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Dark Photon (1983 Holdom ~)

' A simple extension of the SM with a massive “dark photon ( y")” that

mixes with the QED (or U(7)y gauge boson).
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In the canonical base, i.e, (A,, A)) — (A, + €Al A))
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only the “dark photon - QED current coupling” appears!
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« Recently, dark photon has attracted attention as it plays various roles in
light dark matter models.

Typically : m., < 0(100)GeV €K1
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Origin of Dark Photon Mass ?

+ A massive “dark photon ( y")” as a Stuckelberg vector boson?
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Gauge symmetry: A, — A} +0,a 7 — T+ My
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« Coupling to a Higgs boson :  AH'HX| X" (X" =A, —0.m/my)
— perturbative unitarity of 'y’ — H'H is violated for

1
)\0 M~ [ see e.g. 2204.01755 Kribs et. al.]
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( Longitudinal mode : €} &
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' It seems more likely that the massive dark photon arises from
spontaneous breaking of U(7) gauge symmetry.



What if U(7) gauge symmetry is embedded in SU(2) ?

+ Two-Step Spontaneous Symmetry Breaking ( SU(2) breaking — U(1) breaking )

(SU(Z) gauge symmetry breaking \
1 1% 1 a aur 1a la 1% 1 a a )\
Loix = =7 P Fy =3 F ™ + SFLFP 4 SD,@iD o — (01 61— o})
k Photon Dark SU(2) Kinetic Mixing SU(2) adjoint scalar ¢{ (a = 1,2,3))

SU2) = U(1) by the VEV of the adjoint scalar
<€b?> — Uldag

(Y
— effective kinetic mixing is induced : ¢ = —

A
Two-step SSB model is advantageous to explain tiny kinetic mixing.

+ The possibility that the origin of dark photons is due to two-step SSB
may be an interesting story.

( SU(2) breaking scale > U(7) breaking scale)



Topological Defects in two-step symmetry breaking ?

« At SU((2) = U(1) Breaking

We expect “dark” Monopole as a topological defect.

The dark monopole sources dark magnetic field

[1974 t’Hooft, Polyakov]
+ At U(1) Breaking

We expect “dark” Cosmic Strings as a topological defect.
The dark magnetic field is confined along
with the dark cosmic string.
[1973 Nielsen Olsen]

+ At SU@2) = U(1) = Z> breaking (depending on how U(7) is broken)
We expect “dark” bead solution as a topological defect.

% The dark magnetic field from the magnetic monopole
flows into the attached cosmic strings.

[1985 Hindmarsh & Kibble]
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How do the defects in the dark sector look from the QED ?

Topological defects
in the dark sector

How do they look in QED ?

Dark Magnetic Monopole Kinetic Mixing
% eFF’
<<

U(1) breaking
Dark Cosmic String

f

SU@E2) — U() — 2-
Dark Bead Solution

'y

Bead solution




Cosmic string fore = 0

+ At U(1) breaking, cosmic strings can be formed [1973 Nielsen Olsen]
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V= Z(’¢2|—UZ)2 C
h 0 =0 27
X3 )
Lo
X2
L1
complex ¢ plane ~
_ Width ~ (gv)' (g2 ~ A) y
{qﬁ’”h(ﬂ)em% Mp) >0, (p0),  h(p) =1, (p— o)
A, —gez;f fio), i=12, | fp) =0, (=0, flp)—=1, (p— o)

U(1) symmetry is broken at p — oo

+ An isolated cosmic string is stable due to the topological charge :
m(ui))=2
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Cosmic string for ¢ = 0
Forp — 00 9,¢ — in x ve'™?

D,¢p = (0, —1igA,)p — 0 (exponentially dumped)

' Local string has a finite tension ( = string weight per unit length)

E = szaﬁ [in’jFij +|D;p|* + V(¢)] = 210 xF(2\/g%)

(F(1)=1 F'(z)<0)

' Dark Magnetic Flux inside the cosmic string

A
2 ) o d 2T
P— 00 g




Cosmic string for ¢ # 0 ?

 Equation of motion: 9, " — €9, F'" = eJp, |

QED field strength
8MFW =0,

0, F'"" — €0, F* = gJg |
Dark photon field strength

(‘%F’W =0 .
We are interested in a vacuum configuration — QED
g B
EOM is reduced to
(1= ), F" = g.J3
i FDch — 992 €ijLj ;2
Jh = i¢D;" — ¢! Dyp = 20" n—LLh?(f — 1)
- g Y,
+/ The cosmic string solution for € # 0 is obtained by just rescaling

g / / :
9= A—a gA, = gsA5,  (EOM of ¢ is not changed)




Cosmic string for ¢ # 0 ?

