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GW and collider search

Many Colliders in the Horizon

Double Higgs Production
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:

The Road Ahead
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Implication of 125 GeV Higgs
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V(h,T)

Higgs Potential Shape??? EFT or 7?77
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Model classes for catalyzing a strongly first order
electroweak phase transition
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V(h,T)

Higgs Potential Shape and the Bubble picture
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Particle GW from FOPT
physics model
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B violation and sphaleron

The Standard Model already contains a process that violates B-number. It E [A]
‘

known as the electroweak sphaleron (“sphaleros” is Greek for “ready to fal

Klinkhammer & Manton (1984); Kuzmin, Rubakov, & Shaposhnikov (1985); Harvey & Tu...c. yavuw,
but also identified earlier by Dashen, Hasslacher, & Neveu (1974) and Boguta (1983)
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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 +1 , P(t, x), Ui(t, X) and V.(t, X) are defined at time steps t +
AL, t+ 2At, . . .; conjugate momentum fields, I1(t+At/2, X), F (t+At/2, x) and E(t+ At/2, x), are defined at time
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CSNumber

CSNumber

CS number and the magnetic helicity
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MF versus Sphaleron
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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

Bubble dynamics

Interaction between the bubble wall and Plasma, and interaction among different bubbles

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
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BNPC, v/T and EW sphaleron
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The Standard Model already contains a process that violates B-number. It is
known as the electroweak sphaleron (“sphaleros” is Greek for “ready to fall”).

Q,

Klinkhammer & Manton (1984); Kuzmin, Rubakov, & Shaposhnikov (1985); Harvey & Turner (1990)
but also identified earlier by Dashen, Hasslacher, & Neveu (1974) and Boguta (1983)
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Sphaleron details

SM, one higgs

B 9 ) gﬁ:t,ﬂ(h k,T)

(%) s+ sa-nw
(

For the xSM model,
sphaleron field ansatz [1]:

we consider the following

A,’(ﬂ,f, 0! ¢) = —if(r)a.-U(p, 0; ¢)U—l(”" 0, ¢)1 (1)
0y =D o )l Gy

a0 oo )] @)

S(u,r,0,9) = vs(T)k(r), (3)

where A; are SU(2) gauge fields, and the matrix U is
defined as
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e'“(c, — 18,,C9) €'?s,8¢ (4)
—e 8,89 e (cu +1isuce) )’

where the s, = sinu(f) and c,g) = cosu(f). The
sphaleron energy is obtained for u = 7 /2 [2]. From the
sphaleron energy in the main body of this paper, the
equations of motion can be found:
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The sphaleron solutions can be obtained with the follow-
ing boundary conditions,

Jim f(£) =1, lim h(§) =1, lim k() = 1. (8)
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Vn/ Tn

SM+singlet

For the “xSM™ model, the gauge invariant finite tempcratune effective potential is found to be:
V(hs,T)= ——[u’ M(T)]1? — 5 [—bz 1,(7))s*
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Search for sphaleron with GW
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Gravitational
waves can be

searched for by
cross-correlating

outputs from two

or more
detectors, with
the resulting
signal-to- noise
ratio(SNR)

h?
SNR = \/7'/ df [ ’QQC“
W2y (f

where T is the
duration of the
data in years and
Gexp the power
spectral density
of the detector.
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r Qew. (fi)nawl for f < f.,

GW sources estGRg
f ngwa
QGW: (_) for f > f'a
\ f.
Table 1. Cosmological GW sources 1 80700786
source | Ngw nGwa f. |Hz| , Qow ,
. .. N ~10-8 fer B Ter ~ 10-8 Hpr Kelx 0.1102
Phase transition (bubble collision) 28 2 10 ( 3 ) ( Hp’r) (100 GeV) 10 ( 3 ) ( 1 +a) (0. 42/_;_ w2
. 1 B Ter Hpr\ [ Kusver\®
- ~ -b _ ~ 4
Phase transition (turbulence) 3 5/3 3x10 (vv) (H”) (100 ch) 3x10- ( 3 ) (l+a) 2 Uy
242 1 B TF[‘ HI’]‘ K-‘.O
- ~ -5 — ~ -6
Phase transition (sound waves) 3 4 2x 10 (vv) (HP‘I') (100 GeV) 3x10 ( 3 (l "{,f’) Ve
Preheating (A¢*) 3 cutoff ~ 107 ~10~1 (Té;\)
A\ M8 7, 2
Preheating (hybrid 2 cutoff ~ I_)\W41qro2s ~107% (—) (—)
reheating (hybrid) 5 1 9 My
- -
Cosmic strings (loops 1) 1,2] [-1,-0.1] ~3x10°8 (lOG“:‘) ~ 1077 (l(?‘””) ((;;f‘l’) (foe apoap > I'Gp)
L Gu \™* G, -1/2
Cosmic strings (loops 2) | [-1,-0.1] 0 ~3x 107 (m—_“") 10-9% (10 _"l,) (‘;:;“‘,‘) (for ypap > ['Gp)
Cosmic strings (infinite strings) | [0, 0.2] (0,0.2) . ~ 10-1113) (,f;T) .
. . - -9 ann ~ 1017 a 3 ann
Domain walls | 3 ! " (10-2Gev) 10" ($7ev3) (M"’?eV)
Self-ordering scalar fields | 0 0 — ~ 20 (e
N My .
. . Tw 511 v
Self-ordering scalar + reheating 0 2 0.4 (l o CeV) FQ"" (E)
T, B
. ~ 10-6 . ~ 10-16
Magnetic fields 3 ag +1 10 (107 GeV 10 (10-‘°G)
. . B Tx 27 _T_
Inflation+reheating 0 2 0.3 107 GeV 2x10 (0, l)
. o Tr v _T
Inflation+kination 0 1 03\ J07 Gev 2x10 (W )
Particle prod. during inf. —~2¢ ~de(dm€ - 6)(e — ) ~2x 107" L)
: 0.01
. . TM " M, inf ¥ 10~ 12 Tnh A ‘whl' b
2nd-order (inflation) 1 drop-off 7 x 10° ( 1 GeV) ( 1016 GeV) (109 GeV) (lO" GeV)
-2 MPRH 1A -9 A2 !
2nd-order (PBHs) 2 drop-off ~4x10 (10"’ g) ~Tx10 (W") ‘
H
s . o ~ -6 ~
Pre-Big-Bang 3 3—2p 14x10 (O.ISMB.)




