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PREFACE

I somehow knew even in high school that I wanted to go
into particle physics. Perhaps it was because of Leon
Lederman’s Scientific Amertcan artide on “The Two-
Meurrino Experiment” (Lederman 1963), or perhaps it
was because of a series of lectures that T amended in
Chicago given by Willie Fowler on nuclear synthesis in the
Sun. Whatever the reason, I was hooked. When T began
graduate school at Berkeley in 1968, much was already
known about the properties of the paricles and their
interactions. Quantum electrodynamics was well esab-
lished. Experimentaton at ever higher-energy cyclotrons
and synchrotrons had discovered large numbers of ele
mentary partides and much about their strong and weak
interactions. There were promising theoretical models of
aspects of particle physics, but little hope of developing
a fundamental mathematical description of the strong or
weak interactions in the foreseeable future.!

Nevertheless, a revolution in our understanding was
about to occur. In less than a decade, the standard modd

.'".]r.“.' ‘JI- dl‘.' ﬁﬂﬂlinzj |:I:|:Iﬂ.'m oan lI:K. ﬁl:n‘hrd n:lﬁ:ldi.'l le] :Jri:d}' .Ix.".'n
|:l|.1'|:l|i1|ml Weinberg 19670, butwax rx:llwidi:|}' recogmized until SO VEars later.
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(more properly called the standard theory) of the strong,
weak, and electromagnetic interactions was developed and
partially confirmed. It did not come outr of nowhere,
but rather incorporated and synthesized many of the
earlier ideas. Over the next 40 years or so, the saandard
model (extended o include a third family of particles and
neutring mass) was experimentally verified in exquisite
detail, culminating in the discovery of the Higgs boson in
2012, It correctly describes nawre, at least w an excellent
fist approximation, in a mathemadically consistent way
down to a distance scale smaller than 1/1000% the size
of the atomic nucleus.

However, the standard model is incompleee. It is
simple and elegant in its basic strucrure, bur extremely
complicated in detal. It does not fully unify the known
microscopic interactions and has many unexplained pa-
rameters that must be taken from experiment. It does
not incorporate a quantum theory of gravity; exphain the
observed dark marter and dark energy of the Universe; or
account for the excess of marter over antimarrer. There are
intriguing theoretical ideas for approaching these issues,
which however mainly manifest themselves at shomer dis-
tances and higher energies than current experiments.

I have been personally formunate in that my professional
career wincided closely in dme with the esmablishment
of the standard model. In this volume, 1 hope w convey
some of the wonder and excitement of pardcle physics,
and in the development, implications, and shorccomings
of the standard model, as well as w describe something
of the theoretical ideas and experimental prospects for the
future. It is my hope that sometme in the next 10, 50,
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or 100 years, we will successfully develop and (ar least)
indirectly verify an even greater synthesis, which will eruly
unify all of the interactions, including quantum graviy;
perhaps address the origin of space and time and provide
the framework for understanding the large-scale structure,
origin, and ultimate fate of the Universe. We may never

fully accomplish this dream, but it is a worthy goal.

A Mote to the Reader

This book is written for an undergraduate physics student,
a practidng scientist in a related field, or any interested
reader familiar with the basic ideas of dassical physics,
quantum theory, and relativity.

Much of the technology in modern paride physics
is rather abstracr and technical. In order o present the
central concepts, problems, and future possibilides at more
than a popular level, T have introduced the rudiments
of such topics as reladvistic quantum theory, Feynman
diagrams, and gauge theories. These will be easier for some
readers than others, but I hope thatanyone with a midleve
undergraduate background in physics will be able to follow
enough of the development to appreciate the remainder.

Chapters 1 through 3 should be easily understandable
to readers with the srared background. The most
challenging pants are sections 4.1 through 4.3, which
introduce  field theory, internal symmetries, and
Yang-Mills theonies. I have wried to present the marterial
in such a way thar the essennal ideas should be accessible
even if the machemadcal demmils are not Sections 4.4
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through 4.7 describe our cument understanding of the
strong and dectroweak interactions, the Higgs boson
discovery, and neutrino physics. These udlize some of
the formalism, but are genemlly more qualitative and
should hopefully be undestandable even for readers who
have skimmed over the more technical materials. The
remaining chapters deal with the problems of the standard
model and possibilities for the future. These should be
reasonably straightforward.

A confusing variety of terms and acronyms are used
in particle physics and cosmology. Most of thase relevant
here are defined in the extensive glossary, or can be located
through the index.

More detailed discussions of particle physics and the
standard model @an be found in a number of undergradu-
ate (e.g., Griffichs 2008; Mann 2010: Thomson 2013) and
graduate {e.g., Langacker 2010; Tully 2011; Quigg 2013)
texts. The bibliography contains a mixture of original
papers, technical ardcles, and pedagogical introductions
and reviews. The larer are indicared by a double dagger
(T preceding the ule.
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.1

THE EPIC QUEST

Curious individuals have speculated aboutr nawre and
humankind’s place in it for all of recorded history. The
interests of the ancient Greeks included the sorucrure of
marter on the smallest scale and thar of the Universe
on the largest (see, for example, Weinberg 2015). Some
of their ideas were surprsingly similar to our modem
understanding, Leucippus and his student Democritus
proposed in the fifth century BCE an awomic theory in
which martter ultimately consists of indivisible atoms that
come in various sizes and shapes, accounting for the myriad
materials and their properdes that we observe. Aristarchus
of Samos later proposed a heliocentric cosmology in which
the planets rotated around the Sun and the disant stars
were similar in characrer to the Sun. The wchnology did
not exist to test either of these ideas undl millennia later,
and in fact there were alternative ideas that were more
widdly believed. Nevertheless, they illustrate the ingenuicy
and the craving for undestanding of the human mind.
The atomic theory was not completely established unil
the nineteenth and early owentieth cenmnes, and the
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understanding of the structure of the atom and of the
quantum-mechanical rules that govern its behavior were
not fully worked out until some decades later. These ideas,
combined with the parallel understanding of electricity and
magnetism and of the kinetic theory, form the physical
basis for chemistry, electronics, macroscopic mater in all
its forms, and even biology.