/' The magnetic flux of F#* is induced (FH" = eF'*")

2
]{Agudaj“ _ e Wosp — ]{eAud:c“: gs€e ]{A; g 2mnee
gS g K g

' Fore # 0, dark string is associated with non-vanishing QED magnetic flux !

U(1) breaking QED magnetic flux is

Dark Cosmic String Induced

f - R f
FHY = eF'HY

+ Around the dark cosmic string, a QED charged particle feels through
the Aharonov-Bohm phase !
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Magnetic Monopole for e = 0

+ At SU(2) = U(1) breaking, magnetic monopole can be formed
[1974 t’Hooft, Polyakov]

4 |

V — 2(¢a¢a o vz)z (dark) magne’ilc monopole \
\ _ > /¢a¢a Size ~ (gV)'1 (92 ~ )\) J
¢“=vH(T)x77 Hir) =0, (r—0), H@) =1, (r— o),
Afiéea::?jF(T), (i,§ =1,2,3) F(r)y—=0, (r—=20), F(r)y—=1, (r = oo)

SU(2) symmetry is broken down to U(1) at r — o

+ An isolated magnetic monopole is stable due to the topological charge :

rn>(SUER)/U()) = Z
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Magnetic Monopole for e = 0

+ Dark magnetic field around the dark monopole :
1
Effective U(1)p field strength:  F,, = ;qﬁ“FjL ,

B 1 eijkxk
F/’L] —

s @F-FOH L (17 =1,23)

+/ Dark magnetic charge :

1 g A7
Q= [ sy =7
Moo ) oY g

+ The Bianchi Identity of the effective U(1)p field strength

aujf’ﬂ“/ — (0 Issatisfiedonlyat r > (QU)_l

' Dark magnetic monopole mass :

4
My = gi;’fMWgQ) (Fa(0) =1 Fiy(x)>0)
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Magnetic Monopole for e # 0 ?

< Equation of motion around the monopole :

0, F™ — €0, F"™ = 0

satisfied in the o v 0
entire space H '

} QED field strength

9, F" =0

N Effective dark photon field strength
0, F™M #£0

((%]:"’”” =0 onlyfor r > (gv)_l)

+ Nothing is induced to the QED sector...

dark magnetic monopole QED sector

A

A
\4
A
v

Nothing...

Y

QED satisfies the usual Bianchi identity & cannot have monopoles

[see also arXiv:0902.3615 Brummer and Jaeckel]
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Bead solution fore = 0

[
U(1) breaking in a model with two SU(2) adjoint scalars
A A K
V= Zl(¢1 c P — v7) + ZQ(% c g — U3) + 5@51 )’

k>0
Hierarchical Breaking : v{ > v

\_

+/ Trivial vacuum configuration :

Step1:SU@2) = U(1) by  (¢%) = v16%
1

7% (¢35 — i¢3) has the U(1) charge 1

b =

Forx > 0, ¢, - ¢, =0 direction is preferred :

Step 2 : U(1) = Z2 (center of SU2) )by (¢2) = 150
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Bead solution for e = 0
+ What happens to the monopole solution ?

Step 1 : Monopole solution at the energy scale U1

A
a;.CL

CbCf:UlH(T)?

P1(r — 00)| = vy

Y

Step 2 : U(1) breaking at the energy scale U2
P1-¢p2=0 & |P2| V2 atr— co0?

— Such a configuration conflicts with the Hairy-ball theorem
(on S2, there is no tangent vector field with a constant magnitude)

U(1) symmetry restoration at some points on S2!
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Bead solution fore = 0

+ Consider “Combed” gauge

Hedgehog gauge

A

Y

A — 0,
la 1
AQ — ;(5907 _69070) )

1
la 2
AZ — ;(5969%,39698@ —S3)

" — v(S0Cyp,; S5y Co)

P—

l

-

\_

Northern hemisphere Un

AAAAAA

O — ¢ = v0®

1
A — AL = Z§%(cos — 1)dy
9

U(1) is given by A;]”

At the equator 0 ~ /2

2

Transition function of
U(1) on S2at 0 ~ z/2
tys = €7

~

Southern hemisphere Us

AAAAAA

o — ¢ = 063

1
A — AS = =5 (cos @ + 1)dy
g

U(1) is given by AS3”

