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Paleo detector

Ancient mineral as a detector

- long exposure T, = 6(10) — 6(10°) Myr

- may detect even very rare (low flux) \
relics of the Universe
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- not necessarily account for the whole
dark matter - fission track in apatite
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- including (minicharged) monopoles (this talk),
topological defects, Q-balls...
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Electromagnetic duality

Maxwell equations

- in vacuum (Heaviside-Lorentz units)
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V-E=0 V.B =0 - if you prefer Sl/Gaussian
1 0 — 10 units, please see backup slides
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- to keep them symmetric even in the presence of electric charge/
current, one needs magnetic charge/current, too.
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Monopoles

Stable
_ _ _ electron monopole
- lightest magnetically charged particle
(monopole) is stable as the lightest E B i
electrically charged particle (electron) - ¢ ¢ — £ 4

t t

- cosmological relics may account for (a
tiny fraction of) dark matter

Classical interaction

- monopole generates classical V-B=p,

electromagnetic field according to . L 19

Maxwell equations VXE=-J,~- ?EB

- generated electromagnetic fields exert F=e < + 1 x ?)
C

electromagnetic force on matter (and vice versa)



Monopoles

Quantum interaction
- o make electron wave function single valued in the presence
of a monopole, it should follow Dirac quantization
g eg

gp B 2rhe B

Z - perturbative electric charge <

non-perturbative magnetic charge

- challenging to compute a cross section of direct pair-annihilation into
photons (quantum) in a reliable way, but not challenging to compute a
bound-state formation (classical) cross section

As a topological defect ('t Hooft-Polyakov)

- when simple G (say, grand unification of standard-model gauge
couplings) is broken into H including U(1), monopole appears as
extended object (condensation of Higgs and gauge boson)

- abundance is determined by Kibble-Zurek mechanism (and
possible subsequent annihilation; though we do not go in details)



Relic monopoles
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Evolution In the late Universe

-------- F=102"cm2sr's™

------ F=10%cm2sr's™

- acceleration through intergalactic and 10% 4 e\ | ]
Galactic magnetic fields 2 108]
- weakens Galactic magnetic fields 107 ) RN 40T L
(Parker bou nds) Pproommmrme lceCUbe*
. o
Stopping power for a monopole 1 10* 108 10" 10'® 10%°
: . . . m [GeV]
- slow: elastic collision with atoms (via ;.-
magnetic dipole)  speksgfent
T S T

- iIntermediate: collective
excitation of atoms; Lindhard
(dielectric constant approx.)

- fast: excitation and ionization
of atoms; Bethe-Bloch e—gf3




More on stopping power

Stopping power for a monopole

- relativistic interaction is
similar to a charged particle
(electromagnetic induction)

- non-relativistic interaction
IS different
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Relic monopoles

Summary of existing constraints

- not clustering into Galaxy
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- remember sensitivity of a paleo detector .
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Dark electrodynamics

Dark sector

BETA RAYS

- example: mirror world (motivated by
puzzling P-violation in weak interaction) ComL

NUCLEI ||

- dark photon; dark electron; dark monopole...

BETA RAYS / 1
(ELECTRONS)

V’ /=pé V'B/zp;n {4+1\

THIS WORLD

Photon-dark photon mixing

- photon and dark photon have the same quantum number and thus
can mix with each other (remember, say, photon-rho meson mixing);
mixing parameter €
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Visible-dark electrodynamics
Maxwell equations

- electron can generate a dark electric field and dark monopole can
generate a visible magnetic field

V iZIOe V ?:p — €p,,
N _ - - 10—) —_ —_— - 1@—»
VXE=—J,+el,——— VxB=J+——E
c ot c Ot

V-E'=p,+e¢p, V-B'=p,
— — - 10—» > - 16—’
VXE' =-J ———B’ VxB'=J +el,+——E

c ot c ot

% Y
+(e’+€e)<E’+ XB) g(B’——XE’)
c
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Minicharged monopoles

