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Introduction

Dark Matter Paradigms

» Most stuffs in the universe are dark. (Planck 2018)

ENERGY DISTRIBUTION
OF THE UNIVERSE

DARK
MATTER

JED'I HST NORMAL MATTER :’.%’I P|aan 2018
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Introduction

What we know about dark matter:

» DM has about 5 times the mass density of baryons.
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Introduction

What we know about dark matter:

» DM has about 5 times the mass density of baryons.
» Dark but massive (m =777)
» Can't interact too strongly with QED and QCD.

» Doesn't interact too strongly with itself.

13l: Megering galaxy clusters (Abell 520)
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Introduction

WIMP miracle for correct thermal relics

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

DM SM a?
DM
DM SM

mpn ~ 100 GeV

annihilation
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Introduction

WIMP DM for last 40 years since Lee-Weinberg

Searching for WIMPs

Direct production  Direct detection  Indirect detection

2l Hochberg at CERN BSM 2018
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Introduction

Search for WIMP DM

WIMP—nucleon cross section [em?]
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Introduction

Dark Matter Race: CDMS Il

\ Current CDMS limit

Expected sensitivity of
<{__data in hand from first
CDMS run at Soudan (5x
{ better than current limit.)

Projected sensitivity for
~ CDMS at Soudan, with 5
towers 4 kg Ge, 1.5 kg Si:
0.1 events/kg/keV/year
No SUSY g, -2 (100x better than current
. e . constraint, | limit)
10" 107 10°
WIMP mass [GEV]

WIMP-Nucleon cross-section [pb]
=
o
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Introduction

Dark Matter Race: XENON1T
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Introduction

Paradigm Shift in DM

Sociology

Dominant paradigm is being challenged.

— Big puzzles — Dark matter exists
— Great if a solution — Explain on its own
gives an option for )  — Perhaps decoupled
dark matter candidate from other puzzles
— Big ideas: — Think outside the
Supersymmetry, WIMP box
extra dimensions...

Composite Higgs Model theoretically &
experimentally
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Introduction

Openning windows for DM

Beyond the WIMP

4—— Dark matter mass —

| ( | | | | ( |
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Lots of activity in recent years:

Theory & Experiment
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A model for light DM

Models for naturally light DM

» Particles are light, because of symmetry. ('t Hooft 1979)
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A model for light DM

Models for naturally light DM

» Particles are light, because of symmetry. ('t Hooft 1979)
> Mass of spinless particle is protected by the shift symmetry:

a — a-+ constant. (axions)

> Mass of spin 1 is protected by gauge symmetry.

A, — Ay + 0\ (dark photons)

» Spin 1/2 dark baryons? Mass is protected by chiral

symmetry, but difficult to realize at low energy.
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A model for light DM

A model for light DM and DR (DKH 2018)

» We propose a model for spin 1/2 dark baryons based on
dark SU(5) with confining scale A =10 GeV ~ 1 TeV:

m, =1 MeV ~ 1 GeV
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A model for light DM

A model for light DM and DR (DKH 2018)

» We propose a model for spin 1/2 dark baryons based on
dark SU(5) with confining scale A =10 GeV ~ 1 TeV:

m, =1 MeV ~ 1 GeV

» The mass is protected by chiral symmetry. The SU(5) is

confined but chiral symmetry is not spontaneously broken.

» The dark-baryons are neutral but have magnetic moment

2
e My -
Ly = my g=Fpy k=0(1).
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A model for light DM

Dipolar Dark Matter

» Dipolar DM (Sigurdson et al 2004)

10" T T R
proton ><
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A model for light DM

Dipolar Dark Matter

» Our model provides a UV complete model for DDM that
explains the small MDM naturally.

2

X -2 —12
—g— ~-X~1072-10
:U'X g2 X7 g /\2 9
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A model for light DM

Dipolar Dark Matter

» Our model provides a UV complete model for DDM that
explains the small MDM naturally.

2

X -2 —12
:U'X g2 X7 g /\2 )

» Our model has DR and also very light dark axion.
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A model for light DM

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

SU(5) SU(2)" SU(@2)* U(l)sg  U(L)a  U(l)em
q? U 0 1 1/5 gr 2/5
Qf H 1 m 2/5 Gas ~1/5
Xa 1 U 1 1 qr + 2qas 0
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A model for light DM

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

SUG) SU@)" Ssu@)* Ul)s  U1)a  U(l)em

q7 O O 1 1/5 qr 2/5
Qf H 1 m 2/5 Gas ~1/5
x? 1 L] 1 1 qr + 2qas 0

> The model has Gf ® G,s chiral symmetries:

Gr = SU(2)f ® SU(2)&,  Gas = SU()¥ @ SU(2)%
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A model for light DM

A very light dark axion

> The chiral symmetry of decuplet Q7 is spontaneously broken

at A ~ confinement scale:

(QaQs) = N0us: SU(2) @ SUQ)E — SUQ2)v,
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A model for light DM

A very light dark axion

> The chiral symmetry of decuplet Q7 is spontaneously broken

at A ~ confinement scale:

(QaQs) = N0us: SU(2) @ SUQ)E — SUQ2)v,

» U(1)a is non-anomalous and spontaneously broken.
» There are 4 Nambu-Goldstone bosons: 74 (A =1,2,3), a,

assuming my < mp:

o f,rmﬂ‘ v/ mymp <m
T 66 my+mp i
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A model for light DM

A very light dark axion

» Dark axion decays into two photons:
¢, 6a

Eor = a2 7, "
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A model for light DM

