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QOutlines

A model building issue regarding light DM (0.1-10) GeV

* The small scale problems for ultralight bosonic DM



WIMP: Standard Freeze-out

* Thermal cross-section oo ;i
o’ i) 1

(o) ~ — ~3x107*°cm’s™! 2o ey 2 o

W Vo

* DM Annihilation cross-section Somf N\ T ?3
e m ot B

(ov) ~ —— = g ~ —

mda, 10TeV ‘o N SV | SN a

i | 1

e Light DM (0.1GeV - 10 GeV) ) ;

x=m/T (time -)

g = [0003 . 003] Jungman et al hep-ph/9506380

* |f no prejudice about g << 1.
e QOther heavy particles in the diagram, W/Z/h



Standard Freeze-out

e Light DM (0.1GeV - 10 GeV) looks very normal!

* There are extra motivations for this mass range
e Asymmetric DM: npm ~ nB

e Strongly-Interacting Dark Matter: 3 DM -> 2 DM

 We stay with the simple freeze-out.



Motivation from a special case:
Detectable Light Dark Matter (0.1-10) GeV

 Detectable: can have signal in both direct and indirect
searches

e 1. Has sizable coupling to SM fermions
e 2. Thermal freeze-out

e DM Annihilation to SM fermions

* Pressure from CMB constraints for this mass range



Pressure from CMB constraints

DM annihilation injects extra energy into the primordial
plasma, which would delay recombination and thus leave
observable imprints in the CMB.




DM + DM — SM + SM

* The rate DM energy density converted into EM energy

dppy
dt

o fetf: the efficiency with which the energy released in DM
annihilation is absorbed by the primordial plasma

= MpyMpplpy{oV) X fopr



Pressure from CMB constraints
e DM DM > SM SM

* The rate DM energy density converted into EM energy

e fei: the efficiency with which the energy released in DM

annihilation is absorbed by the primordial plasma

Channel DM Mass (GeV) fer feffnew
Electrons 1 0.85 0.45
xx = ete” 10 0.77 0.67
100 0.60 0.46
700 0.58 0.45
1000 0.58 0.45
Muons 1 0.30 0.21
X = ptp” 10 0.29 0.23
100 0.23 0.18
250 0.21 0.16
1000 0.20 0.16
1500 0.20 0.16
Taus 200 0.19 0.15
% o I i 1000 0.19 0.15

W bosons 200 0.26 0.19
X = WTW~= 300 0.25 0.19
1000 0.24 0.19

Z, bosons 200 0.24 0.18
xx = 27 1000 0.23 0.18
Higgs bosons 200 0.30 0.22
xX — hh 1000 0.28 0.22

b quarks 200 0.31 0.23
xXx — bb 1000 0.28 0.22
Light quarks 200 0.29 0.22
XX — uli,dd (50% each) 1000 0.28 0.21

10 1310.3815, Tracy Slatyer et al.



Pressure from CMB constraints

o feff : the efficiency with which the energy released in DM
annihilation is absorbed by the primordial plasma

Channel DM Mass (GeV) fer feffnew XDM electrons 1 0.85 0.52
Electrons 1 0.85 0.45 XX = ¢ 10 0.81 0.67
yx — etTe” 10 0.77 0.67 followed by 100 0.64 0.49
100 0.60 0.46 ¢ —ete” 150 0.61 0.47

700 0.58 0.45 1000 0.58 0.45

1000 0.58 0.45 XDM muons 10 0.30 0.21

Muons 1 0.30 0.21 XX — ¢ 100 0.24 0.19
XX = pp” 10 0.29 0.23 followed by 400 0.21 0.17
100 0.23 0.18 ¢ — ptp” 1000 0.20 0.16

250 0.21 0.16 2500 0.20 0.16

1000 0.20 0.16 XDM taus 200 0.19 0.15

1500 0.20 0.16 XX = ¢b, ¢ — 7T 1000 0.18 0.14

taus 200 0.19°0.15 XDM pions 100 0.20 0.16
XX =T T 1000 0.19 0.15 X — b 200 0.18 0.14
followed by 1000 0.16 0.13

Constrain annihilation to mediator as well b —s T 1500 0.16 0.13
2500 0.16 0.13

11 1310.3815, Tracy Slatyer et al.
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e DM mass should be larger than ~ 10 GeV
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How to escape CMB constraints?