Visible-dark electrodynamics

- no interaction between an electron and a dark monopole as it is
(no problem in keeping electron wave function single-valued in the
presence of a dark monopole)

-

— 1% —
X B +ece—XxX B’
C C

V-§)=—€p,fn V-§’=p,;l and thus B = — ¢B”

- because we can always redefine visible-dark photons so that
monopole does not generate a visible magnetic field

Dark Meissner effect

- visible-dark photons become distinguishable once a dark photon
obtains a mass and a dark magnetic field is confined into a string

—_
N V N

Feze;xﬁ’ V-B=—¢p,

- at a large distance, a dark monopole looks like a
minicharged (-€g’) visible monopole

13



14

Minicharged monopoles

As a topological defect ('t Hooft-Polyakov)

- dark monopole-string network: U(1) = Zn

- N=1 (“dumbbell”): dark
monopole-anti-
monopole feel a
constant (with distance)
attractive force and
annihilate quickly; no
monopole or string is left

- N=2 (“necklace”): dark
monopole is pulled in both
ways and thus annihilation is
not quick; one string per
Hubble volume is left and
monopoles are distributed
along the string

- N>2 (“network”):
monopoles are
distributed uniformly and
connected by strings
(our interest)
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Relic minicharged monopoles

Relic network

- Inter-string distance is comparable with an inter-monopole distance
M

mon

p mon ~ d3

2/3 2/3
u u Prmon 10 GeV
Psir ~ 5 ™~ O'lpdm glo X
d2 ’ 1\/16\/2 pdm, glo — 2 X 10_6 G@V/Cz/cm3 Mmon

- possibly problematic in cosmology

- remember a (non-clustering) flux and sensitivity of paleo detector

- 10'°GeV/c?
F. = 4x10"34/cm?/s/srx ( P > ( >

Pdm. glo = 2 X 1070 GeV/c?/cm? M

F A Toxp
N=4x 2
10-17/cm?/s/sr cm? Gyr

= pstr/Fmon dependS Only on pmon/Mmon




Relic minicharged monopoles

Dark photon constraints

- electromagnetically charged visible particles can produce a
dark photon, which decays into a pair of electron and positron

V-f’zp;+€pe

F = ee <f’+£>< B’
- string tension
and thus a dark
photon mass need
to be around or
below 100 MeV

- unexplored region
around 10-100 MeV
dark photon and 104
miXing

1074

> 1076

€

2

1078

10-10
10-12
10-14.
10-16
10-18"

107201 .

Visibly Decaying A'
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= (g_z)u + 20— ”."-l”\ \
2 X BaBr, NA48/2, PHENIX
SO S
SHiP,
Orsay, U70 bremsstrahlung
Charm, Nu—Cal >
E137, LSND \/
SN SHiP,
mesons
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my: (MGV)
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Summary

Monopole

- motivated by electromagnetic duality
- also arises in grand unified theory of particle physics
- not clustering into Galaxy

- semi-relativistic velocity

Mini-charged monopole

- dark monopole looks like mini-charged monopole after dark photon
obtains mass

- form monopole-string network
- evolution in the late universe is to be investigated
- clustering into Galaxy or not would depend on mixing parameter

- synergy with accelerator search for dark photon
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Thank you
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Monopoles

Electromagnetic duality

- Maxwell equations in vacuum (Sl units)

—_— —

V-E=0 V.B=0

VXE=—-—B V X B = eyo—E
ot 0K0 5

— | Q.

-symmetricunder E - c¢B B —» ——E
C

- to keep Maxwell equations symmetry even in presence of electric
charge/current, one needs magnetic charge/current, too.

