published: 14 January 2026

Direct observation of the Migdal effect induced by
neutron bombardment

Difan Yi, Qian Liu 84, Shi Chen, Chunlai Dong, Huanbo Feng, Chaosong Gao, Wengian Huang, Xinmei

Jing, Lingquan Kong, Jin Li, Peirong Li, Enwei Liang, Ruiting Ma, Chenguang_Su, Liangliang Su, Junwei

Sun, Dong Wang, Junrun Wang, Zheng_Wei, Zeen Yao, Yunlinchen Yu, Yu Zhang, Shigiang Zhou, Zhuo

Zhou, Bin Zhu, Jie Zuo, Hongbang Liu &4, Xiangming Sun &4, Lei Wu 8 & Yangheng Zheng &4

— Show fewer authors

Nature 649, 580-583 (2026) | Cite this article
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Abstract

The search for dark matter focuses now on hypothetical light particles with masses ranging

from MeV to GeV (refs. 123426282101L12) Thege particles would leave very faint signals

relies on the Migdal effect*>"**2 , which involves the detectable ejection of electrons following
the instantaneous accelerations of atoms colliding with neutral dark matter. However,
although the Migdal effect could be equally generated in controlled experiments with neutral
projectiles, a direct experimental observation of this effect is missing, casting doubt on the
reliability of detection experiments relying on this effect. Here we report the direct
observation of the Migdal effect in neutron—nucleus collisions, achieving a statistical
significance of 5 standard deviations, which rests on 6 candidate events selected out of
almost 106 recorded events. Our experiments have determined the ratio of the Migdal cross-
section to the nuclear recoil cross-section to be 4.9’_?:8 x 107°, in which nuclear recoils
exceed 35 keVee and electron recoils span 5-10 keV. These findings are consistent with
theoretical predictions. This work resolves a long-standing gap in experimental validation,
which not only strengthens the theoretical foundation of the Migdal effect but also paves the

way for its application in light dark matter detection.
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Electron Recoll

AEp + ER q

q L
167p2  aeap
. 1671'#?(6&62(11) ;‘n4, , Mar 2> ame
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(mA/ + (8 me) (axme)4 . mAI << ame
my, +ao’m; |1, mar 3> ame
FDM(Q) — % 9 — a2m2
mA,+q qzﬁ., mA’ <<ame

Essig et al, arXiv: 1509.01598

Essig et al, arXiv: 1108.5383
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Electron Recoll

AFE E
V > Umin = B R+ i

q AL
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Essig et al, arXiv: 1509.01598

Essig et al, arXiv: 1108.5383
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Electron Recoll

Integral over

momentum transfer Dependence on DM velocity

A [widFor @i z B vmin)

x Sthex
E on 2 __ klg -1y, q-°*x“ 25
N (@, Ee)|” = RZ‘WEJ@ : ) [
| 1 |
PropertiesoftheDM "“"‘""“"“““'““n:"“““"“““""""“"“"
ionization form factor
Rate scales linearly with DM g;’:;:::;c]t)%;

DM-electron cross section ) . .
interaction mediator

Credit: Paolo Privitera
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For sub-GeV dark matter, m, < My

= ZmZv ~ MeV v ~ 300 km/s ~ 10 2¢

4max

Ej ~ 10 eV  form, = 300 MeV scattering on oxygen

, max §%

Ep max < Ex,

, max

Detecting sub-GeV dark matter using nuclear recoil is difficult!
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The Form Factors for Electron Recoill
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The Form Factors for Electron Recoill

Semiconductor
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An Alternative Way

1 e’ . 2
in (- o) = o Sl *8ss —

— I d | k-
R or My 12, o /d v fy (V) (27r)3k [Fpa (k)| o T o @K w o, v

e Dark matter that couples to charge density is similar to light
¢ |ncluding the contribution from plasmons

e Can be determined experimentally with light response

Hochberg et al, arXiv: 2101.08263
Knapen et al, arXiv: 2101.08275
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The Dielectric Function
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Hochberg et al, arXiv: 2101.08263

Li t al, arXiv: 2401.11971
Knapen et al, arXiv: 2101.08275 lang et al, arA1v
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Kinematics of Light Dark Matter

keV} .
) * The maximum dark matter energy
deposition depends on its mass
Flectron transitions * The energy deposition reduces for lower
oyl t Gypical semiconductors) mass dark matter
"""" Single phonon excitations /
; (typical crystals) 1 0 (mx,v _ q)2 q2
meV} - L — = = —
= =2 |= |
= = % D 5 <
> 2 = < |=
= 2 > 6
eV keV MeV W < Ek ~ MppmV ™~ 10 Mpwm
q

Trickle et al, arXiv: 1910.08092

Look for phonon excitation!
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SuperCDMS
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The Phonons

dark matter

1
Light dark matter — > lattice spacing
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phonon excitation
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The Phonons

[iF 1910.10716
75
70
65 optical phonon
> 60
O
b 58)
C
@ 50
S 45
- )
A 3 35 /

S
30
25
20
15
10
5
X UK r

[

Phonon momentum
123



Dark Matter Scattering Rate

See also: 1910.08092, 2009.13534
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Sensitivity to Light Dark Matter
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Atmospheric Dark Matter




Boosted Dark Matter from Cosmic Rays in the Atmosphere
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Dark Photon Kinetic Mixing

