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Motivation

Cosmological Tensions

* Hubble tension
local distance ladder measurements 73.0 = 1.0 km s~! Mpc~! vs CMB

Planck 67.3 £ 0.6 km s~! Mpc™!

» S8 tension: Weak lensing survey prefer S¢ = .77, while Planck prefers

 Lyman-a discrepancy: Small-scale matter power spectrum inferred from the
eBOSS Lya forest shows 4.9¢ with ACDM fit to the CMB.



DR

Dark Radiation (AN, )

* Although, additional radiation species (DR)
radiation can solve the Hubble tension, it
cannot solve the large scale problem (S8
tension) and Lyman-alpha problem.
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SIDR

Self Interacting Dark Radiation
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» Self Interacting Dark Radiation (SIDR) — SR T l
model is for the explaining the large s
scale structure: S8 tension. B
* However, they exacerbate the existing S
tension with Ly-a data.
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WZDR

e Wess-Zumino Dark
Radiation(WZDR) Model is two
particle species before the CMB,
one particle become non-
relativistic and annihilated into
the dark radiation.

» Call as a step that AN ¢

Increases around the annihilation
into dark radiation and call that

time as z..
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SIDR+/WZDR+

0.04
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e The interaction between dark

matter and dark radiation exist that
the momentum transfer to the dark
matter from DR, which can
suppress the structure formation.

0.00

e The ratio of the momentum transfer
rate to the Hubble expansion rate

Ry (0.07) and transition redshift

log( z, (4.25) are new parameters
to explain the tension.
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Inelastic Dark Matter / Dark Gauge Boson

Lagrangian

L iy 0pp — Mypip +ixy* Dyux — MyXx

| y
+ (D @) (D) — Yy — - FEFX" SF)‘?’BW + he.

e: Kinetic mixing with U(1),, gauge boson and U(1)y
¢: Scalar particle that have charge under U(1),,

¥, Y. vector like fermion, singlets under SM gauge group, acts as dark matter



Inelastic Dark Matter / Dark Gauge Boson

» After U(1), breaking, the fermions y and y mix because of the Yukawa coupling among them as @ acquires a

( ijf/x\/i YU]%\/? )

* With the diagonalization of the above mass matrix we get the physical states:

1 =cost xy —sinb ¢ and Eo =sinf y + cos b 1.

* From the inverse transformation, we can obtain:




Inelastic Dark Matter / Dark Gauge Boson

Interaction between dark/hidden sector

LD Z'gx(ZX)u [Cz f_l’YMfl =+ 33 f_Z”YM& T CpSo (5_17M€2 + ‘57“61)}
— Y (cos B hg +sin B hi) |c2g(E1€2 + &261) + s20 (§282 — E161)] -

 |Interaction in the hidden sector:

§16 — ZxZx, E160 — IxZx, 61 — ZxZx, E3&o — ZxZx, ZxZx — ¢



Production of hidden sector

* Interaction like makes hidden sector particles from heavy particle S decay
Z D ki SEE| + K858,

« We can express energy injection from visible sector to hidden sector as j, and energy conservation,

dp, .

I 3H 1 v)FPv — — 9
d .
5th F3H (1 + wn)pn = jn

jn =nsmgl's
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Thermal Equilibrium of hidden sector

Assumption

» Kinetic equilibrium is quickly achieved by strong gauge interaction between
hidden sector particle, and the momentum distribution form Maxwell
Boltzmmann distribution [JCAP 08 (2023), 075].

» Evolution of Hidden sector temperature 1% can be described as

d& B & | 1 3H(1+wh)ph—jh dpv/dph
dT};,

dT, T, T, SH(1+ w)py, + 3H(w — wp)pn + jn dT,
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Evolution of dark sector

Abundance
Mf = 0.01 MeV,MZD =5eV,06=3.2¢eV, M¢ = 0.leV
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e S decays into dark sector, and make

C15 620 Zps P

» Soon after dark matter(£;) becomes

non-relativistic, it decays into dark
gauge bosons.

» Similarly, when dark gauge boson

becomes non-relativistic, it annihilated
Into dark radiations.



