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DM with Mediators

Recent DM theories "Dark Sector w/ tiny couplings”
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MeV~sub-GeV scale Is discussed



Impact on Cosmology

Rule of thumb: Lifetime 1sec
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$ Producedithermally :‘ Energy
via partals : Injection
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t ~ 1sec

(If thermalized)



Neff Observation

Definition of Neff:

g (11 )4/3 Prad = Py
Negp:= = | =
7 \ 7 Py
I=Icymp
Planck 2018

N = 3.001702] (95%CL, TT+lowE)
N = 2.92753 (95%CL, TT+TE+EE+lowE)
N = 2.89103¢ (95%CL, TT+TE+EE+lowE+lensing)
Nyt = 2991033 (95%CL, TT+TE+EE+lowE+lensing+BAO)




Neff with Light Mediator
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Relatively enhanced
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FIMP Production

vV ve O FIMP < F m - P>

>

Mass spectrum

Relevant for T ~ mgpp Relevant for T > mgqy
“(Conventional) freeze-in" UV freeze-in”
f— X (w/ rate I) ff — Xg (cross section o;)
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£ is some SM coupling: Loyvi_meq = EOgp - €X

sqve entropy of SM



Dark Photon Production

vt ve > Yy R m L

>

Mass spectrum

Lsmomed = €fY"f- €A, . Eisuniversal; E=e
ff—= vy (w/ rate I') ff = v'g (cross section o)
n CnSiH! n o, (nf9*H™! M,
¢ T o 202 M1 T x e2022P1
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Production from heavy state is negligible:
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Dark Photon Decay

T rve > Yo H >

>

. M ¢
Provide decay modes ass spectrum

y NWW< Dominant for m, > 2m,

Y
y'-<g~ y Dominant for m, < 2m,
Y
( y ww~< ) Suppressed by m,/m,



Concrete Setup
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1 1 m,
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Parameter Scan (dark photon)

fy’(p ’ Tinit) =0

y' 1S thermalized

Independent
of UV physics
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Out-of-equilibrium decay "



Dark Scalar Production
v ve O p B T i

>

Mass spectrum

me _ _ .
L Mmmed = 7 ff-sin(@)¢ .. &is non-universal; & = m,/vgy
VEW
- ¢ (w/ rate I) ff = ¢g (cross section o;)
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Production from heavy sate IS not negligible!
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Parameter Scan (dark scalar)

CMB (N, Y, u distortion'") + BBN + X-ray"

102

| [3]

Supernova

As for SN,
see also Bhupal, et.al.
(arXiv: 2005.00490)

Tr > 100 GeV

10~1 109 101 102
m¢ [MeV]
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2z Unstable new mediators inject energy into thermal

plasma.

hey can be constrained by cosmology

It the lifetime Is longer than about 1sec.

2 Neff can be smaller than the SM value If long-lived

e
2T

ectro-phi

ne dark p

IC mediators exist.

noton, which couples to SM states via

the universal gauge coupling, can be robustly
constrained by the CMB Nefft.

2 The dark scalar, which couples to SM states via
the non-universal Yukawa couplings, can be
produced significantly by heavy particles.
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Back Up



Example Models

SM singlet

Model ite ADM !
Oue Composite Majorana WIMP

[2]
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Recap on v decoupling

Neutrino-electron interaction
Lo =2/2G(J T, + T4 )

This i1s relevant only above
T > (GiMp) ™' ~ 6(1) MeV.

Entropy conservation at e"e* annihilation
7 3 3
2+§X2X2 Zl-=2Zf, (z = Ta)

Since T, xa™,
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Remarks on Neff

Remark 1

Neff Is often defined by

4/3
L 3 11 py—l_pBSM
Ng:=— [ —
7T\ 7 P,

(e.g. in the context of time-dependent Neff)

This does not necessarily coincide with the original one,
because pgq, Can behave like matter.

We can apply the constraints from Planck data
only to the original Neft.
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Remarks on Neff

Remark 2
The original Neff is different from 3 in SM:

N = 3.044

[J. J. Bennett et.al.,, JCAP 04 (2021) 073, arXiv: 2012.02726]
Due to

™ Delay of v decoupling (dominant)

™ Finite temperature QED correction
™ Neutrino oscillation

In order to treat these effect,
we need the Quantum Kinetic Equation (QKE)
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Remarks on Neff

Remark 3

When considering neutrino-phobic BSM,
we can avoid to treat the non-thermal effect of neutrino

Neff — Nesflf\/[ + ANeff

A2 X

Including non-thermal effect due to SM  Impact on Neff due to BSM

A]\]eff — Neff_Neff

portal coupling—0

N_¢ - Neff w/o non-thermal effects
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Effective Couplings