By the late 1920s, it was known thar the atrom consises
of a doud of one or mare electrons held in place by
electrical forces as they orbit a tiny bur very massive
nucleus. Furthermore, the dynamics are governed nor by
the venerable classical mechanics of Isaac Newton, but by
the weird quanmum mechanics according tw which elec-
trons seem to be both pardcles and waves simulaneously.
However, this understanding raised many more questions,
such as the derils of atomic transitions from one level w
another. Similarly, whar was the namre of the nucleus?
Could the different nuclei somehow be composed of
protons and electrons? Whar were the rules thar govern the
radioactive decays of nuclei that had been observed in the
late nineteenth century! How could quantum mechanics,
which governs the very small, be combined with Albert
Einstein’s relativity, which modifies the notions of space
and dme for rapidly moving observers or in the presence
of marter?

Theoretical and experimental developments in the
decades surmrounding World War Il answered some of
these quesdons while raising others. Quanmm theory and
special relativity were elegandy combined in the Dirac
theory and in the quantization of the electromagnenic field.

The former predicted the existence of antmateer, which
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was subsequenty observed. The neutron was discovered,
and the basic structure of the nucleus as consisting of
protons and neutrons held together by a complicated new
strong interaction were gradually understood. Similarly, the
properties of the weak interaction, which is responsible for
one form of radicacuvity (f decay) were gradually worked
out, and the apparent non-conservation of energy in
B decay was finally undemstood to result from the non-
observation of an almost ghostly neutrine. The interactions
of high-energy particles from cosmic rays or that were
artificially accelerated in cyclotrons and subsequent particle
accelerators led to the discovery of additional fundamental
particles and of systematic properties of their interactions.

These advances led to the new fields of nudear physis
and then of elementary particle (or high-energy) physics,
which sought to systemartically understand the properies
of the smallese consdruentss of namre and cheir interac-
tons. For some 20 years, there was both confusion and
painﬁJ.Il}-' slow progress, involving mathemarical difficulties
in the theories and a proliferation of particles. Finally,
however, whar we now call the srandard model (SM) of the
elementary partides and their interactions was completed
by the early 1970s. In the next 40 years or so, essentially
all of the predictons and ingredients of the SM were
experimentally verified, often in great detaill, the most
recent being the discovery of the Higgs boson in 2012. The
standard model is a mathemarically consistene theory that
accounts for essentially all aspects of ordinary matter down
to a distance scale of (107" cm).

Despite these successes, the standard mode is incom-
plete: It is very complicated and apparendy arbirrary.
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The strong, weak, and elecromagnetic interactions are
very different. Although all are based on the degant
concept of gauge invariance, they are not truly unified with
each other. A quantum-mechanical description of gravity
is not included, although classical general relarivity can
be grafied on. Furthemmore, the SM involves numerous
fundamental parmmeters whose values are not explained.
Some of these appear to be fine-tuned to incredibly small
(but nonzero) values. There is no explanadon of why
the electric charges of all partides are integer muldples
of ¢/3, where —e is the charge of the electron, nor is
there an explanation of the observed excess of marter
over antimatter. The neutrinos, inidally thought w be
massless, are now observed o have nonzero masses much
smaller than those of the other fundamental pardcles. The
origin and even nature of these oddball masses are yet
be determined. Finally, the astronomers have determined
that the ordinary matter that we are made of and that is
described by the SM is only a small fraction of the matter
and energy in the Universe. The nawres of the dark matter
and dark energy are unknown. There is almost cerainly a
more fundamental descipton of namre that incorporates
and extends the SM, generally referred to as mew pii_].rsfﬁ or
beyond the standard model (BSM).

There are many ideas for “botrom-up” extensions, with
such names as supersymmerry, compositeness, or extra space
dimensions, which address some of these 1ssues and which
might be manifested in future acceleraror and other ex-
periments. “Top-down” ideas, such as grand unification or
the even more ambitious superstring theones could possibly

lead @ an uldmate unification of the microscopic forces,



Tha Epic Quest 5

perhaps including quantum gravicy and tackling the ongin
of space and time. These mainly manifest themselves at
incredibly shore distance scales that are nearly impossible w
directly probe experimentally (with proten decay a notable
exception), bur they might be rested indirectly by their
predicions for the low-energy parameters or for new
particles or interactions.