EXtra U( 1 )? SU(3)C X SU(Z)L X U( 1 )Y X U( 1 ) , Zglire)rer::)e\\/r;,zggikley, Carrol, Kamionkowsk’ 2008

Arkani-Hame, Finkbeine, Slatyer, Weiner’ 2008
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Millicharge Particles
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Fabbrichesi et al arXiv: 2005.01515
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Millicharge Particles from Light Meson Decay
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Millicharge Particles from Upsilon Meson Decay

Pythia8 simulations
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Wu, Hardy, NS, PRD/2406.01668
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Millicharge Particles from Proton Bremsstrahlung

Fermi-Weizsacker-Williams (FWW) approximation with the splitting-kernel approach
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Millicharge Particles from Drell-Yan Process

Madgraph simulations
X
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. _ 4o dra® 1
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Millicharge Particles Flux

Meson decay+Proton Bremsstrahlung+Drell-Yan

. S S —
10-6F — Mesons i 10-6p —— Mesons )
Drell-Yan e Drell-Yan
T 10-8 i*— ‘- . —— Proton Bremsstrahlung i _10%F —— Proton Bremsstrahlung -
,—?B — | '_I;_‘ 10
R e T . N N ,’7 o7 10— _.-.-.-.-.-.-._.-.? ...... :. ....... -
N2 N T . —— 1 | |
10T IR ™, o 107121 . i -
g ..... W IE T —— .g_ ...... } .............................. -%
'T . e SO ¢ 5 Tl : | l |
107121 - — 10 | a
- e e N TR R N T/ LN p— . g
S Y S0, g -
ex 10~ 141 - C\ll T I |
> OO U Y 10718 -— % : : 7
% i
1016} - 10-20} 77 T/ I i -
o —— T : :
mX o 10—22 R 2 | 2 | T ' . 2 . . N T
10_lfo ' e AN 107! 10° 10!
m+|GeV
E,[GeV] GeV]

Wu, Hardy, NS, PRD/2406.01668
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Earth Attenuation

dE

dX

For €

2

— 52 (a'ion. + bel.—brem.52E + binel.—brem.E + bpairE + bphoto—had.E) ~ 52 (CL + bE)

10718 =

10—24 F

10717

™ . L R L LR T
- My, = 7.5 GeV, cos =1 —— Before attenuation
I Bttt After attenuation
l— —————————
|
]
. |
|
|
|
o
- |
|
|
|
|
=
|
|
|
— 2 =5x10"°
€2 =5x 1072
e =5x 10!
P B | L 1 s '
101 102 103
E,[GeV]

> 10_2, the down-going flux becomes significantly attenuated

Wu, Hardy, NS, PRD/2406.01668
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Single Scatter Constraint

doy. o o (EZ +2E2)m, — ((2Ey + me)me +m?3) E

= TE X
20 2 2 _ a2
dEr E,,. meg (EX mx)
|/ 2
/‘/ Colliders dg;(e/ dEr o 1/ Er
/ 2
TOEME _ MeV
Oye = — 2.6 X 107%°¢? cm?
meTmin Tmin
— 200
1754 B L dos g gizc:jmund g myce = 03 GeV g SBia‘;llfj“’““d
] T Tot 175 g & T Togtal
15.0 _‘_'_l—._1 ? SKIaIIdata ] EO —
- ~ 150 7 §
12,5 ] = 1
. rj--l_ § 125‘: -g
— SuperK £ 100- | Z 100 _té
= _ 4 = ]
. — JUNO 75° S
107 ?mglg-scgttlelj . i | sod ||[M [ ]y S ER
10 10 10 2.5_3 _I_I_|_|_| T _I_ 25-§ ‘li_iii‘l‘iﬂ' e o Sy
my|GeV] ; | :
00—7T———— 71 7 71 L L
20 40 60 20 10 15 20 25 30
E, [MeV] E, [MeV]

Assuming JUNO 10 MeV threshold+170 kton-yr exposure

Wu, Hardy, NS, PRD/2406.01668 Arguelles et al JHEP/2104.13924
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Multiple Scatter Constraint

L
Single scatter probability P, =1—exp ( )\(TD ))

Multiple scatter probability P, o (Tmin) = 1 — exp ( LD) (1 i L_D)

A A
Number of observed events N, multi — singleP nZZ(Tmin ,multi)/ P I(Tmin,single)
Ei,max dg)(e
Nsingle (m)(, €> =N,T dE e (E.) X J'dE%dQCD)I() <E)(’ Q) T
E. r

[, min
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Multiple Scatter Constraint

10°

....... — FEy =10 keV
1079
________ - Eth = 20 keV
10_7 ' Eth = 100 keV
........ Eo =1 MeV
_g[ JUNO multi-scatter th °
10701 107

m, |GeV]

Assuming JUNO 170 kton-yr exposure

Wu, Hardy, NS, PRD/2406.01668
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Contributions from Inelastic Scattering

dogs onA’msF?(ER)

