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Freeze out: Weakly Interacting Massive Particle (WIMP)

Freeze in: Feebly Interacting Massive Particle (FIMP)



Light FIMP
Light (keV-scale) FIMP

Stability: light + feeble interaction (quasi-stable)

Abundance: freeze-in via out-of-equilibrium processes
- renormalizable interaction with tiny coefficient

Interaction with SM particles: super weak

- Indirect detection (X-ray) experiments X = 7---

e.g., 3.5 keV line = 7 keV FIMP

Non-relativistic: warm dark matter (WDM)
- alter galactic-scale structure
of the Universe

Collider: long-lived particle A
if A — yBis dominant B :SM



We will discuss
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Is 7 keV FIMP DM consistent w/ structure formation? part 1

- thermal WDM mwpwm IS often taken as a fiducial model
- constraints on myypy, are not directly applicable to FIMPs
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Constraining FIMPs from structure formation? part 2

- direct procedure is multidisciplinary and time-consuming

| - mapping from mypy via warmness o”

( - analytic mapping in a benchmark setup
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Part 1: Fiducial model of WDM

Thermal WDM: early decoupled fermion like SM neutrino

- WDM particles are in thermal equilibrium in the early Universe
through non-renormalizable interaction (not freeze-in) and
decouple when relativistic e.g., light gravitino

Fermi-Dirac distribution w/ 2 spin degrees of freedom:
1

ep/Twom L 1

fwpm =
Two parameters: temperature Ty @and mass mypy

I'wpwm is determined by the (observed) DM mass density
for a given mypy :

0 B2 _ (mWDM) IswpM )
WDM 04 eV T,




Linear matter power spectrum

mwpm parametrizes the linear matter power spectrum:

o —10/v
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Missing satellite problem w/ WDM
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WDM reduces a predicted number
of satellite galaxies
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Too-big-to-fail problem w/ WDM

Schneider, Anderhalden, Maccio,
and Diemand, MNRAS, 2014

WDM (2 keV)

WDM also reduces a predicted number of
bigger subhalos than observed satellites
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Lyman-a forest constraints on WDM

WDM suppresses clumping of
neutral hydrogen probed by
Lyman-a forest in high-z
guasar spectra

— MypMm 2 3-3keV
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FIMP = thermal WDM

One cannot conclude that 7 keV FIMP DM (for 3.5 keV line)
IS cold enough from mypy 2 3-3keV

Thermal WDM: entropy conservation after decoupling

Tom = < g*(T))>1/3T

g*(Jhec
0 h2 _ (mWDM) TWDM 5 _ 5 (mWDM) (10675
o 94eV T, T\ TkeV / \gu(Ty..)

- extra entropy production (~100) after decoupling
IS needed to realize keV-scale WDM

Thermal WDM is much colder than naively expected
— lower bound on the FIMP mass w/o entropy production is larger
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Part 2: Constraining FIMP

Integration of
Boltzmann eq. e.g. CLASS

Linear matter I
Model DM .pha'se s';pac:e Observables
parameters distribution power spectrum (e.g. Nsat, JA)
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DM phase space distribution
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7 keV FIMP vs thermal WDM

Integration of
Boltzmann eq. e.g. CLASS

Li
Model DM .pha'se sfpac:e inear matt Observables
parameters distribution POWEI‘ spectrum {e.g. Nsat, 0 A)

Linear matter power spectrum TDM=( 8;(TT))> T guTy.) = 106.75
S\ Ldec
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Practical issues

Integration of
Boltzmann eq. e.g. CLASS

Model DM phase space Linear matt Observables
parameters distribution IDOWEI‘ spectrum {e.g. Nsat, 0 A)

- particle physms - cosmology - astrophysics

Direct procedure is multidisciplinary and time-consuming

Warmness in structure formation depends on
the production mechanism

One has to repeat this procedure on a model-by-model and
parameter-by-parameter basis