1. Annihilate into only!
e (X) not detectable in direct detection
e 2, annihilation or no annihilation (asymmetric DM)

e (X) not detectable in indirect detection

_
(6V) = dPS,|M|*

mDM

IM|* ~ a+bv? + -

(oV) x v? ~ 107° Too small for indirect detection!

13



Escape CMB constraints
while being detectable in indirect searches

e How about cross-section linear in v?

» For CMB, single vis enough v & /Teyp/mpy ~ 107
* Forindirect detection

e (Cluster, v~ 1000 km/s ~ 3 x 10-3

e Galaxy, v~ 220 km/s ~1 x 10

e Dwarfs, v~ 10km/s ~3 x 10-°

 Detectable in Cluster and Galaxy, not in Dwarfs

14



Linear dependence in v

e Cross-section linear in v

-
(ov) = dPS, | M |
dmp,, .

DM+DM - X+ X

* |f mmp = mx, then the two-body phase space

" 1
dPS2 = —V
] 87T

* For s-wave annihilation, this gives

1
oV) X —0nV
(0v) ~ ~ 0y
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Linear dependence in v

* |n practice, not exact degenerate

» Model building for A K mpy,

e Symmetry reason
e Custodial symmetry: dark SU(2) vector DM A < 0
e Chiral symmetry: dark pion DM A >0

e Supersymmetry: NMSSM setup 1901.02018
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Dark SU(2) gauge boson as DM

e Kioare DM, Kasis dark photon mediator

1 A
Lp = -3 K K, + (D, @) (D, ®) — 2T + 5(@@2
1 a a
Emix — A_((I)TT (I))K,LLI/B,LLV
3 1) ° 1
—[1 K3 —0,K3 K'K? - K?°K! B,
2( _|_,Ud> [aﬂ v 0 u+gd( piry L V)}COSHw M
g = —v% cos by, / (2A?) my = gd#

o 5 2 .2 2
| mrg < (my, — cos meZ,SM)

'Azmk—ngz
* ‘ 2

m
ﬁDKﬁ(eeJé”m—egtaHHw - 2Jg>
I — ——— -
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Dark SU(2) gauge boson as DM

Urel~ e- Indirect
Process dependence dependence freeze-out CMB Detection
K 1 3 K 1 K 3 K 1 K 3
¢
_ K2 J_ . . .
\/ - mDM 1 dominant negligible v
K 1 K 3 K 1 K 3 K 1
K K3 K1 3 K1
¢ 2 : - v
1 € subdominant dominant .
(v line)
K 1 Y K 1 Y K 1 3
,¢K1/2 ,/¢ Kl ,/¢
’ X ’ , subdominant dominant v
1/2 1 g2 (requires (requires (v line if
v K21 v Ky Y My < 2my) Mg < 2mp) Mg < 2my)
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Dark SU(2) gauge boson as DM

K Y
KQ 4 . . . . ..
1 € negligible negligible negligible
Ky Y
Ky K 1 W
K3 v/[Z
V2 g2 subdominant negligible negligible
Ko W= K> W=
Kl f Kl f
K3 vz
V2 g2 subdominant negligible negligible
KQ fT KQ .}?
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Dark SU(2) gauge boson as DM

* Viable model waiting for new direct detection exp

1000 104

my[GeV]

01

-10 ‘
107001
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Dark pion model

SUN)  UQ1 nj = DM
Ud [] 2/3
d, 0 _1/3 71'6(1,) — A’A’

e Chiral Lagrangian

2

L= ifﬁ Tr [0,UT0HU] + po Tr (UM + MU

[ x varg)
\Virs b )

