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The Gravitational Wave Spectrum
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PTGW and collider search

Double Kiggs Production
Many Colliders in the Horizon at Colliders Wor<shop

The Road Ahead
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Higgs Potential Shape??? EFT or ???
First or second order
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Model classes for catalyzing a strongly first order electroweak phase

transition
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BSM for EWPT
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BSM for FOPT GW
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Higgs Potential Shape and the Bubble picture
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Thermal effective scalar potential for PT study

, Mp Mg all fermions F and bosons B that
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GW parameters and FOPT
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GW spectrum from FOPT

Bubble collisions
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Baryon Asymmetry of the Universe
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B violation and sphaleron

The Stancard Mocel already contains a process that viclates B-number. It is
known as the electroweak sphaleron ("sphaleros” is Greek for "ready to fall”).

\|/ \\J/ \ / _
N&A]
0 1 g
Klinkhammer & Mzanton (1984); Kuzmin, Rubakov, & Shaposhnikov (1985); Harvey B Turner (1930)
bur also identified carlier by Dashen, Hasslacher, & Neveu (19/4) and Boguta (1943)
10 T
03
9 J“ . NF _ 2Fau-/i;-a _*_gpr"?-
0.8 D= vh(€] (nr_:.v) ol ‘32772 £ w v e
) AB = Ne(ANcs  Ancs),
0.4 Wi = - 2;,{5)(%16(;9'((;::’0 2 ~ 2
. ’ R — & 3 '.ﬁ . - -_ 4
Neg = 162 / d™x 2¢” Tr | A A + I3g3A.A,Ak )
] S A A T Ge (7) = exp[i®(r)T- x/2] 2 r .
/et & 3 ik .
ncsg = -— d°x ¢’ O;8B; B,
. . “ 1672 / e
.S . -""‘-----.-.-.-'T\‘—--"-'..':... ....... - C— N
< - 0

15/30



Lattice EW field foundation

d(t,x) : Higgs field doublet defined on sites;

Ui (t, x) and Vi (t, x) : SU(2) and U(1) link fields, defined on the link between the

neighboring sites x and x +i , P®(t, x), Ui (t, x) and Vi (t, x) are defined at time steps t +
At t+2At, .. .;

Conjugate momentum fields: II(t+At/2, x), F (t+At/2, x) and E(t+ At/2, x), are defined
at time steps t + At/2, t + 3At/2.

1
Az
1
At

d(t+ At, ) =B(t, ) + ALt + At/2, z)

D;® = \Ui(t, z)Vi(t, ) (L, z +1i) — P(¢, z))

Dy® = — [Uo(t, z)Vp(t,2)®(t + At,z) — B(t, z)].

Vit + At, 7) :% o ATALE(t + At)2, 2)Vilt, 7)
U (t+ At z) =gAxALF(t + At/2, 2)U(t, x),

Temporal gauge leapfrog
Uo(t,x)=12, Vo (t, x) =1
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Bubble with sphaleron
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Field basis
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GW from Bubble collisions
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CSNumber

CSNumber
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CS number and the magnetic helicity

Without sphaleron, the CS number oscillates
around zero throughout the PT process.

B + L anomaly: ANB =3 ANCS~3;
Magnetic helicity and NCS: [H|~18ANCS~
6ANB.

Di, Wang, Bian*, Cai*, Liu*, 2107.08978
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MF versus Sphaleron
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MF versus Sphaleron
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MF helicity evolution
with PT proceeding
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Stochastic GW for PTA ???
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Stochastic GW for PTA ???

NANOGrav: cross-correlation only - No evidence

PPTA: auto-correlation + cross correlation - Better explanation than common red
noise

10 -
1 3 GWB (cross comelations only) ]
1 ] Common red process
10" =
5 i |
(=9 » |
107! = WMMW
- c 0.11
L
-2 _|
10 S T | T 1 ] 1 (.01
18 17 16 15 14 20 10 15 1T 16 15
logg A, 10810 4
NANOGrav, 2009.04496 PPTA, 2107.12112

No decisive conclusion is made by
NANOGrav or PPTA
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GW for NanoGrav ???

Table I: Bayes factors can be interpreted as follows: given
candidate models M; and M;, a Bayes factor of 20 corre-
sponds to a belief of 95% in the statement “M; is true”, this
corresponds to strong evidence in favor of M; [53].

