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Francois Englert and Peter W. Higgs
"for the theoretical discovery of a mechanism that contributes to
our understanding of the origin of mass of subatomic particles,
and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider”

50 years theoretical work ...
25 years experimental work ...

We Made It !




LHC Rocks!

Standard Model Production Cross Section Measurements Status: July 2017
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Particle physics has enjoyed uninterrupted discoveries

for several decades: from quarks to the Higgs boson
60’s 70’s 90’s

2012 The SM is a triumph in science!

| The first theory:

Hoosteon | A relativistic & quantum-mechanical
 Perturbative & unitary

* Renormalizable & UV complete

* Potentially valid to the Planck scale!

Leptons

All known physics
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amplitude current quantum mechanics spacetime gravity strong & matter Higgs
understanding electroweak
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“... most of the grand underlying principles
have been firmly established ... The future
truths of physical science are to be looked for
in the sixth place of decimals. ”

--- Albert Michelson (1894)

Michelson—Morley experiments (1887):
“the moving-off point for the theoretical
aspects of the second scientific revolution”

Will History repeat itself (soon)?
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2.

4.

In these lectures:
The Quest for the SM & Beyond
A Strongly-coupled EW Sector
A Weakly-coupled Extension

Flavors of Matter Fields



Question 1:
Electroweak Superconductivity

109 s after the Big Bang, when the Universe - -Youare here
was as cold as 10%° K, the electro-weak \\ /,J_\\ "
phase transition took place. \\ o

Ever since, the Universe is in an EW super- \\\q_ );;;{"{’/ :

conducting phase.

F=a@ppP+ 5
et (ORI )
Sy

* an effective phenomenological theory near the phase
transition; an “order parameter” description.

 BCS as the underlying theory to understand the
dynamical mechanisms, to calculate a(T), B(T)!



oo| —

V() = PO+ ADD? mi=2u2=20" = p=~89GeV, A=

* A consistent relativistic guantum mechanical
scalar field theory, valid to high scales.

* The Higgs boson weakly coupled,
a very narrow resonant particle: [/m, = 10!

 Elementary up to a scale >1000 GeV!

* The Universe underwent a slow cross-over phase
transition at the EW scale ~ 100 GeV.
e The EW vacuum is a Type-2 superconductor.

penetration length  mpg
ot = A

coherence length My =

Q1: What is the underlying theory / mechanism?
BCS-like, responsible for the EWSB?
—> Explain / calculate m, 4, ...

8



Question 2:
SM as an Effective Field Theory

“The present educated view of the standard model, and of
general relativity, is again that these are the leading terms
in effective field theories.” S. Weinberg, hep-th/9702027

“We are all Wilsonians now.”
- J. Preskill, Quantum Frontier (2013)

In terms of a large physical scale A,
below which the theory is valid:

(relevant operators)

o = Z C@AnOn S CO«/\4 e CQAQOdim S CSAOdim 3

(marginal operators) (irrelevant operators)



The Higgs mass as a “relevant operator”:

cal\* ~m3 1 M ~ p® ~ (100 GeV)* ~ (10~ "° Mpianck)”

“... scalar particles are the only kind of free particles whose mass term does

not break either an internal or a gauge symmetry.” Ken Wilson, 1970
= Any underlying theory at a scale /A, guantum corrections ~ g?A?

. h
~ WB

h h
t h h h h
(a) (b) (c)
3 1 1
Bt at 2 22 272 272
BRH SR UHD = g T ol o Ton2es

If A2 > m%{, then unnaturally large cancellations must occur.

Requiring less 90% cancellation 2 A, <3 TeV,
Or the Higgs mass is fine-tuned.

Q2: Where is the new scale? A ~4mtv ™ O(TeV)?
“Hierarchy problem” between m, & M
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How much “tuned” is fine-tuned?
Atomic physics:
Rydberg const. E,~ a? m_ > O(25 eV), very natural!
Nuclear physics?

; @
s f 7N 7
-

gcnd(ij twfﬁj é@ wund
o LMV 60 1[Q\/CD/
2D ”/ "iden < | Said,

Solar eclipses: Sun
Earth Moon

r./d = 0.5583; r.//d. = 0.5450 at perigee
- 60/6~2.102 rather unnatural!
Can you tolerate 1032 ?!
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Higgs boson analogue in CM:
In a 2014 report, under special superconducting conditions, a
collective mode of Tera-Hertz (103 eV) vibration observed!