* <A
U = e'° 7 Tgo =

 Degenerate pion mass
2 — I
my = u(m, +my;)=2um,

21



Dark pion model

 Mass splitting between DM and i by U(1)’

f2
A=m.—m,=g*~—"—>0
d d 2mﬂ_
* Interaction with SM through kinetic mixing
LD gFl’wFW

e Annihilation

2 2
9 mﬂ. Vrel 2A
oV

' “oar A\ 4 m

~ 6% 107%cm3s~! x
7% 104GeV-1

Freeze-out 2
e m 2
. VfO ~ 047
A

CMB 5

~ —26 31
~ 107°cm’s™ X ?, VeMB 0

T
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Summary for detectable light DM

* We show two light DM models with direct detection
sighal, while can have sizable indirect detection

Model SU(2)q dark gauge boson dark pion
A~ —2e’mpm, eq. (10) A~g?f2/(2m,), eq.(28)
mass Spllttlng 10—7 5 € 5 10—3 £ z 10—3 gl z 0‘05
A < 0 small A < 0 large A>0
freeze-out OUrel X Urel
CMB OVrel =~ 0
OUrel X 4/ 22
. ~ 0 mpwM
Galaxies OUrel =
OUrel X Urel
Clusters ovre] X BF X nfDAM

23
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The axion in the cosmology

h
V(¢)

e Global U(1)pq symmetry

 Spontaneous broken leads to massless goldstone -
(Axion) \

Re ¢

Im ¢

e At QCD scale~400MeV,

* Potential from Chiral Lagrangian explicitly broke the
symmetry leads to massive axion

e Energy stored in coherent oscillation of axion field

e When mass ~ Hubble, becoming cold dark matter

The misalignment production

e Ultralight dark matter candidates also include other bosonic particles:
scalars, Axion-like particle (ALP), dark photon

25



The ultralight dark matter searches

10-22 eV 10713 eV 10714 eV 10710 oV 1075 eV 1072 eV
DM mass:; p———————————————————————-

10°"Hz 107" Hz 1 Hz 10* Hz 10° Hz 10'2 Hz
<—torsion balances —> p E&M ,
Technique: <— atom interferometry —> <«—NMR ——>
< X-ray > <« NMR —>
Experiment: Eot-Wash (spin) (:ASPEI"E IFC“'iC ADMX
Eot-Wash (scalar) CASPEr-Wind HAYSTAC
Couplings LC Circuit
g%lg Atom Interferometry (spin) DM Radio
Spin Atom Interferometry (scalar) ABRACADABRA
Scalar [AXO ARIADNE

20



The ultralight dark matter searches

1022 eV 10713 eV 10714 eV 10710 oV 1075 eV 1072 eV
DM mass:; p———————————————————————-

10~° Hz 10~ Hz 1 Hz 10* Hz 10° Hz 10'? Hz
<«—torsion balances —> «—FE&M —>
Technique: <— atom interferometry —> «—NMR ——>
< X-ray > <« NMR—>
Experiment: Eot-Wash (spin) (_: ASPEr-Electric  ADMX
Eot-Wash (scalar) CASPEr-Wind HAYSTAC
a - Couplings LC Circuit
~FF E)f“l[\){ Atom Interferometry (spin) DM Radio
a GG Spin Atom Interferometry (scalar) ABRACADABRA
aAa Scalar S [AXO ARIADNE
H \/ J
N R Vector case: U(1)’, U(1)s-L, U(1)Lmu-Ltau €tC
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The ultralight dark matter searches

10-22 eV 10713 eV 10714 eV 10710 oV 1075 eV 1072 eV
DM mass:; p———————————————————————-