A very light dark axion

» Dark axion decays into two photons:
¢, 6a ~

Eon =g 5, PP

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

2 .3 2
m 3 (1 TeV
ra~>7»y = gafy a ~5x 10_22 S_l < Ma ) . ( ° > )

641 10-3 eV fa
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A model for light DM

A very light dark axion

» 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

fo~A>3x%x10° GeV,
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A model for light DM

Light dark baryons

» The chiral symmetry of g{* is NOT spontaneously broken,

however, by 't Hooft anomaly matching.
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A model for light DM

Light dark baryons

» The chiral symmetry of g{* 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 NEan,' ijlmEJ ,
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A model for light DM

Light dark baryons

» The coefficients of the UV and IR anomalies match,
1 a_b b
AUV—E-5T1“(TT>, AL =1 Tr( )

su(2)f

su(2)f
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A model for light DM

Mass and magnetic moment of chimera baryons

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

my ~ mg < N\
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A model for light DM

Mass and magnetic moment of chimera baryons

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

my ~ mg < N\

» The dark-baryons are neutral but have magnetic dipole

moment for mg # 0 with k = O(1):

€ >2<
=85 = K—5
MX g2 X7 g /\27

» Dark-baryons in our model belongs to dipolar DM but with

naturally small magnetic moments.
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A model for light DM

Relic abundance of dark baryons

» In the early universe the (electrically charged) dark quarks

are in thermal equilibrium with SM particles.
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A model for light DM

Relic abundance of dark baryons

» In the early universe the (electrically charged) dark quarks

are in thermal equilibrium with SM particles.

» When the dark SU(5) colors confine, the dark baryons are

formed and freeze out at Tr < A:

(nov)r =H

» The freezeout temperature T or xf = m, /Ty is

xf =~ In [A/M}

where A = 0.038,/g, mp my (ov).
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A model for light DM

Relic abundance of dark baryons

» The annihilation process (c) of dark baryons to give with

Neff = Zf Qf2'

~ 2
O\ g fFV N aps
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A model for light DM

Relic abundance of dark baryons

» The mass and the confining scale are chosen to give correct
thermal relic density (A = 0.038,/gx my my (ov)),

Q, h? _21><104< )ln(A/W)/A_ou.

AN=1TeV | AN=10 GeV

m,y ~ 1 MeV ~1 GeV
g-factor 1012 1072

Oye 107 cm? | 1073 cm?
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A model for light DM

Up dark baryon 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

Up dark baryon 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 y, = F»(0) vanishes: but light
dark-baryons still couple to SM particles, since the Dirac

form factors F1(q?) # 0 though F1(0) = 0:

ecy _ e?c,

S
A2 X F s —m Xy X evute
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A model for light DM

Up dark baryon as Dark radiation

» The thermal equilibrium process for dark radiation:

X X

€ €

J&: A thermal equilibrium process for m, < me.
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A model for light DM

Dark radiation

» The ratio of the interaction rate to the expansion rate

Cie  €*ATP/N2 (T3
H T2/my  \Ty) ’
where the decoupling temperature of massless dark-baryons

. NI
T, ~0.06 GeV (1 o) -
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A model for light DM

Dark radiation

» The ratio of the interaction rate to the expansion rate

Cie  €*ATP/N2 (T3
H T2/my  \Ty) ’
where the decoupling temperature of massless dark-baryons

AN 43
T, ~0.06 GeV (ﬁ ) .

1 GeV

» The contribution to the radiation energy (g = 4)

13.
ANg = —20 2<012 for A>3 GeV.

gf( Tx)4/3

28/35



A model for light DM

Results of light Dark-baryon model

» Our model accommodates DDM, DR and dark-axions with

Qmh® ~0.12, ANy ~0.1

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

Xu ~ 0 X ~ 0
Xd | ~1—10% MeV 10 eV X
a X (> keV) x (> keV) <10 eV
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Direct detection of light dark baryons

Direct detection of light dark baryons

» The sensitivity drops rapidly for nuclear recoil if

mp <1 GeV.
DM DM
. N ; e
\6
¢*  (mpwv)?

ENg = m—— =~ 2 Etnreshold ~ keV
QmN 2mN
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Direct detection of light dark baryons

Direct detection of light dark baryons

> Light DM of mp < 1 GeV do scatter off electrons instead!

light dark matter
can give enough punch
to kick the light electrons
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Direct detection of light dark baryons

Direct detection of light dark baryons

> Maximum electron kinetic energy

1 2 my
E. < 5mok $3¢V (3y)

» Cross sections for light dipolar DM:

dQ ms, m,y

Oye ~ 10730 — 107*8 cm?

(my =1 GeV —1 MeV)

32/35



Direct detection of light dark baryons

Scattering Reach (Community Report 2017)

10—33

X
Fou=1 H i
b

10-34

See caption &
text for details

imescale

short/medium/long—term ¢
solid/dashed/dotted lines

—220
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Conclusion and outlook

» We propose a model for light dipolar DM, based on SU(5).
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PSS YU ST BSROPY SO

Conclusion and outlook

» We propose a model for light dipolar DM, based on SU(5).

» The model supports (almost) massless dark baryons:
m =1MeV—-1GeV: A=1-10"2 TeV
» Dark baryons carry a naturally small magnetic moment

£ ew~ (ﬂ)z —1072-1012,

Hx = g2mX A
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PSR

PSR B

Conclusion and outlook

» They are within the reach, oye ~ 10730 — 107 cm?.

A=1TeV | AN=10 GeV
Xu ~0 ~ 0
Xd ~ 1 MeV ~ 1 GeV
g-factor 10~%? 1072
Oye 1048 cm? 1036 cm?
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