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Introduction

Introduction

m The Higgs potential is still largely
unknown

m New scalars may provide an insight
into the EWPT in the early universe

m Baryogensis through a strongly first
order EWPT = SM + S

m GWs produced by bubble nucleation
and expansion

m Complementarity between GWs and
colliders
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Electroweak Phase Transition
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Electroweak Phase Transition

m Essential step in EWBG by providing
an out of equilibrium environment

m Electroweak symmetry restoration at \
high T . »
4 <p>=0 '

m Strongly first order phase transition
proceeds through bubble nucleation

Requires ‘(" > 1 '
m Requires -1 R NG
m Dynamics of nucleated bubbles in the

plasma will generate GW

V(T,H)
V(T,H)

2nd Order PT 1st Order PT %
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Hydrodynamics

Hydrodynamics
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Hydrodynamics

Hydrodynamics '

m EWBG = subsonic vy
m GWs = large vy

m v; instead of vy, enters EWBG
calculations: v = 0.05

m Detonation mode will not work

Velocity Profile
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Gravitational Waves

Gravitational Waves

Full Spectrum

thGW = thcol + hZQSW + hZQturb
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Model
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xSM: SM + S 3

Potential

Vo(H,S) = —p2HTH + M(HTH)? + 5 & ptHs + 2 HTH82 be 32 b3 by gy Da s“
m HT = (G, (Vew + h+iG%)/v/2)and S = vs + s

m 12 and b, replaced by model parameters using minimization condition (Vew, vs)
m Rotate (h, s) into physical basis (hy, ho) by mixing angle 6

m Free parameters of model = (vs, mp,, 0, b3, bs)

m Tadpole basis < S>=0: V — V' = V + b;S2

2arXiv:1701.08774
SarXiv:0705.2425,1407.5342, and 1701.04442
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Effective Potential 4

Vet = Vo + V7 in high-T expansion

Verr(h, s, T) = —*[u —Na(TIH? + — [bz + Ns(T)]s?
bs &

+s4

R >\h4+ a1hzs+ ah252+ 2

Thermal Masses
Phase Transition Patterns

2 2
M(T) = <2mw+m§+2mt2 i+ﬂ) 72 (@ (0,0) > (v #0,v5 #0)
Y 2 2 (b) (0,0) = (vi = 0, vg # 0) = (viy # 0, vg #0)
(T) = (%Jr%) 72 (©) (0,0) — (viy # 0, Vs = 0) = (viy #0,vs #0)

“High-T expansion - arXiv:1101.4665
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Constraints

Bounded low

A>0, by >0, a > —2y/Aby

Stability

1% o and 2%V - h
— =0, an , ¢ji=hs
;i e

06;0¢;
Higgs Signal Strength

Higgs signal strength: uy = cos? 0 = |sing| > 0.33

Perturbative Unitarity S Matrix

Eigenvalues of S greater than (1/2 x 16x)

Electroweak Precision Measurements

}(9»”7/12)

miyP = 80.385 + 0.015 GeV
S,T,and U

Results

6 Bounded
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Results

EWPT and GW
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m EWPT Type: (A) 99 %, (B) 1 %, (C) 0 %

m LISA: SNR < 10 (blue - 28 %), 10 < SNR < 50 (green - 50%),and SNR > 50 (red -
22 %)

m Larger a and smaller 3 = larger SNR
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Results

Parameter Space Giving Detectable GW

04 L LHC TV an Yy

10, i SNR>10 ILC:250GeV (2501 -
02 ,

sin @
o

by /vew

H 0.4
—10) : 200 400 600 800 1000
2 1 o 1 2 mhz (GeV)
@
vs/VeEw arXiv:1407.5342

m Bounded from below: 20 GeV < |vs| < 50 GeV
m Larger mp, preferred
m W-mass constraint: 6 < 0.2
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Results

Correlation with Double Higgs Production Searches

14TV BRG#; = hih,) 14TeV .~
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10 107 10 10t 1 10" 107 10#10% 102107 1 10" 107 -10 -05 00
a(pp — hihy)(fb) a(pp — hhy)(fb) A1 fvew

m [, =sin? 0l gy(h — Xom) + T(h2 — hyhy)
m o(pp — hihy) = o(pp — hz)BR(ha — hihy)
m Large mp, = small Br(hy — hyhy) = small o(pp — ho — hihy)
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Results

Correlation with Double Higgs Production Searches
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T - (green)
g o m mp, < 500 GeV can be probed by
[ both 3 ab~" (13 TeV) HL-LHC and
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Results