SCIENCE py -

Home News Journals Topics Careers

Science Science Advances  Science Immunology  Science Robotics  Science Signaling  Science Tr3

REPORT

Light-induced collective pseudospin

precession resonating with Higgs :
SHARE - mode in a superconductor Though not naturally existed,

0 Ryusuke Matsunaga"’, Naoto Tsujil, Hiroyuki Fujita!, Arata Sugiokal, cou Id b e p e pa e d ) an d t h Uus
Kazumasa Makise?, Yoshinori Uzawa>, Hirotaka Terai?, Zhen Wang®+, Hideo

© ok Fostiman fine tuned, to produced it,.

+ Author Affiliations

«*Corresponding author. E-mail: matsunaga@thz.phys.s.u-tokyo.ac.jp (R.M.);
@ shimano@phys.s.u-tokyo.ac.jp (R.S.)

+1+ Present address: Terahertz Technology Research Center, National Institute of Information
and Communications Technology, Tokyo 184-8795, Japan.

+'1 Present address: Shanghai Institute of Microsystem and Information Technology, Chinese
Academy of Sciences, Shanghai 200050, China.

Science 05 Sep 2014
Vol. 345, Issue 6201, pp. 1145-1149
DOI: 10.1126/science.1254697
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Some words about “naturalness”
There are many “unnaturally small” numbers around
beyond our expectation from “naive dimensional analysis”:
* Cosmological constant: p ,/M?, ~ 101
* Electroweak scale: v2/M?, ~ 1032
* QCD scale: A%,p /M2, ~ 10738
* Electron mass:y,~ m_./v~ 10>
* Neutrino mass: m,/v ~ 1013
» Strong CP problem: |6 <10°

Dirac naturalness:

In a theory with a cut-off scale A, all properly normalize
dimensionless parameters should be naturally of ~ O(1).

As such, all the parameters above are “unnatural”,
in the Dirac sense!
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't Hooft naturalness (technical naturalness):

The dimensionless parameters associated with an operator
can be much smaller than the fundamental scale, if the
absence of this operator enhances the symmetry.

The natural size is then ~ S x O(1),

where S is a parameter that violates the symmetry.

As such, all the parameters, except for p,, m,,
are “natural” in the 't Hooft sense!

In other words, large quantum corrections are protected:
omy, « mg In(«/my) (gauge symm)
oms « myr In(«/my) (chiral symm)

eg Me ~ MY% [1+3C1/4T[ 1n(/\/me)]
If m%% is turned off, the system possesses a chiral symmetry.

But not for ém?2,~ g?A?
- What protection mechanism at work?
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A “measure” of fine-tune

Barbieri-Giudice (1988) fine-tune measure:
If an observable O runs with a high-energy scale A, then the
sensitivity of the observable to the high scale is defined by

81n(9| S5 |80/O‘
QN 0 e
Which accounts for both scale ratio & slope ratio.

Originally, BG thought ~10 as “fine-tuned”,
corresponding to a 90%-cancellation.

e

2 2 3Yi 1o Ee e
My = Mg 8772A — = Apci b= 30 m2, (sensitive)
Q A A
mf:me(lJrElnm—f) = Apg(f) = i (no tune)

Yig?
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stion 3: The Nature of EWSB
a weakly coupled new force!

g e
V(®) = —-p’0'0+A3IP)? B e

-
~

A truly “self-interaction”: #.--~ -
No charge/color, no spin, vacuum-quantum number!

o

In the SM, A is a free parameter, now measured
at the electroweak scale: A =m 2/ 2v?=0.13

Is it a “fundamental” 5t force? or “induced”

 Landau-Ginzburg <-> BCS?
e Van der Waals <-> Coulomb?
e Scalar <-> Fermion -- SUSY?
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Triple Higgs coupling:
?

Alwefnow: 5 \\ /"\//

Q@ /

With new physics near the EW scale:
V() = md (1R) + SAHRY + s (RS SN = (7/3), M

XL
I SA(hthYlog } N = (5/3) Ay M
A(h*h)? term could be modified (even “-”),
leading to EW phase transition strong 15t order!

—> 0O(1) deviationon A,
Significant impact on cosmology!




A is NOT asymptotically free:

It blows up at a high-energy scale (the Landau pole),
unless it starts from small (or zero = triviality).