Trace of energy-momentum tensor can be expressed by normal products
In Green’s functions (like (0] H@Z | O)) [Collins, Duncan and Joglekar, 1977]

Trace of energy-momentum tensor in Green’s functions
gﬂ— Ma— 2% Gagaw o= 2™y Ly Zowy
u - qvigq Q7 Uv » K= 3p ? R 3 ¢ f

Explicit breaking Quantum effect

Conversely, this means we can rewrite the effective couplings as:

H _ H a
L D ——gMqg+n, G,G*"
% v 12n

H y _
— - — {K@)ﬂ -+ (1 — K)QMQ} [Leutwyler & Shifman, 1989]

V
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Effective Couplings

The corresponding operators in ChPT are obtained
by the following replacement

U
_>
®u

o ‘
3+3QCD ChPT

U

1
; gMqg — EBf’% tr(MU + h.c.)

At the lowest order

1
Z cvpr = f7 tr(0,U"'0"U) — EBfg tr(MU +h.c.)

O =22t(0,U'0,U) — g, L st

H
Lrpp =~ {2z<aﬂp+aﬂp— — 1+ 3;<)m;P+P—} P=rxorK

[Leutwyler & Shifman, 1989]
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Decay Channels (dark scalar)

Decay channels

€
—<
€+
V
—<
1%

(For neutrinos, see-saw is assumed)

, 1012

Ty/s5 [s7']
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Dark Scalar Production

Production rate of each process —-—Hpy——=—1(py. T)fy~ 1,

Inverse decay (eTe™)

102
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Production History

Determination of decoupling/freeze-in temperature

d3 BE

H | X ng;q(T)

R(T) :=

p¢=0, Ty=T

T.. (UV decoupling temperature)

& R(Tye.) = 1 AdR/dT| . >0
—4dec

Ty (Freeze-in temperature)

& R(Tq) = lAdR/dT‘T <0
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Dark Scalar Production

10° ¢ ] ; — 3 1072 S
my=2MeV - _ | Inverse decay |
al: = e ) determined by m; |
= Muon cannot keep - A :
% 10° E_ ¢ thermallzed E %10_4 - A 3 MeV
EF? 5 MeV
107! L | 10-5 i TFI::LEMeV
1072 . 10—6 N BRI, N U )
1077 10-° 1079 10— 10-3 0.1 1 10 100
sin(6) mgy [MeV]

Charm quark cannot keep
¢ thermalized

Scatterings from e*
determined by m,
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Parameter Scan (dark photon)
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Out-of-equilibrium decay v is thermalized

Constraints are independent
of UV physics
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arameter Scan (dark scalar)

Tr =5 MeV: No self-interaction
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Parameter Scan w/ S

Tr =5 MeV: Self-thermalization

Tr =100 MeV: Self-thermalization

10_2 T T L I N CMB N 1 Iﬂ 10_2 T T T 17T I . CNIB N T Iﬂ
. eff B eff
. CMBy : CMB y
1073 . CMB p == 1073 :  CMB p
: Ionization © '-,‘Ionization
104 B — 107 BRI - — . UUBBN. o
10-5 BRI e 2 - 1075
106 _| 10-6 B e
S > L
Z 1077 — z 1077
0 n
1078 - 108
107° - 107°
10_10 | 10—10
10~ - 101
10—12 | | Lol | | 11 | TR R B | 10_12
0.1 1 10 100 10 100
m¢ [MGV] m¢, [MGV]
Y Tr =1 GeV: Self-thermalization . Tr=10 GeV: Self-thermalization
].0 T T T 1T I EUlVCJ_l\B/-[éV?I Iﬂ 10 T T T 1T I EUL\(/%I\BdéV?I Iﬂ
103 . CMB y == 103 . CMB u
‘Jonization = '-_~Ionization
1074 — 10~ _
10=° 10=°
106 106
- S
1 10~7 1 10~7
[92] n
1078 1078
107° 107°
10_10 10—10
10~ 1011
10~ 10+
100 0.1 1 10 1028

mg [MeV] mg [MeV]



Summary of Effect of S

1. Y, > 0(10~") for the parameter space of our interest.

Hence the scalar reaches the chemical equilibrium.

2. The scalar energy density decreases rapidly due to
number-changing processes.
This makes impacts on cosmology smaller.

3. On the other hand, when the number of scalar is quite small,
they behave like non-relativistic particles.
This enhances their impacts on cosmology.

4. Anyway, self-interactions freeze out at low temperature.
Then the scalar becomes a free particle.
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