Dark matter models, properties

and particle physics candidates
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Outline
Introduction
- WIMP

- Status of direct detection experiments

EWIMP, SIMP, cannibal DM, FIMP
A pseudo-Nambu-Goldstone dark matter (pNG DM)

Summary
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WIMP
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m WIMP is thermalized with SM particles in early universe
m To get ,h% = 0.12, roughly o ~ 1pb ~ 107°cm? /s ~ 10730cm?

m Almost independent on DM mass
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WIMP

Status of direct detection experiments
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m LZ gives the strongest bound above 10 GeV DM mass at present.
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WIMP

Future sensitivity of direct detection experiments

Cross Section [cm?]
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m Experiments will reach the neutrino floor in 20 years.
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DM models

Classification of DM models from experimental results
WIMP with suppressed cross section for direct detection

- EWIMP = loop-induced og
.pNGBDM : £ > [(aMX)Q _ mi;f]

(V)

2
. DM with a pseudo-scalar mediator : £ D ayysx — 951 X U

X

Sub-GeV DM (unexplored mass region)
- SIMP (Strongly Interacting Massive Particle)
- DM with a new light particle

Very small interactions with SM
. FIMP (Feebly Interacting Massive Particle) = X\ ~ 107!
. Cannibal DM = X\ < 107°, but large couplings in dark sector

INS YIIM "JUl [|[ews
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DM models

Classification of DM models from experimental results

WIMP with suppressed cross section for direct detection
- EWIMP = loop-induced og

_ S 2 2 2
. pNGB DM.ﬁgv[(aMX) mXX]

2
. DM with a pseudo-scalar mediator : £ D ayysx — 951 X U

X

Sub-GeV DM (unexplored mass region)
- SIMP (Strongly Interacting Massive Particle)
- DM with a new light particle

Very small interactions with SM
. FIMP (Feebly Interacting Massive Particle) = X\ ~ 107!
. Cannibal DM = X < 107°, but large couplings in dark sector
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EWIMP (ElectroWeak-Intereacting Massive Particle)

Quantum numbers DM could DM mass mpy+ —mpm Finite naturalness og1 In

SU(2);, U(l)y Spin| decayinto  in TeV in MeV bound in TeV 1046 cm?
2 1/2 0 EL 0.54 350 0.4 x VA (0.4 £+ 0.6) 1073
2 1/2  1/2 EH 1.1 341 1.9 x VA (0.3+0.6) 1073
3 0 0 HH* 2.0 — 2.5 166 0.22 x VA 0.1240.03
3 0 1/2 LH 2.4 — 2.7 166 1.0 x VA 0.12+0.03
5 0 1/2 stable 4.4 — 10 166 0.4 x VA 1.0+0.2
7 0 0 stable 8 — 25 166 0.06 X VA 441

m Quintuplet is automatically stabilized by accidental Zs; symmetry.

m Indirect signals: Sommerfeld enhancement
AW o
mX =>> mw,Z = V = —76 w.z

X Y;brWirZ

YIBIWiIZ
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DM models EWIMP

Gamma-ray line search

m CTA prospect (expected to start in 2026)
Energy range: 20 GeV — 300 TeV

m Both of DM and baryon number is large in Galactic center
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DM models EWIMP

Broad gamma-ray search
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DM models EWIMP

Disappearing tracks at colliders

B Am, ~ 166 MeV
m T — x'7F (soft pion)
m CMS excludes m, < 500 GeV
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SIMP (Strongly Interacting Massive Particle)

m DM abundance is determined by 3 — 2 or 4 — 2 processes in dark
sector, but not 2 — 2 processes (WIMP).

m Kinetic eq. with the SM at least until 2 — 2 freeze-out.
Condition for thermal SIMP: ', < I's_yo < [y

X SM X

mm, ~ O(10) MeV for 3 — 2 process Ex: Z3 symmetry \
d
d_:fl +3Hn = —<03%21)2> (n3 — nZneq) V D kx’+he + Z‘X‘4

m, ~ O(100) keV for 4 — 2 process = naively conflict with BBN

Takashi Toma (Kanazawa U.) The 2nd DMNet International Symposium 13th September 2022 12/35




SIMP properties

m Large self-interactions are required for observed abundance Q4% = (0.12.
m Improve small scale problems oy.t/m, ~ 1 cm?/g.
Ex. core vs cusp problem
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Cannibal DM
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— T
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m DM temperature 1" is exponentially L R R T e i

larger than photon temperature.
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DM models Cannibal DM

Cannibal DM

10!
— my=1TeV

- my=1MeV

_————_———

’/

-
-
-
-
-
-
-
——”
-
—-_—

(ocv)=1007
— (ov)y=1000

r= Mg/ My

1

103k

O — Yy

n“l TTIT
oo H d¢ perturbativity

_____
__________

ha
~
~<

S~ d

m (ov) larger than WIMP is needed for observed relic.

m Indirect detection signals are enhanced.
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FIMP (Feebly Interacting Massive Particle)

10-° 2

-2

10715 -

: 1 ‘ 1 107 coupling A, \’ 1

r=m/T
m FIMP is never thermalized with SM sector,
and is slowly produced by decays or scatterings.