It is very helpful if one can do some shortcut without losing
much precision
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Warmness quantity

Integration of

Boltzmann eq. e.g. CLASS
[ Model ; [DM phase space Linear matt Observables j
parameters distribution IDOWEI‘ spectrum } {e g. Nsat, dA)
- particle physms - cosmology - astrophysics

Quantity characterizes warmness of DM:

52 — TI2)M 52 52 — f dqq4f(Q) y ) — TkeV ( MwDM )4/3
m2 [ daq®f(q) ?/.35 keV(5/3.6)—3/4
g+(T)
oM (g*(Tdec) )

We can translate mypy Into the FIMP mass m at the level of
phase space distribution

Further simplification if we can integrate out the Collision term
analytically



Simplified model

inspired by the R-parity
ZLr1=—y ¥y —ypff+h.c.  violating DFSZ axion model

X . DM Majorana fermion axino
¥ : heavy Dirac fermion Higgsino
¢ :heavy scalar Higgs
f :light Dirac fermion top quark

decay: ¥ — y¢p WY — yo*

t-channel scattering: ¥f — yf Wf— yf ¥f - yf Pf > f
s-channel scattering: 7 — y¥ ff— ¥

15
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Analytic results: phase space distribution

Integration of
Bnltzmann eq. e.g. CLASS

Model DM phase space Linear matter Observables
parameters distribution power spectrum (e.g. Nsat, JA)
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Analytic results: yield
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Analytic results: warmness

m, = 7keV "wDM : i 106.75 )’
X 2.5keV 3.6 g*s(Tdec)

52= Y)(Z —body _ 22 . n Y)(t—ch 2 h+ Y)(s ch ~2 h
X O I—C S—C
Y% )( y Y)( )( Y)( )(
i 35
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35
~2 _
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Analytic mapping through warmness

(T) 1/3
x
20 0.7 dec A e
o A=1
I | K
: Y catos ey
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210 |
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nm nt

- mass degeneracy between ¥ and ¢ makes X colder

7 keV FIMP DM is disfavored by the current Lyman-a forest data
w/0 entropy production or mass degeneracy
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Analytic vs full

1/3
Mypm = 3-3keV | Ty, = ( 8-(1) > T  g(Ty.) = 106.75

Ag«(T.
8+(L gec) Bae, Jinno, AK, and Yanagi, arXiv:1906.09141
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A=0.1

15
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£ £ |
: sl
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- analytic through warmness quantity ¢* - direct procedure

Analytic mapping through warmness works well up to ~10% Iin mipy



Summary

Light (keV-scale) FIMPs are of particular interest
- indirect detection experiments (3.5 keV X-ray line)

- galactic-scale structure formation (small-scale issues)

Once the mass is inferred by indirect detection experiments,
we would like to check if FIMPs are consistent w/ galactic-scale
structure formation

- conventional thermal WDM = FIMP
- mapping from mypy , €.9., through warmness quantity 2
- only phase-space distribution is needed

- analytic formulas available in a simplified model

21



Thank you for your attention
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WIMP Miracle

Weakly interacting massive particle: WIMP

Stability: new Z, symmetry e.g., matter parity: U(1),_; — (—=1)°6~D

Abundance: annihilation xx = AA X:WIMP A :SM
- thermal freeze-out: electoweak-scale interaction

- Indirect detection (cosmic ray) experiments
Interaction with SM particles: (sub-) weak scale
- direct detection (nuclei recoil) experiments

Non-relativistic: cold dark matter

Related with electoweak-scale new physics that explains the
origin of the weak scale against Planck scale (hierarchy problem)

- collider experiments
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Pragmatic WIMP

LHC null-detection of electroweak-scale new physics

- something wrong in naturalness and postulated solutions

- N0 convincing reason for new physics
at the electroweak scale

- grand unified theory (GUT)?
— mini-split supersymmetry (SUSY)

