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HIGGS & DM

- Higgs boson is discovered
my, = 125 GeV  All SM s discovered

It SM s valid up to Mp or Mcurt, what determines weak scale?

m~mp ~ v~ My ~ 100 GeV

| A2
How to solve the hierachy problem?  émj, ~ -5 A% + -
70

- Dark Matter Existence
Cosmological & astrophysical evidence for DM

Qh* ~0.12 (26.8% of energy density of the Universe)

cold & non-baryonic ——  new physics particle(s)?



SUPERSYMME TRY

Symmetry btw fermion and boson

- No quadratic div.

)\2
Smy ~ 87f2m30ft log A*

- Weak scale SUSY drives the radiative EVWSB

Mgoft ™~ MW ~ TNp

- Lightest SUSY particle can be DM

~

Zy=N,gB+ NwW + N,z Hi+ N,z H,
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EXPERIMENTAL TEST



Upper limit for os1 is getting smaller

WIMP-Nucleon Cross Section [cm 2]
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Bino-Higgsino neutralino is in the corner

"blind spot”
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Scale of “weak scale SUSY” is getting higher
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Natural EWSB

M2

Natural EWSB requires  u? ~ M7

v~ My < mgop, ~ O(TeV)

> mostly higgsino-like neutralino

Baer; Barger; Huang, Mickelson, Mustafayev, Tata

Higgsino Is generally underabundant

Qh2 ~ 0.1 ( H )2
1 TeV



Underabundant higgsino
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Extension for DM

- another DM component(s)?

— Introducing new symm. — new (quasi-)stable particle

- non-thermal production for WIMP?

— long-lived heavy particle — decay into neutralino

- Super WIMP?
— neutralino i1s NLSP  —  decay into LSP (swimp)

e.g. gravitino LSP



AXION

- Introducing U(|)pq: broken at fo>107 GeV

- Solution to the strong CP problem

gg a N a apy a
Leg D 39,2 E + 6 G,uz/G —— <f_ —+ (9> =0
a

- Axion Is pseudo-Nambu-Goldstone boson

f - 10° GeV . T(G—)Q)NlogtU Ja
a € =702\ 109 GeV

ayy

- SUSY partners: axino/saxion

fo>10° Gev  —— long-lived: [dec~MeV - [eV

We will consider SUSY axion model!



OUTLINE

* Introduction
* Supersymmetric DFSZ Axion Model
» Dark Matter

* Summary & Future Plan



SUSY DFSZ AXION MODEL



MODEL

- PQ breaking sector:

W =Z(XY - f5) SUSYVEV: Zy=0, XYy = f2

XY = f3 :flat direction in SUSY limit —— axion mode!
X — foeA/fO, YV — fge_A/fO

1
A= —(s+ia)+V2a+ 60*F
\/5( ) A

- SUSY breaking (gravity mediation)

Mg ~ 13 /2

mg ~(Z4) ~ (Fx/X) ~(Fy /Y ) ~m3/9



- Kim-Nilles solution of mu in DFSZ

X2
A\—H,H
W D Mo d
X)2  \f?
(= A<MI>D — Mi]‘i ~ 100 GeV, for fy~ 10" GeV

- Interaction with MSSM

/d29ﬂ€_2A/faHqu A /

V20

2 T8 (/)

/ POAW W + h.c.

axion mMass; mq = 6 meV (10° GeV/ f,)



DARK MAT TER



Dark Matter: mgn < ma,s < mso

- Axion DM

- quasi-stable T>>1ty
- bosonic coherent motion at T~1 GeV

: . 1.18
- determined by 6;: QR ~ 0162 Ja
1012 GeV

- Neutralino DM
- stable (assuming R-parity)
- thermal freeze-out at 1~5-10 GeV

- Saxion/Axino components
- thermally produced: scattering and (inverse-)decay ('‘freeze-in")

- unstable = decay Iinto neutralinos Tgec~MeV -TeV

—  solving the coupled Boltzmann equations!



BOLTZMANN EQ.

- Neutralino density:

scattering

dn Zl
dt

F3Hny = <Jv>(ﬁ%1 — n%l)



BOLTZMANN EQ.