There have also been enormous advances since the
ume of the ancients in our undersanding of natre on
large scales, including the motions of the Solar System,
the composition and energertics of the Sun and stars,
of our Galaxy, and of the vast collections of galaxies
extending across the fourteen billion light-year radius of
the observable Universe.! Furthermore, the Universe is
expanding and cooling, and can be wraced backward w a
i?;:g' &:mg some 14 billion years ago, when it was incredibly
hot and dense. Although astronomy and cosmology are
not the main thrusts of this volume, they cannot be
entirely ignored. The visible parts of stars, galaxies, and
other astronomical objects are composed of the same
atoms, molecules, nuclei, and dementary partides thar we
observe in the laboratory, and their dynamics are driven
by these partcles and their interactions. Even the dark
mateer s likely due to some sall-unobserved elementary
particle, while the dark energy may be associated with the
ground state (vacuum) energy of some of the fundamental
particles. There is even the intriguing suggestion from

superstring theory that our observable Universe might

.'-].-IJL' [..: niw =me ﬂ:ll.'l]d .IJG.' s I:I |:r¥\cr. ]:l ul We Can iJ]JKrW i:ll'lj}' a8 I-Jr an Iiﬂll

leas trveded since the big bamg,.
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be but a tiny bubble in a vast multiverse of regions,
each with different laws of physics! The physics of very
small distances and astrophysic/cosmology have become
inextricably linked.

The aromic theory and the standard model complete
two important chaptes in the epic quest begun by the
andent Greeks and others o understand the namre in
which we live. Parallel chapters in astronomy include the
undertanding of the Solar System, the discovery of galaxies,
and the expanding Universe/big bang. Although there
have been an enormous range of practical applications
(especially of atomic physics) and spinoff tcchmlﬂgics,l
the most important aspect for many is simply curiosity
abour how narure works at her most fundameneal level.
The combination of new experimental and observadonal
tools, as well as promising theoretical ideas, gives us the
chance of even more exdting chapters yet to come on the
very small, the very large, and their relanon.

IParticle IJI:I}'.‘iiiJ has contribured o many in:ll:li:ll'l.:nl. :|:lim:l|T I.Uﬂ.'l:lrli:lli:lgii:.
irx:|uding e cical dizgrnostics and IJ:lcr.l|:lir.::. CIVOENics, mogrnet luﬂ:m:lh:rgy.
iJﬁ:ln:lI:lIiJ: elect monics, l:rgi:—m:]c distribured u:ln:||:lulir.|¥. and ﬁ:c Waodd Wide
Wb, Mathematical techniques lave found application in other branches of
IJIJ}'ﬁi‘J. ['-Irl:“}'. I:rt;: C):Ixrinxnlﬂ :m] I:]:lﬁ I:ﬂ\'i.' .Ix.".'ﬂ a mnnrkﬂ]?k nx?&:l I-‘:lr
intemational coope @tion.
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2

THE THREE ERAS

2.1 The Ingredients

The description of any physical system requires three
ingredients: (1) Whar are the basic entities to be described?
{2} Whar are the forces or influences acting on them?
(%) Whar are the rules of the game, e.g., how do the enriries
respond o those influences? For example, Newtonian
gravity involves entities such as the Sun, Moon, Earth, ap-
ples, or people. The force is gravity, F = Gum, mat | re,
and the response is given by Newwon's laws, especially
F = md. In general relacivity, space-time is added to the
list of endries, which is discorted by marter, while point
masses respond by following geodesics.

The essence of high-energy (particle} physics is the
description of nature at the most fundamental level. At
our present level of undersanding, the basic entities are
clementary particles such as .qu:m&'j {consdtutents of the
proton and neutron) and t:-.'pmm {e.g.. the electron and
neutrinos). These appear to be parnt-like, Le., no evidence

has been observed for a nonzem size, or that they are
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compaosites of still smaller objects or of a continuous
disiribution of matter.

The quarks and leptons are acred on by at least five
types of interactions.” These are the strong, which binds
the quarks and nucleons wgether the elecromagneric,
responsible for atomic and molecular binding; the weak,
responsible for # decay; the Higgs-Yukawa, associated with
their mass; and the gravitarional, which is mainly impor-
tant for macroscopic objects. These have very different
properics. For example, electromagnetism and gravity are
long-range, ie., the forces between two particles fall off
slowly with their separadon, while the strong interaction
between nucleons becomes insignificant for separations
much larger than the size of the nucleus. The properties
of the known particles and interactions will be described
more fully in chapeer 3.

The framework is that of relatvistic guantum feld
theory, which is the union of quanmum mechanics, spe-
cial relativity, and the possibilicy of particle creation or
annihiladon (such as the reactdon ¢7¢~ — pf via an
intermediate virtual photon). Qur understanding of these
issues may eventually be supplanted by something more
basic, just as Newtonian gravity was superseded by general
relativity.

Another issue is often ignored or aken for granted: are
the laws of namre absoluce? Thar is, are they uniquely de-
termined, perhaps by some underlying selecion principle
or by self-consistency, and are they the same everywhere

"The term Frieracifon is more apprpriate than _,I'Eln.z. in pan because
intemctions can descrbe I:l:rl.idi.‘ creation, annihilation, or transitions from one
type of partick o another.
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in space-time? Thar is the implicit asumption of most
physicsts, and we have not seen any conclusive empiri-
cal evidence to the contrary. However, developments in
superstring theory and cosmology have caused some w
question the absolureness of physics, as will be described
in chapter 5.

2.2 Prehistory

One of the precepis of classical physics is absolute space
and time. Space is simply the stage on which events occur,
and time keeps track of their sequence. They are the same
for all observers, and space obeys the flatness axioms of
Euclidean geomertry. Another comerstone is determinism:
given an exact knowledge of the inidal conditions of a
system, one can in prindple calculate its future evolution.
Both of these precepts were shattered in the eady twentieth
century. Einstein’s special relativity of 1905 showed that
space and time and even the sequence of events depend on
the motion of the observer, while general relativity (1916)
showed that space-time need not be flat.

