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Story we will talk today :

Hidden sector

Early Universe

Naturalness problem :
—— Parity symmetry, Higgs
hierarchy

/ CMB power spectrum

Large scale structure

~N
d

Precise
cosmology:

H, tension,
Sg tension
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Hidden sector

Dark matter evidences: cosmology, galaxy rotation curve,

velocity dispersion and so on.

/

(&

Standard model :

Lepton, qwi,
neutrino *

1’(9»91)(2)»51)(3)

\

How about hidden

sector?

Hidden particles,
Hidden interaction?
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Hidden sector

The interaction between two sectors Is strongly constrained.
But how about the interaction within hidden sector?

One way to explore this interaction: cosmology

Standard Gravity Dark radiation,

ee——— Dark matter
model
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Mirror twin higgs

Parity symmetry: mirror sector will help to restore the
symmetry

PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

Question of Parity Conservation in Weak Interactions™
T. D. LEE, Columbia University, New York, New York
AND
C. N. YaNe,t Brookhaven National Laboratory, U pton, New York
(Received June 22, 1956)

The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.



BPSA Key Laboratory of Dark Matter and Space Astronomy, CAS fo b2

A @ Fo# g oh s TOLXF RILE

Mirror twin higgs

higgs hierarchy problem: why the weak force is 10%*times as strong as gravity ?
i.e. why higgs mass is so small compared to m,, ?

One solution: Supersymmetry

-e
" "

The hope for supersymmetry

g b cancelling is fading since the
S SN WG TH. RO e -.1.\. .......... +...  LHC bounds are too strong ......
top quark Top Partner

carry SM QCD charge carry SM QCD charge
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Mirror twin higgs

Alternative method: cancelling partner through higgs mixing

. . . Chacko, Goh, Harnik
A concrete example: Twin Higgs  2005) (up to 10 Tev)

Avoid collider constraints compared
to supersymmetry

Top Mirror top
carries SM gauge charges carries mirror gauge charges

noco: HoGO0
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I\/Ilrror twin higgs

Just like supersymmetry, each particle in standard model has
an exact counterpart in mirror sector

O I
Standard model : | mirror sector:
Lepton, quark, <:_,gmmy Mirror lepton, mirror quark,
neutrino Higgs mixing mirror neutrino -« -
UD,SVL2),SU3) U1),SUR2),5U(3)

(& )
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Explore mirror sector with cosmology

Naturalness problem :

Hidden sector B

Early Universe

Higgs hierarchy
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" The Universe with MTH particles

N

Electron
e

Broion Photon

p 4

Gravity

Twin Baryons
| * Twin H

¢ Twin He
Twin
Photon
“ Twin Radiation
® Twin Photon Twin

Baryons+Radiation

Electron

Scattering — Free Streaming

® Twin Neutrinos
Free Streaming
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MTH cosmology

3 extra parameters:
Qmbp .
-chm.
A Ngrr :+ Twin radiation energy , effective neutrino numbers

f= Amount of twin baryons compared to the DM density

/v . Ratio of the twin and SM electroweak symmetry breaking

A N.¢r depend on the temperature of twin recombination and A N, ¥/v determines
the time of the twin recombination.

10
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MTH cosmology

One possible method to explain the different temperature between
two sectors : asymmetric post-inflationary reheating .

Chronology of the MTH Universe

SM: (H, He, 7, v)
Twin: (H, He, 7, D)
structure formation

. .
Nuclei SM: (p, He, e, 7, 1) T ~03eV
— Decoupled Twin: (H, He, 7, 2) _ ¢ e Recombination:
p and He nuclei combine with
SM: (p, I—}e, e, vy, V) T f v e~ to form neutral atoms
Twin: (p, He, &, 7, D) e ey
e Twin recombination:
SM: (p, n, e, 7, V) p and He nuclei combine
Twin: (P, ﬁe, e, 7, ) with & to form neutral atoms
T ~1MeV

e BBN: p, n combine to form
He nuclei

I ~ few MeV ¢ v decouple and free stream
+

e Twin BBN: p, 1 combine to * ¢~ ¢" annihilate to y

form He nuclei
I > MeV ¢ U decouple and free stream
Asymmetric e 2~ ¢% annihilate to 7
Reheating




HOEA 4 2.3

%ﬁp @ F® PG H KA ST
DaRSRRBURRH BPSA Key Laboratory of Dark Matter and Space Astronomy, CAS

S

Cosmology signals

: J\Ja‘turame\\ ol i)
Hidden sector Wiggs hierarchy

l CMB power spectrum
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Early Universe

Large scale structure
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CFT(MTH)

CMB power spectrum

Twin BAOs suppress the gravity perturbation and generate different
phase.

