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Dark Matter Paradigms

» Most stuffs in the universe are dark. (Planck 2018)
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What we know about dark matter:

» DM has about 5 times the mass density of baryons.
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What we know about dark matter:

» DM has about 5 times the mass density of baryons.
» Dark but massive (m =777)

Figure: Megering galaxy clusters (Abell 520)

» Can't interact too strongly with QED and QCD.

» Doesn't interact too strongly with itself.
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WIMP miracle

» Weakly interacting massive particles (Lee+Weinberg, 1977)

DM SM )
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annihilation mpp ~ 100 GeV
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WIMP DM for last 40 years

Searching for WIMPs

Direct production  Direct detection  Indirect detection

time time time

Figure: Hochberg at CERN BSM 2018
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Openning windows for DM

Beyond the WIMP
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Lots of activity in recent years:

Theory & Experiment
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A model for light DM and DR

A model for Multi-component DM and DR (DKH 2018)

» Consider SU(5) gauge theory with dark quarks in mixed
representations.

SUG) SU(2)" SU@)* U(1)s  U(L)a  Ul)em

q? [ O] 1 1/5 qr 2/5
Q7 H 1 O 2/5 Gas -1/5
Xa 1 0 1 1 qr + 2qas 0
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A model for Multi-component DM and DR (DKH 2018)

» Consider SU(5) gauge theory with dark quarks in mixed
representations.

SU(5) SU(2)" SU@2)* U(L)s UL)a  U(l)em
q? [ O] 1 1/5 qr 2/5
Q7 H 1 O 2/5 Gas -1/5
Xa 1 0 1 1 qr + 2qas 0

» The model has Gf ® G, chiral symmetries:

Gr = SU(2)f @ SU2)k, Gas = SU(2)¥ @ SU(2)¥
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A model for light DM and DR

A very light dark axion

» The chiral symmetry of decuplet QE-“ is spontaneously broken
at A ~ confinement scale:

(QaQs) = Ndap

SU(2)* ® SU(2)% — SU(2)y ,
L R
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A model for light DM and DR

A very light dark axion

» The chiral symmetry of decuplet QE-“ is spontaneously broken
at A ~ confinement scale:

(QuQs) = Ndag

SU(2)% @ SU(2)% > SU(2)y ,

» U(1)4 is non-anomalous by construction and is spontaneously
broken together with Gas.

» There are 4 Nambu-Goldstone bosons: 74 (A = 1,2,3) and
dark-axion a with mass, assuming my < mp

f7rm7r v Mymp
fa/6  my -+ mp

ma: <<m7-|-.
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A model for light DM and DR

A very light dark axion

» Dark axion decays into two photons:

6 ~
C’}’ . j F'L“j FMV ,

Lo =302 7,
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A model for light DM and DR

A very light dark axion

» Dark axion decays into two photons:

¢, 6a ~
—— - — F, F*"
3272 f, M '

» Life time of dark axions, g, = 216a/57f:

2 3 2
85yM 22 _1 m 3 1 TeV
rag)»y»}/ — % ~ 5 X 10 S ( a2 ) ° ( 9

'Caw =

1073 eV fa
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A very light dark axion

» Dark axion decays into two photons:

¢, 6a ~
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3272 f, M '

» Life time of dark axions, g, = 216a/57f:

2
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A very light dark axion

» Dark axion decays into two photons:

¢, 6a ~
—— - — F, F*"
3272 f, M '
» Life time of dark axions, g, = 216a/57f:

2
r _ gg’ymg ~ 5 x 10_22 S_l mg 3 ] 1 TeV
T eaArn 1073 eV £ ’

'Caw =

» The dark-axions with m, < 1.6 x 1072 eV live longer than the
age of the universe for f, =1 TeV.

» Since they couple to SM particles at one-loop, unless
m, > O(1) keV, from the stellar cooling constraints

fy~ A>3x10° GeV,
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A model for light DM and DR

Light dark baryons

» The chiral symmetry of gf* is NOT spontaneously broken,
however, by 't Hooft anomaly matching.
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A model for light DM and DR

Light dark baryons

» The chiral symmetry of gf* is NOT spontaneously broken,
however, by 't Hooft anomaly matching.

» The flavor anomalies of gf* is saturated in IR by massless spin
1/2 chimera baryons:

a ana B _ijkim
X "~ €apq; ij/mE )

» The coefficients of the UV and IR anomalies match,
1
AR, = 5 5Tr (TaTb> , AR =1-Tr (TaTb> ,

Su@2)f

Su(2)f
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A model for light DM and DR

Mass and magnetic moment of chimera baryons

» Dark (chimera) baryons are massless in the chiral limit:

my, ~ mg <N\
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where k = O(1).

