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Introduction




Topological soliton

o topologically stable excitations in
field theories.

© Non-perturbative aspects of field theory that we cannot
see in perturbation theory.

Eg.) QCD instanton, ...

© Such solitons (or their remnants) are useful to explore
New Physics !

Eg.) Axion string, GUT monopole, domain wall



Eg.) ANO Vortex string [Abrikosov ‘58]

[Nielsen-Olesen 73]

o Vortex string is a topological soliton associated with a
spontaneously broken U(1) symmetry.

eg.) Abelian-Higgs model:

1
== JFF 41D > — V()

Vac.: S! (z(Vac.) = Z # 0)

P(x) ~ ve'

* asymptotic forms: (r > o0)

winding # =1 ' topologically stable

e Magnetic flux tube: @, = [dxdnyy =27nlg



Eg.) Global string

o 1 U(1) symmetry is global, a fat string appears (global string).

eg.) Abelian-Higgs model:

& =~ B + | D P = Vi)

Vac.: S! (z(Vac.) = Z # 0)

cioms: { 40
* asymptotic forms: A

-
' by

~

winding # =1 ' topologically stable

« This is the case of the axion string.



Embedding of ANO vortex in SM Vet 9

& .. .8
DM(D:(GIM—ZEW’MG _lEYI/‘)(I)

e Embed ANO vortex in U(1), C SU(2),, X U(1),

0 0 0
D,® = .8 v1/3 -8 ( )
©\0 G W i JA®:




Embedding of ANO vortex in SM Vet 9

& .. .8
DM(D:(aﬂ_lEWﬂG _ZEYP‘)(D

e Embed ANO vortex in U(1), C SU(2),, X U(1),

0 0 0
D,® = .8 v1/3 -8 ( )
T\0 G W iR, S AP

embedding ANO vortex in U(1), partin SM

o Z-fluxtube: @, = dedy Z.,=4rlg, ' called the Z-string



[Nambu, '77]

Nambu monopole in SM Vachaspati, 92

e The Z string can terminate. EM-magnetic flux

' Nambu monopole

e EM magnetic flux : &5 =4z sinby, /g

Nambu monopole
|

| magnetic monopole + Z string (flux tube)

e However, this is unstable because of the string tension.



Two Higgs doublet model (2HDM)

: P11 bi)
! b, P12 P2, J

© 2HDM is one of popular extensions of SM because of

* simple extension of the SM Higgs sector

 EW baryogenesis
« SUSY



How about Nambu monopole in 2HDM?

In 2HDM, we will show:

| Z-string
(Z bOSOn ﬂUX tUbe)

Nambu monopole in 2HDM
|

magnetic monopole + two Z strings

* topologically stable when the Higgs potential has two
global symmetries (explained later).



Plan of talk

e Introduction «<Done

* Vortex string in 2HDM

 Nambu monopole in 2ZHDM

 Nambu monopole and EW baryogenesis

e Summary
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Vortex string in 2HDM

[Dvali, Senjanovic ‘93]

[Eto, Kurachi, Nitta ‘18]
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Higgs Potential in 2HDM

I (D, D)) = m{ @@ + my,® D, — <m12<I)T(I>2 +h.c ) ﬁ21 (CD“D ) +% (CDT(Pz) |
+5, ((I)J{CDI) (cp;cbz) + B, (cbjcbz) (cpgcbl) + {ﬁ; (cp*cbz) +h.c. } |
+{/36 (@jq)z) (@jq)l) + 5, (cbjcb2> <q>;cbz> +h.c. } |

* We also assume both of the two doublets acquire real VEVs.

@i=(1)  @=(0)  he=20f+id =6 Gevy

» Besides the SM Higgs, there are four additional Higgs bosons.

charged H*, CP even neutral H, CP odd neutral A
12



Higgs Potential in 2HDM

2 | x}
V((Dla (Dz) = mlzlq)fq% + m22(I)7L(I)2 <m12(I)T(I)2 +h.c. > +% ((DT(I) ) +% (@Tq)2> «

+; (@[@, ) (@0,) + 4, (@]0,) (@j0, ) + {ﬁ; (clﬁcbz) +h.c. }
+{ ps (@[@, ) (@@, ) + 4, (@], (@)@, ) +h.c. } ,

o Impose two global symmetries :

13



| V(@,,0,) = m},0[0, + mL0I0, - (mididrFh . ) + ﬂ2 1 (cb@) +%(cb;q>2)

Higgs Potential in 2HDM
+; (@[@, ) (@0,) + 4, (@]0,) (@j0, ) + { W

J—

+{ﬂ6 (q>fc1>9) (@EDT) 55 (@;cpg) (cp;cpz)m.c.}

o Impose two global symmetries :

e U(l) sym.: @ BRI P : '
(1), sy 1 € > =27 €5 (relative phase rotation)

This symmetry is spontaneously broken in the vacuum.