Elastic scattering Y+A—->y+A dEr ~ 32/2ma(2maEg + m2)2(E2 — m2)
X (4m2 + 2maER)(4m?% + 2m 4 ER),
A
Quasi-elastic scattering y+A —->xy+A@—-1)+n/p | L4
\q,
k = (%,E) ,9
v N\
, NG
doqgr B c"fnmg k XsWg \ 9)
dE;CdQ B 167 p2 V—C] (Q2 + mzs)za R \N} P: v S (B0 ) )
¥ py = (Ey,Py)
4) — > Y)
Deep inelastic scattering yY+A—-y+X
_ dvd@? f(€)
do01s = i BT =) / 1) aeim@Pse - o
9392 (4m3 + 622)(4m2 + Q%)drdQ?
B Z gQ;mAQZ(Ez —m3)(Q* + mg)? fara(,Q%),  suetal, arxiv: 2212.02286
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Contributions from Inelastic Scattering

0
Otot

102 ms = 0 03 GeV My = 10 MeV 102 ms = 0 3 GeV My = 10 MeV 102 ms = 30 GeV My = 10 MeV |

E —Elastlc(O) - Elastlc(Fe) —Elastlc(O) - Elastlc(Fe) —Elaatlc(O) - Ela.stlc(Fe)
10%} —QE(O)  --QE(Fe) 101 —QE(O)  --QE(Fe) 10! —QE(0O)  -- QE(Fe)

: —DIS(0) -~ DIS(Fe) —DIS(O)  -- DIS(Fe) —DIS(O)  --DIS(Fe)
109 10° 100
107 w01 T 101

= -
= S ittt
107 1072 1072
103 103 103
10 10 104
-5 1 a2 . - -5 —a M . . —— -5
1010'1 10° 10! 1010 1 10° 10! 1010 1
(GeV] [GeV]

Su et al, arXiv: 2212.02286
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New Limits from PandaX

PandaX Collaboration, arXiv: 2301.03010
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Dark Matter Capture



Earth Heating

DM capture v, < v ~ 11 km/s

escape

 Dark matter scatters with Earth matter,
slows down and gets trapped

X
—_—

—_—

—_—

v, ~ 300 km/s

Earth
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Earth Heating

 Dark matter scatters with Earth matter,
slows down and gets trapped

e Dark matter scatters with thermal
nuclel and escapes from the Earth

Earth
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Earth Heating

 Dark matter scatters with Earth matter,
slows down and gets trapped

e Dark matter scatters with thermal
nuclel and escapes from the Earth

e Dark matter annihilate to Standard
Model particles, heating the Earth

DM Heating < 44 TW Earth

Kamland, Borexino Annihilation
geoneutrino observation
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Monte Carlo

DaMaSCUS_EarthCapture
https://github.com/songninggiang/DaMaSCUS-EarthCapture

6480 ———

See also DaMaSCUS

TOp Of a'tmOSphere \ Captured DM L U%V — 10~ %cm? _ https://github.com/temken/DaMaSCUS
6460 \ m, = 1 MeV _O-)SCEV — 10~ 26cm?2 i
o |
6440 | _
g
24 _
= 6420 - _
1= _
3
e

6400 |-

6380 -
Top of Earth crust |

6360 S
109 10! 102 103 104 10°

Step Number |
Number of scattering

Earth radius
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Monte Carlo

DaMaSCUS_EarthCapture
https://github.com/songninggiang/DaMaSCUS-EarthCapture

6500 - e
TOp of atmOSphere § Captured DM ——- O‘XN = 10"*5¢ _
6450 “ mX p— ]_ MeV ........ XN — ].O_SOCHI —_
B
.\
6400 + [\ .
- ' }
Top of Earth CFLE’[ _ T Y
£ 6350 TN
,6 - e "'-.:f 3 T
av) Y
o I
6300 |-
6250 - )
6200 . . . ] L
10° 10! 10? 10° 10% 10°

Step Number

Number of scattering
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Capture Fraction

DaMaSCUS_EarthCapture
https://github.com/songninggiang/DaMaSCUS-EarthCapture

100
- 1
101
o b e
S =
O .S 1072
C O :
B s
O
S5 21073
O =
S ® .
104 _' I
; I Lighter DM
. | ii | 5 | SI/SD -
B0 10 102 100 10-% 102 10-2¢

Bramante, Kumar, Mohlabeng, NS, 2210.01812 UxN[CmZQ.
Cross section
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Dark Matter Evaporation

Rg Ve (1) 00
Eg = Z/o 4mr2n, (r)s(r)dr x /0 47ruif@duX/v R;-“ (uy — v)dv
7

e(r)
109

TCD
=) .
Z Multi scatter

® 107°

] .

P Dark matter scatters with thermal
S S — 1036 cm? .

. e e nuclei and escapes from the Earth
o XN

=2 10710 ——o,n = 107%cm? |

g —— oy = 10®cm? Garani 1702.02768

C%‘ —— OyN = 10~8¢cm?

