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Dark Matter

Dark Matter (DM)

1S unknown matter in our universe Dark Matter
2] %

-occupies ~ 27% of the energy of the universe

. Qh% =0.120 = 0.001 [Planck 2018] Darl% eSnergy
%

- Interacts gravitationally

- has (almost) no electromagnetic interaction



Dark matter evidence

bullet cluster

rotation curve
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- no candidate in known particles

- what is the dark matter candidate?



Many Dark Matter Scenarios
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WIMP (or thermal DM)

WIMP (Weakly Interacting Massive Particle)
- has short-range interactions with the SM particles (or new particles in the

thermal bath in the early universe)
- correlation among various processes
-Is predicted in many motivated models in particle physics (MSSM, exDim, ---)
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DM SM
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Freeze-out mechanism

annihilation
oM —~ - DM was in thermal equilibrium in the early universe
- production and annihilation of DM stop as the universe
expands
DM ., ' therelicis the DM in the universe today

+——— - number density is obtained by solving the Boltzmann
pair production
A equation
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| gy 3Hn = —(ov) (n neq)

107 r -
=10 | . Qh? is determined by DM annihilation cross section (ov)
h —————— . Qh%=0.12 is obtained if (6v) ~2x 10720 cm3s1 ~ 1 pbc
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DM DM < SM SM

. freeze-out mechanism requires annihilation (ov) ~ 1 pbc

- we can expect

- Indirect detection

- production in collider experiments

o A N
\Z

'
TN &

[talk by Shion Chen]

annihilation

(indirect detection)
—_—

DM SM

DM SM
—_—

pair production
(collider experiments)

[talks by Tomohiro Inada and Kohei Hayashi]
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DM SM « DM SM

annihilation L . )\2
—_— annihilation (DM DM — SM SM) (00)ann. X —5
DM SM mMpn
»
O
= naive expectation by
2 .
3 crossing symmetry
DM SM )\2
scattering (DM SM — DM SM)  Oscat. X —5
MpwMm
DM DM
\/ Direct detection experiments aim to detect DM-nucleon,
DM-electron scattering
nucleus [talks by Masatoshi Kobayashi and Takashi Asada]
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- The direct detection experiments give upper
bounds on the DM-SM scattering cross-

section
-the LZ experiment gives the stringent

bound (6 <3 x 107 cm2 for mom = 100 GeV )

-strong constrains for WIMP
: Let me show an example model to get
10 %k —_— i 4 feeling how strong the constraint is

Median expected upper limit

u : Power constrained upper limit -
i [LZ ( 24)] === = Unconstrained upper limit i
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Direct detection experiments exclude simple DM models

e.g SM + a gauge Singlet gscalar DM [Silveria et.al. (‘85), McDonald ('94), Burgess ('01)]

1 1
L =Lsu + 50"59,S 25 S

S : DM candidate
‘H . SM Higgs doublet

AS

A
> g4 ;SSQHTH

-the only coupling connect SM and DM sectors
-determined to obtain QA =0.12

. Osl &« A

‘let’ see the current status from direct detection exp.

(see next slide)
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typical result with direct detection experiment

[TA’s prlvate plot, based on tree level analysis.
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-the coupling is determined to obtain Qr* = 0.12
-almost excluded for mom < O(10) TeV

-other typical simple models are similarly excluded

This result implies that osi should be zero at the
tree level

DM DM DM DM
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current status of WIMP

need to break the naive expectation from the crossing symmetry keep for £2h=

)\2
(Ov)ann. X )
Mpwm

DM

DM
How to suppress Oscat While keeping O ann?

1) find models without DM-nucleon elastic scattering
- forbid DM-DM-Z, DM-DM-h couplings
2) find models suppressing DM-nucleon elastic

- momentum dependent amplitude
3) and other ideas (multi-component DM, secluded DM, inelastic DM, --*)

ssaiddns
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Models without
DM-quark elastic scattering

non-zero for Qh2 =0.12

DMX )
DM SM




Electroweakly interacting DM (eWIMP)

.SU(2)L multiplet (4°, y*, )