Similarly, quantum theory replaced determinism by
uncerainty and probability. We will focus on the wave
mechanics formulation, which describes the mortion of a
particle of mass m movingin a potendal V(x| ¢). Instead of
the partcle following a deterministc wrajectory, it sadshes
the Schridinger equation (1926)

h 5 . difr o
(_ﬂ? + V) o= sh¥ = Er, (2.1)
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where the last form refers to an energy eigenstate solution
with definite energy E, for which yr(x, #} = ()e 50,
For negative energies (bound states), only discrete values
of E are allowed, i.e., the system is quantized. The wave
function Yr(x, ¢) was later interpreted by Max Bom as
the probability amplitude: |¥(x, £)|* is the probability of
finding the particle at position x at time ¢. Equation (2.1)
gives an accurate description of the spectra of hydrogen
and other light aroms (after including spin and the Pauli
exclusion prindple).

After a digression on units, we will urn to the subse-
quent development of our undemstanding of parucle and
nuclear physics, which I divide into the Era ﬂfEJqp&'ﬂmIiﬂn,
the Standard Model Era, and the Beyond the Standard
Mode! Fra.

A Digression: Particla Units

Let us briefly digress on particle wnits, h=1,c =1, a
very convenient compact nomtion useful in partcle physics
that will be employed in the fﬂ-llnwing. Sertng ¢ (the
speed nflight in vacuum) to unity implies thar all veloc-
ities are dimensionless quanities expressed as a fraction
of the speed of light. It alo implies thar dismnce and
time have the same units (e.g., a lightsecond, or just
second, is the distance thar light travels in one second),
and that mass, energy, and momentum all have the same
units. Thus, the usual reladon F? = ﬁlt'l + mict be-
tween the mass (m), momenmum (p ), and energy (E) of
a particle becomes El= ﬁ'l + m. Ordinary units can be
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restored by multiplying a quantity by appropriate powers
of ¢ ~ 3.0 x 10" am/s, and using the relation 1 /et ~
1.8 x 107% g between grams (g) and electron voles (eV),
the energy acquired by an electron accelerated through a
one volt pntcnrial.l

The convention h =1 is motivated by the wave
particle duality of quantum mechanics, and in particular
by thede Broglie relation & = 2w h/ p berween wavelength
and momentwm. Thus, in partide units distance can be
expressed in units of cncrgy“' and vice versa. Again,
ordinary unies can be restored by muldplying by powers
of h ~ 6.6 x 107'° ¢Ves, and fic ~ 1.97 % 107 ¢Vcm.

It is convenient © inroduce the Plnck scale, Mp =
G;‘.I’u ~ 107 &V, where Gy is the gravirational con-
smnt. [ value ~6.7 = lﬂ_ﬂcmj‘g'l s™* becomes 6.7 x
10757 eV=2 in partide unies. Its significance is that the
coefficient of 1/r* in the Newtonian force law is the
dimensionless ratio M|m1fMﬁ. Gravity becomes strong
for masses (or energies in the generalization o general
relativity) of (M Mp), and quanmum gravity effects then
become important.

Particle units emphasize that in some sense, ¢ and h are
not really fundamental quantities, and the conventional
values are observable only due to the histoncal accidents
about how such units as g, 5, cm, and eV were defined.
Only dimensionless ratios such as v /¢, the fine structure

1 . -
constant ¢ = ¢~ /47, and rados of partide masses to each

other or w the Plandk scale are physically rncaningfu].

IRelared ene gy unis, such = GeV, are defined in the ghm:r}'.
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2.3 The Era of Exploration

The era of exploration refers w the development of pardcle
physics prior to the standard mode. The period spans
roughly from the quantization of the elearomagnetic
fidd? by Paul Dimc in 1927 to the development of
the electroweat 5UN2) » U1} model (late 1960s) or the
devdlopment of guantum chromodynamics (QCD) (eardy
1970s).

Field guantization refers to the replacement of a quan-
tum wave function or a classical field by an operator that
conains creation and annihilation operators. Similar w
those of the simple harmonic oscillator, these ace on a
quantum state to obtain a state involving respecrively one
more or one less particle or quantum of the field. For
cach Fm:lucan /2, direcdon, and polarization of the
electromagnetic hied, for example, there can be an integer
number of quane (phetons), each carrying energy huw, ic.,
ar in particle units. Field quantization allowed a description
of atomic transitions involving the emission or absorption
of a phoron.

The Dirac equation ({1928) is a relativistic wave equa-
tion for a spin-1/2 particle. Remarkably, this union of
special relativity with quantum mechanics prediceed the
existence of antimatter, i.e., the Dirac equation for the dec-
tron had addirional solutions corresponding o a positvely
charged particle. After some confusion that this pardcle
might be the proton, it became clear thar it had to have

IDenmiled discusions of the |:|'n|.¢:lr}- are g'n-cn in Pais (1986) and 1'2':"¢.'i|'.|:|:u:r¥
(1995
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the same mass as the elecrron. The existence of chis anti-
electron, now known as the positron (¢7), was confimed
in 1932 by Carl Anderson’s observarion of positron tracks
from cosmic mys in a cloud chamber.