10~° Hz 10~* Hz 1 Hz 10* Hz 10° Hz 10'? Hz
<—torsion balances —> «—FE&M —>
Technique: <— atom interferometry —> «—NMR ——>
< X-ray > <« NMR —>
Experiment: Eot-Wash (spin) (:ASPEI"E lectric ADMX
Eot-Wash (scalar) CASPEr-Wind HAYSTAC
a - Couplings LC Circuit
~FF E)fd[\; Atom Interferometry (spin) DM Radio
a GG Spin Atom Interferometry (scalar) ABRACADABRA
aAa Scalar S [AXO ARIADNE
Sy 3
TN;/%N A Vector case: U(1)", U(1)s-L, U(1)Lmu-Ltau €1C
 Coupling with neutrinos? A. Berlin; G. Krnjaic, P. Machado, L. Necib; V. Brdar,

J. Kopp, JL, X.P. Wang; .......

28



Neutrino oscillation in a dark matter medium

e The Mikheyev-Smirnov-Wolfenstein effect v, W VL

(similar as light travel in the water)

e Vector dark matter model, U(1)mu-tau dark photon

o N 1 ) —
L’UGCtOr — VL’I/}/MalLLVL — imVB(VL) VL _I_ gQ B¢MVL,-Y,UJV€

o Similar MSW effect for neutrinos from dark matter medium

YL YL V[ v, vy,

29



Cold Dark Matter: the small-scale problems

10-22 eV 10713 eV 107 eV 10710 eV 1075 eV 1072 eV
DM mass: p—f———————————————
10~% Hz 10~% Hz 1 Hz 10* Hz 10® Hz 1012 Hz

* The small-scale problems for CDM
 Core-cusp
* Missing satellite

* Too big to fall

30



Cold Dark Matter: the small-scale challenges

10-22 eV 10718 eV 10714 eV 10710 oV 1075 eV 1072 eV
DM mass:; p———————————————————————-
10~% Hz 10~% Hz 1 Hz 10* Hz 10® Hz 10'2 Hz

e The possible solutions
e Better understanding of baryonic physics
 Fuzzy dark matter: de Broglie wavelength ~ kpc scale

e Self-interacting dark matter (SIDM): self-interaction
kinematically thermalize the inner halo

e Difficult for ultralight dark matter
4
m? 2
tiol7) 55 P

31



Cold Dark Matter: the small-scale challenges

10-22 eV 10713 eV 10714 eV 10710 oV 1075 eV 1072 eV
DM mass:; p———————————————————————-

10~° Hz 10~% Hz 1 Hz 10* Hz 10® Hz 1012 Hz

e For mass > 10-21 eV ultralight bosonic DM
* The small-scale problems is not solved

e A solution from Co-Interacting DM scenario

32



Self-Interacting DM v.s. Co-Interacting DM

e SIDM picture:
self-collisions can cause heat (kinetic energy) transfer

o "o

33



SIDM v.s. Co-Interacting DM

e SIDM picture:
self-collisions can cause heat (kinetic energy) transfer

P

_—
© . —




SIDM v.s. Co-Interacting DM

e SIDM picture:
self-collisions can cause heat (kinetic energy) transfer

o
© . —

Typical dwarf galaxies

pom ~ 0.1Mg/pe?, vy ~ 50km/s For individual DM , one collision
_ per 10 Gyr is enough.
Solution from SIDM Due to equal mass, one collision
. cm2 Is effective.
m g

R = ovppy/m ~ 0.1Gyr™!