>

D)
T 10715

S
=

=

: SI
Z 10_20 — T T T T T T | Hul.ul T

1079 10 107* 102 1072 10t 10 10%Y 10% 10°

m, |GeV]
Dark matter mass
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Dark Matter Annihilation

Assuming dark matter annihilates to SM final states

REB atm

| | | | | | Jv ’ —

Normalized annihilation rate ~ Ae = >2XX n24dnr2dr (0v)xx =~ 3 x 107%° cm?/s
N2/, x

dN, E
DM in the Earth dtc =Co — (N_i Nc — AgN¢

Total annihilation rate I'g(t) = (1Y2)Ag c(tx

Capture Evaporation Annihilation

150



Earth Heating Constraints

Cross section

Spin-Independent 100%

Y T e s — — —

Earth heat

—
— 7
— —

) CDMS1
100% dark matter S—
100 101 102 10°
my |GeV]

Dark matter mass

Bramante, Kumar, Mohlabeng, NS, 2210.01812

DM Heating < 44 TW

Spin-Independent 5%

10~ |

107 CMB
T e RRS
= —
#5103 | CRESST I

CRE K Earth heat
SST 1y |
q N\__ CDM>-1
: 5% dark matter
1074 RN _ XENONIT =~
102 10°

10~ 10 100

m, |GeV]
Less than 10% DM annihilation
when drifting down to Earth crus

t
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Heating Constraints - Spin-Dependent

Spin-Dependent 100% Spin-Dependent 5%
1016 - \'"\\ 10-16
R Y S 10
\

10_20 1020 —

107 CMB 1022 \
e 107 — . Jal | — 1024 ¢ — ’
ERLE: & T e &\\ —
el _98 _ | QI_ZI _ ESS
% =10 s —— A=10"28 T(
° —30 RESSF ~ RRS ’ © B —

10 == 1030

10-32 N>= - Earth heat _ -3 Earth heat

CDMS-1
10 SD ODM&'@\( CDMS-I 10 SD (&
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T o e A L 1.  XENONIT 10-38F =00 T I\, _  XENONIT
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Bramante, Kumar, Mohlabeng, NS, 2210.01812
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Scintillating Bolometers

« Simultaneous double readout

of heat (H) and scintillation
light (L)

Bolometer

#

Scintillating Bolometer

-
C

:|

§ § § 8 & &

GEALAS AL LARE RAAN A
-

g
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Scintillating Bolometers

Bolometer

of heat (H) and scintillation *
light (L)

* Simultaneous double readout L

* Fraction of the deposited Scintillating Bolometer
energy is converted into a
scintillation (up to 25%)

Light

o effective discrimination of e/y
from a events/DM by the o
difference in L/H ratio

Heat 154



Detector module with CawO,

CaWO; Scintillating Bolometer 300 ¢
(240%40 mm3

e Simultaneous double readout
of heat (H) and scintillation (2\)
light (L) -

CaWO, crystals under UV P S S i S e e

* Fraction of the deposited
energy is converted into a
scintillation (up to 25%)

Credit: CRESST Collaboration 90.1 kg-days

excess light events e /v

2000 =,

« Effective discrimination of e/y
from a events/DM by the S
difference in L/H ratio

Light Energy [keV |

1500 p=~" &7nf

volh e - . - .. o ‘
. (- . - . . - LY
Sk R R L -

1111111111111111111111111111

0 500 1000 1500 2000 2500
Phonon Energy [keV|

Munster et al., arXiv:1403.5114 L L
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Skylab and Ohyia

Skylab Ohya
Area A 1.17 m? 2442 m?*
Duration t 0.70 yr 2.1 yr
Zenith cutoff angle 0p = 60° Op = 18.4°
Detector material 0.25 mm thick Lexan | 1.59 mm thick CR-39
X 32 sheets X 4 sheets
Detector density 1.2 g cm—2 Lexan 1.3 g cm—3 CR-39
Detector length at 6p 1.6 cm 0.66 cm
Overburden density 2.7 g cm™> Aluminum 2.7 g cm— Rock
Overburden length at 6p 0.74 cm 39 m
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Constraints on Multiple Scattering Dark Matter

dE|  2E, 2, = u2 4 a0\
d_|th = — (E LnAaxA) exp | — (wo Y naXZoya+zp Y na—"oya
L Mx \acp MA X Aco A Acp A ]
1076

[—

=
p—
-

Contact

interaction\

[—

=
[
Do

— — — —
o — - B
o o0 D —

vvvvv

[—

=
bo
bo

Contact DM-nuclear cross section o¢(cm?)

o A
104 10° 10° 10" 10" 10" 10 10" 10 10*
Dark Matter Mass m, (GeV)
Bhoonah, Bramante, Courtman, NS, PRD/2012.13406
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Multiple Scatter Dark Matter

dERr dER

dory  dony
dEr  dEg

Aoy
dERr

~J

Dark matter may even scatter multiple

times in the detector!

KT
Hnx

[Fr(g)|*

)2A2|FT(Q)\2

A4‘FT(Q)‘27

DEAP collaboration, arXiv:2108.09405

cr.10-15 r

107"
10—21
10—23
1025 —
10® 10" 10" 10™ 10" 10" 10%
m, [GeV/c’]
10—21
‘g Ohya Model Il
=
0510—23

10® 10 10” 10" 10" 10" 10%°
m, [GeV/c?]
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Isospin-violating Dark Matter

Isospin-independent interaction o, ~ —A’g,

~ 7 f2 — _
Isospin-violating interaction 0j = — fivoo Jiv =]§9Zj +fn(Aj Zj)

1569



Reduced Detector Response

fo/ fu
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Reduced Overburden

ol In
-0.5 -0.6 -0.8 -1 -10 10
100 - [ [ [ [ [
2
Ha,
~ — A%
Sl 0 = 12 0 - e ]
N Q: “
) S 4
Ha <
VDM 0; = — fy0y - __
HN <
—
5 1 GeV
o =1 Ge -
ZJ- njﬂjjﬁv/ My, g =10 GeV :
ROF — 1 A2/ —m,, = 100 GeV '
ZJ nj/’tAj J mAj —— Crust overburden
— — Atmosphere overburden
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ol fp
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Constraints on Isospin-violating Dark Matter