Quantum electrodynamics (QED) was developed exper-
imentally and theoretically in the subsequent two decades
or so (see, for example, Schwinger 1958). QED, which
involves quantized Dirac and eleceromagneric ficlds, com-
bines classical electrodynamics, quantum mechanics, and
special reladvity. It explains subtleties such as the Lamb
shift in hydrogen and the anomalous magnetic moment of
the elecron. Early on, QELY exhibited seemingly insuper-
able mathematical difficuldes involving infinites encoun-
tered in summing over intermediate states in perturbarive
calculations. By around 1950, however, it was understood
that these infinites could be cured by rerarmalization
theory, in which physical observables are expressed in
terms of the measured values of quantities such as mass and
charge rather than the parameters in the original equarions
of motion.! QED is mathematically consistent down to
incredibly small distance scales, and has now been tested
at the precision of 107%-107% in many experiments. It is
generally spectacularly successful, although in recent years
two anomalies, possibly due to new physics, have emerged.
These will be described in chapter 4.

In parallel with the development of QED, the
1930s witnessed significant progress in understanding the

sructure of the nucleus and the namre of the strong

AT he modem view & tat the infinites never n::“}' ap pear, since Sums o
inte rmediate stes are truncated by, egr., the Phnck scale, Mp = l!'-'N"'ll.
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interactions. Already by 1920, Ernest Rutherford had
speculated that aromic nuclel might consist of protons and
whar he ermed “neuwrons,” which however consisted of a
proton and eleciron that were somehow much more dghdy
bound wogether than were nudei and atwmic electrons.
This was economical in rerms of pamide coneent,” but
soon ran into difficulties as the ideas of quantum me-
chanics were developed. For example, the observed nuclear
sizes and binding energies conflicted with the Heisenberg
uncertainey reladon, and the model required that che 14 pr
nuclens should have half-intcg:r spin, while molecular
spectroscopy indicated thac it has spin-1.

These difficuldes evaporated with James Chadwick’s
discovery of the neutron in 1932, which has spin-1/2
rather than the integer spin of Rutherford’s bound
state. The modern view of the nucleus as consisting of
tightly bound protons and neutrons was quickly accepted.
Heisenberg and others postulated what is now called fsospin
or $UZ) symmetry. This was the first appearance of
an internal symmetry, a noton that was centmal w later
developments in particle physics. It implies that the sorong
interactions of the proton and neutron (known collecavely
as nucleons) are closely related and thar they would have
the same mass in the absence of electroweak interacoons,
which do not respect the symmcn'y.{’

In 1934, Hideki Yukawa wrote his first paper on what
is now called the Yukauww theory of the strong interaction.

¥Thi is an url}- imanee of the reluctance of |:l|:|}ﬁk:i1L1 Lo ivent new
particles.
5t is pow understood that the qmrk mas differences also contribute w

s pin breaking.
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The idea was that the strong force is mediated by the
exchange of a massive electrically charged meson, leading
t0 a pn potential Vl[r}ocgif_“*’fr, where g5 is the
p-n-meson coupling and my is the meson mass. The
force can therefore be large for small distance, but falls off
rapidly with », with mange = 1/m 5. From the observed
R~1fm= 10" cm, Yukawa estimarted m, ~ 200 m,,
where m, ~ 0,511 MeV is the dectron mass. A few
years later, a charged partcle with roughly that mass was
observed in cosmic rays. However, it gradually became
clear thar it was not Yukawa's parricle, bur is acrually the
mueon (o), a heavier carbon copy of the ¢~ Yukawa’s
particles, now known as pions (1~), were ﬁnall}f observed
in cosmic rays in 1947, and a third elearically neutral
a' in 1950. They have spin-0 but couple to nucleons as
pscudoscalars rather than scalars. The charged pions have
mass miz+ ~ 270 m, but are much lighter than the pro-
ton mass, mig= ~ 0.15m ;. They deay to the somewhar
lighter 1= and a neutrino by weak interactions, and the
7" w 2y electromagnetically. Induding heavier mesons
discovered later, the appropriately modified Yukawa po-
tential gives an approximate description of the long-range
part of the nuclear interaction. Unforunately, attempis
o wrn the Yukawa interaction into a full-fledged field
theory in the 1950s were not very successful. Unlike QED,
which can be expanded perwurbadvely in the fine structure
constant & = ¢~/4m ~ 1/137, the Yukawa interaction is
very strong. The analog of & is gi J4m = ((10), so that
perturbative calculations are not very meaningful.

In addition o the pions, heavier mesons, now known

as kaons (K=, K°, KV}, with masses intermediate berween
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the pions and nucleons, were observed to be produced in
cosmic ray interactions. Heavier versions of the nudeons
(the Ayperons) were discovered somewhat later. These had
the surprising property thar they could be produced rapidly
by strong interactions, bur decayed very slowly, even when
there were final states such as K — m¥a" that could
presumably be reached by sorong processes. The resolu-
tion, due o Murray Gell-Mann, Kazuhiko Nishijima, and
others, was that these new particles carry a new quanum
number, dubbed strangenes (5), which is conserved by
the strong interactions. Ordinary pions and nucleons have
& = (), but the strange partides can be produced srongly
by the associated pmduﬂ.‘iﬂn ofan & = 1 partide, such as
K*or K°, and an andparticle with § = —1, such as K~
ar K7, eg., .‘-'r“p — K+ K" However, the K+ — a772%
decay would violawe srrang:ncss? and can proceed only by
the much more feeble weak interaction, which does not
conserve &.