SIDM v.s. Co-Interacting DM

e Co-IDM picture:
1. two DM component DM+ and DMz (two WIMPs example)
2. M1 << Mg, relic density fraction f1 >> f2
3. 1-2 interaction cross-section >> 1-1 and 2-2 interactions

36



SIDM v.s. Co-Interacting DM

e Co-IDM picture:
DM+ kinetic energy can be transferred through collision with DM>

e Both DM1and DM2 have similar initial velocity dispersion
from gravitational falling

37



SIDM v.s. Co-Interacting DM

e Co-IDM picture:
DM+ kinetic energy can be transferred through collision with DM>

p<<k

p4

o After the first collision, another DM+ collides with DM>

* My << m2: DMj significantly change momentum by one collision, while
DM2 needs (ma2/m+)2 times of scattering (the random walk penalty)

38



SIDM v.s. Co-Interacting DM

* Co-IDM picture:
DM+ kinetic energy transferred between different DM+

* Neglecting DM2 momentum/energy changes
(small f2 = small total kinetic energy)

* The Net effect: DM+ particles has kinetic energy transfer
between themselves

39



SIDM v.s. Co-Interacting DM

* Co-IDM picture:
DM+ kinetic energy transferred between different DM+

O

Typical dwarf galaxies Solution from Co-Interaction DM
R, = (GIZVrel)pDMz/ m,

= f2(612V4e)PDM/ Mo ~ 0.1Gyr™!

1. For each DM+, one collision with DMz per 10 Gyr is enough.
2. Due to small mass, one collision for DM is effective.
3. For each DMz, it has many collisions with DM+ per 10 Gyr, but

its momentum change is suppressed by random walk factors.
40




Co-Interacting dark matter

e Example model: two component DM

e ultralight bosonic A’ and dark fermion ¢ with U(1) interaction

Z > gy wA*

41



Co-Interacting dark matter

e Example model: two component DM, A’ and dark fermion
b with U(1) interaction

Z > gy wA*
* Novelty:

1. A’ (DM+) dominant component, m+1 << €V, ultralight
2. P (DM2) dark fermion subdominant, mz ~ weak scale

 Unusual features:
1. A’ has large occupation number
2. two components has huge mass difference

e Other assumptions:
1. similar initial velocity dispersion vo ~ 10-3
2. f1+fo=1

42



A’ and | scattering
w(k)) +A'(p) = wky) +A'(py)

e Boltzmann equation

(0y + v;0z, + 0;0,, ) N(x,p,t) = C(x,p,t)
Recall normally it is

NNy (LEN) (LN ) = N Wy (LN ) (£ H,) & (N Ny = N3 W)

Collisional kernels in the limit of large occupation number 44" > 1

J d’pid’k,
(2m)y>8mzm;

M (kb ) X 8+, = By, = B, )V 0 (/Vzg—/VZ)

d3kld3k2 X o
C, 2 J |M (ky, Pro Ky 5) I“ X 8(E, +E, — E;_ — E )N N4 (/ng — mg)

43



Novel features
(k) +A'(p) — w(k,) +A'(py)

1. Large occupation number of A’

, Amy : My oy =3
</VA>N,0A AN3X1076>< PA < A ) < 0 >
m3vg 0.1Mg/pc? 10-18eV 10-3

2. Suppression from the forward-backward scattering cancellation

p<Lk— (/VZ—/VZ) NJVWx@
2 1

My,

3. Random walk suppression from multiple scattering for

2

— CW eff My
Fl/j = 7, FW =~ FV/_2
W My,

“effective” = collision rate with significant momentum change

44



A’ and | effective scattering rate
wik)) +A'(p) = wiky) + A'(py)

e A’ dominates relic abundance

C/ , I 4
e ~T, = 4 ~n (/VA)<—A>

/g N 4 Y / m

/g
Small A’ mass Final state Bose enhancement

Forward-backward cancellation

‘4
8 Vrel

2
4ﬂmw

COWE

45



The dark atom laser emission
w(k)) +A'(p)) = v* = wlk,) +A'(py)

e A’ dominates relic abundance

CA’ , mA/

'/VA’ m

W

Laser emission

E, A
2| AE
° hf hf hf /\/\A
2 hf
E, v
spontaneous induced

absorption .. ..
emission emission

46



The dark atom laser emission

w(k)) +A'(p) = v* — wiky) + A(py)