[] QF||\/||3 X (coupling)n cf: QW||\/||3 X (coupling)_n
m coupling ~ 107! to reproduce the PLANCK value.
m Candidates: sterile neutrino, Higgs portal DM etc
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DM models FIMP

FIMP signals

m Detection of FIMP is challenging.

m Enhanced direct detection rate )
Ex. DM coupled with a light dark photon £ D —§FWF/W

. 1 1
=M t — m%, B QmNER
if m, = O(40) MeV
X ~ - X
’7/

N =

m + long-lived particles (dark photon)

~ N

== XENONI1T4y

= XENONIT 2018 --- PANDAXII
-- LZ (1000 days)

Pid = -
-7 Freeze-in

accompanied with DM at FASER. 10!
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DM models FIMP

Summary of DM models
Decoupling order

(if allowed) _
XXX = xx xx—ff xf—=xf
WIMP | | | - 1
Xx = ff xx—=xx xf—xf
SIMP | | | -1

xf|—>xf XX — Q¢ qﬁ(b(b?aﬁ(b
|

Cannibal _
DM | | | L
EIMP Never thermalized -

Properties

- 3-ways to detect

- large Ay

* sub-GeV mass

- enhanced (o)

- DD enhanced
if @ mediator is light.

- Long-lived particles

m y: DM, f: SM particles, ¢: light dark sector particles
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DM models Other candidates

Other possibilities
ELDER (ELastically DEcoupling Relic)

10_3 T [ e —_
107 = 5\ |
; S ¢ = 101+
10_5j \ ; 3 P T
; 10—6; Thermalized ‘\\i . 10 200 500 1000 2000 | o
CGB F Wlth SM :\ T = 7”X/T 1 EJ
— -7 ;‘\ . . . ; | L -
5 10 E. Cannibalization 5! = T
= 10°8L E L
S g g Frozen |
107 a¥ g 1011
r : \ il i i
10_10; “‘ Inset
11E \ xdé\ “‘ \ o \ I
10— A . . L i . L . A S . . .
1 10t 10 10° 1072
r=m,/T

Zombie DM

. Reduce DM numbers by y(T — (¢

- thermal production is possible even if
DM mass is heavy as 10° GeV without
violating the unitarity bound.
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A pseudo-Nambu-Goldstone DM

A pseudo-Nambu-Goldstone DM

Takashi Toma (Kanazawa U.) The 2nd DMNet International Symposium 13th September 2022 20/35



The simplest pPNGB DM model

m Introduce complex scalar field S = (s 4 ix)/v/2
m Global U(1) symmetry is assumed (invariant under S — €'*S)

2 2 A\ As
V=—LAHP = E2|SP + SHH + A HI S+ S

/2
_ (%SQ + H.c.) < soft breaking mass term

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

"= ((v+g)/\/§)’ RV,

¢\ [ cosf sind hq
s ) \ —sinf coséh ho

msinfd < 0.3 <« Constrained by EWPT, hy direct search at LHC
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A pseudo-Nambu-Goldstone DM

Bound on sin 6

0.0 . : ,
0 50 100 150

my, [GeV ]
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A. Falkowski et al., JHEP 1505 (2015) [arxiv:1502.01361]

Red: hs direct search at LHC

. hy coupling
measurements

Green: Favored region from
stability of scalar potential

Gray: Electroweak precision
tests

\sin (9| 5 0.3 if mp, > mh,
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A pseudo-Nambu-Goldstone DM Direct detection

Direct detection (tree level)

Dark Matter -~ -
. 200km/s Tt
|
|
|
|
|

Recoil Energy
ER

\ N N

m Scattering amplitude cancels between h;, hy mediated diagrams

2 2 2,2 2
. . M, Mp, q(my, —m,,) \
M~ | = S 5 | ~ i 5> > 0
L L Ty MMy
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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 Compute Feynman diagrams at 1-loop level

