November 18, 2015
NTHU Physics Colloquium

Cheng-Wei Chiang (#4i£1%2)  National Cen tral Unive

National Center for Theo etlcal Smen ces

NCTS 1




DISCLAIMERS

e Do not be surprised if you do not understand my
talk, and do not feel too great if you do!
- about a topic of Nobel prize level

e Will use HEP unit: h=c=1. E = mc?
ex. mp = 940 MeV/c2 m» 940 MeV ~ 1 GeV

1GeV ~ 1.6 x 10719 Joules ~ 1.78 x 10~ ** g




TerMs ReELATED TO Higgs BOosSON

God particle
Holy Grall in particle physics
Origin of mass
Symmetry breaking
Secret of Universe

Hope to explain them all...



THE STORY GoEs LIKE THIS...

* A speculation about origin of mass started in 1964.

* A long scientific expedition of searching for this mysterious
particle then set off and continued ever since then...




THE STORY GOEsS LIKE THIS...

e According to a science writer, Homer Simpson predicted
the mass of the Higgs boson in a 1998 episode of The
Simpsons.




THE STORY GOEsS LIKE THIS...

 On a breezy summer day in 2012, CERN experimentalists
announced the discovery of a Higgs-like particle by
showing the following plots:
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e [t was later confirmed as a SM-like Higgs boson after
examining more data and cross checks.
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MiTeH ALBOM 'S New BooKk

In book stores on 11/12/2013
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~ OCTOBER 8, 2013 ~
PHONE CALLS FROM STOCKHOLM
ABOUT GOD PARTICLE
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REACTIONS TO Higgs PISCOVERY
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REACTIONS TO Higgs PISCOVERY




REACTIONS TO Higgs PISCOVERY
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WHAT S THE Bl PEAL?

» According to the Standard Model of particle physics,
e last missing piece (before 2012 summer)

 the only spin-0 particle
w nonzero Higgs vacuum expectation value allowed

e mechanism to unite/discern EM and weak interactions
e coupling to most particles and giving mass to them
e (maybe) part of mechanism to generate baryons

e Great achievement in international collaborations and
cutting-edge experimental technigues

o Starting the era of Higgs physics and possibly a portal to
otherwise hidden new physics sector
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ORIGIN OF MASS



WEIGHT / MASS

A lot of people care very much about heaviness or
lightness or, in other words, the mass.




THE UNBEARABLE LIGHTNESS OF
BEING (1984)-- MILAN KUNDERA

Iy

The Unbearable Lightness of Being
Milan Kundera

novel

LIFE I.S VERY HEAVY TO ME,
BUT ITIS SO LIGHT TO YOU.

— TEREZA, The Unbearable Lightness of Being
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MASS

* Mass is one of the earliest, most important, yet still
puzzling concepts that we have learned in physics.

* Mass buoys life!
w massless particles always hurtling at speed of light
w |mpossible to form structures
w N0 civilization

e Fortunately, most matters have nonzero mass.
w put what is Iits origin?
w put in by hand?
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WHAT |s MASS?

 How heavy an object “weighs.”
--- layman’s term
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WHAT |s MASS?

* [physics] The property of a body that is a measure of its
Inertia and that is commonly taken as a measure of the
amount of material it contains and causes it to have weight
In a gravitational field.

--- online Webster’s Dictionary
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WHAT |s MASS?

e Mass of Inertia: a measure of resistance to acceleration
caused by a force.

F = ma Newton’s Second Law of Motion

« Mass of gravity: a source (“charge”) of gravitational forces.

M . L
F =Gy T2m Newton's Law of Universal Gravitation
F = k% Coulomb’s Law of Static Electric Force

--- freshman physics
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STRUCTURE OF MATTER

bulk matter atoms or molecules atom's inner structure
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WHAT |s MASS?

 Mass Is an intrinsic property of matter, and is additive from
Its smallest constituents.

e Ordinary matter is made of atoms.
e Atoms are made of protons, neutrons, and electrons.

 Most (> 99.95%) of the mass of an atoms comes from the
nucleons located inside the tiny nucleus.
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HYPROGEN

 Hydrogen atom is a composite particle with a radius about
0.0529 nm.

Electron

My = My + M
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PrOTON / NEUTRON

* Proton (likewise neutron) is a composite particle with a
charge radius about 0.877 fm*.

940 MeV 25 MeV 5 MeV



PrOTON / NEUTRON

 Most mass (~ 98%) inside nucleons come from gluon
Interactions, instead of constituent quarks.