—— The vacuum has a non-trivial topology (Vac. ~ §° x S! )
and vortex string can exist.

note: massless NG boson (CP-even Higgs) appers 13



Higgs Potential in 2HDM

g P 2 P 2y
[ V@), @) = m} ®]®, + mb[0, - (2t Thc. )+ = (ojer) +2(0l0,) |

(o = |
+5 (cbicm) (cpgcpz) + b (cp;cpz) (q,;@l) . {W .;
o) oo fororyfwm)ne

© Impose two global symmetries :

. (2o sym. O, - O  exchange of
2)c sym.. O, —» OF —  two doublets

(not broken in vacuum)

—_— We Obtain mll — m22 , IBI — ﬂz ] tanﬁ — VZ/Vl =1

14



Higgs Potential in 2HDM

o For later use, we introduce 2 x 2 matrix notation:  |H|*=H'H

oF, O
_(I)l,l (I)Z,Z

o We can rewrite the potential as
2
:f V= —ml2 Tr|H|2+a1 Tr|H|4+a2 (Tr|H|2> + o, Tr<|H|203|H|203>
o Two global symmetries :
« U(l), sym: H— e"“H e (Zy)osym.: H — (ic)H(ic")

e SUQ2)y x U(1l)y gauge trst. H — ¢'%0 | %03
SUQ2)y U(l)y 15




[Dvali, Senjanovic ‘93]

Topological Z-string

[Eto, Kurachi, Nitta ‘18]

o Topologically stable vortex solution

(0,1)-string

flp) O flp) O )
0.1) _ — olT o—i%0s
" ’ < 0 h(p)e”) e ( 0 h(p)

cos Oy €35 X'

g p?

o _ H = (io07, @)

l

(1-w(p))

16



[Dvali, Senjanovic ‘93]

Topological Z-string

[Eto, Kurachi, Nitta ‘18]

o Topologically stable vortex solution

U(l), phase: —z/2 ~ 7/2
(0,1)-string / "
flp) O . f(p) )
(0.1) _ 3
& ’ < 0 h(p)e”) C 0 h(p)

contrlbute to Z flux

H= (iazcb;k, (I)z)

O = 1= w(p)

| g P’ ( )
1.25—' - ]’L """""""" —
global U(1), part (fat) e o ]
/ — topological stability 2: f _3

9 v i 0:45- e
o K = 0.2;- \

\ > 0.0 f IIIIIIIIIIIIIIIIII _
271_ 0 S) 10 15 20

confined Z flux ®,=— .
87 ariv-1805.07015 16



TWO Z'Strings [Eto, Kurachi, Nitta ‘18]

H = <i02d>*, @2)
~ Recall that (Z,) symmetry is exchange of doublets:

{(I)l — OF

| .IT
H — (ic)H(ic") O, - O

o Due to this symmetry, we have another Z string.

* (0,1)-string f | * (1,0)-string
| H(O’l) ~ 1 O \ (Z2)C trsf. H(I,O) ) ei@ 0 \
| 0 %) | .; 0 1 |
o Z-flux: ®,=2x/g, o ZAflux: ®,=—-2x/g,

Tensions of the strings are exactly same.
17



(0,1)-string (1,0)-string

« U(1),windings are the same

18



Nambu monopole in 2HDM

[Eto, YH, Kurachi, Nitta 1904.09269, 2003.08772]

[Eto, YH, Nitta 2007.15587]

19



Connect two Z strings

(0,1)-stringy . (1,0)-string
u), > >

- -

20



Connect two Z strings

U(1), winding must be smoothly connected

(topological charge)

(0,1)-string
U(l),

(1,0)-string

Ucl),

20



Connect two Z strings

U(1), winding must be smoothly connected

(topological charge)

(0,1)-string
U(l),

(1,0)-string

Ucl),

We need a source for Z fluxes

20



Picture of Nambu Monopole in 2HDM

o This connection behaves as a magnetic monopole
= Nambu monopole

1 47 sin® 0
N\ // o=
// ‘\1\ (1,0) string

N

(0,1) ring

* |t can be regarded as a (Z,), sym kink.
(az S Ois necessary)

* |In other words, the tensions of the strings are balanced.