Coupling to protons
Isospin conserving

|Isospin violating

10—20 . . I | - 1020
1024 | CMB 10-24 CMB
/ | | T
— 10—28 \ 1 o 10—28 _ _
Eyd 5 \
32| 3 - CRESST |
parameterm : o 107 parameter
space closed | spage reopened
—36 | - _
10 | 1030 : CRESST-IH
1040 N I — fu) fp = -1
102 10° ot 107 S —— I
GV 1071 10V 101
iy (GeV] m, [GeV]

Kumar, Marfatia, NS, 2312.11365
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Phonon Structure of Sapphire

w [meV]
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Indirect Detection



The Gamma Signal

detector area

\

dN,  (dN, A y 5 (ovre1)n(7)?  annihilation
dEdtdV  \ dE o 4mr? "f) decay

/ Final products

dark matter properties

See e.g. Tracy Slatyer, arXiv: 1710.05137
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The Gamma Signal

dN., A (dN,Y) <m’“’1> fo p(7)*dr annihilation
= — X
dEdtd) 4m \ dE mDMT fO drp(r¥)  decay

Integrate along the line of sight
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The Gamma Signal

dN, A (dNW) g;;’;e‘) [ drdQp(7)* annihilation
= — X DM
dbdt 4m \ dE ], | OOO drdQp(r) decay

mpmMmT

Integrate over the solid angle
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The Gamma Signal

1 dN, (ovrel) (dN ) 7
A — 0 ann

dE dt dE
only particle physics only dark matter distribution

1
h= o / drdp(7)?2
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The Extragalactic Gamma Signal

physical volume

dN / O dt dN.(2) (avrel) \

2
dEdV, ). ""dz dE () dVO

/

comoving volume
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The Extragalactic Gamma Signal

dz

0
/ 1 dt dN~(z) (0Vrel)
dE

2

([ dN,

dE’

)

,dV,

"2
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The Extragalactic Gamma Signal

dN /0 o dt d]\f7 (z) <0Urel> ( )Qde
akdVy o dz dE dVo

i _/oodz(1+z)3
dEdV) N 0 H(Z)

ol E'=E(142) DM _

/ / d ( ) g:;el)P(Z, 9,(]5)2 annihilation
< X DM
dEdAdt dEb’ 0l B —EB(142) + 2)3 1 (Z, 9, ¢) deca,y
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The Extragalactic Gamma Signal

More rigorously, attenuation

AP, 1 1 \

EY=c— [ d - E —7(E5,2")
dE. (E5) CE,,/ S )11 2y e B 7)€

(1) 2 f
LY 10% (p( )) S (o) f‘(g (E!) (annihilation)
f

R (EL, ) = B

Y /
Mo zf:I‘f iE, (E'y) (decay)
. A, >0 dn
Clustering effect B(z, Mpin) =1+ — dM M ———(M, z) f [c(M, z)]
3Pm,0 J My aM

Cirelli et al, arXiv: 10124515
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The Extragalactic Gamma Signal
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Cirelli et al, arXiv: 1012.4515
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Constraints from CMB

d2E o fofe.m.chCDM(l + 2)3 dM

dvdt|;, . /

Fraction of BH energy

M;

injection as e™ and 4

d°E
dV dt

dep,c

The injected energy is then deposited at different redshift z, in the form of ionization,
excitation of the Lyman-a transition and heating of the intergalactic medium

(2)

h.(2)

d°E

aVdt

dt

inj

(2)
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Constraints from CMB

 BH evaporation during and after
recombination leads to high energy
electrons and photons, which
rescatter CMB photons, suppressing
the angular power spectrum on small
scales

* Polarized Thomson scattering
enhances EE power spectrum at
lower multiples

-0.1

IIIIIIIIIIIIIIIIIIIIIIII

—fpr = 1077 -
—fpg =107% -
—fpr = 1077 -
. Planck 2018

lllllllllllllllllllllll

=g

Mgy = 10%g, n =4, M, = 10TeV

0

1 1 1 1
500 1000 1500 2000 2500

[

Planck 2018 high-/ TT,TE, EE+low-[ TT, EE+Planck lensing

Friedlander, Mack, NS, Schon, Vincent, PRD/2201.11761
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Galactic Gamma Ray

d®, 1 dN foo 1

= D(2
dEdS A dEdt M ASX) (&),
D(Q) = / oot (£)dQdz,
l.o.s. A2
d®s11 dN .+ 1 1 1
i~ 200 = ar aa P

AN

fraction of positronium

25% annihilation to 2 gamma,
/5% to 3 gamma

10° ¢

— —
2 2
[N} —

Fraction of dark matter today f. g
.
]OO

—
2
I

_ v continuum
-2 — = 511 keV
-7 —-—-511 keV, E.+ < MeV
=- Laha et al. 2020 (v)
Laha 2019 (511 keV)
— — DeRocco & Graham 2019 (511 keV)

~-—-DeRocco & Graham 2019 (511 keV, E.+ < MeV)

1016

| 1617
Black hole mass today [g]

Friedlander, Mack, NS, Schon, Vincent, PRD/2201.11761
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|Isotropic Gamma Ray Background