Thermal effective
scalar potential for PT study

Vr(o,T) = Vo) + 1 |

Z JB @ + Z Jr & all fermions F and bosons B
5 T = T that are relativistic at

- temperature T

0.00 f---- 000 cemaeann ..
m/T>1..‘.~ ff 3 '-..
‘ 3 - ": ) . oo
-O'O‘JB ("f):~( " )21:_"'/T (l -1»0(1)) 00?:
T 2xT m s

-~

- R
———————— ——
4

: m/T < 1
i -0.04 : - :7 -0.04 .:
I ' =& [
S— -006: m/T<< 1 . -0.06 | m 72 1 fm\?
n ' ~ ’ J”(T) T TRe0 " ( )
~ I 1 . L 890 48 T
- 3 4 .
3 m x? 1 /m\? 1 m\?\? . i - ! (m) [l (lm 'm) . J]
-0.08 |- J"(’l‘) h ‘w‘z.s(r) T 12x ((1)) 008.' 2axp2 \T/ ["\xT" 1

| saep (7) [2(7) - oro wo((2)):
-0.10 . . |
' .o((';) ) . | ]

i, 7] - : LA NP - O "% — 1 10 100 1000
- 0.01 0.10 1 10 100 | ' '
m/T m/T
T2
~h- ion Vo) = Vo(d)+ 55 [ D ME(¢)+3) Mi(¢)+2)  ME(9)
10 exXpansion 24 3 T, P
T <1 T 2 2
T < 127 (; (M§(¢)) + ; (Ml%(ﬁb)) ) MS, MV , MF are the masses of the scalar fields

S, vector fields V and fermonic fields F
+higher order terms.



Bubble, Sphaleron and BAU

Instanton S3(T) _ 3, (Sa(TN)>
— —1In
. Tn 2 Tx
L A(T)e_s3/T. - B B I'n
Vv = 152.59 — 2Ing,(TN) — 41n 100 GV
Bubble nucleation S3 (TN )/TN ~140-150

Washout avoid Lsph = Aspn (T) exp[—Espn(T) /T < H(T)

v(T) v(T) Espn,0 -
E (T~ FE 0.973 — 1.1 Sph, 1708.03061
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GW parameters and FOPT

1,d
Bounce solution 53(T) = / dmr*dr [5(%)2+ V(% T)J
. de
lim o =0, G h=0=0
Bubble nucleation: '~ A(T)e53/T ~ 1
1 dV; A%
Latent heat: Q= py [—(VEW 7 +T( dl’;w B d_qf)]

phase transition inverse duration: Hﬁ = T 7=,
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3.1. Models of time-correlated processes

The principal results of this paper are referred to a
fiducial power-law spectrum of characteristic GW strain

f x
he(f) = Acws (—) ;
fyr
with a = —2/3 for a population of inspiraling SMBHBs
in circular orbits whose evolution is dominated by GW
emission (Phinney 2001). We performed our analysis in

terms of the timing-residual cross-power spectral density

Acws® ( f )-7
fyr

(1)

Sa(f) =Tab =5 3 fii. (2)
where v = 3 — 2a (so the fiducial SMBHB a = —2/3
corresponds to v = 13/3), and where I'y; is the over-
lap reduction function (ORF), which describes average
correlations between pulsars a and b in the array as a
function of the angle between them. For an isotropic
GWB, the ORF is given by Hellings & Downs (1983)
and we refer to it casually as “quadrupolar” or “*HD”
correlations.
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Test of SFOEWPT
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Why SFOEWPT

" % (0.7-0.9) x 1070 #0

H(z) Ceph ~
Asph(Tn) exp(-Esph/Tn) <<l /Q sph m_’B
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