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= |t was pointed out that the magnetic monopoles with mass of

order O(1-10) PeV can account for the observed dark matter.
(1 PeV =1000 TeV) Murayama & Shu 2010

m The stability of the hidden monopole dark matter is guaranteed
by its topological nature.
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Hidden monopole dark matter

m There are lots of underground experiments for searching
dark matter, e.g. LUX, XENON, COUPP, PICO, etc.

= Q : Can we detect the hidden monopole dark matter by these
experiments?

= A : No, at least in the minimum setup. One has to introduce
certain couplings with the standard model (SM) sector.

hidden mediator
sector

visible
sector
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Hidden monopole DM-SM interactions

m There are three possible portals connecting the hidden
monopole DM and the SM sector.

m Higgs portal (expected scattering cross-section is very small)
(c.f. Beak, Ko & Park, 2013)

m Vector portal (strictly constrained by many exps. and obs.)
(c.f. Jaeckel & Ringwald, 2010)

B Axion portal <=== Qur main interest
(c.f. W. Fischler & J. Preskill '83)



't Hooft-Polyakov monopole

m [t is known that a magnetic monopole can arise when a
non-abelian gauge symmetry is spontaneously broken
via the Higgs mechanism. 't Hooft, Polyakov '74

SU(Q)H + ¢ — (¢17 ¢27 ¢3)

EH — _iFIfIW ' FH,UJ/ T %D’u¢ ' D“¢ N V(¢) X :products in the

FIY = 0rAY — 0" AL + e AL x AY, - group space

Dy = Dip+ ey Al x b V() = 1hg(¢? — v3)

hidden gauge coupling vev of the scalar field




't Hooft-Polyakov monopole

m Particle spectrum
= Expand the Lagrangian density around the vacuum state

¢ — ¢+ (P) (@) =(0,0,vy)

= One massless hidden photon : Vg

= One massive hidden scalar field : ¥
= Two massive hidden gauge bosons : |1/

(@)
SU2)y — Uy




't Hooft-Polyakov monopole

m Magnetic Monopole
= Static solution : time-independent solution + A}, = 0

= Finite-energy field configuration : | (r — 00)| — vy

Asymptotic forms

QFT, Ryder
.f.

By (r — c0) =

2
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't Hooft-Polyakov monopole

m Mass and Charge
= Bogomol’nyi bound :

Myp > My /g f(Ag/ o)

E. B. Bogomolny '76

= Bogomol'nyi limit : A, — 0

£(0) =1
f(o0) >~ 1.787

Oy = 612{/(47T)

Particle Mass Hidden electric charge | Hidden magnetic charge
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The Witten effect Witten '79

® The theta term of hidden U(1) gauge symmetry

2 2

€ 4
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® This term usually has no effect since it is a total derivative.




The Witten effect Witten '79

® Hidden Maxwell’s equation Fi® = Bl Fi* = —¢;,BL
2 2
v €H = °H

® This term usually has no effect since it is a total derivative.
However, it has physical effect in the monopole background.
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Benchmark point
[ Comblned rellc abundance of DM Khoze & Ro 2014
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What we did

m Axion portal coupling + Yukawa interaction
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Axion portal coupling

m Lagrangian density

2

% , € vV o
L= =4I Fuyy + 55a0"00,0 — 5mafs (0 — 60)° |+ 055 5 1 Fr

= Field strength of the hidden photon : I\ = 9+ AY, — 9" AL,
= Axion decay constant (PQ breaking scale) : f;

= Normalized axion field: 6 =a/f,

m Axion mass : 7,

< £ (0 — 00) G G



Axion-monopole system

m In the case of the axion coupling to the hidden photons

Eu(r) = E0 T Quir) = £, (1)

47 12 2T

® The hidden electric charge is spread out in space by the axion field.



Axion-monopole system

m In the case of the axion coupling to the hidden photons

Eu(r) = E0 T Quir) = £, (1)

A r? 2T
® The hidden electric charge is spread out in space by the axion field.

= Hamiltonian of the axion-monopole system

1., 1 1 1
H, vy = /d% {592 + §f§1(w)2 L §mjfﬁ(e —0)? + §|EH|2 + —|BH\2}

2 /oo df(r) : 2 2 2 T 2
27 dr{(r ) +mir(0(r) — )" + —0(r) } + const.

dr r2



Axion profile around the monopole

m Equation of motion of the axion field

d?0  2do 5 T 0 _
W+¥$_<ma+r_4>9+ma9°: 07 g2y

® Boundary conditions : 6(r - 0) = 0, 6(r — o) = 6



Axion profile around the monopole

m Equation of motion of the axion field

d?0 2 df 5 €
o+ (240 0+ m20y = rg = —
dr? = rdr

® Boundary conditions : (r —0) = 0, 6(r —oc0) = 6
® This differential equation can be solved asymptotically.

( 1_'_ Vma,ro —2++/MqaTo
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Axion profile around the monopole
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Hidden monopole-nucleon scattering

m Axion-nucleon interaction (Yukawa coupling)

Hox = <5 / B [a@) Py ()i Yy ()]

QFT, Peskin

H; — /d3:z: erpyHip A,



Hidden monopole-nucleon scattering

m Axion-nucleon interaction (Yukawa coupling)

Hox = <5 / B [a@) Py ()i Yy ()]

m Amplitude of the hidden monopole-nucleon scattering
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Hidden monopole-nucleon scattering

m Axion-nucleon interaction (Yukawa coupling)

Hox = <5 / B [a@) Py ()i Yy ()]

m Amplitude of the hidden monopole-nucleon scattering

iMminomn = Onmny O (p')7 un(p) / d*z|0(x)] e~

_ _ Axion profile
m Spin-dependent cross-section
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Direct detection experiments
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Direct search exps. : m,vs f,!
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Axion decay channels

® Hidden photon decay channel
= In our model, the axion can decay into the hidden photons

o Q ~ 023
L = H F“VF , I'(a — — H "a
8 fy o HA (@ = 77m) 25673 f2
® Fermion & photon decay channels
= We assume Yukawa-like coupling for the axion
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Axion decay channels without yy

S.Y. Ho & F. Takahashi
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Axion decay channels with yy
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Beam-dump experiments
m Experimental setup (CHARM)
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Combined result : m, vs f,!
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We find two parameter regions
where both the hidden monopole
DM and the axion are within the
reach of the direct search and
beam-dump experiments.



Summary

® We have studied the hidden monopole DM via the axion portal.
B We have computed the spin-dependent cross-section of the
hidden monopole DM scattering off a nucleon and compare it

107" g

to the direct search experiments. 10 T T
® We have found two parameter il

regions where both the hidden T 12

monopole DM and the axion _@O/ 12

are within the reach of the T et

direct search experiments o O ey ICO-500
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Back up



Kibble-Zurek mechanism

B Second-order phase transition
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Benchmark point

m Self-interacting DM : Hidden monopole Khoze & Ro 2014
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