= 108
> " —— PBH Products -+ HEAO-1
. . ] o _ < . \\ + ASCA +— Nagoya
direct evaporation positron annihilation 7 10°; § XTE +  SMM
= ] \% + HEAO-A4 + COMPTEL
/ / v—|4 102 b\\\—;’BAT -+ EGRET
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A Snapshot of 4D BH Constraints

CosmoLED
https://github.com/songninggiang/CosmolLED

10_12 :._.\ ___—-—-—---—-,__--—“"——' E—— E (C;a,].i:(:tic E
) '™ " : - enire
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- . e m=m—T /
S P |
=107 T /
- \ o : ’ ]
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] - — N 1 " background light
non-therma
= o . o I
1027 - injection - : > BHs survive
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_ anisotropy !
10—30 _ :
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Initial black hole mass, M g
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The Effective Axion Coupling

1 ieCNEDM —  a ~ 1 0,0 —
e AP NTu 5PN P + C, Fus F* + = Cap == "
4o €
G = &~ O mel+2 (Eo 2442 Y
a77_27rfa aw_Qﬂ'fW?TL7T \/Z Nog 31+ =2
Kaplan, 1985
Srednicki et al, 1985
Y

The QCD axion mass and coupling is tightly coupled

40 €
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Axion-photon Conversion
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Axion-photon Conversion

M
. . d-——>-

e CP conserved in QCD = axion

1 M

— UL
. Z ayy A gaWdF ,WF
w* = k*+m’ a)2~k2+a)§
 Resonant conversion from axion to t
photon in plasma when n1, ~ @, === @ i

Plasma frequency

2 _
B o, =4man,/m,
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Axion Conversion around Neutron Star

 Magnetized neutron star atmosphere —magnetosphere

29 - Bns 1
ng(rns) = e 1 — Q272 sin? Ons
B BO To 3 ~A A
B, = 2 (r) [30059m g cosem]

Witte et al 2104.07670
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Homework Exercise: Axion Conversion around Neutron Star

nay(ras) = 2€2 - Bns 1
5 0 GINS) = 1 — Q272 sin? Ong
—~0fa+ V?a=m2a — gs,E B,
2 2 B 3
-V E+V(V'E)=w D + w? Qa77aBa B, = 20 (TO) [SCOSGIh-f'—cosOm]
T
2 2 § 1 e 19 0 E,
Zd | 1 ma—pr Ap A|| — () D=Ry-|—ig ¢ 0| -R";- | Ey |,
dr 2k AB 0 ] a ’ 0 0 7@ E,
€ - SiIl2 é A — B m f w2—w§ ga,'y—thw
— 1_212100525’ B — D{a~~ aSiné’ _5? Ey _ | 1= _gcoszg 1— _p_cosze
(.4.)2 = a gag'th w2 . m2
1— ;ﬁ’- cos2 6
Doy ~ €M ga,'y'y (TC) 2 1 [2GMNns n
¢ POM = pDM\/— -
dP(0,0,,t
(dQ = ) 2 X pZ?Y prDCM’UC'r'z , Hook et al 1804.03145

Millar et al 2107.07399
Witte et al 2104.07670
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Axion Conversion in Neutron Star

 Magnetized neutron star atmosphere —magnetosphere

2€) - Bng 1
e 1 — 9272 sin? Ong

ngy(rns) =

* (Conversion probability

- gC%WB ’ nmg
2k|wy| (k* + mg sin* 0)-

p sin” @

Hook et al 1804.03145

Millar et al 2107.07399

Witte et al 2104.07670
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Signals from the Galactic Centre

1 dP
Ssi — > Smin
S Bd? dQ

Signals from a single star 8f/f ~ v* ~ 107°

Signals from stellar population 6f/f ~ v ~ 107

D = @ 1 - Vios
obs —
1 T Vios

Doppler shift can be important!

10—4.

10—5.

10—6.

107

‘Galactic Center
|NFW DM

m, = 107° eV

Jary = 10712 GeV

20.004  —0.002

|

—— NS model 1

—— NS model 2

0.000  0.002 0.004
w/mg

Safdi et al 1811.01020
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Optical Polarization Signal

e CP conserved in QCD = axion ! a---- @ Y

a - —>-~<Yarv4

1 8
° ga},}, — ZaFﬂI/FIMU

axion (unobserved)

Anea,r polarization

MWD

unpolarized light

* Photon only converts to axion in the direction parallel to magnetic field,
inducing polarization signals
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B-field

axion (unobserved)

Optical Polarization Signal R y— _—

Neutron Star
/ l ‘Anear polarization

unpolarized light

Z

|Api| o1 |A—Agl (V)

I, (2) = (1 = Py )17 (2)

T 1(2) + (1= P, ) IS ()
Pres + 2|R6(A||,2)|

Yy—a

2 — (Pres, + 2[Re(4)5)])’

Y—a

 Photon only converts to axion in the direction parallel to magnetic field,
Inducing polarization signals