The muons and strange partides did not seem w
play any essendal role in nature.® These were the first
observations of particles from a heavier famuly, the role of
which is sall not fully understood.

Over a hundred additonal strongly interacring parricles
(known as hadrons) were discovered at particle accelerators
during the 1950s and 1960s, causing Ennco Fermi w
remark “If T could remember the names of all these
particles, I'd be a bomnist.” Much was known empiri-
cally abourt their propertes and interactions. They had

TSlmngi: particle decays abo violate isospin.
5‘1"]‘.' madn dlwn’tr}' I‘."] L‘H‘Jr Rl.l:ll (4] nnk‘.' Il“ I’:nx?m ri.'n:l:rli. "':':"I:K:I
ordered thae”
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spins ranging from 0 o 2; fell into isospin multiplets of
21 + 1 pantides with similar masses (but different electric
charges), with 7 from 0 o 3/2; and had integer strange-
ness (0, £1, +2, 4+3. They also had well-defined properties
under spare rﬁﬁf’m‘aﬂ {parity), in which a physical system is
replaced by its mirror image, and under charge conjugation,
where partides and antiparticles are interchanged. Some
hadrons decayed rapid.l}f,'} respecting the strong interaction
symmetries, such as p” — 7w ¥7~, where p” s a spin-1
particle with mass 775 MeV (B0% of m‘,,}. Others could
only decay much more slowly by weak or electromagnetic
interactions.

Gell-Mann and Yuval Ne'eman independently intro-
duced the eightfold way in 1961, an extension of isospin
symmetry known as SU/(3). Paracles of different strange-
ness and isospin were associated in SU(3) muldplets of
dimension 1, 8, 10, and 27. Alchough 5U(3) is broken by
some 25% in the masses, the theory gready simplified the
hadron spectrum, led o many successful reladons invole-
ing the decays and mass differences, and was dramarically
confirmed by the successful prediction of a previously
unknown pardcle and its mass, che £27, with spin-3/2 and
strangeness — 3.

Several years later, Gell-Mann and George Zweig in-
dependenty introduced the quark modd, !¢ according
which the known hadrons are bound states of point-like
fractionally charged spin-1/2 pamides, with the baryons
(nudeons and hyperons} consisting of three quarks, and

TWith a l}']:l'u::] lifetime T ~ 107 5, & inferred from the widith T = lir.
.'l:l-].-ll‘.' namc was Liki:n I-r‘:lr." EJ.‘II“.'L' ‘.]Lﬂrk‘ I-‘:lr Mml‘:r M:rk_ll. in j:n:ﬁ.‘:

Jovee's Finnepan's Wake.
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the pions and other mesons made from a quark-andquark
pair. Only three types ﬂfquarks” were needed to account
for the hundreds of hadrons, the up (), down (4), and
strange (s ), with electric charges of 2//3, —1/3, and —1/3,
respectively, in units of the positron charge ¢. The quark
model jusified SU(3) (the #, &, and 5 are related in
a three-dimensional muldpler), and went beyond it in
classifying the hadron states and relating and undemstand-
ing their intrinsic propenies and decays. Nevertheless, all
attempts to observe the fractionally charged quarks at ac-
celerators or in cosmic ray experiments were unsuccessful.
In addition w the quarkk model and SU(3), there was
considerable theorerical work in the 1960s atempting w
understand the acrual dynamics of the strong interactions,
motivated by the large body of expenmental abservatons
of the hadronic interacdons and decays. For example, there
were various phenomenological models thar described as-
pects of the strong interacdon in certain limits, such as
the Yukawa theory for nuclear binding. Other models fo-
cused on other aspects, e.g., Regge theory for high-energy
scattering, or the more general S-matrix theory, which
emphasized general principles of scattering amplimdf:su
such as unirarity (the conservation ﬂ-fpmhﬂhilit}f} and their
singularity structure (e.g., poles and branch points in their
dependence on kinematic parameters). Other ideas (e.g.,
current algebra) emphasized the formal structure of $U(3),

HThe number has now |:lri:l|i|-i:ml.sﬂ to & or L& depending on o the
Nt |n¥ iﬁ d‘?m.'.

00 cha of models based on S-matrix IJ:u:i:lr}'. the dual-resomance models,
WwWore i.wrlll.‘l:“}' r::l’i:lrn:lulll.iﬂ a ﬁlriﬂg d:ﬁ?riﬂ I-‘:lr |J1L' ﬁlr‘:lr% iﬂl.‘.'m.'l.i‘:lm. :ﬂd
later reinterpreted as siring theodes for all intemetions incduding gravi.
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its extensions o higher symmerries, and the implicarions
for weak and electromagnetic processes. Another thrust
was axiomatic field theory (Streater and Wightman 2000),
which put field theory on a formal mathemartical basis
and led to rigorous proofs of the C P T and spin-statistics
theorems. These approaches all had limited successes, but
none led to a fundamental quandtative understanding of
the strong interactions.