Evolution of dark sector

Density evolution

* S Decay: dumps the energy into

0 AEEEEE e B hidden sector
=\ ' o
» £& — ZpZp annihilation
;\am — |« ZpZp — ¢¢ annihilation at T, ~ M,
= el |
N * There is two stepping behaviors
ol relative to the visible sector, which are
annihilations of dark matter and gauge
" boson that makes hidden sector

0T 102107 107100 100107 10° 10710 temperature increase.
T, (GeV)
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Double stepping behavior of AN,

. £&, = ZpZp annihilation: boost AN g0
by a factor 1.23 |

1/3 |
A]\/velcf‘a,fter _ %gﬁl + g*ZD + gf"b ~ 1.93 10~ 1}
ANetlouiors  \ 2P + g7 = :

eff [before gx = + 0«

—
« 717 — ¢ annihilation: boost AN
by a factor of 1.58 al

1/3
AN, Zp 4 g%
olafier _ (g* =g ) ~ 1.58.

ANeff Ibefore gf

10 = T 0 ST 0o 0o =10
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T, (GeV)
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DM-DR Interaction

 Dark matter and dark radiation elastic
scattering dominated by u-channel
process and Dark radiation transfer
momentum to DM.

e A distinct temperature dependence for
DM-DR interaction rate: a cut-off at
the transition redshift determined by
the mass-splitting between inelastic
dark fermions

4
r y(1 — 2sin? 3) 0.01 MeV
= — ~0. for T >0
i = g = 007 ( 11 x 10-6 M, ) 87O
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Conclusion

« Our SIDR+Z, framework introduces a new approach to resolving
cosmological tensions by leveraging self-interacting dark radiation and

inelastic dark matter within a U( 1), gauge extension of the Standard Model.

 Temperature-dependent DM-DR interactions and flexible DR energy-density

steps, allow It to address the Hubble tension, S8 tension, and Lyman-a
discrepancies while maintaining consistency with BBN constraints.

Thank you for listening!
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Inelastic Dark Matter / Dark Gauge Boson

Interaction between hidden sector and visible sector

_ S _ _ _ _
LD eg(Zx) fA" f+egx CQW Zy (¢ E17"E1 + 55 Ea7MEa + cosg (S € + 27161

Ow
* |nteraction like makes hidden sector particles from visible sector

ff—=&&, ff—=&&, ff— &, ff—&&, ff—Zxy, fv— [Zx

* Assuming interaction of dark/hidden sector with SM particles negligible
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DM

1Y,
d’T),

Boltzmann equation

2
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Boltzmann equation

Gauge boson

oo = gk [<vv>ffﬁzm<Tv> (Yi(T) "+ 20v) 11 p2 () (YT
YoUTh)
+2 <JU>§1€_1—>ZDZD (Th) (Ygl B (YEZ(TZ)> YZ2D)
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Boltzmann equation
DR

dYy S
d_TU — _EK” 2(00) Zp Zp— o (YZQD - (




Momentum Transfer rate

Momentum transfer from DR to DM

 The momentum transfer equation can be expressed as

3 3 1./ 3./
a d°k f(k,T)/( d°k d° P

POM =9E, | (2r)32E, 2m)32Ey (27)32E,;

(2m)2W (ppm + k — oy — K')

x [M|? (P’DM —ﬁDM)

« Momentum transfer rate I can be calculated as

~ 1 3 . 2 _
[~ S@r )M /k f(k,T)dk/dcosH\./\/l\ (1 — cosf)
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Momentum Transfer

Momentum transfer from DR to DM

« Momentum transfer rate is proportional to T? at relatively high temperatures
but suppressed to T* when I, < o.

4 (1 — 25in? 6)4T2

['~
o, @
Tn \° (v (1—2sin*p) ' 70.01MeV
~ 2.43 x 107°*GeV ' for T}, > 0
. - (1ooev> ( 41 % 10— ) ( Me, > o1 fh >0

4
. T, \' (y(1—2sin?B)\ [0.01MeV [10eV\”
~ 1.4 10—+ for T; 0
6 x 10 GeV( . > ( 11 < 10-6 M 5 , for T}, < o,
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MPS of the SIDR+/WZDR+ Model
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