J
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Bead solution fore = 0

. 1 .
 Trivial ¢§ configuration in the northern hemisphere ¢ = E(gbé + id3)
Northern hemisphere Un Southern hemisphere Us \
AAAAAA A4
At the equator 0 ~ z/2
2

a a a3 R ) y— U5a3 ,
¢ = oy = vo™ Transition function of % ¥s

1
A/a N A% — 15a3(0089 . 1>d90 U(1) on 82 atze ~ 1/2 A/a — A/Sq = §5a3(0089 -+ ].)ng
9 tys = e
L 3u
_ U(1) is given by Ai[” U(1) is given by AS y
Trivial configuration in Un Non trivial winding in Us
. Vs Transited at T 2%ipl 2 U
N = ﬁ the equator Ps =eTon =e ﬁ !
>
.2
AR =0 AZds' = Zdy |

g
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Bead solution fore = 0

~

 Trivial ¢§ configuration in the northern hemisphere ¢ =

1 .
ﬁ@% + i¢3)
Monopole

Trivial ¢
rivial ¢, Un « Cosmic string in the southern hemisphere has

the winding number 2.
| | bg — e2ie 22

+ Dark magnetic flux of the magnetic monopole
Is confined in the half cosmic string

ﬁﬁ QM:_%A%‘QOCZSOZ_?

+ + This configuration is not stable.
M}A“H The monopole is pulled by the string.

Cosmic
string of ¢
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Bead solution fore = 0

+/ Cosmic string of ¢ configuration in the northern hemisphere

~

Northern hemisphere Un Southern hemisphere Us
AAAAAA A4
At the equator 0 ~ z/2
2

a 0o a3 a _ a __ Uda?) 7
¢ — Py = v0™ Transition function of b s

la la 1 a
A — A = 55“3(0089 — 1)dy U(1) on 52 atgq)’\' ml2 AT = Ag = 55 *(cos§ + 1)dy
tNS =€
. 3u
\_ N Y,
Cosmic string in Un Non trivial winding in Us
7 —ip V2 Transited at 7 2 7 U2
N —e — — oy = —=e'¥
¢ V2 the equator bs = TN V2 ©
> ) ) 2 1
AR dx' — —ldgp Agda® — ANdr' + ;dSO = Ed%p )
g

(winding number -1) (winding number +1)
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Bead solution fore = 0

+/ Cosmic string of ¢ configuration in the northern hemisphere

An_t"cosm'g + Monopole is attached by cosmic and anti-string
string of ¢; U ] ;
N ON — €_i¢—2 in Un
V2
~ . V9
s — ¥ —= in U
Monopole — | V2 >
/
+ Dark magnetic flux of the magnetic monopole
Cosmic Us

Is confined in the two opposite cosmic strings
string of ¢

47
Quy = %A‘;’V@dgp — %A%sodw — _?

' This configuration is stable !

bead solution! [1985 Hindmarsh & Kibble]

Mi(22) = 2>

~(gvs)”’
20



Bead solution for e = 0
« How Ii( Z2) = Zzis realized ?

/' String solution is equivalent with an anti-string solution

AAAA

I Moving monopole at
X3 = — 00 10 X3 = ©0.

\AAA/

Winding # 1 Winding # -1

+/ String solution with even winding number is broken by pair creation

of the monopole anti-monopole
w Monopole-Anti-Monopole

AAAA
m pair creation

Winding # 2 —
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Bead solution fore = 0

« What if U(7) is broken by a VEV of fundamental representation ?

SUR2) = U(1) =@ Nothing  — No stable soliton is expected

FOI’,O — OO 890¢F — 1N X E’UQ@ v
1

gAgo) ¢F — 0

Door = (aso 9

Magnetic flux of is twice larger than the case of the adjoint scalar !

/d2xB’ :7{ Aldx' = 4Ln
z o0 ? q

| | Only unstable composite monopole-cosmic string
\ ’ can be formed !



Bead solution fore = 0

' Classical Lattice Simulation

Red points
Ao 1 = Monopole
A20
v} 2
¢ 0.9 Green Lines
g 1/v/2 = Cosmic Strings

Figure 6. Cosmic beads network, i.e., the necklace. The red and green surfaces are the isosurface
of |¢p1| = 0.5v1 and |¢p2| = 0.06v1, respectively. The figure shows that the magnetic monopoles (or
the beads) appearing as red points are connected by the cosmic strings.

Starting from random configuration (i.e., ~ thermalized configuration ),
we confirmed the formation of the beads network = necklace
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Bead solution for ¢ = 0?

