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Topological Object in BSM

Extension of Standard Model can have larger symmetry.

GBSM — GSM = SU(S)C X SU(Q)L X U(l)y

Example:
Grand Unified Theory, SU(5), SO(10)....: Monopole, cosmic string...

U(1)ro extension for Axion: Domain wall, cosmic string.
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Cosmic String
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Cosmic String
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Cosmic String

U(1)gauge — nothing

Magnetic flux
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Multi-step SSB

SU(2) — nothing
2(SU(2)) = m1 (SU(2)) = 0

No topological objects.
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Multi-step SSB

SU(2) — nothing
m2(SU(2)) = m1(SU(2)) =0
No topological objects.

A
4 N\

SU(2) 7 U(1) = nothing
S

Monopole Cosmic string

: 1

Metastable string with V' > v

Example:
SO(lO)GUT — GSM X U(l)B_L — GSM



Gravitational Wave

String breaking rate per unit length
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Hint of Metastable String?

[NANOGrav, 2306.16219]
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Hint of Metastable String?

[NANOGrav, 2306.16219]
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Hint of Metastable String?
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Hint of Metastable String?

[NANOGrav, 2306.16219]
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Hint of Metastable String?

[NANOGrav, 2306.16219]
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Breaking of Metastable String

11
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Coordinate

String direction
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Explicit Model: SU(2) Theory

Symmetry breaking pattern:

SU(2) — U(1) — nothing

v
Higgs fields:
0 Triplet (p%) = V§93
h Doublet (h) = (8)
Lagrangian:

1 . . 1 v .-
L= _E(Du@a‘)(D“@a) o (D“_IF,)T(D'U'}?,) o 4—921:;?;;-'}:‘(1“ - Lﬁliggs(@a h)

2

Vhtigas (05 h) = A(|R]” — 1)2)2 + Mg — V)’ + ’y| ((:5 = g)h
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Mass Spectrum

Mass

Gauge boson Adjoint Doublet
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Mass Spectrum

Monopole M Mass
O(47rg_1V)
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Gauge boson Adjoint Doublet
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String Breaking via Monopole

[Vilenkin, NPB 196(1982) 240]
[Preskill & Vilenkin, hep-ph/9209210]

l Monopole

E ‘ Anti-monopole

String

Monopole pair production like Schwinger effect.
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String Breaking via Monopole

[Vilenkin, NPB 196(1982) 240]
l Monopole

[Preskill & Vilenkin, hep-ph/9209210]
E Anti-monopole E

|

Monopole pair production like Schwinger effect.

String
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Conventional Approach
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Conventional Approach
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Conventional Approach

V> Infinitely thin string

Sp = myy dr — | / d>S
i String world-sheet worldline hole

= 2mppmy — TPy

) pEZmTM

Monopole lopp maximization
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onventional Approach

V>wv
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Monopole lopp

Infinitely thin string

Sp=muy dx — i / d*S
String world-sheet worldline hole

= 2Mpp ML — TPR" M

§> o =M
B
maximization
. 2
3 ip =t Sghin) _ Ty

L

__ q(thin)
I e 55

16



N

Nanograv Implication

NANOGrav
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Nanograv Implication

NANOGrav

No clear separation of SU(2) and U(1) breaking.
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Nanograv Implication

NANOGrav

No clear separation of SU(2) and U(1) breaking.

Thin-string approximation is valid?

Any other path to break the string?
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Revisiting String Breaking
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U(1) in SU2)

U(1)
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71 (U(1)) # 0 71 (SU(2)) = 0

B : Unwinding parameter.
B - 1/2, no winding.
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U(1) in SU2)

B =m/2 1
U(1) i

A
L

71 (U(1)) # 0 71 (SU(2)) = 0

B : Unwinding parameter.
B - 1/2, no winding.

Using (3, explicit field configuration of string breaking is possible.

19
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Primitive Ansatz

[Shifman & Yung hep-th/0205025]

7 : Pauli matrices

/.2 2
: = \/x]+x
U = e iem cos 8 + iT! sin B P ! ?

Ay () = iU(0,UN) (1 = fs(p))
o(z) = VUT;UT + A¢

= 2
Ap = Dg(p) (? sin g — - cos gz))

20



Primitive Ansatz

[Shifman & Yung hep-th/0205025]

.3
U=e 7 cosf +ir'sinf

Ay(w) =iU@,UN) (1~ f5(p)

o(z) = VUT;UT + A¢

= 2
Ap = @g(p) (? sin g — - cos gz))

7 : Pauli matrices

p=1/ai + a3

These fields yet to be determined.

20



Field Configuration

¢ dependent phase of doublet h

%%%QQM

= B=m/8 B =m/4 B =3m/4 B=m/2

Direction of Adjoint field ®*

G & ey Il €



Procedure

* Promote [3 as collective coordinate [3(t,z).

