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Introduction

Higgs mechanism + Hot Big Bang = Cosmological phase transitions

Key to address SM open gquestions: e.g. S up
matter/antimatter asymmetry, dark matter... Lwp
Aftermath of phase transitions directly

observable in gravitational waves fuwp
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QCD and EWPT are not first order in the SM:
need for new particles or new symmetries
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Fig. from Schmitz [2002.04615] JHEP
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N UCIGatiOn theory Coleman 1977 (PRD)

Callan, Coleman 1977 (PRD)
Linde 1983 (NPB)

* Assume thermal fluctuations in V(o)
homogeneous spacetime:

Px,7t) =(r), r=|x| T'>T,

* Tunneling rate per unit volume
given by O(3) action 5;/T
False
vacuum

Jv ™ T4 €XP(—Sg/T) rmelng ]

trajectory




Nucleation theory

e Assume thermal fluctuations in
homogeneous spacetime:

P(x,7) = P(r), r=|Xx|

* Tunneling rate per unit volume
given by O(3) action $5/T

vy ~ T* exp(=S;/T)
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Coleman 1977 (PRD)
Callan, Coleman 1977 (PRD)
Linde 1983 (NPB)

H=0
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What about impurities?

A frozen grape can also act
as a crystallization nucleus

A supercool experiment

82K views 3 yrago ...more

« o - -’ MEL Chemistry 13.1K

5 11K CJ ~> Share ' Download Save

Figure: Bubble chamber
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The nature of impurities

* Compact objects and gravitational effects * Primordial density fluctuations

false vacuum true vacuum py

catalyzing object

Fig. from Oshita, Yamada, Fig. from Jinno, Konstandin, Rubira,
Yamaguchi [1808.01382], PLB van de Vis, [2108.11947], JCAP
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The nature of impurities

* Topological defects

Strings
Domain walls

10 —10

Fig. From Agrawal, SB, Mariotti, Nee
[2312.06749] Fig. From SB, Mariotti, [2405.08060]



Topological classification

Defect Dimension Homotopy Mass
Domain walls 2 () oL’
Strings 1 (M) ul
Z, — nothing
i +US
V(S) Y
X
VAN B

+vg

DWex—y
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U(1) - nothing

<P> =nvele

/ Fig. from Ringeval 2010



EWPT with a singlet

» SM + scalar singlet with Z, : § — —§

S I Two-step transition
| L
(2)

TDW
(1)
—_—

h

See e.g. Espinosa, Gripaios,
Konstandin, Riva [1110.2876]
JCAP

Simone Blasi - Crossroads TH and PH



EWPT with a singlet

» SM + scalar singlet with Z, : § — —§

S I Two-step transition
| L
(2)

TDW
(1)
—_

h

‘ See e.g. Espinosa, Gripaios,
Konstandin, Riva [1110.2876]
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EWPT with a singlet
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» SM + scalar singlet with Z, : § — — § * Competition between homogenous
and seeded nucleation for 2nd step:

S Two-step transition

O(3) Hom. bubble

0(2) Seeded bubble

v
o

See e.g. Espinosa, Gripaios,
Konstandin, Riva [1110.2876]
JCAP

Domain wall

SB, Mariotti [2203.16450], PRL
Agrawal, SB, Mariotti, Nee [2312.06749]
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EWPT with a singlet

 Homogenous vs seeded nucleation rate:

k=13, n=1.6, mg =250 GeV ,
L (hieh T anbrox. Thin wall
5ol (eh Tapprox) hom. nucl. ‘ﬂ
e i seeded nucl.
2 100|
S | 3d EFT
- ' -%O 4
£ - :8 — 1/myyg
50: g I/m%K
no KK
0 L M . . .
0.7 0.8 1.
T/ TC Agrawal, SB, Mariotti, Nee [2312.06749]
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EWPT with a singlet

* Real time bubble nucleation:
/,/’,///f/ 1000

LAY /ot /
PATHL,

< o 'l'

”Q\.

Crosscheck theoretical prediction
for the nucleation rate/lifetime of FV

SB, Ekstedt, in prep.
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GWs from seeded bubbles

 Domain wall network mimicked e Spectrum shifted to IR with
by Ising model enhanced amplitude

Homogeneous

|Seeded: f — 1/éH,. |
| + |
i possible differences in |
. spectral shape? |

10~ 10° 101

Fig. from SB, Jinno, Konstandin, Rubira,
Stomberg [2302.06952] JCAP
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What about other defects?

