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The discovery of the Higgs boson uncovers the origin
of mass of the observed elementary particles. More
generally, it confirms the wvalidity of foundational
pillars of modern physics, quantum mechanics and

relativity, at unprecedented small distances
(~10-7cm!)
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Higgs after Run 1: Spin and Parity

Exclusion limits on Spin-2 parity-even Higgs Impostor with minimal

couplings:
ATLAS - @99.9% CL from WW, ZZ, v v decays
CMS - @99.9% CL from WW, ZZ
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Spin-2 Higgs Impostor with non-minimal couplings are also excluded from
theoretical considerations [A.K., J. Yue, Phys.Lett. B727 (2013) 456



Higgs after Run 1: Couplings

mp = 125.36 + 0.37(stat.) = 0.18(syst.) GeV  my, = 125037055 (stat.) T 12 (syst.) GeV
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Many important properties of the Higgs boson still
need to be verified. In particular, precision
measurements of the Higgs couplings are important
to determine the nature of the electroweak symmetry
and of the electroweak phase transition in the early
universe.



Parameterizing new physics

= High-dimensional operators consistent with

SU(3) x SU(2) x U(1) gauge invariance

C6 o)
O¢ = — (H'H)?> = Zh°
6 = p2HH)" = 3
Cir — _
O, = /t\—t;(HTH)QLHtR = y,dth

= Non-linear realisation —

SU3) x SU2) xU(1)]/[SU(3) x U(1)gm]



Non-linear realisation

= Parameterize coset with 0
X(z) = e2™ (@)
() )

= Higgs is residing in a singlet field

p(x) = h(x)+v

= Connection with the SM Higgs doublet



Non-linear realisation

= Many new couplings — constraints from electroweak
precision data, flavour data, violation of perturbative
unitarity...

= Simplified model — less constrained, relevant for the
electroweaak baryogenesis —

Ly-T=— m; + Ytﬂ/\/i} QL)EtR +h.c., Y, = yteig
2
v A
v =
2,0 +3,0 +4p



Non-linear realisation
= Perturbative unitarity — F 2 10 TeV

= No 1-loop corrections to S, T, U parameters

= Fermion EDM

- 4 m; YU m?
de/ds = — s —t In | —%
r/ds = geing (’rm) (x/imt) n(’m%)
N : Yt mj

] Qlamy - - —27
df = T=at d. ~ 2.5-10 e-cm
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Anomalous Higgs-Top interactions
[A.K., L. Wu, J. Yue, JHEP 1410 (2014) 100 [arXiv:1406.1961]]

Ch; ny£(0+ 5C,) th
Higgs—Top \/i S 7 Lp

Cs =y Cosf/ny
C, = yrsin&/ys™
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Anomalous Higgs-Top interactions
[A.K., L. Wu, J. Yue, JHEP 1410 (2014) 100 [arXiv:1406.1961]]
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FIG. 1: The Higgs data constraints on the anomalous couplings Cs and Cp at the LHC and the
expected sensitivity of these couplings at 240 GeV TLEP. The solid and dashed lines correspond
to 68% and 95% C.L. respectively. The shadowed region represents the expected measurement

uncertainty at HL-LHC.
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Anomalous Higgs-Top interactions
[A.K., L. Wu, J. Yue, JHEP 1410 (2014) 100 [arXiv:1406.1961]]

pp — thj — bl vbbj

o [fb]

Cuts thj
E=0 =74 £E=7/2

AR,‘j > 04, 1,] = b,] or /
pl’}‘ > 25 GeV, |7]b| < 2.5

(C1) 0.3169 0.6700 2.1860 | 467.09 661.00
P >25GeV,  |n| <25
P >25GeV, |n;| <4.7
(C2) M, < 200 0.3152 0.6582 2.1446 | 464.99 653.72
(C3) In;| > 2.5 0.1492 0.3314 1.1002 | 50.13  80.87
(C4) |M, 5, — my| < 15 GeV 0.0443 0.1102 0.3762 | 10.72  15.72
S/ B: 041 112  3.97
S/, B 0.16% 0.43% 1.52%

TABLE I: Cutflow of the cross sections (fb) for the signals (¢ = 0,7/4 and w/2) and the backgrounds

at 14 TeV LHC. The conjugate process pp — thj has been included.



Anomalous Higgs-Top interactions
[A.K., L. Wu, J. Yue, JHEP 1410 (2014) 100 [arXiv:1406.1961]]
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FIG. 7: The angular distributions of the lepton from the top quark decay in the signal pp — t(—

(T vgb)h(— bb)j at parton level (left panel) and reconstruction level (right panel) after the cuts.
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Cosmological baryogenesis at the electroweak
scale

(nucleosynthesis, CMBR+LSS)
Sakharov’s conditions are met within the SM:
 CP violation — Kobayashi-Maskawa mechanism
 B-violation - nonperturbative sphaleron effects

* Non-equilibrium - electroweak phase transition

Phase transition

V(H) =m%|H|* + \H|*
Vr(H) = (mf; + oT*)|H]? + BT|H |+ Ar|H|*
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Cosmological baryogenesis at electroweak
scale

= SM fails to reproduce the desired asymmetry,

n2M ~ 10720 <<< np

for 2 reasons:
(i) Not enough CP-violation;
(i) The phase transition is not enough strongly 15t order

= Anomalous trilinear Higgs coupling may enhance the 1st
order phase transition

= Anomalous Higgs-top coupling may contain additional CP
violation

16



V (¢0)/T*

Electroweak Baryogenesis: Phase transition

= Finite temperature potential:
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Electroweak Baryogenesis: Phase transition

|| = 0.257
Yt = O.62ny Yt = O.69ny Yt = 0.76ny
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Electroweak Baryogenesis: CP-violation
M(z) = my (z)ewt(z)

my(z) = \/ (m; + %h@) cos 5)2 + (%h(z) sin§)2
yth(z) sin ¢

tan0;(z) = /
V2m/), + yih(z) cos &
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Electroweak Baryogenesis: Baryon number

Dyn'g(2) —vunp(z) = 3Tyus(2)np(z) =0

30, [
np(z >0) ~ — dzo nr(z0)
vw — 00
[m}% £ =0.257
& —
| yr = 0.62y2M |y = 0.69y°M | 4y = 0.76y> M
—0.5 9.28 x 10—10 3.41 x 10~9 2.41 x 108
—2.0 2.02 x 10—° 1.92 x 10~° 1.38 x 10—°
0.5 8.31 x 10—10 3.98 x 10~? 3.35 x 108
ng/s
2.0 6.18 x 106 1.00 x 10—° 1.01 x 10—
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Electroweak Baryogenesis: Baryon number

> £ =0.57

o |t

yr = 0.46y°M | o = 0.52y°M | 4y = 0.57y°M

—1.5 1.14 x 106 1.72 x 106 1.59 x 10—

np/s —2.0 8.02 x 10—® 3.48 x 108 1.24 x 108
—2.5 2.10 x 10— 12 5.71 x 10—10 1.21 x 10—8
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Conclusions

* The discovery of the Higgs boson is a groundbreaking
breakthrough in particles physics. However, the
nature of the electroweak symmetry breaking is

* Important goal - precise measurement of Higgs
couplings, especially Higgs-top and trilinear Higgs
couplings, which may reveal connection with the
fundamental origin of matter-antimatter asymmetry in
the universe

= Successful electroweak baryogenesis is still a viable
option within the effective SM with nonlinearly realised
electroweak symmetry
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