Forward-backward cancellation

e A’ dominates relic abundance
Cy ( my: > /

e ~T, = ~ n (WA

Ny ¥ Py

Final state Bose enhancement

W (ground sta’h\ W* (off-shell)
wﬁ |

A’ (incoming dark photon)

W (ground state)

A’ (dark laser emission)

47



A’ and | effective scattering rate
wik)) +A'(p) = wiky) + A'(py)

e |n typical dwarf galaxies

F ’ 4 -3 m -4 -3 2
ref ~ 0.14Gvr—!—Y 8 < My Y Vrel 0 PDM
A/ RJJ . yr X

0.05 \ 10-12 10-18eV 1GeV 10km/s 10km/s 0.1My/pc?

10°; » :
: | | 7z N\ _zZ7
3 : ! Z Z* e _Z.°
_ : : /l',' //\ /'é/ Q\
107°; : ' Z77 (O 2 GO
‘ ] \l\ - z
G A - A0 ~
- : _— _A G I 2~ (0\(\ 7 \((\\\)
! WP < diIRY P
3 I g\ A7 N 2t \\
-6 ! '\(\6(\ 2. s Z- (0\(\
107°¢ bov(\ 2 7z Q0
c \\) | ////z : //f; N
] i ///'g 1"{/
- -9t W Lz Yz
o 1077 '/,// O ZF i
3 (,:'Ir I/,//, ! @
= %” : /,é : g
Ry | 7§ | @
10 o 7 S I 55
e E | £
E rq ," I ) L (D) _
s g e —— Fp=0.999
- 2 = - — - Fp=0.99 |
| |
- > 1 m 1 e @0 imeea. - )
8L, e I.:D 0.9

102 107 10" 10 10 1077 1074 107"
ma [eV]



Summary

 For light DM (0.1-1)GeV to be detectable in both direct
and indirect exp, model building is necessary.

e For ultralight bosonic DM, small scale problems can be
solved .

* e.g. dark atom laser emission
wik)) +A'(py) = w* = w(ky) + A'(p,)

Thank you!
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Thank you!
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Backup slides
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Dark pion model

10,

0.1/

0.01/

0.001|

10~
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Neutrino oscillation in a dark matter medium

Vit = — o (2000 - 9)9Q + Q) Gy = Eubo cos(mt)

2F,
Q,LL—T =0,1,—-1

e Linear term (Classic = Quantum forward scattering):

e Only for fully polarized vector DM
VL VL

%%
Full Hamiltonian

e Quadratic term (Classic = Quantum forward scattering): // — Vvac - VMSW -+ Veff

e both fully polarized or unpolarized

Soling Sciod!
‘ Hﬁoz Oﬁ> — z@t\5> ‘
| Pas(t) = 1(a()150)) ]

nrodinger equation
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Neutrino oscillation constraint on DM interaction

Vir = — 57 (200 - 9)9Q + 5°Q%6*)

102

2F,
50 : | x 50 | S
| Polarized Vector Unpolarized Vector
40 > S 40 S iz
I [z | D S
- 2 | 2 £l 5
30 & o 30| 8 0}
N Lu; < N = e
< <i — 2 < — Z::Z
— O = | it
200 O 2 '(% 20+ D o
‘ : c ' 55
TS SN 15400 W e BB _i
10° : = 10+
2T LLF 20 e
AT e e
053 ~10 -9 8 - 6 0=
10 10 10 10 10 10 10

g/mg[ eV

e Constraint on coupling g/mpm < 10-2 (100) eV-1
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A’ and | effective scattering rate
wik)) +A'(p) = wiky) + A'(py)

e A’ dominates relic abundance

CA’ , mA/
e ~T, = -, (/VA><—>

MMy,

/ﬂ N4 /v
Small A’ mass Final state Bose enhancement '\

Forward-backward cancellation

(av) N g,4vrel
VA" Arm2
1/g
) Large Y mass
e Rate for | reff ~ 5, (V) <A/A/> Mg M4 Random walk factor

eff eff
F'// < FA’
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