- Neutralino density:

scattering heavy particle decay/inverse decay
into/from neutralino
dn = n; nz n
Z, o _2 2 _ B R A ML
dt F3Hng, = (ov) (nZ nfl) +@§};Fi_>zl+kmz Pi (nz " ng nk)



BOLTZMANN EQ.

- Neutralino density:

scattering heavy particle decay/inverse decay
into/from neutralino
dnz n; nz n
Z o _2 2 _ R .
dt | SHTLZl — <O'U>(n21 — 77/2“1) —I_E];Fi—)Zl—l—kmz 0; (nz nZ’FLZ nk)
i, 1
. . i € {a,s,G}
- For decaying particles, we need to know T,z .., ni, p:
dni _
7t + 3Hn; = Z (ov)i5 (T — ning) scattering

JEMSSM

E : Uz _ Ny Nk e fa s OV d y q

— Fz—> M <TL — N ) i € {a,s,G} decay/inverse decay
J+k7tg ) 1 — - . .
ik Pi n; T into/from light particles

T 5 T M
+ E Fj—>i—|—kmj _] (nj — ﬁj _t _k> heavy particle decay/inverse decay

N; N into/from i € {a, s, G}



BOLTZMANN EQ.

- Neutralino density:

scattering heavy particle decay/inverse decay
into/from neutralino
dnz n; nz n
Z o _o 9 _ R .
dt | SHTLZl — <O"U>(n21 77/2“1) —I_Z];Fi_)Zl‘l‘kmz 0; (nz nZ’FLZ nk)
1, 1
. . i € {a,s,G}
- For decaying particles, we need to know T,z .., ni, p:
dnq; _
7t +3Hn; = Z (ov)i5 (T — ning) scattering

FEMSSM

_ § . .. M. & N. — 7. & % i € {a,s, G} decay/inverse decay
i gk o ‘ ‘ ﬁj N into/from light particles
7,k

nj N Nk N = .
+ E Fj—>i—|—kmj — (n; —nj—— heavy particle decay/inverse decay
: ; T; N into/from i € {a, s, G}

- need to know (ov):;, I' to determine production/decay of axino/saxion



DFSZ model

- Effective interaction:
noo~ =~ 0~
~ —sH, H, ~ —aH, H
fa £ d

H | ;S

b7,

N\ 7
Y 4
N 7
\ 7
AN 7
\ 7/

N 4

- scattering cross section

KJB, Choi, Im; KB,

(v) ~ (%)2 (AJ{_%) Ky (M /T i

vIP _yTP 105 [ 2 /10" GeV\~ [ TeV
s Tra (Tev> £ M. /] No Tr dependence!
- saxion coherent oscillation also exists

CO . 2 2
o s min [Tr, T fa S0
~ 1. 1 V -
s 91077 Ge ( 108 GeV ) (1012 GeV fa




DFSZ model (cont.)
- Decay

Interactions via Higgs sector:

AHH trilinear int. tree-level decay
mixing with higgs & higgsino decay into all SM & partners
(90/m2g,)"/?

—— augmented neutralino DM Y ~ 1{00) Toe

From Kahler potential

K=KA+A") — ;—Ss(ﬁuaﬁ“a%—iczw“ﬁﬂd)

—» contributes to dark radiation / neutralino



Axino/Saxion decay before freeze-out

O.l; fa = 1010 GeV

Z,
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Axino/Saxion decay after freeze-out
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Result: DFSZ
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NEUTRALINO SEARCH
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SUMMARY

» Natural EWSB implies underabundant Higgsino-like DM.

» SUSY axion model provide 2 DM as well as thermal and
non-thermal production of DM. DFSZ model contains Kim-

Nilles solution.

- lo obtain precise DM density, extended Boltzmann egs. are
considered. As their ingredients, (sv), I are calculated.

* 10" GeV < f, < 10™ GeV Is favored in mixed neutralino/axion
DM scenario. (similar region can be covered by future axion
searches.)

* Higgsino-like DM can be detected ton-scale experiment.