Bi; Evidence in favor of M; against M;
1-3 Weak
3—20 Positive
20 — 150 Strong
> 150 Very strong

1 0.09 0.37 0.28 0.83 0.16 0.12 0.17
108 1 3.96 3.01 893 1.75 1.32 1.84
2.73 0.25 1 0.76 2.26 0.44 0.33 0.47
36 033 1.32 1 297 0.58 0.44 0.61
121 0.11 0.44 034 1 02 0.15 021
6.18 0.57 2.26 1.72 511 1 0.76 1.05
8.17 0.76 2.99 2.27 6.75 1.32 1 1.39
\5.86 0.54 2.15 1.63 4.85 0.95 0.72 1 |

A positive evidence in favor of the cosmic
strings explanation against SMBHBs, scalar
induced GWs, FOPT, and domain walls, and
a weak evidence in favor of cosmic strings
against cosmic strings+SMBHBs, cosmic
strings+scalar induced GWs, and cosmic
strings+domain walls.
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FIG. 5. GW energy spectrum for different models with best-fit
value of parameters (which are shown in Supplemental Material
[53]). The violin plots show the first five frequency bins of the
NANOGrav 12.5-yr data set. The top-left panel shows individual
GW source scenario, and the other three plots show the combined
explanations with SMBHB + cosmic strings, cosmic strings +
domain walls, and cosmic strings + scalar induced GWSs.

Bian, Cai, Liu, Zhou,Phys.Rev.D 103 (2021) 8, L0O81301
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PTGW for PPTA ?2?

TABLE I: Description of hypotheses tested in this work and the Bayes factors between them.

Hypothesis Pulsar| Common HD process Bayes Factors Parameter Estimation (median and 1-o interval)
e noise |red process| FOPT spectrum ' : T.MeV, a x 10°, B/ H, Acomreds Yeomred
HO:Pulsar Noise | yes no no
H1:Common Red| yes yes no 10 (against HO) —14.457)02 331718
H2:FOPT yes no yes (full HD) [ 10"* (against HO)|  7.4%}%7, 2713',.‘.,’”, 9.9+
H3:FOPTI yes yes yes (full HD) | 1.04 (against H1)| 9.62%2 3.8%77 8547007 [—14.517061 3.36% 1)
H4:FOPT?2 yes yes | yes (no-auto HD)J 0.96 (against H1) [ 10,9775, 3.27%% 1053%5:37° | —14.457005,3.27* 1]
_1 -
~
—~ -2 1
_*
S -3 95% CL.
g N N N Excl.
=t EBN a=0.2 EBN a=0.5 EBN a=1.0
51 =1 nc-auto HD 51 3 no-awts HD 51 =1 no-autc HD
@S2 full HD @S2 full HD @92 full HD
e T 5 5 > e T 5 5 > Tl s 5 o >
10G10(T+/GeV)

Xue, Bian*, Shu*, Yuan*, Zhu*, Bhat, Dai et al. "Constraining cosmological phase transitions with the Parkes Pulsar Timing
Array." arXiv preprint arXiv:2110.03096 (2021), PRL in press, Editor’s suggestion.

26/30




CS loops and GWs emission

Loop formation
CS: SSB of U(1) symmetry

\/ Closed-loop formation by

intercommuting strings.
| | Cosmic string loop
e T /\ formation. A loop forms
N e AT G | . (a) when two strings
S AR s interacts in 2 separate
i P g points or (b) when a
SRR v ’}.) 3 | £ USRS U . . .
R Z S R P S e TR ><> N >O string crosses itself.
,"\.'y»"~"\?g’f .‘.I ' . ! . .'.J—.. (b)
. ' ’_:_"p/\\:} AT *
i b i)
AT
- (L_'.‘-‘_\ : NN Tanmay Vachaspati, Alexander Vilenkin Phys.Rev.D 30 (1984) 2036
. '\’i' - "‘—:\‘\\‘
Allen&Shellard PRL 64,119 (1990) Cusps: a pointed and highly Lorentz-boosted region

which appear few times per oscillation period
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CS from first-order PT of abelian U(1)
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Summary and future

Observation of the cosmic Magnetic field seeded by phase transition,
with GW production may hint the B+L violation

Interaction between bubble wall and Plasma, and interaction among
different bubbles are important

1) Magnetic field feedback to the phase transition
2) Baryogenesis and/or at fast-wall request by the GW

Higgs Potential shape

1) The future collider prospect, with dihiggs, Zh and/or Zhh production

2) Thin wall or thick wall tell by gravitational wave, wall profile and GW
spectrum

Topological defects at the early Universe and gravitational waves relics

cosmic string, domain wall, ...
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