1.03f
= 102} % 8
vz /,-’ —\\ F \\ //"\\ . ’~\
S emm TN Lttt A -
i 101 /’/.-“" ..... ’f",——:’—'—".‘\‘~—’.-}<,‘:O~—.D"Q\‘\;> ’/J{:EE:‘.\;
z’p':_ ﬂﬂﬂﬂﬂ nnTaRnT ;'-;.71 \ ..' o7 /,
é 1.00 """“ \;\'t"/' ‘::\'\/;" :
S 0.99) - (0.1, 0.3, 3) -
= Flows (0.05, 0.3, 3)
ES 0.98 (0.1, 0.3, 8)
ot (0.05, 0.3, 8) ) o
’ (0.1, 0.5, 3) Twin: (f, AN, V/v); AN,g = AN |
500 1000 1500 2000
Multipole, ¢
2110.04317

vvvvvv

2500

CFE(MTH)

1. (0.1, 0.3, 3)
E | s (0.05, 0.3, 3)

(0.1, 0.3, 8)
(0.05, 0.3, 8)
(0.1, 0.5, 3)

Twin: (£, AN, V/v); ANeg = AN

500

1000 1500 2000 2500
Multipole, ¢
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Large scale structure

Compared to ACDM: Oscillations and suppression due to twin BAO,
additional radiation for delay of a,, and ISW effects.

Linear Matter Power Spectrum

1.0 e — . . .
; - o The diversity between MTH cosmology and ACDM is
| s 1l mainly at models that enter horizon before twin
091 " 5| Pacom t [ recombination , i.e. nonlinear scale for the parameter
S | Mot 0 '{~ range of the interest. (k > 0.1 h/Mpc)
S5 0.8F * All other parameters assumed to d
o) be the best fit value of ACDM. I 4
B (ANW=AN> |
0.7 | 1
Oscillations due
to twin BAO
Ol%“‘ 0.001 0.010 0.100
k (h Mpc™)
Large scales - Small scales
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How to test this scale?

To probe the matter power spectrum P(k) at k > 0.1 h/Mpc (and k < 10
h/Mpc to avoid the baryonic effects): weak lensing survey

» Correspond to three set of correlation,
respectively:

>  position-position within foreground lens galaxies;

»  position- shape of foreground lens galaxies with
background source;

»  shape-shape of background source due to LSS.

Cosmic gravitational lensing!

15
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Cosmic shear

Two components for a galaxy :7 = 1 + 2. & = (vy*) & = ()

9(0) = (.6, = €€, )(0)

(i) Insensitive to galaxy bias, trace the matter directly;
(if) Sensitive to detect the growth of structure and redshift evolution, constrain cosmological
parameters Sg;

(ilf) Well describe the geometry of the universe through the lensing kernel.

16
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Nonlinear correction

Nonlinear gravity effects on the scale k > 1h/Mpc, when perturbation
theory fails.

ACDM : HMcode and Halofit (analytic method based on the simulation)

How about MTH cosmology? If we use the HMcode and Halofit to do
the nonlinear correct, how much errors we will get?

17
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simulation =

12 BP1 -=- HMCode ]

—+= Halofit

-
N

g
[=)

o
o)

Gravity-only simulation with P-Gadget3

P(k)/Ppcom(k)
o
o

o
H
T

o
N

N, = 5123 particles in a periodic box of

volume (200Mpc/h)3, The mass of a
simulation particle is 4.733x10°Mg/h T men] ]
1.2t BP2 === HMCode ] 12t BP2 -=- HMCode ]

BP1 : {Qn, = 0.2936, QA = 0.7064, h = 0.7084, ns = 0.9727, og = 0.7599},

0.4 0.4
BP2 : {Qm = 0.3254, Qp = 0.6746, h = 0.6756, ng = 0.9727, og = 0.7648}. ook 220 oab 2= 9
10°T 00 io 107 10" io!
k [h/Mpc] k [h/Mpc]