€0
— —_— - 0—> — —_— - 0—»
" — — 1 - 1 -
- symmetric under E — ¢B Pe = —Pm J,—»—J,
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Monopoles

Stable
_ _ _ electron monopole
- lightest magnetically charged particle
(monopole) is stable as lightest E ‘ B "
electrically charged particle (electron) - ¢ ¢ — £ 4

t t

- cosmological relics may account for (a
tiny fraction) of dark matter

Classical interaction

- monopole generates classical V- B = up,,
electromagnetic field according to the L . 9
(modified) Maxwell equations VXE=—py,— EB

- generated electromagnetic fields exert F,=¢ <f+ v X ?)

electromagnetic force on matter (and vice versa) .
=g <B —



Monopoles

Quantum interaction

- to make electron wavefunction in presence of monopole
single-valued, they should follow Dirac quantization

g €g : :
o = Trehc Z - perturbative electric charge <
D 0

non-perturbative magnetic charge
gp = 68.5 X ec

- challenging to compute cross section of direct pair-annihilation into
photons (quantum) in a reliable way, but not challenging to compute
bound-state formation (classical) cross section

21



Monopoles

Electromagnetic duality

- Maxwell equations in vacuum (Gaussian units)

—_— —

V-E=0 V.B=0

> > 10—» — —_—
VXE=———B VXB=——F
c Ot c Ot

-symmetricunder E—>B B-—>-E

- to keep Maxwell equations symmetry even in presence of electric
charge/current, one needs magnetic charge/current, too.

- = _— —

V- E =4np, V-B=4np,
— — - la—> — — - 10—)
VXE=—-4nJ ———B VX B =4zJ,+——FL
c ot c ot
- symmetricunder E — B Pe = Prm J =7

B—>—E P = = Pe J. — =]
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Monopoles

Stable
_ _ _ electron monopole
- lightest magnetically charged particle
(monopole) is stable as lightest E ‘ B "
electrically charged particle (electron) - ¢ ¢ — £ 4

t t

- cosmological relics may account for (a
tiny fraction) of dark matter

Classical interaction

- monopole generates classical V-B =4,

electromagnetic field according to the L . 19

(modified) Maxwell equations VXE=-4n], - PR

- generated electromagnetic fields exert F,=e¢ <f+ Z x E’)
C

electromagnetic force on matter (and vice versa)



Monopoles

Quantum interaction

- to make electron wavefunction in presence of monopole
single-valued, they should follow Dirac quantization

—=2—==Z - perturbative electric charge <

non-perturbative magnetic charge
gp=068.5X%e

- challenging to compute cross section of direct pair-annihilation into
photons (quantum) in a reliable way, but not challenging to compute
bound-state formation (classical) cross section
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High-energy physics

proton decay? energy scale
flavor violation?

intensity-frontier

top partner?
TeV
WIMP?

high-energy frontier electroweak

‘ Standard model h

|
|
:
U




High-energy? physics

‘ Standard model h

baryons + photon + !

|

neutrinos

energy scale

bi-chgdrged?

S — R

TeV

I

( neutral naturalness? )

electroweak

!portal inferaction?

lintensitWlifetime-frdntier

Dark sector?

|

|

dark matter?
dark radiation?
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Intensity frontier
€
Dark photon portal ?Y WF
- kinetic mixing between the hyper-charge gauge boson and dark photon
- SM particles feebly couple to dark photon eejiA, - integration by parts

O =
- mass from dark Higgs (or Stueckelberg) €y cosPw =€

Beam-dump experiment e.g., CHARM, E137, SHiP...

target shield detector
Visibly Decaying A'
1074 prompt
(g-2), >S50
10_6 (g-2), +20 ,'rﬂl
" @ E774 BaBar, NA48/2, PHENIX
10~ E141
SHiP, /
10~ 10| Orsay, U70 bremsstrahlung A — S M
2 . + —
€ 1012 Iong-llved € €
Charm, Nu—Cal
10 14 T 1 ns 'M S >\/
E137, LSND
10710
SHiP
10~ 18 mesons
10720 ‘
1 10 102 103

my (MeV)