940 MeV 225 MeV 5 MeV P



ORIGIN OF MASS

 Most mass of ordinary matter in Universe comes from
potential energy of strong interaction, not elementary
particles.
- ~ 98% mass explained

* \What is the origin of mass for elementary particles?

 How do some particles (e.g., W and Z bosons) that should
be massless become massive?

 Why do different particles have different masses?
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SYMMETRY RULES

* “Symmetry dictates interactions.”
--- C.N. Yang

 Fundamental interactions in Nature are governed by local
symmetries (gauge field theories):

 electromagnetic interaction (first unification)
w (1) gauge symmetry (unbroken!)

* electro-weak interaction (second unification)
m SU(2).xU(1)y gauge symmetry (broken!)
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MASSIVE GAUGE BOSON

e Gauge Invariance forbids gauge bosons to obtain mass.

e Take a U(1) gauge theory (e.g., EM) as an example,
m34 A, AV
IS NOT Iinvariant under the gauge transformation

V%V—@t/\
p Hp) — OH
At (z) — AP (x) — O A(x) or {A%A%—VA

* The corresponding gauge boson (e.g., photon) should be
massless and have long-distance interactions.

« How do we consistently give masses to weak force
mediators (to render a short-range interaction)?
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ELECTROWEAK
SYMMETRY BREAKING



EXPLICIT SYMMETRY BREAKING

 Round-table puzzle: who should start the dish first?
Il
il
::'..O -
/AR

* In particle physics, explicit symmetry breaking refers to the
situations when one purposely puts into the Lagrangian
terms that do not respect the symmetry.

Ex: parity (P) and charge-parity (CP) violation
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SPONTANEBOUS SYMMETRY BREAKING

e Spontaneous symmetry breaking (SSB) refers to
situations when the theory has some symmetry that is not
respected by the ground state (or more technically the
Green functions) of a system.

Instability

there are many examples in Nature of balance points that are unstable

L

pencil on its point ball at the top of a hill

any perturbation on these objects causes a runaway to a more stable point
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A SIMPLIFIED VERSION

 The mechanism involves a complex scalar field with a
global U(1) symmetry (or SO(2) in components), a two-
dimensional rotation symmetry in internal space:

Lo=0,0"0"0—V(p"0) Mexican-hat or

/ wine-bottle potential

A
V==’ 1ol + 716" T (W A>0) g2 2 ap2/a =2
\

v ~ O(200 GeV) at T = 0. e R Yy
svegYasiagsRanaazy s
* The process of turning on the Aataseans
VEV is triggered by an Y sy
unstable symmetry origin. N 3
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CHARGED PARTICLE IN ELECTRIC FIELD

* \What does it mean to have a vacuum expectation value?
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CHARGED PARTICLE IN ELECTRIC FIELD

* \What does it mean to have a vacuum expectation value?
constant electric field E turned on

+ + + + + + + o+

e There Is a constant force F = —eE.

* Physical laws are correspondingly modified for such
charged particles in this constant background field space.
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ELECTROWEAK PHASE TRANSITION

* As the Universe cools down, the Higgs field throughout the
Universe undergoes a phase transition, from the unstable
symmetry phase to a more stable but symmetry-broken
ohase, like water going from vapor phase to liquid phase.

 Particles are then traveling in Higgs “ocean” rather than
Higgs “atmosphere,” thus acquiring their masses.




ELECTROWEAK PHASE TRANSITION

* The strength of electroweak phase transition Is
characterized by the order parameter R = vc/Tc, where Tc
IS the critical temperature and vc the Higgs VEV at Tc.

e Condition on R for successful baryogenesis

RZ¢

with ¢ ~ 1 in most cases.

Va(9.)




THe Higgs BosoN

« After the symmetry breaking, we still have two dof’s:
e one In the radial direction with mass m2 = 2Avz;
e the other in the azimuthal direction with zero mass!

e Zero-mass mode Is the Nambu-Goldstone (NG) boson, to
become longitudinal modes of the gauge bosons.

 Peter Higgs along noted the

massive mode and discussed & —
its phenomenology; the A
corresponding particle was L A
thus named the Higgs boson. A=y AN
e Higgs’ sad story... il o
- -Z::;'::’ .,




BEH or Higgs MECHANISM

Higgs 1964, Englert and Brout 1964; Guralnik, Hagen and Kibble 1964 (not just Higgs!)