18
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Cosmic shear

: . Deviation mainly on small scale, and the Ay?/d.o.f ~0.1
4 redshift bins : # ~ 0.25 >0.21 for BP1 and 0.1 - 0.065 for BP2
We use HMcode for nonlinear correction in our MCMC scan

6 [arcmin]

80 02 04 06 08 10 12 14 16 , ,
Redshift 107 107

6 [arcmin] 6 [arcmin]
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Precise Cosmology

Hidden sector

l

Early Universe

Nergurelns prJJ
rlicjefs nigrareny

CMB power spectrum \
/

Precise
cosmology:

H, tension,
Sg tension
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Precise cosmology beyond ACDM

Hy, measurement:

Direct :

Cepheid: m-M (mag)

SN Ia: m-M (mag)

Cepheids — Type Ia Supernov

4 REHBOGY

~ 4.8 0 tension

Hy=73.04+1.04 km s~ Mpc™

Type Ia Supernovae — redshift(z)

0=0.135 mag

. 0=0.130 mag, N=42
4

Geometry — Cepheids
30F

N4258

Ht ok
v ﬁe‘ﬁ?%&*f £

10 15 20 25 30
Geometry: 5 log D [Mpc] + 25

9 30 31 32 33 34
Cepheid: m-M (mag)

04

ag

2400 E

-04

Riess .et.al (2022)

Indirect :

ISW

Late

Hy=67.4+05km s~ Mpc™'

Observer

21
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—e— MAP + PJ-HPD CI -+ M-HPD CI —#- nominal

Sg tension i

Amplitude of the matter perturbation |ewew -

within 8Mpc size of the structure - .

BOSS+KV450 (Troster et al. 2020) -1

o DES Y3: Fiducial i DES Y1 3 x 2pt (DES Collaboration 2018) -
R DRI 501 MEDNE G phimized ***1 DES Y3: ACDM-Optimized
KV450 (Hildebrandt et al. 2020) 4 =  ———@——--
091 0.84 1 DES Y1 cosmic shear (Troxel et T —

HSC pseudo-C, (Hikage et al

&% HSC ¢ (Hamanaetal 2Q#0) e .
5" 0.8 o 0.801 /
4 070 075 080 085
0.76 1 \ Ss =03VQ,/0.3
0.71
2007.15632
0.721
0.61
0.18 0.24 0.30 0.36 0.42 018 024 030 036 042 Planck 2013 SZ : Sssz = 0y (Qm/027)03 =0.782 4+ 0.010
Szlll £2lll

The tension is about 2-3 ¢ . The significance may grow
if the systematic uncertainty gets improved in the future