12/18



A model for light DM and DR

Mass and magnetic moment of chimera baryons

» Dark (chimera) baryons are massless in the chiral limit:
my, ~ mg <N\

P> The dark-baryons are neutral but have magnetic dipole
moment, iy, when chiral symmetry is broken, mg # 0:

e m2
= R = K—=

where k = O(1).

» Dark-baryons in our model belongs to dipolar DM but with
naturally small magnetic moments.
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A model for light DM and DR

Dark baryons as Dark radiation

» Up dark-baryon can be made very light or massless by taking
mg = (my = 0, my).
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A model for light DM and DR

Dark baryons as Dark radiation

» Up dark-baryon can be made very light or massless by taking
mg = (my = 0, my).

» In the chiral limit the Pauli form factor F(q?) = 0 and thus
the magnetic dipole moment 1, = F»(0) vanishes:

_ ictq
by (p') [v"Fi(q®) + T

Fa(q?)| uy(p)-
X

» Very light dark-baryons still couple to SM particles, since the
Dirac form factors F1(g?) # 0 though F1(0) = 0:

2
ecCq _ €°Cd _ T
N2 X F =Xy X evutbe
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A model for light DM and DR

Dark radiation

» The ratio of the interaction rate to the expansion rate

Cine  €*c3TS/N2 < 7)3

H ™ T2my, \Ty

where the decoupling temperature of massless dark-baryons

T, ~ 0.06 GeV (1 o)
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A model for light DM and DR

Dark radiation

» The ratio of the interaction rate to the expansion rate

Cine  €*c3T? /N (T 3
H T2/mp/ B ’

Ty

where the decoupling temperature of massless dark-baryons

T, ~ 0.06 GeV (1 o)

» The contribution from the massless dark-baryons to the
radiation energy (g = 4)

13.56

ANg = ———— -
o gf(Tx)4/3

g 5012 for A2 3GeV.
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A model for light DM and DR

Results of light Dark-baryon model

» Our model accommodates dark radiation, light dark-baryons
or very light dark-axions, which contribute significantly to relic
density, depending on the confinement scale, A:

Qmh® ~0.12, ANy ~ 0.1

A=1-10"2TeV A=200MeV A>10" GeV

Xu ~0 ~0 ~0
Xd | ~1—-10% MeV 10 eV X
a X (> keV) X (> keV) <10 eV
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A model for light DM and DR

Dark axion ad QCD axion

> If we identify U(1)4 as the U(1)pq Peccei-Quinn symmetry,
the electroweak single PQ field of DFSZ model is then a
composite field of decuplet dark-quarks:

QSPQNQQ?’
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A model for light DM and DR

Dark axion ad QCD axion

> If we identify U(1)4 as the U(1)pq Peccei-Quinn symmetry,
the electroweak single PQ field of DFSZ model is then a
composite field of decuplet dark-quarks:

opq ~ QQ,.
» The confining scale is then
A ~ foq ~ 10° — 10'? GeV .

» The dark baryons are too weakly interacting, g ~ m>2<//\2 < 1.
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Conclusion and outlook

Conclusion and outlook

> We propose a model for light DM and dark radiation, which
has a light dark-baryons, very light dark-axions, and almost
massless dark-baryon.
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Conclusion and outlook

Conclusion and outlook

> We propose a model for light DM and dark radiation, which
has a light dark-baryons, very light dark-axions, and almost
massless dark-baryon.

» The model supports massless spin 1/2 chimera baryons that
saturate the flavor anomaly:

-
X? ~ €apq; fiQ,ﬁme” m,
» Dark baryons are light or almost massless because of unbroken
chiral symmetry.
» Dark baryons are neutral but carry a magnetic moment,

e my\ 2
om,’ g”(x>'
my A

Uy = &
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Conclusion and outlook

Conclusion and outlook

> The model has a very light dark-axion,

m, <10eV for A > 107 GeV.
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Conclusion and outlook

Conclusion and outlook

> The model has a very light dark-axion,
m, <10eV for A > 107 GeV.

» The dark-axion becomes the QCD axion, solving the strong
CP problem as in the DFSZ_modeI, if we identify the
electroweak singlet ¢pq ~ QQ, which requires A ~ fpq.
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