SB, Mariotti [2405.08060]
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QCD axion strings

T a(f) : 0 - 21
fa » Strings form at PQ phase transition
» Strings connected by axion
QCD domain walls
o String—wall network collapses S~ m-}
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QCD axion strings

T a(@) : 0 - 2x
fa » Strings form at PQ phase transition
0707
» Strings connected by axion
QCD domain walls
o String—wall network collapses S~ m-}
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QCD axion strings

* Potential for PQ field * Global string solution

o :pei“ a(0) : 0 = 2x

Vpo(®)
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QCD axion strings

* Consider the minimal KSVZ axion model with a Higgs portal:
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QCD axion strings

* Consider the minimal KSVZ axion model with a Higgs portal:
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QCD axion strings

* Consider the minimal KSVZ axion model with a Higgs portal:

How do strings affect electroweak
symmetry breaking? '
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String solutions

* Relevant points in field space:

0 ~ I'</],
B = (O7fa)
A= (Uafa)
O
—— x>
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String solutions

* Relevant points in field space:

0 I'</],
B — (07 fa)
................ A — (Up fa)
EWPT “*»@
-
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String solutions

* Relevant points in field space:
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String solutions

» Typical string profiles:

4 llllllllllllllllllllllllllllllllllllllllllllllllllllll 500 [mp =2.5TeV, k/n= 0.15 /— Full thoory\
| 400 _ \T/Tc =0.95, 0=-1.6 ) - - - Higgs EFT
- . - N J
" 3| String A, B, C % |
o | :
= 2 - 9, % String A
/: rmp =25 TeV\ 3 200
\Q/ \fa = 4TeV ] <
1] 100}
o 0f—
0 2 4 6 8 10 12 0 2 4 6 8 10 12
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EFT with heavy defects

* |Large hierarchy between the mass of the Higgs and the PQ radial mode
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EFT with heavy defects

* |Large hierarchy between the mass of the Higgs and the PQ radial mode

* Physics captured by electroweak scale EFT, SM + axion or ALP:

1K

Serr|h] = / d*x {%(c‘%h)Q — Vew(h) — 5 . (0,0)?h? + W%C(€)5(2) (r — e)hz}
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EFT with heavy defects

* |Large hierarchy between the mass of the Higgs and the PQ radial mode

* Physics captured by electroweak scale EFT, SM + axion or ALP:

1K

Serr|h] = / d*x {%(c‘%h)Q — Vew(h) — 5 , (0,0)?h? + W%C(€)5(2) (r — e)hz}
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EFT with heavy defects

* |Large hierarchy between the mass of the Higgs and the PQ radial mode

* Physics captured by electroweak scale EFT, SM + axion or ALP:

1 1
SErT|h| = /d4:(: {5(8Mh)2 — Vew (h) 3 Z(@Ma)zhz + W%C(€)5(2) (r — e)hz}
 Explicit UV scale: * Axion-Higgs portal, in the string » O-potential imposes UV
background: matching condition:
e~ 1/m,
a=0= 0,a~1/r eh(€) = —C(€)~h(e)

Y
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Higgs mass along the string

* Solve eigenvalue equation for small perturbations + boundary condition :

d- d ]
5~y /) + V()| ) ~2H0)
y 2D mass
eh'(e) = —C(e);h(e) e ~1/m,
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Higgs mass along the string

* Solve eigenvalue equation for small perturbations + boundary condition :

1
w? = Vi (0:T) 2m%exp{ i 7E—|—2C(e)}

/ \

4D mass Am}%

e Axion strings classically develop a Higgs core if a)z(T,,) <0
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SM + PQ

| |
. Higgs potential in the SM: Vew (15 T) = = (4° = cnT°) h* + Z AR

Vew (h; T')
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SM + PQ

* Higgs potential in the SM: >
10 | b
Vi (0: T) ~ T2 — T2, 106\
— 107} 4
> 10
D
5

