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Higgs is the focus of particle physics

European strategy for particle physics:

— The Higgs (discovered at the LHC) is a unique particle
that raises profound questions about the fundamental
laws of nature.

— Higgs properties study in itself a powerful experimental
tool to look for answers.

> Electron-positron collider as Higgs factory

— Higgs boson pair production is key to understanding the
fabric of the universe.



Why is Higgs important?

— It gives mass to all the elementary particles.
— True. But more importantly:

— It is at the center of intriguing mysteries/puzzles

— Holds the key to new discoveries!
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— Qverview.

- A lot of work in the area.

> Highlight several intferesting directions.

More details, the rest of the workshop



Why is Higgs puzzling?

particle spin

quark: u, d,... 1/2

lepton: e... 1/2
photon 1
W,L 1
gluon 1
Higgs 0

h: a new kind of
elementary particle

The “simplest” particle? Far from it!



"Simple” = puzzling

Similar to, and motivated by
Landau-Ginzburg theory
of superconductivity.
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"Simple” = puzzling

Similar to, and motivated by
Landau-Ginzburg theory
of superconductivity.

Parameters not predicted by theory.
Can not be the complete picture.
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Unique feature: Self coupling

Not seen before in nature!




We know very little about the Higgs.

What model says.

h

What we know now



We know very little about the Higgs.
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— LHC may not be able to tell us too much beyond this.



Simplicity — > greater unknown.

2 1

_ 9 4 6
V(h) = 5 he + \h™ - A2h + ...

?

— Which one is the right picture?



How do we find out?

Y
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“wiggles” in Higgs potential

Big difference in triple Higgs coupling

And more, later in this talk



What are the physics consequences?

Nature of electroweak phase transition

Continuous Crossover

Increasing time

First Order Phase Transition

increasing time

which one?



Very different answers possible.

SM + new physics allows

o
A 1o
::::::::::::::: ]l
P o 1o
R 1S
T 1€
10
Te]
{AN
7 1o
\\\\\\\“\ |m
.
4 4
L i ]
./OA./W\\ A 19
@Q\\\ e /' m 10
/OA\\ . - I =
000\ e \ ll ]
g 4
éo\&nv\z\/ ~ ol Is
34 = S {3
«um‘\w.\\ Wuu\ / n! . 1~
e O/ Y, ]
\\ -nM 1 ﬁf L o
’ 1 \ 4
e IWJ < —ll 10
7/ p_ Qn ]
/ S i g 1
’
/ Q! QU | E
1 c ! 1 i
! 1 ! 1 _I 0
Y] o © © < ~—A o
— — o o o o o
,(A\®D 001) ut AB1ou3 [enusiod
o
::::: 16
::::::::::::::: 1)
TTTeeSITiIII 1o
I R 1
IIIIIHI/I,7 kG
Y 4
W 10
- O
{1
2/ E 0
~7 ]
B
10
110
{~—
1©
- 1S
~— {—
n ]
U/ .
£y \ ]
hV\N\ WJ_ 1o
nm__ D.—— 10
S M. \ i
I 1 1
% I [ = 4
\J ........... ] ! I I I 1 O
; < @ © < A Q
— — o o o o o

Standard Model prediction

,(A\®@9 001) ur AB1auz [enusiod

Higgs Field in GeV

Higgs Field in GeV

Increasing time

First Order Phase Transition

Continuous Crossover

Increasing time

Wide open, likely place for new physics
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When did it happen?
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When did it happen?
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When did it happen?
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A major step into the unknown.
A big opportunity.



The corner stone of modern cosmology

T=102MeV-MeV T=eV
proton, ... nuclei atoms, CMB..

time



The corner stone of modern cosmology

ﬁ |102MeV-MeV T = eV x

proton, ... nuclei atoms, CMB..

time

Well understood, comso/astrophysical observation
+ laboratory measurements.

Lead to the establishment of modern cosmology



EW phase transition, a new milestone

Gz IOZGeVN T~=I102MeV-MeV T=eV
EWSB proton, ... nuclei atoms, CMB..

) | time

-
An important early universe event.
— Cosmological observations Another big s’rep
+ in cosmology!

Lab measurement of Higgs properties



Cosmological observations

15t Order EWPT has profound implications for cosmology

Primordial
Black Holes

See also Tao Lius talk for CMB signal
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Cosmological observations
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Black Holes
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Probes from gravitational waves.