Still WIMP is a good benchmark (even though not a miracle)

- direct/indirect detection experiments

- thermal freeze-out: relic abundance is insensitive to
unconstrained ultraviolet physics (early Universe dynamics)
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3.5 keV line excess
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3.5 keV line excess is found in some instruments,
but not in others; in some objects, but not in others
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3.5 keV line status

Sterile neutrino: SM singlet (e.g. right-handed neutrino)
slightly mixed w/ left-handed neutrino Gy — 0Gy

Hitomi (30)

- shaded regions:
explain 3.5 keV
line excess

Mi4 Dwarls 00%) + [ines: constraints
from null-detection
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Example: light axino

Axion: Nambu-Goldstone (NG) boson of PQ symmetry

- dynamically explaining why CP is a Vvpg = f.Npw ~ 10°-10"* GeV
good symmetry in strong interaction
s +1a

Axino: fermionic SUSY partner of axion A = NG V200 + 02 F 4

c.f., bosonic SUSY partner: saxion

AXino mass: naively ~ gravitino mass,
but light (keV-scale) axino is also possible

DFSZ axion model: PQ-charge assignment of SM fields

OvolX, H, Hy, L E, 0, U, D} = {—1,1,1,2, =3,0, —1, — 1}
- explaining why i ~ vg,/M: term is at the TeV scale

3

m

- long lifetime of proton w/o R parity AN <1072 = i/)
L X~ vpolMe A~ v3oIME M. ~ 10'°GeV -
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Light axino interaction

Bilinear R parity violating interaction — axino-neutrino mixing
p'=eu ~ VSQ/Mf

=107 (155) (o) () (T )

- axino as sterile neutrino

R parity preserving interaction — freeze-in production of axino

Wi = 2 Ay a0 (it o) (220G e

UPQ 500 GeV UPQ 7 keV
a -
H . a
B----- - 2-body decay H - scattering
th : o, (+s-channel)

H
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Part 1: Galactic-scale structure

Possible discrepancies from the CDM (WIMPs) prediction on
galactic (sub-Mpc) scales (small-scale issues)

- missing satellite problem: observed number of dwarf spheroidal
galaxies is ©(10) times smaller than in simulations

- too-big-to-fail problem: ~10 missing galaxies are the biggest
subhalos in simulations (to big to fail to be detected)

The issues may be attributed to incomplete understanding
of complex astrophysical processes (subgrid physics)

The issues are easily explained by alternatives to CDM
- beyond WIMP?
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warmness

Quantity characterizes warmness of DM:

4/3
2 THm =2 52 _ J dqq* f(q) s — 7 keV ( mVNVDM )
m2 [ daq®f(q) 2.5keV(5/3.6)—3/4

1/3
(T
g*(Tdec)

2.5keV(5/3.6)3/4

= 2.9keV
= 3.2keV
= 2.7keV
= 3.6 keV

Pwom/Pepm = T2(K)

wave number k [h/Mpc]



Part 3: More generic approach

Single parameter:

o —10/v
Pwom/Peom = Typuk) = [1 T (“k> ] v=1.12

m —1.11 0O 0.11 I 1.22
a = 0.049 Mpc/h | —2M WDM —
keV 0.25 0.7

Three parameters:

> i
Pywpm/Pepm = Tyypm(k) = [1 T (“k) ]

(a,p,7) -covers not only FIMPs, but also
a broad class of DM models

e.g., Fuzzy DM, Interacting DM
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Two-step approach

Beyond-WIMP
model parameters

}_..