107 \

E— 7
- 10° ¢ -}
E Tew \

10°
SM-like thermal history
10° L, IR I R
1072 1072 1071

K/
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SM + PQ

Higgs gets a vev i1 ~ v in the
string and in the bulk at same T

* Higgs potential in the SM: \\
1011 I
Viw (0;T) ~ T% — Ty \
= 107}
)
TTB

~N
\ I
10°
10*
107 \
= \

o,
- 10° ¢
E TEw
10° |
SM-like thermal history
10° ¢, . I I
1073 1072 1071

K/
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SM + PQ

Higgs gets a vev i ~ v in the Higgs gets /1 > v in the
string and in the bulk at same I strings at T > Taw
* Higgs potential in the SM: ~
1011 \
/! , 2 2
VEw(0:T) ~T7 — TRy ol
— 10
%
 Thermal history (blue region): O, o

EQ TEW
10° |
B C — SM-like thermal history
10~? 1072 10~

K/
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SM + PQ

Size of the Higgs field

at the string core
SM + PQ /
8 L / | 10°
10°¢ m, = 2.0 - 10" GeV 1011 I \ ~
104 \\ 10°
10°} / —  10°} 10* ™
10° >
> O
= 5 e N
o 10%} , — 107! TF
= 10 Q L ~1
= = i \
10} 10° 10° |
SM-like thermal history
0 _ 100 —
10 i | N | IR | 103‘. | i | I
10~ 1072 107! 107 107 107"

K/ K/
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SM + PQ

o At1T > Iy strings are of type C
with a (potentially large) Higgs core




SM + PQ

o At1T > Iy strings are of type C
with a (potentially large) Higgs core

» At 1 < Igyy string C solution merges
smoothly with the bulk and becomes type A

500¢

Full theor

m, =25TeV, k/n=0.15 —_— y
T/T.=0.95 §=-1.6 - - = Higgs EFT !

String A
String C
String B
0 2 4 6 8 10 12

Simone Blasi - Crossroads TH and PH
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FOPT + PQ

e Consider first order EWPT with false vacuum B metastable at 7 = ()

Vew (h; T')
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FOPT + PQ

e Consider first order EWPT with false vacuum B metastable at 7 = ()

Vew (h; T')

Assume too slow hom. —

nucleation for simplicity B TTTeeeeaall h

1 0 mj, 1
Vew (h: T) = =2 (i — cnT?) h* + 5 —2h® + B!
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FOPT + PQ

« EWPT can still complete by catalyzed vacuum decay: strings as initial & final states

500!

4 N ]

m, =2.5TeV, k/np=0.15 —— Full theory |

T/T.=0.95 §=-16 - - - Higgs EFT !

— 400 L )]

String A

nN gy
--------

String C

String B
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FOPT + PQ

« EWPT can still complete by catalyzed vacuum decay: strings as initial & final states

Axion strings B & C
unstable at some finite T

m, =2.5TeV, k/n=0.15 — theory\ '.

T/T.=0.95 §=-1.6 - - - Higgs EFT _
E - oz ) |
; Rolling . O 300 Strink A 7
: c =g00f N T e ]
: ;= | |
. . 1007 '.
: \B =>\C =\ A: | |
: B TC : o —————
: L r : 0 2 4 6 8 10 12
: f my, T
: EWPT guaranteed ;

to complete




FOPT + PQ
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« EWPT can still complete by catalyzed vacuum decay: strings as initial & final states

Axion strings B & C
unstable at some finite T

Rolling

- \B -\C =\ A
E T8\ T¢ 5

EWPT guaranteed
to complete

String B

- —.,.':.— -
N R n e —

String C

m, =25TeV, k/n=0.15 —— Full theory
T/T. =095 &=-16 - - - Higgs EFT
- J ]
String A

4 N\ _'

10 12

Axion string (B or C)
metastable at 7 = 0

B(C) — \A
Tn
EWPT may complete

if fast enough rate
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FOPT + PQ

« EWPT can still complete by catalyzed vacuum decay: strings as initial & final states

T~
1011 [5:—16J \ 10° |
10°
— . 10°! 4 N
10
3
O, | Seeded TP\ 4o \
: 7 tunneling
10° |
10° ¢
1077 1072 107!



