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Baryon asymmetry in the universe
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Baryon-to-photon ratio n x 10-10

more baryons than anti-

, I‘é baryons (BBN & CMB, etc)

"% ~ (0.7—0.9) x 1071 £ 0

If the BAU is generated before
T=0(1) MeV(BBN), the light element

3,4

abundances (D, He, He,7Li) can be
explained by the standard Big-Bang

cosmology.

Baryogenesis = generate right nb/s
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BNPC, v/T and EW sphaleron
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5000 | GWs and EWPT
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r Qew. (fi)nawl for f < f.,

GW sources estGRg
f ngwa
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Table 1. Cosmological GW sources 1 80700786
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V(h,T)

Higgs Potential Shape??? EFT or 7?77
First or second order
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Model classes for catalyzing a strongly first order
electroweak phase transition

. Thermally (BEC) Driven IIA. Tree-Level (Ren.) Driven

Effective Potential | V4 |
Effective Potential | Vi |
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Dim. six operator, SMEFT

HTH)3
A2

Higgs potential V(H) = —m?(H'H) + \(H'H)? 4 (

Finite temperature potential VT(h, T) — V( h) + % Chr B2

Thermal correction CpT = (4yt2+3gzm+ g’2+8)\)T2 /16

Electroweak minimum

2
being the global one A > v*/my,

Potential barrier requirement A< \/5’02/ mp



EWPT in the SM + Real Singlet: ‘xSM’ model

For the “xSM” model, the gauge invariant finite temperature effective potential is found to be:
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Phase transition strengtn
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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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Triple and quartic Higgs coupling deviation, GW
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Many Colliders in the Horizon

The Road Ahead

ILC pu-collider

HE-LHC
LHC HL-LHC FCC (ee, hh, eh)
CEPC
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Wikipedia Year

4 9/4/18 Marcela | Welcome to Fermilab

Markus Klute, 2016

Double Higgs Production
at Colliders Workshop
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Future ....

@® Nonperturbative evaluation of EWPT and GW

@® Sphaleron rate simulation and collider search for
B+L Violation process
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xSM: without extra EWSB  GM: with extra EWSB
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hadron collider
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he(GeV)

T=70(GeV)

hs(GeV)

40

SFOEWPT

one-step

T.=64.73(GeV)

hs(GeV)

SU(2)V EWSB



SFOEWPT

multi-step. general with two fields
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Bubble, Sphaleron and BAU

Instanton S3(In) _ 3, (53(TN))
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Bubble nucleation S3 (TN )/TN ~140-150
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Vlf — ‘/tree A‘/IE

AVip = AVigr=0 + Vie 140
n; m2(he m?(h,
AVig,r=0 > i {he) (108 ilhe) _ Cz') ,

2 2
imhizt 04T v
’n,t T4 n'T4
Vigrso = &5 Jp (mi(he)/T?) + 3 S5 Jo (mi(he)/T?)
i=h,x,W,Z

the high-temperature expansion of Jb and Jf leading terms,

Jb(x) — m2x/12 and Jf(x) — —m2x/24
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V(®,A)

with

01
8=
-1 0
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GM model

The most general scalar potential V(®, A) invariant under SU (2), x SU(2)gr x U(1)y is given

1 1 2
mite{D' @] + Smitr{ATA] + 4 (tr[qﬂ‘cp])

v¢2+8v 2=v? ~(246GeV)?

+ (tr[ATA])z—i—Mtr[(ATA)Z- @ DT

+astr [ 0T @

+ U tr @TG P

0 01
). &aE=10-101],.
1 00

where the phase convention for the scalar field components is: ¥
§'", ¢ =0¢"'" . ®and A are transformed under SU(2), x SU(2)g as P —» Uz.,,d’l/;_k and A -

Us 1 AU, , with Uy g = exp(i6f T¢) and T being the SU(2) generators.

tr[ATTAT?]

=x"" 1 =x"6

' vy = V2ve

(PTAP) gy + patr[ATTAT®)(PTAP) g 3)

where summations over a, b = 1,2, 3 are understood, ¢'s and 7's are the 2 x 2 (Pauli matrices) and
3 x 3 matnx representations of the SU(2) generators, respectively

010 0-i 0 100
1 . 1
T'—ﬁ 101 .fz—z i 0 -i|,a=]00 0 |, 4
010 0i 0 00 -1

The P matrix, which is the similarity transformation relating the generators in the triplet and the

adjoint representations, is given by
1i 0
1
P= 7 0 0v2]. (5)
1 i 0



The finite-T potential
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hy = \/ihg as required by the custodial symmetry