 When a scalar field is coupled to a gauge field, endowing
a vacuum expectation value (VEV) to the scalar field
makes the gauge boson massive:

L > |D,¢? where D, =0, —igQA,

3
° _@AM\A“,
ma?, squared mass of Ay

o Gauge symmetry is not ‘broken’, but simply ‘hidden’.
* This Is the so-called BEH or Higgs mechanism.

- @ 5 e . 3
S e BT 502 Lo s ) s
P e T - - C
e e, e T % A= 5
A -
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ELECTROWEAK UNIFICATION

Glashow 1961;Weinberg 1967; Salam 1968

 Employ the BEH mechanism to break the SU(2).xU(1)v
symmetry down to the U(1)em symmetry.
w Standard Model of particle physics

“for their contributions to the theory of the unified weak and
electromagnetic interaction between elementary particles,

including, inter alia, the prediction of the weak neutral current” 1979 Nobel Prize in PhySiCS

Neutron decay

Beta radloactivity

Neutrino Interactlons 4
Burning of the sun

Sheldon Lee Glashow Abdus Salam Steven Weinberg
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STANDARD MODEL

last piece yet seen
before 2012 summer
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ELECTROWEAK GAUGE BOSONS

 SM predicts the existence of:
e one massless photon (no direct interaction with Higgs boson),
 a pair of massive W#* bosons, and
e one massive Z boson.

W and Z bosons were discovered at CERN in 1982 and
1983 to have masses ~80 GeV and ~91 GeV, respectively.

o Studying symmetry breaking enables us to find underlying
relations among ostensibly unrelated things.
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FERMION MASSES

* In the SM, an economic/necessary* way of giving masses
to fermions (quarks and charged leptons) is through the
so-called Yukawa interactions with the Higgs field:

L > _yfgb &fwf N ho
= myf=yf(d) 7

 The fermion masses are thus also proportional to the VEV
of the Higgs field.
m Killing two birds with one stone!

* Weinberg'’s view on effective theory: all terms allowed by gauge
symmetry should be included in Lagrangian.
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Higgs CouPLINGS TO PARTICLES

e It Is Important to verify the linear relation of SM particle
couplings to the Higgs boson —— a unique feature of SM

n T ™ !
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Higgs CouPLINGS TO PARTICLES

It Is Important to verify the linear relation of SM particle

couplings to the Higgs boson —— a unique feature of SM.
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e So far, the particle is very much standard model-like.



Future LINEAR COLULIDER

* Relative precision of coupling measurements for a full
linear collider Higgs physics program extending from
250/350 GeV up to TeV region in several energy stages.
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THE HoLY GRAIL

e The Higgs boson holds the secret to the origin of mass for
elementary particles.

Leptons

46



ANOTHER REASON:
UNITARITY



ww,. > wWWwW

Lee, Quigg, Thacker 1977

e Consider this process in the SM In
the s » mn2, Mw? limit.

* Tree-level Feynman diagrams in the
unitarity gauge:
1 four-point interaction;
« Zand vy in s and t channels; and
* Higgs boson in s and t channels.

e Other V V.=V V. scatterings have
similar structures.
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ww,. > wWWwW

 Individual amplitudes of gauge diagrams are functions of
scattering energy, angle, and particle masses:

2
My =1

8 M
[52 + dst +t* — 4Mg, (s +t) — Wut}

4M S
2 8M2
7;/\/12+Z:—@‘4]‘§]44 |:(S—”U,)t—3M5V(S—’U,)j' WU,Z}
W S
2
IMYITE = —i4]‘\944 s(t—u) — 3My (t — u)]
W

where s,t ~ E2 .
w Individual diagrams grow like (E/Mw)?!

 The sum of them nicely cancel with each other to remove
such a divergence.
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ww,. > wWWwW

 However, there is still an O((E/Mw)?) divergence In the
sum, which needs a sufficiently light Higgs boson to cure:

9 E \°
. auge . g <« 0 ~ | —
LY u+ O ((E/Mw) (M )
AMZ, ((E/Myw ‘)// v
g* [(S—ZM%)Q ] (t—2M%/)2}

iMHiees —

IMZ | s—m2 T t—mp
2
. 9 | 0

= complete (E/My)? cancellation

e Success of SM Is seen to rely on nice relations among
gauge bosons couplings (due to gauge structure) and a
suitable Higgs boson (depending on EWSB structure).
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ww,. > wWWwW

« However, the story changes dramatically if grvv = V8 ghvy

Is assumed (e.qg., 2ZHDM):
2

- auge . 9 |
1 MSHS :_Z4M5vu -O ((E/Mw)°)

Z-MHiggs — 55 92 (S B QMY%V)Q | (t B QMY%V)2
4AM?Z, s —ms t —m3

2
.o 9
2254M3Vu7' O ((E/Mw)°) .