(1) (i)
X X X X X X X X
Tt T B O
@ hi, ho I ' hi, ho
@ h17h2 : hlahQ I
| | f !
q q g g q q g g
(iii)
X X X y X X X X X
S~ X - \\\ P \\\\\ ’,f” \\\\\ - ,—’——
T Y N TN
/ /
hy, by | | hy,h hi,ha i \ ha,ho fusha 1N s ha hi,ha i \ hi, ho
1 21 I 1,702 \ | / \\ \ I
: ! \\ /// // \ \\ /,/
oy N &99993@“1‘2!2129, > q ~ MQQQQ/
q q g g q q g g

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

(iii) box and triangle — two Yukawa couplings

— sub-dominant in most cases
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Numerical analysis (1-loop level)

1015 T— T—— — 101E
: Umtarlty
10° © Unitarity-
uliinlinliel o b Gofri el b~
EHiggs decay DARWIN ]
= § 10!
10-2
[ sinf = 0.1 ] I sinf = 0.1
mp, = 300 GeV My, = 1000 GeV
10-3 e 10-3 — ‘
10! 102 103 104 10! 102 103 104
m,, [GeV] m,, [GeV]
msinfd =0.1
m Invisible Higgs decay Br(h; — inv) < 20% at LHC
m o, = O(107") cm?* at most
m Unitarity bound: \g < 87/3
m More recent calculation:
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Numerical analysis (1-loop level)

1015 ————— ————— — 101E
i Umtarityf
10° © Umtarlty
7 sinf = 0.2 ] I
mp, = 300 GeV My, = 1000 GeV
1073 A R A 10-3 S ‘
10! 102 103 104 10! 102 103 104
m,, [GeV] m,, [GeV]
msind =0.2
m Invisible Higgs decay Br(h; — inv) < 20% at LHC
m o, = O(107") cm?* at most
m Unitarity bound: \g < 87/3
m More recent calculation:
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A pseudo-Nambu-Goldstone DM Domain wall problem

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

= distort CMB

m Solutions: - UV compeltion
- 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 Dvprp
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GUT embedding

fermions

H S ¢ S040)

A, Vie

P10 | P16 | Pizg | P210

SO(10) 45 16

10 16 126 | 210

m We embed the UV complete mode

in SO(10) GUT.

m [he pNGB 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)p x SU(2)g

m GUT scale (My)

Intermediate scale (M) = breaking scale of U(1)p_1,

m Proton decay

SK limit: 7, g0 >2.4X 1034 years

Rough estimate: 7 ~ (agm,/M;)* = 1.1x10°" years
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Gauge coupling unification

Standard Model SO(10) pNGB model

60—~ 60F

S | IR WP U A ——

_ ] 10F .~ SU@B)c = M, p= My
1000 100 10" 108 10" 1000 107 1011 1015 1019
© [GeV] p |GeV]

m 1-loop RGEs are solved.

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

m vy = M;=1.26 x 10" GeV, My = 2.06 x 10" GeV
gp_1 = 0.38 at u = M
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UV completion DM decay

DM decay

hi . A
X e fox f
______ N f’
A hz'\\\
i i

m DM lifetime: py = 107 sec at least S T
(the age of the universe).

m Cosmic ray observations give stronger =
limits: oy 2> 1077 sec. 2 T TS
3-body decays y — f?hz-, ffZ if _
m, 2, My, Mz — excluded

m, [GeV]
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Parameter space

1
]_01 E ) I I I E ].O E Unitaritv T l‘ I I I 3
100 pEES Cecay N 100 | Higes decay A \;
: N e : E
- X7 ] - ]
1071 L - 107t & -
w - S - @« C =
S - & =Y - ]
S - 1 3 - .
107 & 2 E 107 ¢ E
é Al L é é o
1073 L AN |2 ] 1073 L =
“sinf = 0.0(5;r g,'.; ] “sinf = 0.05Gr g ]
=70 GeV - - ma, = 130 Ge g

104 L ‘ = [ 104 L7 =
20 102 20 10

m, [GeV] my [GeV]

mU/vs ~ g

m Fermi-LAT: xx — bb, WW — ~ production

m close to the hy resonance
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Other variations of pNGB DM
m THDM + S with global U(1)

= Gravitational waves from strong 1st order phase transition

Gravitational wave spectra

10° T T T T T T T T T T T T 7T TTTTTH
10_7 :—\~ /l/,
N 2, TianQin
108 £ e o ‘
1079 é—~~~~ ‘~~~~ ,,/
1010 ETaiji ~Ts-. el
10-11 : ~~~~- /,
- 12 5 ™ o
ST E R
w1013 E <
SN s
10-14 -
1015 [ & ,
R ,
1016 & -
- rL “~~~
10-17 = Q)Q . ,//
107 E Ultimate DECIGO
10-19 L1l L1l L1l L1l L1l
107 104 1073 102 101 10°
f (Hz)

m pNGB from global SU(2)