The weak interaction is responsible for £ decay, L.e., the
decay n — pe ., where the neutron can be free or bound
ina nucleus, or p — ne7v, if this is energetically allowed
due to nuclear binding energies. 1. and ¥, are respectvely
the electron-type neutrino and antineutrino, which dif-
fer in a conserved {or almose conserved) internal charge
known as lepton number (L). The neutnnos are almaost
massless and have no electric charge, so they were invisible
to the early experiments. However, they carry ﬂffcncrg.f,
which therefore appeared w be nonconserved in 8 decay.
Pauli suggested in his famous “Dear radioactive ladies and
gendemen” letrer of 1930 (Pais 1986, p. 315) thar energy
conservation could be saved if an unobserved light pardcle
was emitted. In 1934, Fermi published his theory of the
fi decay interaction, which incorporated Pauli's pardcle
(which Fermi named the neutrine). The Fermi tnteraction
was modeled loosely after QED, but instead involved the
interaction of four fermions at zero range. Unlike QED
and nuclear forces, it allowed the transition of one type of
partcle into another (e.g., # — p). Furthermore, it viewed
the ¢~ i, pair as being created ar the ime of the transition,
as opposed to having somehow been hiding in the nucleus
beforehand.
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The Fermi theory has been repeatedly modified w
take into account muons, strange particles and strangeness
violaton, and heavier pardcles, and has been rewritwen in
terms of quarks. Even today, it is an excellent first approx-
imation to large numbers of weak interaction decays and
other low-energy processes (Commins and Budksbaum
1983). The existence of the neutrino was directly verified
in 1956 when Fred Reines and Clyde Cowan observed
the inverse reaction i, p — ¢ n in a arget located near a
reactor. A second neutrino (v, }, associated with the muon
in weak rransinions such as v, — @, was discovered ar
Brookhaven Mational Laborarory in 1962,

A major conceptual change occurred in the mid-1950s,
when T. D. Lee and C. N. Yang realized thar space-
reflection invariance (or parity, P} and charge-conjugation
invadance {7}, both of which are respected by QED and
the strong interacrions, had never been rtested for weak
interactions.'? Parity violaton was subsequently observed
by C.-5. Wu in polarized e decay, and C noninvanance
soon thereafter. Richard Feynman, Gell-Mann, and others
showed that the observations could be accounted for by
replacing the vector currents of the Fermi theory by vector
mings axial vecror (V — A) currents. In the modified
theory ' and P are violated maximally, but the product
C'P is an exact symmetry.

To understand this berter, the V' — A current only
acts on leff-chiral quarks and leptons and on right-chiral
antiquarks and andleptons. The predse definivon of

.'!'P:ril}- Was :|:l|:l:rv;.'r.|l|:_n.I taken for grjnl.cd 1:'_5.- s |:l|:}l:ii.'i:L1. with the
exception of Dime, who “did not believe init” (Pais 1986, pe 230
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left- or right-chirality s rather technical, but for our
purposes it sufhces that chirality coinddes with heliciry
when the particle is relativistic, where left- or right-heliary
spin-1/2 partcles are defined as those with their spin
antiparallel or pamalle w their momenmum, respecrively.
In the V' — A theory, the weak interactons act equally on
left-chiral electrons (e ) and right-chiral positrons (¢7),
while the right-chiral ¢ and left-chiral £] are blind to the
weak interactons. The physics of ¢ and e7;, which are
mapped onto each other by space reflection, are therefore
different. Similarly, the physics of the charge conjugates ¢
and ¢; differ, but the C'P conjugates e; and e should be
identical.

P invariance holds to an excellent approximarion, but
to the amazement of most physidss a tiny violation of CP
invariance was observed in 1964 in a rare kaon decay. The
underlying strength is abour 10-? compared to ordinary
weak amplitudes, and it was unclear whether the CF
violation was due o an entirely new interaction. Andrei
Sakharov subsequently pointed our that C'FP violation is
one of the necessary ingredients in any dynamical origin of
the excess of mareer over andmarceer in the Universe (the
baryon asymmetyy) (Sakharov 1967).

The Fermi theory could be modified © accommeo-
date €' and P violadon, but there remained a seemingly
insurmountable difficulty. Though it worked well for
low-energy processes, it was known thar scawering cross
sections would grow with energy, becoming so large as
to violate unitarity at a center of mass (CM) energy of
around 1 TeV ~ 1000 . This was a symptom of the
nonrenomalizability of the theory. The higher orders in
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perturbation theory that would be needed ww cure the
unitarity problem did not make sense mathemarically.

Thus, at the end of the Era of Exploradon there was
a satisfactory theory only of electromagnetism. Much was
known about the properties of the strong and weak inter-
actions, and there were many models that did (and sall
do) describe aspects reasonably well in appropnate limits.
However, there were no consistent fundamental theories
and licde apparent prospect of any being developed in
the foreseeable furure. Finally, it was known that classical
general reladvity was very successful for gravity, bur there
was no quanmum-mechanical version.

The situation was o change dramartically in the next

decade.

2.4 The Standard Model Era

The standard model of the strong, weak, and electromag-
netic interactions was developed and established in the
late 1960s and the 1970s, though it incorporated many
elements proposed earlier.

A key ingredient was Yang-Mills theory, first proposed
in 1954, in which interactions are mediated by the ex-
change of {apparendy massless) spin-1 gauge ;Hﬂ.‘ifﬂ?f.
Yang-Mills theories generalize QED. However, unlike the
photon, which is elecrrically neutral, the gauge bosons
themselves carry Yang-Mills charges and therefore have
elementary self-interactions.

The dectroweak part of the smandard model, pro-
posed in 1967 by Steven Weinberg (Weinberg 1967) and
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independently by Abdus Salam (Salam 1968), combines
the Yang-Mills interactions with QED, the Fermi the-
ory, and its intermediate vector boson extension (in which
the weak interactions are mediated by the exchange of
massive charged spin-1 parricles called the W= Hosons).
The gauge interactions are associated with the group
SUN2) » U(1). The weak interaction gauge bosons and
chiral fermions (i.e., their interactions are parity-violating)
are given mass by the Higgw mechanism though their
interactions with a background spin-0) field, which spon-
taneously breaks the gauge symmerry but was postulared
o preserve renomalizabilicy.