= only partial (E/My)? cancellation

e This gives rise to the “bad” high-energy behavior in the
scafttering cross section.
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CrOSS SECTIONS
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e Cross sections as functions of the scattering energy.
 Assume mp = 200 GeV and an angular cut |[cos6| = 0.8.

* The turn-over effect is different from SM both qualitatively

and quantitatively, even If effects of heavy Higgs bosons of
TeV masses are included.
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GOD PARTICLE OR
GODDAMN PARTICLE!



THE QODP PARTICLE

 The God Patrticle: If the Universe S o TICRET 000§

L DALLAS MORNING NEWS ™

Is the Answer, What Is the
Question? Is a 1993 popular
science book by Nobel laureate
Leon M. Lederman and science
writer Dick Teresi.

 Official reason: the particle is “so
central to the state of physics
today, so crucial to our final |
understanding of the structure of Tglr THE

IS THE

matter, yet so elusive.”  ANSwER,

WHAT IS THE
QUESTION?

LEON
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THE QODP PARTICLE

 The God Patrticle: If the Universe S o TICRET 000§

L DALLAS MORNING NEWS ™

Is the Answer, What Is the
Question? Is a 1993 popular
science book by Nobel laureate
Leon M. Lederman and science
writer Dick Teresi.

e Second reason: “l was planning to
call my book ‘The Higgs Particle’,
but the editor said that no one had |
ever heard of Higgs.” Tglr THE

IS THE
ANSWER,
WHAT IS THE
QUESTION?

LEON
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THE QODP PARTICLE

 The God Patrticle: If the Universe S TERETS00i

L DALLAS MORNING NEWS ™

Is the Answer, What Is the
Question? Is a 1993 popular
science book by Nobel laureate
Leon M. Lederman and science
writer Dick Teresi.

e Third reason: “the publisher
wouldn’t let us call it the Goddamn
Particle, though that might be a

more appropriate title, given its LRI
villainous nature and the expense  ANsweR,

WHAT IS THE

it IS causing.” QuesTion?
LEON
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PANDORA'S BOX

* Almost all current particle physics problems are rooted In
the Higgs field! = The stone hits a beehive!

,CHiggs — —

massive weak
gauge bosons

AP'9)* = ) (Uighirtind + buc.
ij
source of flavor problems:

mass hierarchy,
CP violation, etc

‘ '
tiny vacuum energy possible instability &% K
Vops ~ (2x107° eV)* of the potential at ik S,
¢ high energies

origin of the negative
coefficient unclear;
guadratic divergence
In Higgs mass correction s




WHAT ARE THE DIFFICULTIES?

* Discovery of the Higgs boson is thus very essential:
um completes the spectrum of SM
b answers origin of elementary particle mass
w justifies previously mentioned problems
u 0OSSIbly points us to physics beyond SM

* It has been searched for for almost half a century!
 Why is It so elusive?

« How can we produce the Higgs boson?
w QoW many per unit time we can create at colliders

 How does it decay?
m Wwhich modes we should use for detection
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SMASHING PROTONS

* Protons collide at high energy to hopefully produce new
particles, according to E = mc=2.

“Hard” Scattering

outgoing parton

proton ‘__-:-__1___‘ proton
S OSAANS—
A

underlying event underlying event

inil_iul_—xlulc
radiation

: final-state
outgoing parton radiation

* Newly produced particles usually decay fast into more
stable particles to be seen at the detector.
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PrROTON-PROTON ColLULISION

A typical proton-proton (or proton-anti-proton) scattering
process at colliders:

Drell-Yan Process

elementary processes explained
In so-called Feynman diagrams
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PrROTON-PROTON CoOolLUISION

« Zoom In on the core (hard), parton-level, process that is
calculable using Feynman rules and perturbation

techniques:
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Drell-Yan Process




MA)OR Hggs PRODUCTION

e Hard processes:

gg Fusion tt Fusion
g
!
il e H
I
£

Higgs-Strahlung xiia
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A Higgs To PiPpHOTON EVENT

M= 125.9 GeV
p" = 89.8 GeV
p”” = 46.5 GeV
n. = 0.06

1

n, = -0.81

G /M =0.89%
p" =78.4 GeV

Event parameters:




WHAT [T REALLY Looks LIKE

e Our experimental colleagues constantly face the challenge

of finding interesting physics from events like this.
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FrRANTIC COLUISIONS

» At design luminosity of LHC, there are ~ 20 interactions
every time beams cross. Beams will cross about 40
million times/sec at final configuration.