= No domain wall problem, two-component DM
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Summary
Dark matter direct detection experiments impose the strong bounds on

the scattering cross section.
Wayout: suppression of scattering, sub-GeV mass, very small couplings

A pNGB dark matter is a candidate naturally avoiding the bounds.
UV completion and GUT embedding have been done.
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Back Up

Back Up
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The simplest pPNGB DM model

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

m Scalar potential V) = pip,  P1X" + Mgy hoXC + -

m% sin 6 m% cos ¢
Hhixxy = — 1 y o Hhoxyxy = : 3
: Vs Vs
SM Yukawa int. L Dy, (cos Ohi + sin th)@
2 N2 . 2. 9 . 2. 9 2 N2

o COS Hmhl + sin ¢9th e — Sin Hmhl + cos Hmh2
H — 2 9 S T 2 9

v V3

sin 6 cos 0(mj, — m;j, )

AHS =

VU
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Direct detection (1-loop level)

m Compute Feynman diagrams at 1-loop level

1 m3
a1 ~ Q‘fs](\zglarP

oy = —
ol W(mXerN)

8 :
where Focatar _ > Cngq—gCgf%\; (fj%,f%VG: nucleon matrix elements)
q=u,d,s

— a aur 8
<N\mqqu>=f%quzv, (N ! ~GY, G \N>=—§fé{,mzv

fjqu, fjjyg are calculated by QCD Iattlce simulation

— s a auv G
Lo = CgquQc]q + Cg—X2GWG I C’g and C'¢ (calculated)
s

m Calculate up to 2-loop level in terms of QCD a; (NLO)
— scattering amplitude is O(ay)
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Back Up

Direct detection (1-loop level)

10'6; SIS AL

Aprx (M, vIvs) = (1TeV, 0.5) ]

— 107 O :

‘T> - ~ (300GeV, 1.5) ]
()] I

S 1078 ;
IS C

T 107!

- sin6=0.1

10—10 Ll Ll

10 102 10° 10°
my, [GeV]

a§i [cm?]

10747,

10481

10742
1

m (i)+(ii) is dominant for large DM mass
m NLO is O(10%) correction
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-- LO
— NLO (mp,, vivs) =(1TeV, 0.5)
\\ /,/’__'"'-\\
\\ - 0T >
\ Lo 4 ~ \\
\\ _L TN
\ = /, - \\\ ".\:
\ // o7 -_“\\ N
\\. //,"’//," "*_\\
\ VA R
& VA /N R
o W TN
R AN A R
\ o7 //11 ~“\\
A4 (300 GeV, 1.5) -\
D L N
L ‘.s/:‘,/‘,' A
Ao /,” “.?\\
\\ L - ‘..\
\~~ If// Il 111 || 1 11 ||| s
10° 10° 10*
m, [GeV]
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Origin of the soft term

m U(1) is extended to gauge symmetry, and a new field ¢ is introduced
m Odd charge for S, even charge for ®

Ex. g5 =3, qp = 2

1 _.3 1 .3 1 ;3
VD Kqﬂ S? + quf |H|*S* + Fqﬂ S|28% 4 - - -

m After O gets a VEV, s is generated (1 = (9)7/A)
m Other terms are suppressed by higher dimensional operators

— the previous model is reproduced in low energy

m CP violation induces DM decay
@\, - R A’
— | |H lifet ~
VD(A |H|"sxy — lifetime 7, 100 Gov \ (@)
Ex. when A = 10' GeV, (®) = 10" GeV = 7, ~ 10% s
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Majorana DM model

Majorana DM interacting with pseudo-scalar

Iy — : _
LD ?Xax%x — CQCLQ]HQ\Z +0 = M ~TysU~ g J1/2

m Two Higgs Doublet + fermion DM () + pseudo-scalar (a).
m [ree level amplitude vanishes in non-relativistic limit

46 m 1-loop contribution is

107" * .
_ — =0 dominant
° -48 [\ | — =U. :
5 10 Co 0055 m ¢ coupling enhances
— — sz— .
S 10750| ~ 75

m,=100 GeV
10—52 :

200 400 600800
m, [GeV]
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Back Up

Indirect detection
DM annihilations
XX — hihj, WW, ZZ, ff
m Gamma-rays are produced at the end

m Constraints from dSphs
(less visible matter and more DM)

=0 3
LeoV_Leoll oM i\

P il eo IV, O / \ UMa >
o 177821 e0 Lplil T Boo I |V v \ '

~ O Willman 1

m O(50) dSphs have been
found so far.