- particle physics/

cosmology

32

Bae, Jinno, AK, and Yanagi, in preparation

-

~N

Linear matter
power spectrum

---------------

aBr :

---------------

T4

Observables
(e.g. Nsat, 0 A)

J

- astrophysics

Three parameters — not easy to share results = Machine learning!
= _
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- direct
modeling

15

mpy[keV]

m2/m1

via ML

- two-step “em

Mpwm [keV]

15

0.2

0.4

m2/m1

0.6 0.8 1.0



AXion

Strong CP- problem

Lop —5333 G Ge § =@ — argdet Y, — arg det Yy
7T )

neutron electric dipole moment = 0] < 107 °

A solution: Peccei-Quinn (PQ) symmetry
- anomalous: § — 0 + «
- Spontaneous symmetry breaking — axion

_ d 93 a a (v N L
ﬁcp_(9+fa> 703G G 0+ {a/fa) =0

Prominent realizations:
- Kim-Shifman-Vainstein-Zakharov (KSVZ): vector-like heavy
quarks are charged under PQ-symmetry

'''''

-|DFSZ SM quarks are charged under PQ-symmetry

--‘
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Supersymmetry (SUSY)

Nontrivially extended
Poincarée symmetry:

supersymmetric extension of
the SM: MSSM
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5 =1/2

Existing particles

B ¢
J ¢ @/ \@/\® v
J 9@ 9@
7 Q0@ @
P 2@ @
% () (@) (@)
> 200

— achieve grand unification

60— 11—
— solve the large hierarchy problem ) 50;_ o
I=
2 2 2 8 40t
Mpo = Myo g A(mho) _qg) 2 ESU@) .-
\ :: 8 OL-130§ =
) -
Q) C
L uantum N = o0f
prediction t cqorrection 68 | /
(126 GeV)? parameter o 3 10p50a) ( GUT )
~(1077GeV)2 Jg® L =
/ %46 "8 10 12 14 16 18

enerqgy scale Log. (Q/GeV)



Properties of SUSY axion
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Saxion and axino masses:
axion is (almost) massless
— saxion and axino are massless in the SUSY limit

SUSY breaklng (m3/2) —_naively -mug. o Ma-f:’_ﬁnsm

ll

ms/a ~ 100 GeV, fa ~ 1010 GeV — meg 1 keV

PQ scale constraint:
- supernova cooling (SN1987A) through nucleon bremsstrahlung
— f, >4 x 10°GeV

- axion coherent oscillation coherent oscillation

f 1.19
*~0.11 a )2
Halt” =0 (5 % 1011 GeV) o V(o)

< Qamh? ~0.12




Anomalous coupling

Low energy anomalous coupling
- non-decoupling term (cut-off scale is not manifest)

2
93 2 a a
L d“0AW W h.c.
- 327T2?JPQ/NDW The

one particle irreducible (1PI) diagram
AAAAAAAY W(p)

of 2

. . L
) ) \[7 X p_2 for 102 > qu
i
ANANANNNN W ()
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Anomalous couplings are just loop-suppressed contribution
and
< big difference from the KSVZ model




Lyman-alpha forest as a probe of matter distribution

absorption intensity/frequency
< HI distribution along the line-of-sight

n=4
n=3
n=2
electron
excited
—0=1
hydrogen atom
energy levels

\lI
=——@

A A
observer QSO @ z=3

5 B | =

08 -V \ 4 \ 4 3

0.6 =

= - .

0.4 =

0.2 -

0 Ll 1 1 1 b l 1 1 1 A l | | | | J ] 1 1 1 l 1 1 1 l—:

4840 4850 48860 4870 4880 4890

wavelength in A

normalized flux F = ¢~ 7

o (@)“
0 a~16—-24

optical depth
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Phase space distribution

Phase space distribution is important for the warmness:

— 7keV ( mMwDM >4/3 52 — quq4f(Q)
T Y\ 25 keV(5/3.6)-3/4 J daq?f(q)

Boltzmann equatlon Hubble eXpanSy -
5’f (t ) R(t t collision term
a\l, P p)

p T
ot R(t) a

FIMP — fz < 1 can be ignored in the collision term
1 R(ty)

fa(ty,p) Z/tt thC (t R p>

(2
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