+ How does the necklace look like from QED sector ?

For |£Bg’ =>> (gvl)_l

cosmic strings with the winding number 1.
'Yy ¢§
< > FHY — IHv
gl

the bead solution just looks like

! vy QED magnetic A
flux is induced
Tt along the string
AAAA AAAA

« > FH = eF'H
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Bead solution for ¢ = 0?

+ How does the necklace look like from QED sector ?

+ Flux in string and anti-string :

47

FHY — EF/,UJ/ / FQED = GQM — —€— ?
52 9

4

+ Bianchi identity of QED is satisfied
“everywhere” in R3:

/ Foep =0 |
SQ

+/ QED magnetic flux needs to source out
from the monopole !

S2

FH = cF'H
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Bead solution for ¢ = 0?

+ How does the necklace look like from QED sector ?

Rough sketch of the

QED magnetic flux (RED
J ( ) « Due to the Bianchi identity of QED

FHY — ¢ magnetic flux lines are not broken

/ Fqep =0
S2

+/ QED magnetic flux sources out from
the monopole.

' It looks like a QED monopole from a distance !

' ltis attached by the visible strings in which
P = eF" QED magnetic fields flow.

1
~(gVy) — Pseudo QED monopole
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Bead solution for ¢ = 0?

+ Magnetic necklace

If the two step symmetry breaking takes place for v4 » vo,
we expect a network of pseudo-magnetic monopole-network

Magnetic necklace &(
QED magnetic field @’
/\K

Figure 5. A schematic picture of the magnetic necklace. The dark magnetic flux is trapped inside
the necklace (the green line). In the presence of the kinetic mixing, the QED magnetic flux (the
black lines) leaks out from the positions of the (anti-)monopole.
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Classical Lattice Simulation

Stream lines around the monopoles
B;(eff)

Y/
Y

dark magnetic flux QED magnetic flux

After obtaining the final configuration,
we choose random points in a sphere

of a radius about 3x of the monopole (starting from those monopoles)

,C < 0 Then, we solve vector flow
* e . ,‘(.-:-/:7\ O % :B(eﬂ)(il? (C))
... .. .: ..-:. é’ > dC 7 S
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Classical Lattice Simulation

Stream lines around the monopoles

dark magnetic flux QED magnetic flux

4 )

+ dark magnetic flux : converge to the monopole points

+ QED magnetic flux : flowing out or absorbed out

—\We confirmed the formation of pseudo monopoles

- _/
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Summary

Topological defects _
in the dark sector Through How do they look in QED ?
SU®) — U Kinetic Mixing
_’
(2) = U(1) cFE

Dark Magnetic Monopole

U(1) breaking
Dark Cosmic String

f

SU@E) — U() - 2»
Dark Bead Solution

'Y

Pseudo QED monopole

Bead solution <
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Back UP
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Cosmic string for € # 0 in canonical base

We can move to the canonical base (X, X}) by

Ay =X, + e,
1

;o /

A“_\/l——eQX“.

In this basis, the EOM of X, and X/; decouple :
OuFx" = eJqep

%F)’éy —0 } QED field strength

a,uF)/éLV — gsjg + 66‘]CVQED

0, p;éw — 0 } Dark photon field strength
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Cosmic string for € # 0 in canonical base

The magnetic flux of the dark string solution

jI{X’ gt 2T

The AB phase the test QED charged particle (charge = q ) feels

nqgee

gee , 2T
WaorD = 7{ X dxt =
= g

which is the same with the non-canonical basis analysis.
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Combing gauge transformation

To comb the hedgehog, we use the gauge transformation in Uy and Us

Coja € '¥Sps2 e¥con Sg/2
gN — ; ) gs = »
—€"%Sg/2  Ch)2 —Sg/2 € Ch2

BT = PR 5T = N5 TGN s
Ala a la a __ A/a a T _3 a T
i T = AN giT = INSA; T dns g( ng,S)gN,S



Bead solution in hedgehog gauge

The hedgehog chart is globally defined as an SU(2) theory

How does the bead solution look like in this gauge ?

Combed gauge in northern

Combed gauge in southern

hemisphere hemisphere
ON — e P— ng — e —=
V2 V2
. 1 P |
AR dx' — ——dyp Agidaz — —dp
g g
a A" — 0 h
] — v1(86Cy, S9Sy, Co) Ay 1(8 —e,.0)
0 wr — Ly V)
P5 — Va(CoCyp, oSy, —Sa) %
la
Al — —(0,0,—1) .
\_ CY W,
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