21



Numerical Result

o Numerical solution to EOMs

I 0.20

1.00 0.15

0.75
0.10

I 0.05
0

0.50

I 0.25

(a) energy density (b) magnetic flux (c¢) Z flux
with  sin®8y, = 0.23, my, = 80 GeV, vpyw = 246 GeV, tanf = 1
my, = 125 GeV, my, = my= = 400 GeV, my =0

« imposed Z, symmetry: @, > +®, &, > -, 22



S <EMNBEM :
U(l), Z339 &ENG bosonH' i TEERRIIC
FATHDTIE?

23



S <EMNBEM :
U(l), Z339 &ENG bosonH' i TEERRIIC
FATHDTIE?

A: ZDEEDTY

23



Two options to avoid constraint

1. singlet extension

' DFSZ axion model \3,

>

add singlet 5 \ NG boson = axion

U(D)py sym:

DFSZ vortex string = PAIEEED k—7

24



Two options to avoid constraint

1. singlet extension

' DFSZ axion model \3,

>

add singlet 5 \ NG boson = axion

U(D)py sym:

DFSZ vortex string = PAIEEED k—7
2. explicit breaking : Utt), (mass of CP even Higgs: my #0)

— wall (membrane) attaches

24



Two options to avoid constraint

1. singlet extension

' DFSZ axion model \3,

>

add singlet 5 \ NG boson = axion

U(D)py sym:

DFSZ vortex string = PAIEEED k—7

@explicit breaking : Utt), (mass of CPeven Higgs: my #0)

— wall (membrane) attaches

24



Wall stability

e NG boson becomes massive CP even Higgs: my # 0

casel)0 < my S my, =~ 125GeV case 2) my 2 my,

0 .0
H~e2e 2%y ]

HE

ul), Ul)y,
metastable wall wall vanish

H~e5y1

u(l),

25



Wall stability

e NG boson becomes massive CP even Higgs: my # 0

case1)0 < my S my, ~ 125 GeV case 2) my 2 my,

monopole is not stable (not static)

| \

Y]
H~e2e 2%y ]

HE

ul), Ul)y,
metastable wall wall vanish

H~ e %y1

u(l),

25



Wall stability

e NG boson becomes massive CP even Higgs: my # 0

casel)0 < my S my, ~ 125 GeV case 2) my 2 my

monopole is not stable (not static)

| \

HNege lga3vl H~e‘i963v1
ul), Ud), ucl),
metastable wall wall vanish

!

same as Nambu monopole in SM

25



Wall stability

e NG boson becomes massive CP even Higgs: my # 0

casel)0 < my S my, ~ 125 GeV case 2) my 2 my

monopole is not stable (not static)

| \

HN’gée 1303\/1 HNﬁ;ﬁWI
Uiy, U, U(l),
metastable wall wall vanish
same as Namblu monopole in SM
e case 2reducestothe SMcase &i

25



Nambu monopole and
Electroweak baryogenesis

[Eto, YH, Nitta, work in progress]

26



¢ Nambu monopole = magnetic monopole + two Z-strings
e Key symmetries for the stability: U(1) & (Z,),

e explicit breaking of U(1),: CP even Higgs is massive m; # 0

e For the scenario my 2 m,; , the Nambu monopole reduces in
the SM case and is unstable.

e Formy 2 m;, , Nambu monopole washes out baryon #
produced by EW baryogenesis.

33



Backup

34



Note on CP symmetry

. (Z) sy O, —» O  exchange of
2)c Sym. . O, - OF —  two doublets

e Although this symmetry looks different from the ordinary
CP, they are completely equivalent.

e In 2HDM, one can freely change the basis of the doublets.

D, — ;= 2 U;®; U e UQR)

=12

1 1 1 Q) — D

e ForU =—— < , ) CP: { , ,

or \/5 g (DZ — (I)2>k
ordinary CP!

37



Be more realistic!

* Unfortunately, the symmetries we have imposed should be
explicitly broken for realistic models.

o Mass for NG boson (CP-even Higgs)

© Yukawa couplings breaks CP sym.