B DM models are
constrained.
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Back Up

Indirect detection
m Present bounds and future prospects (yy — bb)

10'24 = 1 111 I I I T T T T I I I | '|/[ T |:
- XX — bb ]

- \—\.E.S-S
@ 107} (Einast©)
™ B ]
QE) therm TSUL
> i o o =7
2 1020 L ~ S Tt m =T GTA 5
i _. i K¢ T

i 7 . Filae
10 7 —/ll L1 ve | | L1 1 111 | | L1 1 1 111 | | I N N T B
10 10° 10° 10
m,, (GeV)
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Indirect detection

10? . ‘ ‘ ‘ ‘ — , 10? ¢
1| | il
10 ] Unitarity 10
o | JFermi Q@a?'§ : 0| J
10°  Higgs deca 3 PLANCK 1 107 tHiggs decay
" - H1gg y & 1 - H1gg
2 i f { Y 12 i
> I | 1= i
1071 L 107" ¢
1072 | . 1072 ¢
i sinf = 0.1 ] - sinf =0.1
i mp, = 150 GeV | - mp, = 300 GeV
1073 ‘ ‘ ‘ ‘ _ 1073 ‘ _ ‘
30 100 150 30 100 300
m,, [GeV] my [GeV]

m Small parameter space is excluded by Fermi-LAT gamma-ray
observation

m Thermal WIMP scenarios can be tested only when m, = O(100) GeV

m CTA is sensitive in heavy DM mass region (DM profile dependent)
(xx — hohs may dominate in this mass range)
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Collider search

m Constraint on hy production cross section at LHC

mpp — hy — ZZ mode

Oprod = O'(pp — hg) Bl”(hg — SM)

o sin”6 Br(hy — SM)

When sinf 2 0.2 and my, < 2my,,, parameters are constrained.

10! ¢

1072

1073

10° ¢

Unitarity ]
Higgs decay
1071

7pp—>h2—>ZZ 102 7
sing = 0.2
- mp, = 150 GeV

e : — 1073
5 10 30 100

my [GeV]

10°
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10— — :
i Unitarity |
Fermi} 7
o — g — 22 Z :
- Higgs d E
: iggs decay '5:
: Z
@!
7 ]
- sinf = 0.3
- mp, = 200 GeV
5 10 30 100 150
my [GeV]
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Back Up

Collider search
m Signal channel (VBF)

hi and hs, both contributions are X

important 7
m We focus on my, > 2m, N
m Simulate the events and put X

appropriate cuts
B > 250 GeV, p; > 80 GeV etc

S
VS + B+ 0%
m Background B + o5 = 1779 £+ 96 at 35.9 fb~* (CMS)
m Analyzed with 3000 fb™".

m Signal significance S =
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COl | |der S€Ed rch Huitu, Koivunen, Lebedev, Mondal, TT, PRD (2019) [arXiv:1812.05952]

my,, = 300 GeV, sinf = 0.3, 0g=VB

10

10

3ab™)
3ab™)

D
D

V/vg
V/vg

IS
Significance (L
F SN
Significance (L

LHC search
0.01 0

10 20 30 40 50 60 70 20 40 60 80 100 120 140
my, (Gev) my (Gev)

m Signal significance can be § ~ 4 — 6 at most.
B m, S 100 GeV can be visible.
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Direct detection for light DM (electron scattering)

10727 e - T
10_29%7 ".% 10—30; \\\ 1 I\ (OXOSB J N
F o= EIN | : eN-—
10730¢ 12 10-31 4% N\ \\ — /NLS:‘é NO
10_31% : Cant N\ ‘-\‘\\ T e 0_ ------
F 10 32? . Q \‘\ NP ST ﬂoﬂ. 20—
107 3 . E 1033 7 \“\..\.:\ “““ S ?DL%‘\—‘S’\%:L"/; =
330 L P S S S
107°°% 3 - _aaf DAMIC-SNOLAB =720 - - 22208
o 10-340 i protoor — 10777 — XENONI0 — = ENSE‘@N“
5 10 E 107 >
S 10736 = 1076 S8 Milestop,
EETEUSI > N ® 1071
10738 " e 10738,
107391 . 10739+
10_40%7 10—40,
10_1; 10—41,
107 1072 Fom=(am,/q)
1 10 102 10° 10° 10! 102 103 10*
m, [MeV] m, [MeV]

m SENSEI: ongoing, Oscura: next generation

m /-8 orders of magnitude improvement is expected.
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