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Experimental outlook
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phase transition

SM with M,=125 GeV SM with [H| ®/(750 GeV)? operator
150000 7 I 3x10°% T T 7 T
[ = T=158.582>Ty| / 1] = = T=129.01>T, /’
T=157.793=T;| / !l T=125.253=T, //
e T=157.477<Ts| 4 T T=124.626<T,
100000f |_——_ T-157.004<T,] / [ 2x108 - Totzder, 7
/ {0 7
// ! i 7’
1 /
50000 A A

= e T = qx108 e .

(A , / ) [ 1

[C} - 'I ! i o 1
> 0 e ’ ;- > !

SIS~ K4 i -
N S Saen ’Il 1

S I 1 ]
-50000 N / - !

s\‘ l' 4 ., 'I

S ) -1x10° e

40 60 80 0 50 100 150 200
¢ [GeV]

-100000
0 20
¢ [GeV]

If My, < 85GeV in SM we would have a I order phase transition

Kajantie, Laine, Rummukainen, Shaposhnikov 97’



phase transition dynamics

Bubble: static field configuration passing the barrier (excited through

thermal fluctuations)

SM with |H|6/ 750 GeV)? operator
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@ EOM — bubble profile
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Gravitational waves from a PT

@ Strength of the transition
AV
PR

a L AV =V -V

T=Tx

@ Characteristic scale

HR. = (8m)3 <§> . H.N, ® = H. (/dt’ (Zii;)sF(t’)P@'))

@ Signals are produced by three main mechanisms:

2
e collisions of bubble walls: Qeol X (ncolﬁ) (H R*)z

Kamionkowski ‘93, Huber ‘08, Hindmarsh ‘18,

2
e sound waves: Qg X (H/swﬁ) (HR.,) (HTsw)
Hindmarsh ‘13 15 ‘17 . Ellis '18
3
e turbulence Qiurb X (/{swﬁ> (HR.) (1 — Hrsy)
Caprini ‘09 Ellis '19
@ Sound wave period lasts H 7. = min [1, HUI;*]

Ty

@ The frequency of the signal changes as f & 57-




@ Energy of the bubble

4 1
& = 4dmyoR? — —ﬂ-RB’p,

V=
3 V1-— R?

@ Vacuum pressure on the wall
Coleman ’73

p():AV



Energy of the bubble

4 1
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Vacuum pressure on the wall
Coleman ’73

p():AV

Leading order plasma contribution
Bodeker 09 Caprini 09
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Energy of the bubble

4 1
& = 4dmyoR? — —ﬂ-R‘Q’p,

V=
3 V1-— R?

Vacuum pressure on the wall
Coleman ’73

p():AV

Leading order plasma contribution
Bodeker 09 Caprini 09
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Next-To-Leading order plasma contribution
Bodeker 17
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@ ~ factor at which the bubble stops accelerating and the value it would
reach if we neglected APx1.0

AV — APo _ 2R,
APnN1o T 3Ry’

VYeq =

@ Finally the efficiency factors read

2
ot AP ot
B J {1 — 400 (1) } D> e
col — -
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1- T\L/O ) Ve S Yeq s
Qleff Qleff .
Rsw = , with e = a(l - f@col) .

"o 0.73 4 0.083/arorr + Qo



Particle physics examples

@ Two models with very different potential cosmological evolution
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Standard Model +|H|® operator

(pr + AV) =

V(p) =~

6
~ 22 4

1 —

0.100F E 1
0.001} i
1075f i
1
107+ i
1
10f i
Keol |

—11 L

10 ;
1

AV

Hp+ ooy
32,

U(1)p—y, extension of SM

o

1

2

2

:)

4 4
395_L¥ L + o2 T2,?
472 v2 B-L

0.1 0.2 0.5

T.=Tocp

16]6



Qewh?

Qewl?

Qewl?

my =10TeV, g1 =0.240

10 7 5
10 LISA MAGIS,
/ 4K /7
/ Y
10710
1072
1074
106
10° 10° 107 00l 01 1 10 100
fHz)
my =10TeV, gg 1 =0.264
10°5FT T T T y
\ / LIGO /7
LISA / MAG 1 7
-8 / VO NQ2
10 v N
s 4 1
1010 s
s ET 4}
10712 1
1" ]
107 1
1
107
10° 107 107 001 0.1 1 10 100
flHz)
my =10TeV, gg 1 =0.390
o pT T T T T
10°°FT 4 A
LISA /MAGIS,  \ A
10 0277 4
1070 -
1072
107
1016

10° 107

0% 001 0.1 1

Qowl?

Qewl?

Qewl?

LIGO /]
02/

05+

my =100TeV, gy

10°°FT "

108 LISA

10710
1072
1071

10°1%

/ MAGIS,
(ks

e
uco /A

0.01 0.1
fHz)

107 107

107

my =100TeV, gs 1 =0.34

10
1010
1012
1071

10716

10° 10 107 001 01 1

iz



Plasma related GW sources

e Sound wave period last a fraction of the Hubble time
HR*
Uy

o Root-mean-square four-velocity of the plasma
Us ~ § RswQl  vypal V3a
T“Vit+a 21+ a)/0.73 + 0.083v/a + a

Standard Model +|H|% operator U(1)p-r extension of SM
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@ Sound wave spectrum reduction and earlier onset of turbulence

HR, HR,
Qow X HTgy = U, Quurb X 1 — H7gyy =1 — U
f f
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Conclusions

@ Observable bubble collision GW signal requires significant
supercooling. We derived the efficiency factor quantifying this
requirement precisely.

@ Sound wave period generically last less than a Hubble time. This
leads to a much waker sound wave sourced GW signal and
potentially a significant increase in the signal sourced by
turbulence.

o Probing EW bariogenesis requires sensitivity around a mHz,
however, higher frequency simply corresponds to probing higher
mass scales. Also, more broad frequency coverage would allo
reliably probing all the contributions from different sources to the
signal.



@ The frequency of the signal changes as f o HTE*

a=1, HR,=10""
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Power-law integrated sensiti
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