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Introduction Thermal dark matter

Thermal dark matter
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m WIMPs are thermalized with SM particles in early universe.
m To get 4% = 0.12, roughly o ~ 1pb ~ 107%°cm? /s ~ 10730cm?

m Almost independent on DM mass
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Introduction

Thermal dark matter

Status of direct detection experiments
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m LZ gives the strongest bound 2.2x107™* cm? at 43 GeV.
m Need a way to evade the bound

10
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m QOh? =0.12
& g ~ 10730 cm?
(0o < 107" cm?)
(loop)
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Wayout

X X
m v, dependent cross section (v, ~ 1077) TSl T
Ex.1 pNG DM (1M 1})2() i hi. ho
/V/|\-\
Ex.2 Fermionic DM with Pseudo-scalar int. N N
L = axysx
X X

m Challenging to explore with standard way T~

of direct detection experiments

= These DM could be detected if boosted. e
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PNG DM

The pNG DM model
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The pNG DM model

m Introduce a complex scalar field S = (s + zx)/\/i (DM: x)

m Global U(1) symmetry is assumed (invariant under S — ¢'“S)

2 2 2\ A\
V=L - 2]+ S H[ + Ausl HPISP + 5|5

12
_ (’Z_SSQ + H.c.) < soft breaking mass term

m After H and S get VEVs, ¢ and s mix
Vst st

"= <(v+g)/\@>’ T/

¢\ [ cosO sinf hq
s ) \ —sinf cosé ho

msinf < 0.3 < Constrained by EWPT, h, direct search at LHC
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Direct detection (tree level)

Dark Matter X -—_ _ - X
‘ 200km/s T~
|
|
Recoil Energy : h17 h2
Er |
& N N
m Scattering amplitude cancels between A, ho mediated diagrams
2 2 2( 02 2
m m g (m; —m;7 )
: : h h : h h
M~ | —5 — 5| ~i —s—— — 0
= My, qm =y, My, M,

= Naturally evade the direct detection bounds

m [ he cancellation is due to nature of Goldstone boson
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Direct detection (tree level)

s - 1
(0 + S)eZX/”S = LD —s [(c%x)z — mixz]