- about a b|II|on mteractlons/sec (a billion frames/sec!)
| T ". A %w ‘1}. { _ 
s ) :

. n\ ?f "’, 'I ‘
“ - N 4

Where's Waldo?




PiscoveryY ofF Higgs —- 20122

* Both ATLAS and CMS confirmed a Higgs-like particle at
~125 GeV at 50 level from a combination of various decay
modes on July 4, 2012!
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EXTENDED HIGGS SECTOR
AND DARK UNIVERSE



NEUTRINO MASS

 Neutrino mass Is an interesting topic on Iits own.
w this year’'s Nobel prize

o Within SM and without right-handed (RH) neutrino fields,
left-handed (LH) neutrinos have to be massless
w 1N conflict with data —— neutrinos have sub-eV mass

e Possible solutions:

* Neutrinos have RH components at low energy and Dirac
mass, from Higgs VEV as other fermions
w Still within SM; even more serious hierarchy problem

* Neutrinos have no RH components at low energy and
Majorana mass due to the so-called seesaw mechanism
w peyond SM; three types; involving new particles

69



TYPE-| SEESAW MECHANISM

Minkowski 1977; Gell-Mann, Ramond, Slansky 1979;
Yanagida 1979; Glashow 1980; Mohapatra, Senjanovic 1980

e Suppose neutrino mass matrix is in the form
2250 (5 ) (07
for all generations.
e If MR » mp, the eigenmasses are
m,,:—mDM}glmfg my >~ Mp
which can be naturally light.
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TYPe-ll SEESAW MECHANISM

 Introduce a new Higgs triplet field, A, which gets a VEV as
triggered by electroweak symmetry breaking

2
oY) = %A and VA = it

e Renormalizable interaction with LH neutrinos allowed
hijw,g}/CiO'QA?ﬂjL + h.c.
e Majorana neutrino mass matrix X 4

(¥ SSHE LT
M, fth_h]A\}g ¥

71



ADVENTURES IN HHggSLAND

 The Higgs sector Is least known experimentally and has
no guiding principle other than gauge and Lorentz
symmetries (e.g., kinds and number of representations).

* An extended Higgs sector may
w |ead to new Higgs phenomenology (CP-odd / charged
Higgs bosons, CP violation, etc)
w pe a portal to a hidden sector for DM or NP in general
Silveira and Zee 1985; Patt and Wilczek 2006; Wells 2008 ”’, :. ;: ,
w provide origin of neutrino mass and/or DM Az I

 Like Alice in Wonderland, we are having an
adventure in Higgsland, exploring various
theme parks to find out which one(s) can
better fit data.
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BRIEF HISTORY OF UNIVERSE

Today

Life on earth

14 billion years
»

Acceleration \—— 11 billion years
Dark energy dominateNgze i
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PLANCK OBSERVATION
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PLANCK POWER SPECTRUM

* Power spectrum —— temperature fluctuations in the
Cosmic Microwave Background detected by Planck at
different angular scales on the sky.

Multipole moment, ¢
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PLANCK IMPLICATIONS

e The Universe is 13.82 billion years
old.

e It Is made of 4.9% ordinary matter,
26.8% dark matter, and 68.3% dark

energy. Before Planck

e It has an accelerated expansion,
current rate at ~70 km/sec/Mpc.

o It IS pretty flat In space geometry.

After Planck
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Higgs PORTAL

e Only gravitational effects of DM are observed up to now.

DM production
ws collider pheno

Higgs as
mediator?

DM-nucleon scattering
w direct detection

DM annihilation
w relic density; indirect detection
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BOOKS YET TO READ

 All we have been trying
to comprehend in the
past two millennia are
only 5% of what God
has assigned to us.

 Unbearable lightness
of visible matter!
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EriLoguUE

* The discovery of Higgs boson and verification of its interactions
with other particles prove that our standard model of particle
physics is basically correct.

* Breakdown of electroweak symmetry is induced by the vacuum
expectation value of the Higgs field and gives rise to mass for
elementary particles.

* Ongoing LHC experiments keep probing physics at the TeV scale
and give us more insight into the nature of EWSB.
w new Higgs particles and interactions?

* We still do not understand why each particle has its distinct mass
and what dark matter and dark energy are.

« History has taught us that every time we look deeper into things,
we discover more dazzling beauty and amazement.
- let’'s keep learning how subtle the Lord is!
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Thank You!