 Resonant conversion occurs when vacuum polarization matches plasma

NS, Liangliang Su, Lei Wu, arXiv: 2402.15144
187



Optical Polarization Signal \p-feld

MWD

unpolarized light

-10 -10
10710, 10 e
s // l’
P =" —
______________________________ A/ 10~ 10¢
_______________________________ 4/
¢ 2 7k
L 10—11. ______________ ] @ 10—11_ ] Q
S T S | - @ -1
> | S = 1077
SYo) Vo) oF |
Optical:n,/|ng;|=1 Optical:n,/|ngy|=10? Optical:n,/|ng;|=10*
- PSR B0531+21 ' - PSR B0531+21 - PSR B0531+21
- PSR B0656+14 ' - PSR B0656+14 —— PSR B0656+14
— 41 0142+61 — 41 0142+61 — 41 0142+61
-12 . . . 10—12 A B 10—12

1071110719102 1078 1077 107% 10°° 102 10 1007 10°® 10 107 108 1007 10 10 10* 1073
axion mass, m, (eV) axion mass, m, (eV) axion mass, m, (eV)

 Photon only converts to axion in the direction parallel to magnetic field, inducing
polarization signals

* QOptical polarization signals from neutron stars could place the most stringent limits

NS, Liangliang Su, Lei Wu, arXiv: 2402.15144
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Mq_s; i i
dMesi g / Eoi(rnE) 2dp

exp(E/Th) F1

Greybody spectra

"“—o—— —_—

fermion

Fermion
8- gauge boson -
& 3 v .
Vector = =0 // Graviton
B E 8:—
1
01: .....................
0 1 2 3 4 5]
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Monte Carlo vs Single Scatter

Rg o0 w(r Ve (T)
ey =Y 2 [Tan [ ) [ Ry (0 o)y (@) P
10305 N | ] X.O | 0 | uX 0
T~ — — M1 w v, Garani 1702.02768
S ~
1028 L h \Q\G’o@2 —-—-M2 w vs Baun 1611.09665
- {030 ~ 3y —MC w v
C]:):,Q ~ \C S
— ]_()26 _ \\\
A .
P
% QO 1024
=
O g
S5 o 104
g
Q 2 N N
@, (CS 1049 O S
3 S
/ /
1018 S S
SI

1079 10 107* 102 102 10! 10° 10Y 10% 10°

m,|GeV] Dark matter mass

190



Monte Carlo vs Multi Scatter

\/6,0 3 vy _vgsc
CN = feapTR*pn(T) 3 ﬁmxv (2v>2< +3v2,) — (2v>2< + 3v%) exp | — ( N2v2
XX X
1026 — L L L L L LR L \' L L L P
E \\ o
N8R
NS
2 \\%‘zé Bramante 1703.04043
1024 L —— M3 O /;'r Ny ; \\ | Leane 2209.09834
i : AN :
.lﬂ. —— M3 Fe /.I I[ \~§' \\ :
D - /'/ - N |
_IG_)‘ D MC A% US /'/ I ! ,.\ g
S g -7 ! 2N 3
s 1021 v < /! !y
2 . p & _ -2 i [ \\ :
- j < ~ Vi I :
22 | oI Y YA v
C = - T J - \
-~ . . A ]
O CCS 2P N C)(Q g P / \ ]
20 ~ /{?) - ’ \ _
10°Y ¢ -7 .- “° :
\«Q - /,/‘/ /r \
I P :,/'/ //./' \:
! -~ /,/' 2 7 R \
g i %50 i 17 5
- .- Q/ - /'/’
1018 AT ....../I\'/-ﬁm.T/. Y T TN J el .....$I. L
1079 10 107* 1073 1072 10°t 10 10' 10% 10°

m,|GeV] Dark matter mass

)
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Dark Matter Distribution

5= (1) ool b 50

., (0) Te (0 dr’
D | —
- ——m, = 1 keV - —-m, =1 GeV | B
4 —=—my=1MeV —m, =10 GeV ’} When 6>, > 10 36 sz, dark matter
[ e my = 100 MeV i 1 ?( " g
I _ 10-30 o | thermalizes with local environment
OO = cIm ;}- S :
St r | due to frequent scattering
= | B Garani 1702.02768
20 Heavier DM | £
B . - Heavier dark matter sinks down,
1 e e T = "
o~ T —— | : lighter dark matter float
: ST T e —— N\
0 0.2 0.4 0.6 0.8 1
r/Re

Normalized radius
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|Isotropic Gamma Ray Background

< 100
5 \ /
direct evaporation positron annihilation £ 107
S
/ = 107
< " //
d>N,, d2N d2N 2N, , S g6 v
E,M)=—"2""P(F M)A LEOS (B, M) A L2(E, M) ¢ VI
agat M = "apa Bt gy B g (B ).g NN
g 1078 | Y
%‘ — n=0 —— n=3 —— n=5
£10°0{ — n=2 —— n=4 —— n=26
=
Inverse Compton scattering 103 10 10° 1022 10 1018

Initial black hole mass, M [g]

Friedlander, Mack, NS, Schon, Vincent, PRD/2201.11761
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Dark Photon

Extra U( 1 )? SU(3)C X SU(Z)L X U( 1 )Y X U( 1), igire)rerlr?e\llr;,Qgggkley, Carrol, Kamionkowsk’ 2008

Arkani-Hame, Finkbeine, Slatyer, Weiner’ 2008

2

1 , — my
L = - Z(FWF/"” — 2xl, F"+F, F*) + TA”Aﬂ — JFA,
K
A @O 4’
a)2~k2+a)§ w* = k*+ m;

PMO Ninggiang Song (songng®@itp.ac.cn) 194
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Resonant Dark Photon Conversion

