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DM could be just one particle, only interacting with SM via gravitation

Not necessarily!
Multiple States (eg. dark proton, dark photon, dark neutrino, etc.)

Various interaction within DS (self-interactions) and/or btw SM and DS (portals)

Imprint on Cosmological Observations tter Power Spectrum wrt ACDM (Planck

When some components are tightly coupled,
Dark Acoustic Oscillation (DAO) emerges os.
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Dark Sector

DM could be just one particle, only interacting with SM via gravitation

Not necessarily!
Multiple States (eg. dark proton, dark photon, dark neutrino, etc.)

Various interaction within DS (self-interactions) and/or btw SM and DS (portals)

Imprint on Cosmological Observations tter Power Spectrum wrt ACDM (Planck

Dark Acoustic Oscillation (DAO)

Possibly in 1, and s, tensions :W

Even though gone, worth investigating
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COS Mo I Og ica I Ten S i ons Snowmass [arXiv:2203.06142]

CMB with Planck
Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.5 - ==
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 + 1.8 - ————
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60 - ==
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54 - ==l
==

|
Ade etal. (2016), Planck 2015, HO = 67.27 £ 0.66
Dutcher et al. (2021), SPT: 68.8 + 1.5
Aiola et al. (2020), ACT: 67.9 £ 1.5 H0 [km S -1 ]Wpc_l]
Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.3678:33

Henning et al. (2018), SPT: 71.3 + 2.1
Hinshaw et al. (2013), WMAP9: 70.0 + 2.2

No CMB, with BBN
Zhang et al. (2021), BOSS correlation function+ BAO+BBN: 68.19+0.99 -
Chen et al. (2021), P+BAO+BBN: 69.23+0.77 -

==
n ==
Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31f8:§% . ——]
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 +2.2 - [
Colas et al. (2020), BOSS DR12+BBN: 68.7 + 1.5 - ——]
===
[=—@=—]

Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1 -
Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97 -

CMB lensing
Baxter et al. (2020): 73.5 + 5.3 [ @
Philcox et al. (2020), P;(k)+CMB lensing: 70.6f§:5

n LSS #q standard rulgzeg . .
Farren et al. (2021): 69.573¢ - | .
CMB fit to ACDM Indivec

Direct

Riess et al. (2022), R22: 73.04 + 1.04
Camarena, Marra (2021): 74.30 + 1.45
Riess et al. (2020), R20: 73.2 + 1.3

, - Breuval et al. (2020): 72.8 + 2.7
~ m Planck ’18 [arXiv:1807.06209
S p C | ] | ] Camarena, Marra (2019): 754 + 1.7
SNIa-TRGB -
Dhawan et al. (2022): 76.94 + 6.4 -
Jones et al. (2022): 72.4 + 3.3 - k & |
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 + 1.8 - ——]
Freedman (2021): 69.8 + 1.7 - f——]
Kim, Kang, Lee, Jang (2021): 69.5 +4.2 -
Soltis, Casertano, Riess (2020): 72.1 £2.0 -
Freedman et al. (2020): 69.6 + 1.9

| ———]
Reid, Pesce, Riess (2019), SHOES: 71.1 £ 1.99 - ———
Yuan etal. (2019): 72.4 £2.0 - | —— ——— |

SNIa—Miras
Huang et al. (2019): 73.3 + 4.0 - [, @

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 £ 2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 + 4.1
Cantiello et al. (2018): 71.9 + 7.1

Cosmic Distance Ladder s 2 :

de Jaeger et al. (2020): 75A8f45

T

Masers -
Pesce et al. (2020): 73.9 + 3.0 [ O

Tully Fisher
Kourkchi et al. (2020): 76.0 + 2.6 - [ @

~73 km/s/MpC  A. G. Riess et al. [arXiv:2112.04510]

Fernandez Arenas et al. (2018): 71.0 + 3.5 I <
Wang, Meng (2017): 76.12¥3:4] k <

Lensing related,mass model dependent -
Denzel et al. (2021): 71 .8f§:
Birrer et al. (2020), TDCOSMO: 74A5f2:
Birrer et al. (2020), TDCOSMO+SLACS: 674135 -
Yang, Birrer, Hu (2020): 73.65ff§6