V2 Us

Rewrite with S =

(

X ~ % p2 . X Y
~~~~ "'¢ . /)
/ — M ~ —U—(Pl — p2)” ~ —U_mi”i — 0
v’ S S
5 | l P1—P, vy ~ O(107%)

m [ he cancellation is due to nature of Goldstone boson
m All interactions are written with derivative couplings Liy. = Lint(0,x)

m Only 4 independent parameters (m,, mp,, sinf, vs (Ag))
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Direct detection (1-loop level)

m Constant amplitude at 1-loop level
(1) (i)

m (i) self-energy correction
m (ii) vertex correction
m

(iii) box and triangle  — two Yukawa couplings
(sub-dominant)
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Numerical calculations

1015 ————— —————— —————3 1015
| Unitarityé
10° ¢ Unitarity-
102 10
[ “ sinf = 0.1 ] I sinf = 0.1 ]
mp, = 300 GeV mp, = 1000 GeV
1073 I Y i A 1073 SO O At
10! 102 103 104 10! 102 103 104
my, [GeV] my [GeV]
msinf =0.1
m Unitarity bound: \g < 87/3
m Higgs Invisible decay Br(h; — inv) < 20% at LHC
m Qh% = 0.12 (PLANCK)
m o, = O(107*) cm? at most
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Extension of the pNG DM model

Extension of the model
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Extension of the pNG DM model

Domain wall problem
m Domain walls due to spontaneous breaking of Z; symmetry

= distort CMB

m Solutions: - UV completion
- low energy inflation after the Z, breaking

- decay before BBN (making the domain wall unstable)
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UV completion

m2
m Origin of the soft breaking term? TXSQ + H.c.

Qr UG d% L €% H ve | S | @
SU(3), 3 3 3 1 1 1 1
SU(2)r, 2 1 1 2 1 2 1 1
U(l)y +1/6 | =2/3 | +1/3 | =1/2 | +1 | +1/2 0 0

Ul)p_r || +1/3 | —=1/3 | —=1/3 | —1 | +1 0 +1 | +1 | +2

m Gauged U(1)p_ extension (New fields: vz, P)

m Potential V D u.®*S*+ h.c. — miS2 at low energy
The soft breaking term is induced.

m 3 vy for anomaly cancellation

m Seesaw for ¥ mass: L D Ovprp
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GUT embedding

fermions H S b SOA0)
A, Vie P10 | P16 | Pizg | P210
50(10) 45 16 10 16 12 210

m We embed the UV complete model in SO(10) GUT.
m The pNG model is reproduced at low energy.

m Breaking pattern: SO(10) — Gps — Gsu

at u = My

at u = M;

Pati-Salam symmetry: Gpg = SU(4)c x SU(2)r x SU(2)g

m GUT scale (Myp)

Intermediate scale (M) = breaking scale of U(1)5_,
Determined by matching conditions of gauge couplings
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Gauge coupling unification

Standard Model SO(10) pNGB model

6O~ 60

SU@3)c

- 1000‘ | .107. | .1011. | .1015. | .101-9 1000 107 10! 1015 10"
1 [GeV] p [GeV]

m Intermediate scale, GUT scale: determined by matching conditions of
gauge couplings

m vy = M;=1.26x 10" GeV, My = 2.06 x 10" GeV
gp_1 = 0.38 at u = M;
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Extension of the pNG DM model

DM decay

h; A
X s g X f
o [N f
A hi\

f f

m DM lifetime: py 2 107 sec at least 5 —
(the age of the universe). o

m Cosmic ray observations give stronger — |
: : . 2 7 = E /,,/ s T = T
limits: 7py 2 107 sec. L _
3-body decays x — ffh;, ffZ if - N
my 2, My, Mz — excluded oy

m, [GeV]
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Parameter space
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mU/vs ~ g
m 7, > 10°" sec
m Fermi-LAT: xy — bb, WW — gamma-ray production

m close to the hy resonance
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Boosted dark matter Boosting mechanism

Boosting mechanism
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Boosted dark matter Boosting mechanism

Other variations of pPNG DM models
m THDM + S with global U(1)

= Gravitational waves from strong 1st order phase transition

m Various pPNG DM models

DW problem | stable/decaying | real/complex | Landau pole
Global U(1) X stable real v
Gauged U(1)g, v decaying real v
SO(10) GUT v decaying real v
Hidden gauged U(1) v decaying real v
Global SU(2) with gauged U(1) v stable complex X
Gauged SU(2) v stable complex v
Gauged U(1) with 2 scalars v stable real v

m No domain wall
Two component DM xa2x2 — x1x1
Semi-annihilating DM xyx — x

& = DM is accelerated
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How to probe pNG DM

m PNG DM can be detectable if boosted by some mechanism.
04 < Q* = strong enhancement of signals = v detectors (DUNE)

m Boosting mechanisms
- Semi-annihilations
- Decay or annihilations of heavy particles
- Up-scattering with high energy cosmic-rays
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How to probe pNG DM 2

m Simplest option: Zj3 symmetry = semi-annihilation (xyx — xZ')
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http://www-rccn.icrr.u-tokyo.ac.jp/mhonda/public/

Summary

Thermal DM is strongly constrained by direct detection experiments.

= pNG DM o vi.

Further extensions of the pPNG DM model have been proposed.
= Solution for the domain wall problem and origin of S? term

Strong pNG DM signals are expected if it is boosted.
= Extended models with semi-annihilations
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Backup
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Bound on sin 6
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The pNG DM model

B ) is mass eigenstate itself mi = '
Invariant under S — S*, = x can be a DM candidate
m Higgs portal DM

m Scalar potential V= i, P1X" + Mgy hoX + -

m? sin 0 m? cos0
hi ha

h — = y  Hh — 9
1XX Ve 2XX Ve

SM Yukawa int. £ Dy, (cos 0h; + sin (9h2>§q

2 o2 . 202 . 202 2 o2
Vs Omy + sin”Om; N Omy, + cos”Omy,
H— 2 ) S — 2 )
v VZ
. 2 2

\ - sinf cos O(my, —my, )

HS —
VU
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