For Mu= 125 GeV, rather light:

600

.»  The SM can be a consistent

¥ ' perturbative theory up to My !
allowing My, M¢yp ---

500

400 |- Triviality

300 EW
Precision

. Top-Yukawa drags the vacuum *°°f \ i

4 o196 -
meta-stable, 100/ — |
New physics below 1071t GeV? -

3 | 5 I 7 | 9 | 11 | 13 | 15 | i I 19

0go A [GeV]

My, [GeV/c2]
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Question 4: Physics of Flavors
Yukawa Couplings

Flavor

e Patterns of quark,
neutrino mixings

e New CP-violation
sources?

Higgs Yukawa

couplings as the pivot!

The “seesaw”
mechanism:
(e
M

1 Rl

Particle mass hierarchy
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Question 5:

Portals to Cosmos?
H'TH isthe only bi-linear SM gauge singlet.

Bad: May lead to hierarchy problem with high-scale physics;

Good: May readily serve as a portal to the dark sector:
k
kL H'H S*S, KXHTH YX-

Missing energy at LHC Direct detection Indirect detection
- N




0

o

12 | branon

24| axion

Be aware: DM ldentity?

While the WIMP DM is attractive, it can be ANYTHING,
from black holes, to particles, to waves

neutrinos  WIMPs :
B neutralino
s KK photo

LTP

4 axino
= SuperWIMPs :

_[fuzzy CDM l gravitino
! aviton

l

1| Black Hole Remnant

| I | | 1 1 1 1 | | | 1 1 1 | | | 1 (-

1071070107 10107101010 10° 10° 10° 10° 10° 10° 10° 10" 10" 10"

mass (GeV)

102 eV 107%ev 107 ev 1070V 107% eV 1072 eV
DM mass: | } } } } >
107° Hz 10~* Hz 1 Hz 10* Hz 10° Hz 10'? Hz
<«— torsion balances —> «—E&M —>
Technique:  « 4tom interferometry — «—NMR —>
< X-ray > <« NMR =
Experiment: Eot-Wash (spin) ("\SP[_{"’li]_“‘”“ ADMX
Eot-Wash (scalar) CASPEr-Wind HAYSTAC
_p_g_Cou lings LC Circuit
([:)L(&'i\)] Atom Interferometry (spin) DM Radio
épm Atom Interferometry (scalar) ABRACADABRA
Scalar

[AXO ARIADNE

Open mind
for any new search techniques
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Question 6:
Baryon & Anti-baryon Asymmetry

 The current observation: ”p/”p 103
consistent with the cosmic ray creation.
Dirac invented particle/anti-particle symmetry.
Baryogenesis is a mechanism to generate the imbalance:

p & p can annihilate very efficiently via strong interaction.
A tiny asymmetry at the early Universe could result in the
observed matter-dominance.

f

(H) = 0 (H) = wv L

- - R

-— baryon # gl a1,

bgryon. conserved R
violation

by sphalerons

AN
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Sakharov conditions for baryogenesis:

1. Baryo-number violation:
YES in the SM: B,L anomalous.
“sphaleron” process near E ., ~ 8mv/g,,

AB=AL=3, A(B-L)=0

2. C- & CP-violation:
YES in the SM: CKM, but not large enough!
Perhaps from the neutrino sector:

- “leptogenesis”

3. Non-equilibrium:
No in the SM: SM EWPT is a cross-over,
not a sharp 15t order phase transition.

Need BSM physics !
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There are other )~
3 VAR T
fundamental questions: i
. A

7. E&M + Weak + Strong -2 single force?
Coupling unification? Quark-lepton unification?
8. Larger space-time symmetry?
Super-symmetry at EW scale?
9. Cosmology: inflation, dark energy ...
Does the Higgs play a role?
10. BH & Quantum gravity?
Beyond QFT, string theory? ... ...
= Continue to challenge our intelligence !
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In summary: SM solidly established

i sl il d

L ox p?H? — \H* + Z ¢;0;(BSM)

“Higgs isn’t everything. It’s the only thing.”

M. E. Peskin Lepton-Photon 2025
Questions that we need the answers

Nature of EW Superconductivity: BCS?

Large hierarchy problem: the next scale?
Nature of EW phase transition?

Flavor physics: fermion mixing/neutrino mass™
Dark matter*: WIMP & Higgs portal?

Matter — antimatter asymmetry™: baryogenesis

All demands new physics BSM!
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