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Dark sector cosmology is crucial
for several BSM scenarios that
particle people have been thinking about
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Twin Higgs Model: Chacko, Gonh, Harnik (2005)

Addressing the Higgs hierarchy problem up to ~ 10 TeV scale

SM particles Mirror particles
carry SM charges carry mirror-SM charges

Mirror particles are invisible => relax LHC constraints

But... how do we examine it?
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In turns of dark sector cosmology,

(more) well predicted dark particle masses/interactions
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Existing cosmo bounds
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Dark Acoustic Oscillations (DAO) in DM perturbation

Conformal Time (Mpc)
10 100 1000 10000
' ' o TR ' | L ' ' L

—_ . _| Suppression of
ACDM + AN, [k — 03 Mpc‘lJ AN Cold DM
MTH - perturbation

Twin
Recombination

<

& Baryons

B CDM
&44

B Baryons
ﬂm  Twin Baryons

Twin Parameters:

N
-
O
e
©
O
| -
-
e
-
)
al
>
=
N
-
)
O
-
)
=
©
=

ACDM _ AMTH | #=0.1, AN =0.3. ¥/v =
: QDM _QDM r=0.1, 0.3, v/v 3:

10 10° 10 0001 0010 0100

Scale Factor (a)

Cir-Racine, Sigurdson (2012) Bansal, Kim, Kolda, Low, YT (2021)
Cir-Racine, Putter, Raccanelli, Sigurdson (2012)

Yuhsin Tsai: ytsai3@nd.edu



Dark Acoustic Oscillations (DAO) in P(k)

|deally, measure the various features fix all the model parameters
& provide a consistency check of the Twin Higgs scenario

PMTH
Minimum k-mode Prcom+an,

for the suppression

overall
suppression

Ratio of P(k)

oscillation &
damping

Mirror sector parameters: # = 0.1, ¥/v =3, AN =0.3
All other parameters assumed to be the best fit value of ACDM.
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Realistically,

non-linear corrections suppress the oscillations

Matter power spectrum ratio
vs HMCode
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2-point correlation function of cosmic shear

Gedget3 DM-only vs HMCode
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Matter power spectrum ratio
vs HMCode
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Higher redshift measurement

low us to determine the features

2-point correlation function of cosmic shear

Gedget3 DM-only vs HMCode

== ¢ Simulation

==« Simulation
mmmm  HMCode

m= HMCode

6 [arcmin]

6 [arcmin]



Yuhsin Tsai: ytsai3@nd.edu

N-naturalness

Higgs hierarchy
problem

Tower of WDM

w/ more well-defined
Mass/temperature

12



N-naturalhess Model

Addressing the Higgs hierarchy problem up to ~ 10TeV

(or even the big hierarchy problem)
Arkani-Hamed, Cohen, D’Agnolo, Hook, Kim, Pinner (2016)

Consider N SM-like sectors w/ equally distributed Higgs mass parameter
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N-naturalhess Model

Addressing the Higgs hierarchy problem up to ~ 10TeV

(or even the big hierarchy problem)
ArkaniZsaaed, Cohen, D’Agnolo, Hook, Kim, Pinner (2016)
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sector (which is our SM sector)
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Minimum dark sector signal,

a tower of SM-like heavy neutrinos (i-sectors)
+ dark radiation (i-sectors of photons and massless particles)

WDM masses and DR energy density are determined

by 3 parameters ( IV, reheaton mass my, fine-tuning parameter r)
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Bansal, Ghosh, Low, YT (in preparation) See also the thermal history calculatio
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P(k) suppression from a tower of warm DM

Different shape of Pk suppression from
multiple WDM becoming non-relativistic at ditfferent times

r=0.1, m¢ 160 GeV N = 20, Dirac r = 0.1, mg = 160 GeV, dirac

— N =20
— Eff. single v (my 1ot = 0.28 eV)
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Vertical lines: inverse comoving time when  Black: “single” WDM that matches the NV,
each N-neutrino becomes non-relativistic and today’s N-neutrino abundance
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A precise Pk measurement (higher-z, larger sampling,---)

allow us to identify the different WDM suppression

r=0.1, m¢ 160 GeV N = 20, Dirac r = 0.1, mg = 160 GeV, dirac
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Majoron and Neutrino mass generation

Neutrinos are are much lighter than other SM fermions

because their masses come from a different origin

Gelmini & Roncadelli (1981), Chikashige, Mohapatra, Peccei (1981),
Georgi, Glashow, Nussinov (1981), Valle (1983), Gelmini, Valle (1984), ...

For example, Majorona 111, , from a spontaneous

symmetry breaking at energy scale f
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The goldstone boson of the symmetry breaking

allows SM-neutrinos to decay
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Current bound on neutrinos’ mass & decay-rate

There's a degeneracy between mass-lifetime
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Break the mass-lifetime degeneracy with higher-z data
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Mass & lifetime determination

Projection with Planck+future Euclid P(k)+Euclid lensing
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Precise matter power spectrum measurements allow us to
probe/identity these BSM targets

Mirror Twin Higgs N-naturalness Majoron

Higgs hierarchy Higgs hierarchy Tiny neutrino
problem problem masses

Multiple WDM l v-decay, modifie
suppression Pk evolution
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Backup Slides
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Recombination of mirror He and H
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If we can measure the linear-power spectrum

Chacko, Curtin, Geller, YT (2018)

k

min

for the I (Mirrorirecombination time)/(-1)

suppression

2
Overall - Pm—baryon
. Power spectrum ratio ~ ( 1 bary
suppression Dot DM

1

Oscillation 5 2 _
Y r r.~ tT...C C., = -

Pm—neutrino + pm—photon
Mirror|y — e scattering

Yuhsin Tsai: ytsai3@nd.edu



Non-linear correction to Twin Higgs DAO

Preliminary, only for illustration

Ghosh, Matthews, Tang, YT
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How stable are SM neutrinos?

Existing bounds on neutrino lifetime are very weak
(for decay into invisible particles)

=] long-based line experiments 7 > 10~ sec
l/ supernovae T > 8hrs e.g., Frieman et al (1988)

7 > 13 yrs CMB (neutrinos need to free stream)

e.g., Archidiacono and Hannestad (2014)
Escudero and Fairbairn (2019)