4

. 4
—_——
Millon et al. (2020), TDCOSMO: 742 + 1.6 - f—— ]
Qi et al. (2020): 73.6fi:8 . [————]
Liao et al. (2020): 72.st1;§ . —_l—
Liao etal. (2019): 72.2 + 2.1 - | —— e——— |
Shajib et al. (2019), STRIDES: 74.2‘:%; [} »
Wong et al. (2019), HOLICOW 2019: 733714 - =]

Mukherjee et al. (2022), GW170817+GWTC-3: 67t§;g
Abbott et al. (2021), GWTC-3: 68144

Palmese et al. (2021), GW170817: 72.77% ]

Gayathri et al. (2020), GW190521+GW170817: 73.41¢

Mukherjee et al. (2020), GW170817+ZTF: 67.675-

Mukherjee et al. (2019), GW170817+VLBI: 68.3+7:

Hotokezaka et al. (2019): 70.3*2:

5

Cosmic chronometers
Moresco et al. (2022), flat ACDM with systematics: 66.5 + 5.4
Moresco et al. (2022), open wCDM with systematics: 67.8f§:z
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Cosmological Tensions
Hubble tension (~4-6 o)

C/ (p late / % today) /=
HO rec S 1/2
i/ Qe Prec)
To increase H,, DP\J Y

Early Dark Energy

Increase energy density at early times (early-time solutions) /
s \

Dark Radiation — Massless states in Dark Sector




COS Mo I Og ical Ten S i ons Snowmass [arXiv:2203.06142]

S¢ tension (~2-3 o)

og: amplitude of matter density fluctuations on the scale of 8 Mpc/h
(~ galaxy cluster scale)

Se = 6q(Q, /0.3)1%:
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COS Mo I Og ica I Ten S i ons Snowmass [arXiv:2203.06142]

* CMB Planck TT,TE,EE+lowE 0‘&2 - Aghanim et al. (2020d)
* CMB Planck TT,TE,EE+lowE+lensing - - Aghanim et al. (2020d)

S8 tenSion (~2-3 0) » CMB ACT+WMAP —8— - Ajola et al. (2020)

Early Universe

Late Universe

0.759 ‘
0.755 Asgari et al. (2021)

Early Universe
y 0716 Joudaki et al. (2020)
0737 Wright et al. (2020)
v Hildebrandt et al. (2020)
Kohlinger et al. (2017)

0.745 ,
Hildebrandt et al. (2017)

. 0.759
C M B fl.t -to /\ ( IDM 0782 Amon et al. and Secco et al. (2021)
: Troxel et al. (2018)

0.804
07g Hamana et al. (2020)
) Hikage et al. (2019)
Joudaki et al. (2017)

~(0.83 Planck ’18 [arXiv:1807.06209] Miyatake et al. 2022)

0.651

07781
0.766 Garcia—Garcia et al. (2021)
0.742 Heyma.ns et al. (2021)
0.776 Joudaki et al. (2018)

0.773 Abbott et al. (2021)

Late Universe S

—i van Uitert et al. (2018)
0.751
* GC BOSS DR12 bispectrum 07 - Philcox et al. (2021)
* GC BOSS+eBOSS '—m Ivanov et al. (2021)
Local measurements B Cwets
* GC BOSS DR12 'ﬁ?_' - Troster et al. (2020)
* GC BOSS galaxy power spectrum : 0.73 * Ivanov et al. (2020)
* GC+CMBL DELS+Planck -—‘o—-o 284 - White et al. (2022)
c i} * GC+CMBL unWISE +Planck HeH - Krolewski et al. (2021)
~(0.76 DES ‘21 [arXiv:2105.13544, 2105.13543] | |
* CC AMICO KiDS-DR3 0.65 —— “Lesci et al. (2021)
* CC DES-Y1 —0— 0.79 * Abbott et al. (2020d)
* CC SDSS-DRS —o-=1 - Costanzi et al. (2019)
* CC XMM-XXL YT -0 1 - Pacaud et al. (2018)
* CC ROSAT (WtG) —0— - Mantz et al. (2015)
0.749
* CC SPT tSZ '_Oﬁl85 " Bocquet et al. (2019)
* CC Planck tSZ TR - Salvati et al. (2018)
* CC Planck tSZ —G— - Ade et al. (2016d)
0.7 _
* RSD |—°—|0'747 - Benisty (2021)
* RSD —Q— - Kazantzidis and Perivolaropoulos (2018)
0.2 0.4 0.6 0.8 1.0 1.2