 Resonant conversion from dark photon to photon N the magnetosphere of a neutron

star when 1, ~ w,

- Redefine A, — A, + KA/; to remove the mixing,

1 o1 o ,
& = = (E P 4 L F) + EmjAﬂA H— (A, + KA
 Equation of motion

(w? + VA -V (V- A)+ w? x'*)- (A+kA") =0
(w? + VHA —m3 A + kw* (XP +x7°)-A=0
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Resonant Dark Photon Conversion
(w2 + 83).43; — 0,0,A, +w?aA, =0,
(w? 4+ 09)A, — 0,0, A, + w?[(n' sin® @ + a + gsin§*)A, — (n’ + q) cosfsinHA,] =0,

w?A, — 0,0,A, — 0,0, A, + w?[—(n' + q) cos@sinfA, + (' cos®* @ + a + qgcos*H)A,] = 0.

* (Conversion probability

L 12+ 1A |2 2 2 2 3 N2
D~ ‘Ay‘ T ‘AZ‘ N TK a)g(mA/COSH— C()p S1n 9)
AL+ A1 + | AL 6kmsw, sin 0

 The converted photon has both transverse and
longitudinal polarizations, and evolves In the direction
that is perpendicular to the magnetic field
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Compact Stars in the G

alactic Centre
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Radio Telescopes

Minimum detectable signal flux density

SEFD
Smin —
| \/ npolgg tobs

Tsys 1000 m2/ K
Aefr Actr/ Tsys
1 dP

Se; > S .
e B2 dQ T ™

105; —
_ mm—
104? _ //’ \\\
: s \
= 105 / SKA '
< 10 Atmosphere
£ absorption
g GBT - ;
3:5 101 | :
 —SKAI ;
100 i — — SKA2 ALMA _
- ALMA f
_ —— GBT :
10_1 R L L i .
101 10Y 101 102 103

Frequency |GHz]|



Sensitivities for Galactic Center Signals

1077,

108 |

—
3
Ne

=

1010 |

1011 |

Kinetic Mixing

Haloscopes

—12|
10 —oNFW

NSs — — Density spike

10-13 | - N —— ' '
109 107 10—
T A [eV]

Collection of neutron stars Dark Photon Mass
Edward Hardy, NS, 2212.09756
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Criteria for Strong Conversion

* Strong magnetic field is NOT required
 Dense plasma = Larger dark photon mass

* High temperature = Less Inverse Bremsstrahlung absorption

ST N Nion \/ 2TM 272 b \‘
I'p = ‘ 1 (1 — e~/ T) '
IB 3w3m? 7 o ( " ) e /
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White Dwarf Atmosphere

Isotropic plasma = photon longitudinal polarization does not propagate, only
transverse modes convert
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White Dwarf Atmosphere

. . kTurd Ta '\ (Mwp o)’
. la ~ 0 = 0.06 k
Pressure gradient balances gravity G Mwpum, m (104 K) ( Mg ) (0.01 R@>

I"—I’O

» Exponential density profile n,(r) = npe

2.2
2w K°my,

3 k

. Conversion probability p =

d
» Radio emission power d—g ~ 2012 par (Te) Ve

T, ~10*-10° K, ny~ 10! cm™
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Sensitivities from White Dwarf Atmosphere

1077, — .
1078 L
10—92- —GBL
) o n .
X SKA2 T - _
= " 10~ N o i BN - Inverse
.9 _12:~— T — — - . B ,/’
0 107~ &
C
g 1071
B Haloscopes
107 — gNFW :
10-15 - WD atmosphere | — -Density spike -
107° 1077
™ A/ [eV]

Collection of white dwarfs

Dark Photon Mass

104

Edward Hardy, NS, 2212.09756
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White Dwarf Corona®?

. Higher temperature 10° — 10’ Kelvins = less absorption

I”—I”O

» Exponential density profile n,(r) = npe %

e No observational evidence for hot corona in isolated white dwarfs

T, ~10°=10" K, ng ~ ?
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Sensitivities from White Dwarf Corona

e —

———

o - \
/ r J N
I/’ 4 '
>,
. Sl )
g }
= :
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/c < ‘1\
?? " ‘3\ ‘S;‘N oy
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Credit: ESA
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1075 ¢
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= 10
S
1071 ——
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= S —~—
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Collection of white dwarfs

Dark Photon Mass

104

Edward Hardy, NS, 2212.09756
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Accreting White Dwarf

Donor White dwarf

companion

Accretion disk

Non-magnetic cataclysmic variable Magnetic cataclysmic variable
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Non-magnetic Cataclysmic Variables o

Qx(R)

S
N
N
N
N
N
N
~
N
S
~

* The inner part of the disk decelerates and

forms a hot boundary layer near the white
dwarf surface

* High accretion rate = Black body emission o d R
from the optically-thick boundary layer e

* Low accretion rate = Bremsstrahlung S -

emission from the optically-thin boundary o
Iayer Star s—H— ' Disc
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Optically Thin Boundary Layer

3 GMum,

o T ~ ~ 10° K
Temperature 16 KR 3 ;
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A3/20 (Mot 0 e £3/5
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* Density profile
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Patterson et al 1985
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X-ray Map in the Galactic Center
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Sensitivities from Non-magnetic Cataclysmic Variable
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