F. P. Huang and X. M. Zhang
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See Fa Peng Huangs talk.



Cosmological observations

15t Order EWPT has profound implications for cosmology

Primordial
Black Holes

24



Why is matter > anti-matter?

(Higgs) = 0
wall biases matter creation

(CP-violating scattering)

Matter «Antimatter CE
(Standard Model

electroweak sphaleron)

shut off if v(T)/T >1

Ist order EW phase transition is
a natural stage for generating the baryonic asymmetry

Michael Ramsey-Musolf, Ke-pan Xies talk



Higgs physics as a window

See also Jiang-Hao Yus talk



Nature of the Higgs field
| 9
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What we know from LHC
LHC upgrades won’t go much further

“wiggles” in Higgs potential

Big difference in triple Higgs coupling




Ist order phase transition
= large modification of trilinear coupling
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Ist order phase transition — larger triple Higgs coupling



Triple Higgs coupling at 100 TeV collider

At FCC-hh or SppC

Precision on the self-coupling

assuming QCD can be measured from sidebands
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Talk by Michele Selvaggi at 2nd FCC physics workshop



But, there should be more

2 1

_ 9 4 6
V(h) = 5 he + \h™ - A2h + ...

— Ist order EW phase transition means there is
new physics close to the weak scale.

— Can be difficult to discover at the LHC.
> Maybe only couple weakly to the Higgs.

— Will leave more signature in Higgs coupling.
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For example
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Higgs coupling at the CEPC

Precision of Higgs coupling measurement (7-parameter Fit)

1
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— A large step beyond the HL-LHC.

» Can achieve per-mil level measurement.

> Determination of the Higgs width.



Probing EWSB at higgs factories

Real Scalar Singlet Model
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Good coverage in model space



Interesting limit of singlet model

. J. Kozaczuk, M. Ramsey-Musolf, J. Shelton
small mixing limit
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Interesting limit of singlet model

. J. Kozaczuk, M. Ramsey-Musolf, J. Shelton
small mixing limit

1 . 1
20772 44 - 2 - 252 hhh
VolH, 8) = - 4 |H 1+A|H| 1+2a1 |}f“\5+2a2’m S h — ss — bbbb
+biS + 51;252 + §ng?’ + Zb454

Z, limit
Vo(H, S) = — 1 [H[* + M H|* + Zax [H S + o | HI? 52 h — ss — invisible

1 2 3 1 4
-%'{21925 -F\;535\+ 4b4S |

95% C.L. upper limit on selected Higgs Exotic Decay BR

m HL-LHC
m CEPC

m ILC(H20)
m FCC-ee ||

-
o
o

BR(h-Exotics)
3

-
o
A

!
00 00 o R 0 e

ME, (bb)*ME, 0D+MEr ( DM, bb*ME, Mg, Mg, (bb)(bb) C)ieey WG ®b)ry (T(zy iy (”’)(Vy)

both can be probed well at CEPC
35

—
<
[&)]



as

Interesting limit of singlet model

1 1 1 ) 1
Vo(H,S) =— pu® |H)> + M|H|* + 51 |H|? S + 52 |H|? 52 Vo(H,S) = — 2 |H|? + M| H|* + S |EH|* S + 502 |H|? 52
2 b s biS 4+ =b2S? + —b3S3 + by S
+ b1S + QbQS + 3[)35 + 4b45 + 019+ 9 20" + 303 + 1 4
Small — mixing limit, v, < 500 GeV " Z limit
1072 - E

1073 1

104 -

Complementarity w/Lisa?

T
10 20 30 40 50 60

1b 2b 3b 4b 5b 60
Tnl[(}e\q ﬂll[(}e\f

J. Kozaczuk, M. Ramsey-Musolf, J. Shelton
36



hZZ coupling: 6Z,

More elaborated model
= more signal in Higgs physics
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Within composite Higgs models
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Should be able to probe at both the Higgs factories
and hadron colliders.

Ligong Bian and Ke-pan Xies talks
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Conclusions

— Electroweak phase transition is a key aspect of
the electroweak symmetry breaking.

— Will be our next goal post for understanding early
universe.

> Can set the stage for baryogenesis

> Rich signals: gravitational wave, PBH, etc.

— Study the Higgs boson will give an indispensable
window into EW phase transition.

— Huge potential for the synergy of future colliders
and cosmological observations!