S8_=0'3\’ .Qm/03
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COS Mo I Og ica I Ten S i ons Snowmass [arXiv:2203.06142]

* CMB Planck TT,TE,EE+lowE 0‘&2 - Aghanim et al. (2020d)
* CMB Planck TT,TE,EE+lowE+lensing - - Aghanim et al. (2020d)

S8 tenSion (~2-3 0) » CMB ACT+WMAP —8— - Ajola et al. (2020)

Early Universe

Late Universe

0.759 ‘
0.755 Asgari et al. (2021)

] . '
More likely systematic errors T R
0.737 Wright et al. (2020)

0.651 : Hildebrandt et al. (2020)

H. G. Escudero et al. [arXiv:2208.14435] 0gs5 Hildebmands ot ol 2017

- - 0732 Amon et al. and Secco et al. (2021)
M. Tristram et al. [arXiv:2309.10034] gy, Toslaa e

% Hikage et al. k2019)

Joudaki et al. (2017)

0.795 .
07781 Miyatake et al. (2022)

Early universe solutions worsen Sg tension B eon,

0.742 .
0.776 Joudaki et al. (2018)
Abbott et al. (2021)

0.773
0.728 Abbott et al. (2018d)

. " ‘ Tréste'r et al. (2020)
Wlth flxed Z Q}" T % Qm T 0'8" van Uitert et al. (2018)

J
eq * GC BOSS DR12 bispectrum - Philcox et al. (2021)

* GC BOSS+eBOSS '—087%6' Ivanov et al. (2021)
* GC BOSS power spectra '7739—' - Chen et al. (2021)
* GC BOSS DR12 m?—i - Troster et al. (2020)
E I .t . I .t . k . . d S * GC BOSS galaxy power spectrum l—00—73l * Ivanov et al. (2020)
arly-time solutions keep in mind Sg¢ O RF, e oo
* GC+CMBL unWISE+Planck RO - Krolewski et al. (2021)
0.78 _
* CC AMICO KiDS-DR3 0.65 —0— “ Lesci et al. (2021)
* CC DES-Y1 —0—i 0.79 - Abbott et al. (2020d)
* CC SDSS-DRS '_°_|0.831 - Costanzi et al. (2019)
* CC XMM-XXL 10.77 © i - Pacaud et al. (2018)
* CC ROSAT (WtG) —0—i * Mantz et al. (2015)
0.749
* CCSPT tSZ '—0—|0'785 " Bocquet et al. (2019)
* CC Planck tSZ %03 - Salvati et al. (2018)
* CC Planck tSZ —— - Ade et al. (2016d)
0.7
*RSD |—°—|0'747 " Benisty (2021)
* RSD —Q— - Kazantzidis and Perivolaropoulos (2018)
0.2 0.4 0.6 0.8 1.0 1.2

S8_=0'3\’ .Qm/03
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Dark Matter interaction with DR

A Class of Solutions to §; tension

Dark Radiation worsens Sg tension

with fixed z.q, €2, T — £, 1

13




Dark Matter interaction with DR

A Class of Solutions to §; tension

Dark Radiation worsens Sg tension

with fixed Z

eq’ger_)gzmT

Solution: Dark Matter interaction with Dark Radiation
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Atomic DM + Dark v