(D1—>CI)§‘<

—_— CP sym. : {(Dz—ﬂpik

38



Numerical result for (Z,) -broken case

energy magnetic flux

* One Z string becomes heavier and fatter.

sin” @y, = 0.23, my, = 80 GeV, vgw = 246 GeV, tanf = 1.3
my, = 125 GeV, my = 400 GeV, my. = 800 GeV 39



Dynamics of Nambu monopole

* The monopole is pulled by the heavier string

—>

« After the acceleration, the monopole collides
to the anti-monopole on the string.

—

* Such collision events can occur in the early
universe, and the max kinetic energy is

K .~ (cos2p)* 101 GeV tan f = v, /v,

The remnants could be observed by

astrophysical sources.
40



Dyon in 2HDM

© Dyon : solitons with magnetic and electric charges

* give stationary time-dependence to the monopole

ey

—> | electric: g = ne nez

magnetic : g,, = 4z sin” Oy, /e
electric : ¢

41



Global fit for Higgs masses
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Two-Higgs Doublet Model, Type |

[T T I T T I LI I L LI I LU ] T T
- 68% and(95% CL allowed regi
_ M= S
- M, = 3
s, =2 E
1 l 1 1 1 1 l 1 1 1 | 111 l 11 1 1 l 1 11 1 I 11 1 | E
200 300 400 500 600 700 800 900 1000

Two-Higgs Doublet Model, lepton specific

[T T I T I LI I L LI I L ] T
- 68% and @5% CL allowed regi
- "3 S
C S M2 -
SN E
1 l 1 1 1 | l 1 1 | 11 1 1 l 11 1 | l 1 1 I 1 1 1 | I 1 1 1 | E
200 300 400 500 600 700 800 900 1000
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Two-Higgs Doublet Model, Type Il

[arXiv:1803.01853]

- 68% and 95% CL allowed regions

I|IIII|I

1-sided test
—— 2-sided test

— 95% CL by
= flavour+EW . '
—~ measurements i '
:Jllljll]llllll‘illlll‘nlllllll Illllllllll—
200 300 400 500 600 700 800 900 1000
M, [GeV]

Two-Higgs Doublet Model, flipped

- 68% and 95% CL allowed regions

1-sided test
— 2-sided test

I|IIII|IIII|IIII|IIII|IIII|II

E 95% CL by : ‘
C flavour+EW i |
—~ measurements : :
VR VA Y i A i it i o WA A | R W AT AT M T W A c
200 300 400 500 600 700 800 900 1000
M, [GeV]
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Cosmological history of monopoles

horizon length ly

(production)

ﬁ%ﬂ Pt .

s /)
'/

* |In simple modes like axion strings, cosmic string network is

produced during the phase transition, and then immediately
reaches to “scaling region”.

S/



Cosmological history of monopoles

horizon length ly

(production) &

7 %7 EX N

TS [

: monopole //

* |In simple modes like axion strings, cosmic string network is
produced during the phase transition, and then immediately
reaches to “scaling region”.

* We simply assume that this is also true for our case of
the Z strings with the monopole. 57



Cosmological Monopole Collider

(0,1) string (1,0) string

* The monopole emits radiations depending on the radius

of the curvature R like a charged particle.

e From the assumption, R is naturally taken as the horizon scale [; .

Synchrotron accelerator with the horizon size!
58



Cosmological Monopole Collider

* The accelerated monopole collides to the anti monopole

with the kinetic energy K : tan = v, /v,

gy ~ 1

AT ~ v, cos2f3

K=yM, ~ R*ATIg})"*M, M

mon.

: s — . R~1,;~ psz
~ (cos 28+ 10! GeVv ve-Ti
| Ly, ~ Vew
M, ~1TeV
* This can produce heavy particles

in the early universe, and their remnants could be observed
by astrophysical observations. (cf. "cosmological collider” )

Arkani-H d, Mald ,'15
[Arkani-Hame aldacena ] 59



Cosmological Monopole Collider

(0,1) string (1,0) string

* We approximate the monopole to a point-like object and
analyze it in the classical mechanics:

K: kinetic energy of monopole

EK+ P,,= Pstring P, ;: energy loss by radiation
Pging : €nergy gain from string

60



Cosmological Monopole Collider

velocity fh ~ 1/AT

A

 The monopole isimmediately u AT : difference of

string tension

> [

accelerated to u

[

The accelerated rapidity y is determined by P, ;, = P

string :