Diboson Resonance Searches

My,
o w2z . m SNR > 50 (red) and 50 > SNR > 10
P - reen
RN , (greer) |
PN ", m Most of h, decays in WW, ZZ, and
£ \\\ . hy hy channels
S e m HL-LHC will probe large fraction of
parameter space in ggF and VBF
channels
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Results

Higgs Cubic and Quartic Couplings
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I = 1 HC: 14TV 3ab tes and distributions
rom s
B R | CEPC:240Ge
2 E
3k (ol L= |
k | C V(1. 5ab
[ | | K
F | |
0Ky 2| | |
I !
[
1}
i' v { CLIC:binnec a In ¥l ing
f SNR>10]  — I« 4ub' 14 1TeV(2.5ab~"
0 | - ----- TLC;500GeVidab 1+ 1TeV(Bah ™'
aa 0.2 04 06 0.8 10

r5K3

arXiv:1711.03978

m SNR > 50 (red) and SNR > 10 (green)
m Precise measurements can be used to reconstruct the Higgs potential

mAL= —77(1 + drg)hd — 7—(1 + dra)
m Correlation given by dx4 ~ ndrs forn € (2,4) Q'
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Conclusion

Conclusion

Electroweak Phase Transitions lead to a GW spectrum

Singlet-extended SM Higgs sector offers a wide range of parameter space with
large SNR at LISA

Di-Higgs searches can probe lighter masses at HL-LHC

Weak diboson resonance searches can probe a large fraction of the parameter
space

Modification to Higg’s cubic and quartic couplings

Main features of the parameter space: 20 GeV < |vs| < 50 GeV, 6 < 0.2,
Okg4 = (2 — 4)dk3, and large mp, preferred for SNR
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Conclusion

Some References

m W-mass: arXiv:1203.0275
m Higgs signal strength: arXiv:1606.02266, and arXiv:1801.00794
® Sound waves: arXiv:1504.03291
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Conclusion

EWPT Definitions

Bubble Nucleation Rate

m Key parameters: T¢, Tp, o, 8, and vy

M~ A(T)e=%8/T

Euclidean Action of the critical bubble Bubble Nucleation

S5(8.T) = 4 [ Par {15 (dif'))z e T)} [ rviamat = I L (szp')4e—83/7 _ o)
dif') | =0 8= 00) = dou 5D < 140
ﬂ:Hnrnd(SdgT/T) o Be_ 1 {7V($b7T)+TBV($b,T)]
Tn PR PR aT =T,

Q
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Conclusion

W-mass Constraint

e e, e e mararey e A, mar e

e 7 7D e e W W W W
arXiv:1406.1043v2

m W mass calculated from experimentally measured values of Gg, mz, and «(0)

m Functions relating these parameters depends on the loop calculations to the
vector boson self-energies
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Conclusion

Feynman Diagrams for Double Higgs Production and Weak Boson Pairs

121
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Conclusion

Double Higgs Production Channels

CMS
m 359~ "at13 TeV
m di-Higgs decay channels: bby~y, bbrt+~, bbbb, and bbWW /ZZ
m arXiv:1811.09689 for recent combination

ATLAS

m 36.1 b~ "at13 TeV
m Di-Higgs decay channels: vybb, bbr+—, bbbb, WW* WW*, and bbWW*

m "Combination of searches for Higgs boson pairs in pp collisions at 13 TeV with the
ATLAS experiment." for recent combination

m Cross sections calculated at NNLO-NNLL for gluon fusion
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Conclusion

Diboson-Resonances

ATLAS combined results at 13 TeV with 36 fb~' data
VBF at NNLO
ggF at NNLO-NNLL

Decay channels: WZ — gqqq, Ivqq, Ivil, WW — qgqqq, Ivqq, Iviv,
ZZ — qqqq,vvqq, llqq, llvv, llll, and WH — qqbb, Ivbb, ZH — qqbb, vvbb, lIibb,
and v, Il

m arXiv:1808.02380
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Conclusion

Higgs Cubic and Quartic Deviations at Lepton Colliders

m (Higgsstrahlung): ete~ — hZ

m (WW-fusion): ete™ — vivh

m (WW-pair production): ete~ — WW

m Higgs decays into ZZ*, WW*, v~, Z~, g9, bb, c¢, v+~ , and ptp~
m Global Analysis: arXiv:1711.03978
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Conclusion

Perturbative Unitarity S-Matrix

Eleven 2 — 2 channels

Charge neutral channels (hihy, hoho, hyho, h1Z, 0 Z,Z2Z, W W)
Charge-1 channels (hy W+, h, W+, ZWT)

Charge-2 channels (WTW™)

Leading partial wave amplitudes of these scatterings are given collectively by a
symmetric matrix S= Sy P S1 P S
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