A toy model
Standard CDM

Atomic DM: y U, | U,
Dark Proton p, Dark Electron ¢ A 1 0
Jeom + £, =1 Y ° 1

Self-interacting Dark Radiation

Dark Photon A, Dark Neutrino v, U(1), gauge boson Z

1 1 € _ . . . I _ o
L D — ZF AT — ZZWZW — EF WL+ plid — my)p + e(id — m e + vidv + eA, (py'p — eyre) + §Z,Uy"v
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Atomic DM + Dark v

Recombination

In vVADM

Radiative recombination to the ground state, and its inverse photoionization
p+e<— H(ls)+y

Free photon falls into thermal bath quickly thanks to the self-interaction

Direct recombination to the ground state is included (Case A recombination)

n—1

aA=iZ(0[p+€—>H(nl)+7>

n=1 [=0

17




Atomic DM + Dark v

Recombination

rp=0.05,&=0.8
Solid: ap = 0.1, Dashed: ap =0.01
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Atomic DM + Dark v

Recombination
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Atomic DM + Dark v

Solution to H, and §; tensions?

Self-interacting DR: Dark Acoustic Oscillation:
A v, 7/ y-SIDR interaction
Increase early measurement of /1, Decrease early measurement of S¢
Less Silk Damping Prevent too low S8

Recombination

20
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Markov Chain Monte Carlo (MCMC)

Results

Data:

Baseline 9: Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT, Plank
lensing, BAO eBOSS DR16, BAO small z, PANTHEON+

Hubble tension #: SHOES; EFTofLSS & : EFTofBOSS, EFTofeBOSS (PyBird)

S¢ tension &': KiDS-1000x & DES-Y3 Combined
Model:

m, = 1 GeV, iDM-DR interaction coupling a, = 1072, 3 v flavors

Free Parameters: f,, ANg, m,/m,

21




Markov Chain Monte Carlo (MCMC)

Results

s

= 701

66 1

B D
BN DH
. DHS

DHFS

0.84

0.76 1

-4.5

225
logy(me/ mp)

0 0.67
ANeﬁ’

1.340

0.0405

Fx

0.0811 66

70

Hy

74

Best fit
Model D DH DHS DHFS
Dy’ -1.14 -29.4 -28.0 -24.5
AAIC 4.86 -23.4 -22.0 -18.5
Model AN Ix Ho \Y:
DH 0.74 3.3% 71.99 0.82
DHS 0.70 3.2% 72.01 0.81
DHFS 0.59 1.2% 71.73 0.81
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Conclusions

Summary and Outlook peehdes

Non-trivial Dark Sector is highly motivated \S DS

Dark Acoustic Oscillation leave unigue signatures on
cosmological observables

Possible solutions to Hubble / s, tensions in ACDM

VADM
Interaction within DS is all you need

Will be probed in the future experiments!
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Good v’s
=  for Atomic Dark Matter

*
a K

o 5 AL o

Thank You for Listening!
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Atomic DM + Dark v

Requirements

A A
A in equilibrium with v (DR is self-interacting) \ /
> 5 T T 13 / \
I'yey~e“a,T>H~—=>c¢€a,2 |— ~ 10
¢ M, s M, ” U
P %
¢ - U not efficient (DM-DR stops after recombination) © €
T? T? m
L., ~€Xaa,— < H~— = e?a,a, < —— ~ 1071 ADZ
My, Mpl Mpl
1% %

1 1 € _ . . . I _ o
L D — ZF AT — ZZWZW — EF WL+ plid — my)p + e(id — m e + vidv + eA, (py'p — eyre) + §Z,Uy"v
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Atomic DM + SIDR

Impact on the CMB

ATk, n)
I'cvmB SW

=Trec

AW /W],

free oscillations

~ [(Kk) e Kk J _cos

multipole /¢
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ASW terms

¥=(@+w/2
rn) = nly/3

potential

driving
! kln—nl
dn™¥ (k, n)sin
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10° 10*
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0000 ===\ || || M0t
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N. Schoneberg et al. [arXiv:2306.12469]
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ACTT /CPT
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