22
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Additional fluid or free-streaming radiation (2003.28382): early dark energy (1811.04083):
ACDM Nog N.g = 3.046, Nag N |1.04149 Parameter| ACDM | n=2 | n=3 ‘ n =00
L R P o 100 6, 1.04198 (1.04213) 4 0.0003 |1.04175 (1.0414)F3:3504611.04138 (1.0414) 4 0.0004 |1.04159 (1.04149) + 0.00035
1000, 1.042%0 00058 | 1.0414%000005 | 1.0423%0:00030 | 1.0427% 0 5008s 100 wy 2.238 (2.230) £ 0.014 | 2.244 (2.228)0019 | 9955 (0.258) £ 0.022 2.257 (2.277) % 0.024
1009212 9.949+0.013 9 96510017 9 975+0.016 9 975+0.018 Wedm 0.1179 (0.1177) £0.0012 | 0.1248 (0.1281)*9:9%3 | 0.1272 (0.1299)0.0045 | 0.1248 (0.1249) = 0.0041
e . e . e 10°A, 2176 (2.14) £0.051 | 2.185 (2.230) £ 0.056 | 2.176 (2.177) % 0.054 2.151 (2.177) % 0.051
Q.h? 0.1186170:0005 | 101229 00030 |- 0, 1918780008 [ (:1244+0.0088 ne 0.9686 (0.9687) 4 0.0044 | 0.9768 (0.9828) 3% | 0.9812 (0.9880) 4 0.0080 | 0.9764 (0.9795) % 0.0073
0 +0.014 +0.015 o0l +0.021 Treio 0.075 (0.068) £0.013 | 0.075 (0.083) £0.013 | 0.068 (0.068)  0.013 0.062 (0.066) % 0.014
In107°4, 3.049 %0015 3.058 70 016 3.043 %0 016 3.036 20019 Log,,(ac) . —4.136 (—3.728) 1357, | —3.737 (—3.696)13 333 —3.449 (—3.509)5:947
ng 0961 0" | 09761 oo - 09704 200 09669 J 22 fE(DE(e;C) ( - ) 0.028 (?.044)t§;23}; 035003(?35883385?’? Oii?e(?i?f;;tﬁggé
e e e N ro (2rec 145.05 (145.1) £ 0.26 141.4 (139.8)72, 3 (138.9) %19 6 (141.3)+18
T 0.05767g. 0078 | 0-05757 076 0.05747¢ gos2 0.05757¢'0074 Ss 0.824 (0.814) £ 0.012 | 0.826 (0.836) £ 0.014 | 0.838 (0.842) +0.015 0.836 (0.839) + 0.015
Niot 3.046 331‘8}? 3381—?)%:5)’ 3351‘8%? Hy 68.18 (68.33) +0.54 70.3 (71.1) + 1.2 70.6 (71.6) £ 1.3 69.9 (70) £ 1.1
frs 1 1 0.901+9-939 0.87+3:98
Hy [km/s/Mpc] | 68.5575:4¢ 00 70.64719-53 7 (1G5E
r3€ [Mpc] e 144.8114 143.9*13 LV
o8 08216 00 | (08335 DUEC | (08300 10 00 0.826 991!
X 2797.46 2795.16 2793.65 2793.44
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MTH relax both tension

Dark radiation(twin photon and twin neutrinos) as additional
radiation components to relax H, tension.

While twin BAOs suppress the mass perturbation at small
scale, thus relax the S; tension.

Cosmology data we used in MCMC scans: Planck , BAQ,
SHOES, DES Y3

24
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0.5———— ———————————— -
[ B Planck + BAO + DES Y - I ACDM Planck + BAO + DES Y3 1
: - " WM MTH Planck + BAO + DES Y3 1
gl e EIRGCR G BAC) : 0-90" mmm ACDM Planck + BAO ]

| MW MTH Planck + BAO

0.85F
& i
0.80F 1
075 .617. P .618. A .619. A .710. Bl .711. R .72
Ho [km/s/Mpc]
An up limits for fraction of MTH DM More flexible for MTH cosmology
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0.90F « « oo
. W A\CDM ACDM ACDM + AN.q MTH
. B ACDM+ANf Parameters |best-fit| mean+o |best-fit| mean+o |best-fit| mean+to
0.85 : 1000,h* | 2.270 | 2.268%301ga | 2.275 [ 2.2827001°F | 2.273 | 2.283%0017
Qamh?® | 0.1166 |0.1167 g 005 | 01204 |0.1211%5 o036 | 0.1210 | 0.1224% oo
_ 1000, 1.042 | 1.042700003 | 1.042 [1.042F0:00033 | 1.042 | 1.0421000052
0.80 In (10"°A,) | 3.048 | 3.04410%2 | 3.052 | 3.0570:017 | 3.054 | 3.051%00)
' ns 0.9735 |0.9736 ‘0041 | 0.9803 |0.9811'goqs | 0.9740 | 0.9795"5 gosq
] Treio 0.0595 |0.0572 50082 [0.05784|0.055510 0024 |0.05866 |0.05566 15 0074
0.75 7 S B - - 0.1144 | 0.1128%00%
/v - - - . 9.62 | 898%7¢
[ AN - - 0.2071 [0.258819:9%3. | 0.1979 | 0.3098*0-9950
0.70 Qmm 0.2908 0.2901_:(3);8233‘;‘, 0.288 [0.2873 7 goq1 | 0.2915 | 0.28957 oo5°
- o 69.51 | 69.48+521 | 70.5 | 70.65707% | 70.22 | 71.04%532
Planck + BAO + Ss 0.8159 |0.814575-9052 | 0.8086 |0.8062+3:997% | 0.8034 | 0.794F5-5117
r DES Y3 + SHOES 0.0055 0.0078 0.0099
0.65 —2InL 3046.49 3042.76 3042.21
66 68 70 72 Planck + BAQ 2794.87 2794.27 2792.9
Ho [km/s/Mpc] DES Y3 240.09 242.52 241.81
SHOES 11.53 5.966 7.355