.the neutral component »" is DM

-(e.g.) Higgsino, Wino, minimal DM, spin-1, -

1’ x°Z and x°y°h couplings are absent at tree level Qh2 =0.12 is explained by y°,° — WW, --.
0
X" X YV W
/A D ‘Ualah B h v
0 0 ) N~
X X 0% W
— No DM-nucleon scattering at tree level — keep annihilation for QA2 = 0.12
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eWIMP and direct and indirect detections

o sl Is Induced at loop level (Hisano, Ishiwata, Nagata ('15)] indirect detection (gamma-ray)
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spin-1/2 DM Models
with
momentum-suppressed DM-quark elastic
scattering

non-zero for Qh2

DMX )
DM SM



Amplitude depending on momentum transfer

ol oM . ¢ ~ mpm @annihilation
Q)
o] X » g ~ 0 @direct detection
@
DM SM — |f , oscat. ~ 0 While (ov)ann. IS kept
annihilation (n = O for the previous examples)

It amplitude depends on momentum transfter from DM sector to visible sector,
we can suppress the scattering amplitude in direct detection while keeping the
annihilation process
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example models for the momentum dependent scattering amplitude

THDM 4+ a llpek, McKeen, Nelson (’14), Baek, Ko, Li ("17); Ghorbani ("15), TA Fujiwara Hisano ('19), TA Fujiwara Hisano
Shoji (°20), -+ ]

.gauge singlet spin-1/2 DM y coupling to a gauge singlet CP-odd scalar a, : jy’ya,

-the Higgs sector is extended to the two-Higgs doublet model (THDM)
. THDM contains another CP-odd state A, coupling to the SM

.mixing of q, and A, connect the dark and visible sector

X f
: —»q ° hil
= U ~ ihilatio
3. V5 - — =X —-—-QV5 (X Q_J(p)75u(p) TD}F (anni 1. ion)
A 4 A u(p)y’u(p) ~ ¢-& (scattering)

Y 7 momentum dependence suppresses os

-_— while keeping (oV)ann. |
annihilation
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Phenomenology of THDM+a

highly depends on the model parameters

Os| can be above the v fog at loop level collider searches constrain parameter space
2HDM-+a, Dirac DM, sin6 =0.35,tanf =1, gx =1,m,=my=m,,=12TeV |
m;=100 GeV, m,=600 GeV, 6=0.1, {3=10, ¢1=0, cx=1 R R s s RSt B ﬁg::ggfgl’ 139 b
, 10t ATLAS s h—invisible, 139 fb
10744} 1 : E:?sT?e/\’/?g::ti s9fp]  — h—aa—uutr, 203 fb
| A PRD 92 (2015) 052002
’ IZ(ED_OE_-\L/ U ‘ h—aa—uuuu, 36.1 fb™
_ 1 0_46 L | & / ’ JHEP 06 (2018) 166
N [ < it 4 = h—aa—uuuu, 139 fb
- ’:\\ AR w9 % ) JHEP 03 (2022) 041
O, Sl ( ______________ - O] 1 N h—aa—bbbb, 36.1 fb™
— 1 0_48 --------- N ( _____________ ~ : JHEP 10 (2018) 031
CEREN 0 N (R & 3 — h—>aa—bbuu, 139 o'
D 105 (2022) 012006
1 0—50 — Observed Relic ,h% =0.12
10—52 .g%>.1 1 gx>1 . o .gxél
10 50 100 500 1000
m, [GeV]
— .. : : \
[TA Fujiwara Hisano ('19)] [ATLAS (2306.00641)]

-gravitational waves from 1st order phase transition [Arcadi+ (2212.14788)]
-see also [LHC DM working group (https://lpcc.web.cern.ch/content/dark-matter-wg-documents)]
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spin-0 DM Models
with
momentum-suppressed DM-quark elastic
scattering

non-zero for Qh2

DMX )
DM SM



pseudo-Nambu-Goldstone (pNG) DM

pseudo-Nambu-Goldstone (pNG) DM (Gross, Lebedev, Toma (117)]

- arise from spontaneous symmetry breaking of global symmetry

- utilize the NG boson low energy theorem: amplitude depends on momentum squared

DM

11e0S

JIIE

DM

——— T

annihilation

= os = 0 at tree level while

keeping {(ov)

SM

SM

osl is tiny even at the loop level
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Osi can be above the v-fog in two-

component models (pNG + WIMP)

[TA Ichiki (2411.15735)]
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Summary

current status of WIMP

> the direct detection experiments give strong constraint
> need to suppress the DM-nucleon elastic scattering
> simple models are excluded

WIMP is not dead!
> there are many models predicting tiny osi
> wino, Higgsino, minimal DM, THDM+a, PNG DM, ---

~ It Is iImportant to see the correlation among various observables (direct
detection, indirect detection, collider, ---) to figure out the right WIMP model

22