Rolling

See

also Yajnik, PRD (1986)
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. String C becomes unstable and evolves towards string Aat 7 = TC

h(r) |GeV]

100}

5001
400}
300F

200}

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

-

0 =—1.6

k/m =0.18

T/T. = 0.9

\_

N
m, = 2.5 TeV

_/

..-

String A —
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See also Yajnik, PRD (1986)

Rolling

. String C becomes unstable and evolves towards string Aat 7 = TC

e~ L e

L
'..
L 4
L 4
L 4
L 4
h >y

’0

*

h >

At

String C String A
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See also Yajnik, PRD (1986)

Rolling

. String C becomes unstable and evolves towards string Aat 7 = TC

e~ L e

IS
%
N
N
.
N
.
S
DS
%

h>vy

At

Expansion of macroscopic
cylindrical bubble wall

String C String A
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Seeded tunneling

String B

* Nucleation rate per unit time per unit string length:
Vs = T2 eXp(_Sstring/T)

e Nucleation condition:

s dT
- [ ST -
Sstri

?ng ~ 2log(Mp1/T;,) + logé& — 2.4 s@
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Seeded tunneling

String B

* How to evaluate the seeded action?
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Seeded tunneling

String B

* How to evaluate the seeded action?

- PDE solution obtained numerically

1 h
O7h + O=h —0ph+ (K/n) 5 = Viw (h)
Y

Ophlymc = = C(Olrme;  O:hlzz0 =0

Boundary
conditions

h‘\z\:oo = 0, h|r:oo =0
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Seeded tunneling

String B

* How to evaluate the seeded action?

- PDE solution obtained numerically

1 h
O7h + O=h —0ph + (K/n) 5 = Viw (h)
Y

Ophlymc = ~2 C(Olr=e;  O:hlzz0 =0

Boundary
conditions

h‘\z\:oo = 0, h|r:oo =0

= O(3) breaking
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Seeded tunneling

String B

* How to evaluate the seeded action?

- Linear: seeded bubble as small perturbation of homogeneous
(spherical) bubble;

Sstring — Shom T 5STW

0STw = —27R % log (Rmy,) h2(0) = 2R Apef
/ \

Radius hom. bubble

Release point
hom. bubble
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Seeded tunneling

String B

* How to evaluate the seeded action?

- EFT on the string for the lightest Higgs mode

<,
h(z") = ¢(r)ho(z,1)
o) Suaalhol = [ dzat {3@uho)? - 7 (ho) |
V(hg) = %uﬂh% ;!cShg | Lmﬁ



Seeded tunneling

(S/T)|r=r,

Simone Blasi - Crossroads TH and PH

2007 Too slow
Hom.
150/
_ ! Seeded A Nucleation
1007 |
- Linear . .
o ppms | O 2, IR
oV — 1+1 T./T, = 0.45
\_ % _ Y,
10~ 1072 101

K/
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Seeded tunneling

e Profile of the critical bubble: Y

E——

Critical bubble (Higgs) | 10
| h(x,y,z) ~25GeV

e = 312 GeV fi-

m, = 2.5 TeV
k/m = 0.06
0=—1.6
T,/T. = 0.45
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Phenomenology

- Percolation as interplay between seeded nucleation rate
and density of defects

- Axion—seeded EWPT effectively f/H ~ & ~ 10

- Different velocities parallel or orthogonal to the string?

- Gravitational wave emission before collision (hon-spherical
bubbles)?
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Summary

* The presence of impurities in the early Universe can strongly affect the way a phase
transition proceeds

« The xSM with Z, symmetry is arguably the simplest (complete) example for a seeded
EWPT

* Other defects can exist at the time of the EWPT: dedicated study of QCD axion strings
in KSVZ model with Higgs portal

* Pheno aspects of seeded phase transitions: percolation, slow transitions, expansion
of non—spherical bubbles, features in the GW signal®?
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Summary

* The presence of impurities in the early Universe can strongly affect the way a phase
transition proceeds

« The xSM with Z, symmetry is arguably the simplest (complete) example for a seeded
EWPT

* Other defects can exist at the time of the EWPT: dedicated study of QCD axion strings
in KSVZ model with Higgs portal

* Pheno aspects of seeded phase transitions: percolation, slow transitions, expansion
of non—spherical bubbles, features in the GW signal®?

Thank you!
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