* Get effective action.

SEucl = QW/PECZ,OE <1Keff(6)(apEﬁ<pE)>2 + T(ﬁ))

2
PE = \/t%—FZQ

* Get tunneling rate with bounce solution.

22
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Primitive Ansatz

b(x) = VU%UT +A¢
-1 2
Ap = Ds(p) (7 sin ¢ — 5 €08 go)
1 2

T

Ay(x) = —2(0:/.8(t, 2)) (% Cos P — sin go) ag(p)

23
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Primitive Ansatz

W) = U (éﬁé@)

Ap(z) = iU(0,UT)(1 ~ f5(p))

o(z) = VUT—SUT + A¢

2
= 2
Ap = Ds(p) (7 sin g — —- cos go)
-1 2
Auyo(@) = ~200025.2)) (G coso = G sing ) as(p)

Substitute to original Lagrangian
(kinetic-term) + Vhiggs
(OpsB)* Kerrlés: f5, Psy ap] + T[€p, f5, g pE =\ tg + 22
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String Tension

Determine f, @, ¢ to minimize string tension for each 3.

: = 2 B8 o f3 :
T(8) =2x /0 pdp {g ‘02 cos® B+ (8,4)° + Fﬁ% cos® B

(@, 3)2+—~[(133((‘052ﬁ—2j300% B) + V fssin 2]

I.\J[H‘

+ A2 —0?) + A[@2 — 2Vdgsin 28] + %@%5@} :

String tension

“ g=1, mp, =m,, mwy =mg = mp, = dm,
I I I

45

40

— S22
p =21+ x5
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Kinetic Term

Determine a; to minimize kinetic term for each [.

1 1
87 Lﬂ(apa/ﬂf —ag{ —2P45(Vsin28 — dg) + §V(85<I>5) cos2f3

1 1 _
T 2p? (fg - Q(aﬁf[ﬂ sin28 — fa(1 — f3) COSQ[)’) }

+ az{ﬁ(l —4f5(1 — f5)cos® B) + V2 + %55 + ®s(—2V sin 23 + <1>ﬂ)}]

160
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120
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80

iCeff

60

40
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Effective Theory of B(pe)

SEucl — 27T/pE dpE [—’Ceﬁ‘(ﬁ(PE))(apEﬁ(PE))Q + T(ﬁ(pE))]
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Effective Theory of B(pe)

SEucl — 27T/pE dpE [—’Ceﬁ‘(ﬁ(PE))(apEﬁ(PE))Q + T(ﬁ(pE))]
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Thin-Wall Approximation

String tension T'(5)
50 \

A - 0, thin-wall approximation is valid.

2

su~x || VEGIT®) - Bjas
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Configuration during Tunneling

o)
[

0: String state
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Bounce Action

Normalized Sg

200

* The bounce solution results in larger SB.

T T ‘
Mpy, = Mg = My, Mp = M

bounce sol.

Il |

10

M~ (%

100

-

* Thin-wall approximation fails when V/v < 10.

Conventional estimation

2
MY

L4
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Improved Ansatz

[Shifman & Yung hep-th/0205025]

Primitive Ansatz

hx) = U (fﬁé/ﬁ)
A,(z)=0
Ay () = U (0,UT) (1 — fs(p))
o(x) = VU%SUT + Ag

30
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Improved Ansatz

[Shifman & Yung hep-th/0205025]

Primitive Ansatz

hx) = U (fﬁé/ﬁ)

A
o) = iU@UN (1~ fa(p)) ﬁ A Aw+ 4,

A
o(x) = VU%SUr + Ag

i
GG

Separation of y and W

30
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String Tension

50

45 +

40

improved

20

0 /8 /4 37/8 w/2

31



\

Kinetic Term

160

140 |-

120

100 -~ primitive
improved
80
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60
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0 /8 w/4 3 /8 /2
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primitive

monopole

100
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Higgs Mass Effect

Mhp, /mﬁ’
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F i -
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Higgs Mass Effect

Yellow region: Bounce solution is “better” than

My /My 1 thin-string approximation.
10 ’ !
: . fmpro'ved' b
/ Monopole ----- ]
.
= 1 __
0.1

10
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ummary and Prospect

Metastable string can appear from hierarchical symmetry breaking.
* GW from metastable string gives good fit to NANOGrav data.

Breaking rate of metastable string is estimated based on two Ansatze.
* Give robust lower limit of breaking rate even with V/v = O(1).

 Validity of conventional estimation?

The present procedure is not best way to fastest path to string breaking.

* Complete analysis without effective [3 description.

Application to other metastable strings.

35
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