Compared to ACDM + AN¢,

The fitting results are similar while

MTH is able to get a lower Ss.
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If future observation provides a much more precise observation and the uncertainty of Sgis
comparable to Planck SZ (2013), MTH model could also give a good fit.
087+ 71— R

| M Planck + BAO + DES Y3 + SZ (2013) + SHOES 0.85+ ACDM MTH
| W Planck + BAO + DES Y3 . s N\CDM Param best-fit| mean+o |best-fit| mean+o
" EEE MTH 1002 h° 2472 | 2973 00 | 2286 | 2286700
[ Damh? 0.1164 [0.1159+5:5098% | 0.1205 | 0.122670:0020
. 0.80- 1006, 1.042 | 1.0421¢'000s; | 1.042 | 1.04270 00034
I In (10'°4,) | 3.03 | 3.0267070;5 | 3.034 | 3.046700:%
L 0.0029 0.0034
(A Amn etal (ES)) rn-s (? 695724896 Obgggg-(‘)"‘(’%l (;) 695?578 (;) 69574712920‘*9‘%5“1“
; i reio ¢ *U9_0.0082 . o —0.0076
& l:_“_‘f»‘_‘::?:??_‘::f:?'_ ~ " . 0'06745 0‘ 1537+0‘087
J w 0.751 [P.A- . Ade tal (Planck) z‘;;v - - 2.725 | 5 968%93%4
I [P. A. R. Ade et al. (Planc : i _2.513
AN - - 0.1676 | 0.300270 339
[ Qm 0.2867 | 0.2856 030 | 0.2908 | 0.297G 000
0.70- Ho 69.65 | 69.72103: | 70.23 | 70.711070
7 : S 0.7896 | 0.784710-00°% | 0.7631 | 0.76910 0osa
MTH —2InL 3063.72 3048.68
Planck + BAO + DES Y3 o
anck + BAD 2798.51 2801.012
M W e B DES Y3 238.2 239.3
A R ' . L L. Sz (2013) 16.39 1.068
0.6 0.8 1.0 66 68 70 SHOES 10.625 73

Ho [km/s/Mpc]
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Future test (CSST)

CSST is much more powerful compared to DES.

0.8

| BN S S BN S S S S S T T T T T T T

*  Mock Data Point 4 0.85F *  Mock Data Point
El Planck + BAO + DES Y3 + SZ (2013) + SHOES " - sio
B Planck + BAO + CSST + SZ (2013) + SHOES L MTH DES Y3
i 1 | MW MTH CSST
0.6 . I
r T 0.80r

0.75F

Ho [km/s/Mpc]

MTH I 1
0'70__ + Planck + BAO + -
SZ (2013) + SHOES
=06 08 1.0 %8 70 72 74

=2")

mag (r, AB, 50, Aper
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; . LSST N . : :
T S b (deep)  Optical imaging surveys
g CSST -
o & (deep) ]
- SX.DS . HSC -Deep LSST 3
F cosmosPES (wide)
" .(SN—deeD) WFST-deep
" CFHTLS @ , CcssT
E (deep) - HSC—.WIde (wide) E
— | | —
C NDWFS (MQS) ]
; DES Euclid 7
o DES = : :
e (SN-shallow) CFHTLS KIDS (Wﬁ’e) =]
n (wide) T. .

C ' m WFST—-wid¢
C BCS ]
; - -
- Stripe82 E
: RCS2 PS1 3
C (3m) 1
F  Future u® ]
- Ongoing VST-ATLASm SkyMapper 4
— . —
r Completed J_PAS. S0Ss 3
:lll A L L llllll L L A llllll L A L lllll' L L L lllll' A L L l:

1 10" 102 10° 10*

Area [deg?)
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Summary

MTH model is motivated by the naturalness problem while leads to a rich dark sector.

Dark radiation and self-interacting dark matter, Additional radiation components aw,;,
and Dark BAO:s.

The combined data provide an up limit for the fraction of MTH DM : # < 0.4, unless the
temperature of twin photons is low enough.

MTH model could alleviate both the H, and Sg tensions.

Cosmology is a powerful tool for exploring particle physics.
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