2 4 4
U

c}QM 4 ~ uUAT
R2

sy = 1A —u?)? ~ (R?AT/ g, )" ~ (cos 281 10°

61



Flux matching

dr
> SUR)y tlux: ©y, = —
g

27 ‘82 0
8
g7 sin Oy,
27 27
(DY — ) (I)Y — )
g7 sin Oy, g7 s1n Oy,

62



Flux matching

| EM-magnetic flux |

47 sin2 @
// ‘\‘\ (1, string

(0,1) string

; A § SU2)y flux:
§ Z tlux: &, = —

87

| , dr 4
i ©y = costy D, + sin Oy Dpy, = — §

. 2
47 s1in” Oy, .

f U(1)y flux: i

/- EM flux: @ gy, =

These fluxes satisfy the flux quantization conditions o



Moduli Space of Strings

© Acting the SU(2) transf. on (0,1)-string:

HOY - UTHODy
0D s 0D U € SUQ)
i i
we obtain other topological vortices.
~ Space of topological vortices 03] (0,1)-vortex
= moduli space S*
| A pointonthe modulispace | [ [N/
D R e N D
i corresponds to one vortex p
I configuration. .

[1805.07015] 64



Moduli Space of Strings

There are two Z-strings. *OMNstring:

e mern, (10
o3| (0,1)-vortex 0 e
®, has a winding #
| 2r
N _C ________ - Z-flux: d, = — ,
PREEn D N . 87 | ;“‘

-' i0
L HIO ~y (60 (1)>
y ,;‘
(1,0)-vortex

[1805.07015] " (I)l has ad wmdmg #

-2
Z-flux : d, = -

o ‘ R ;": 65




Moduli Space of Strings

There are also more general vortices.

o3| (0,1)-vortex

C 0 0
_________________ H~v 617 61701
~~~~~~ 3
09 27[
= < W flux: Oy, = —
01
(1,0)-vortex

[1805.07015]

66



Magnetic Monopole as CP kink

o Z-stringhNEET B & E. CPUMMEIFERNICHENTWS

o3l (0,1)-vortex

__________
__________
- -

-” i

- RS

02

(1,0)-vortex 67



Magnetic Monopole as CP kink

o Z-stringhNEET B & E. CPUMMEIFERNICHENTWS

o3l (0,1)-vortex

----------
__________
- -
-” i
~
- ~

02

(1,0)-vortex 67



Magnetic Monopole as CP kink

o Z-stringhNEET B & E. CPUMMEIFERNICHENTWS

« Z(DSSBIC{TREY Btopological kinkh4EU %

(0,1)-vortex

3.68¢ PR
F P .
3.67 ¢
T, 366 y
------------- 3.65
........ 2rv? \
3.64.
g9 363_ 0" N ‘
0. I E 3 C
4 2 4 T

(1,0)-vortex 67



Magnetic Monopole as CP kink

o Z-stringhNEET B & E. CPUMMEIFERNICHENTWS

« Z(DSSBIC{TREY Btopological kinkh4EU %

' Z iHhmagnetic monopole& U TIRSE S

(0,1)-vortex

3.68; R
367 g |
T, 366 y
------------- 3.65
"""""" 2mv? T \
3.64.
09 3'63‘ ................. ‘
0 I LS 3 C
4 2 4 &

(1,0)-vortex 67



Spectrum of the synchrotron radiation

The radiation is the same spectrum as
a synchrotron radiation

P(w)

A

w.~ 7R~ ~107° GeV

R : curvature radius

of the string -2 10\ ~12
R~|-L 19 ) Gevl ~ 101 Gev-!
~ (Hubble radius) ~ V}% ~ 1038 € ~ ¢

68



2HDM in Matrix Notation

1 b ﬁz
V(@1 @) = m} 0@ + mb,0lP, - <m122CDJ1f(I)2 +h.c. ) + (@jcbl) . (@Tq>2>
O'D, ) (DD O, ) (DD s clﬂcp h '.
+:B3 1 *1 i) + ,54 122 1 + 7 ) + .C. |

2 _ 2 2 2 _ 2, .2 _
=2+ +aztay), f,=2a;+a,+az—ay),

| V(®,,®,) = —m? Tr|H| — m? Tr<|H|203) — (m2detH+h.c.)

2
t+a, Tr|H|*+ «a (Tr H2> + a Tr( H|*o H20>
TeHE b (TP ) oy Te(1H o o)

+ay Tr<|H|203|H|2> + (anetH2+h.c.)
69



Nambu monopole

" © Nambu monopole in SM [Nambu '77]
T

EM-magnetic flux <= 1

~ Unstable

> Nambu monopole in 2HDM  Our result!

— \>~s

EM-magnetic flux

Stable! J