The renormalzability of the model was proved a few
years later. Weinberg's onginal 1967 modd was forleptons
only. A namral extension to quarks unbzing just the three
types that were then known (the , d, and 5) led w
predictions for the neutral kaons that were inconsistent
with experiment. This could be remedied by postuladng
a fourth (charm or ¢} quark (the G mechanimm), and in
fact the ¢ quark was discovered with roughly the predicted
mass a few years later. The ¢ quark also put the quarks and
leprons on a similar fﬂnting, with four each.

In addition to the weak cherged current (WCC) interac-
tons mediated by the W= (responsible for weak decays),
the SU(2) x U(1) model predicted a new weak nentral
curvent (WNC) interaction mediated by a new massive
neutral spin-1 particle, the Z boson. These neutral cumrent
interactions were subsequently observed. In the following
decades, the W and Z particles were produced direcdy
with the predicted masses, and the WINC interactions and
the properties of the W and Z were measured w high
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precision, in excellent agrecement with the theoretical pre-
dictions (see, e.g., Langacker 2010). The Higgs mechanism
was confirmed by the observation of the Higgs boson
(i.e., the quantum excitation of the Higgs fidd) ar the
Large Hadron Collider (LHC) in Swizedand in 2012,
completing the verificadon of the elecroweak cheory.

The SU(2) x U(1) mode with only two fermion fam-
ilies, i.e., (&, 4% v, ¢7) and (¢, 53 Vy, ft7), does not
have any mechanism for C'P noninvariance. However,
the extension to three families allows the possibilicy of
observable complex phases in weak transidons, implying
CP violadon. The third-family particles were evenm-
ally observed, with the mass of the heaviest quark (the
top, t) succcssﬁilly predicted prior to its direct observarion
through its effect on higher-order weak processes. Many
observations of CP violation involving X mesons and
their heavy quark analogs are consistent with this origin,
although it is not suthdent to account for the baryon asym-
metry. The original electroweak model (like the Fermi
theory) assumed that the neutrinos are exacdy massless.
However, by 1998 it was established that the neutrinos
have tny masses, solving the Solar newtrino pmHﬂH (the
observed deficit of v.’s produced by nudear processes in
the core of the Sun) by conversion of most of the v,’s
into other types. The properties of the neutrino massesand
mixings (e.g., whether the masses violare lepron number
conservation) continue o be acovely studied.

The strong interaction part of the standard model,
quantum chromodynamics (QCD), was developed in the
early 1970s, srongly motivated by the deep inelastic electron

scattering experiments at the Stanford Linear Accelerator
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Center (SLAC). These indicated that the prowon and
neutron, which in some sense are “big and fuzzy” with
radii ~1 fm, consist of point-like constituents thatinteract
relatively weakly ar high energies. The kinemartic distribu-
tions indicared thar these constituents have spin-1/2, tying
in nicely with the quark model that had been developed
carlier to describe hadron spectroscopy. The quark model,
extended by a new three-valued quantum number known
as celor, was combined with SU(3) Yang-Mills theory to
give QCD. QCD also led to a simpl understanding of
the observed strong interaction ﬂamr” symmetries such
as isospin, the eghtfold way, and their extensions. QCD
was subsequenty verified by experiments such as e¥e™
annihilation into hadrons and studies of heavy quark
spectroscopy, which observed the effects of the gluons
ithe spin-1 gauge partides), the color quanmum num-
ber, hadronic jets, and the running of the strong gauge
coupling, Larice calcularions, in which space and ame
are approximared by a discrete finiee lardce of points,
eventually allowed even more detailed tests of the low-
energy consequences of QCD and gave insight into why
isolated quarks and gluons are not observed.

The srandard model combines QCD, the elecrroweak
theory (generalized w include neutrino mass), and classical
general reladvity. It is a mathemadcally consistent descrip-
ton of nature. Experiments sensitive to physics on scales

MElvor refers wo the e i:rqu:rk. g Hy A, or 5, each of which comes in
thiee colors, or to the v pe i:l|-|i:|:ll.-i:lr.|. The citﬂ:lrﬁﬂd way Aavor svmmetry is based
on N3 [t i nnll:u.'n:l:LiiJ“}- similar 1o but |:l|:|}'.1 u.:“}- distinet from the QD

i.'i:lli:lr Z‘i}'ﬂ] r.m:lr}' .
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smaller than 1/1000™ the size of the aromic nucleus have

verified most aspects, often to high precision.

2.5 Beyond the Standard Mode!

The standard model has been extremely successful, far
more so than could have been antiapated in 1967,
Nevertheless, it is almost certainly not the final story: it
is very complicated, has many free parameters and fine
tunings, and leaves a number of questions unanswered, as
described in chaprer 1.

There are many theoretical ideas for embedding the
standard model in a more complete and fundamental
theory. One possibility is unification, i.e., that two or more
seemingly different interactions are realy different aspects
of a more fundamental and simpler underlying theory. The
most familiar example is elecromagnetism. The electric
and magnetc forces appear to be very different animals,
bur it was shown in the ninereenth century by James Clerk
Maxwell and others that they are really different manifesta-
tions of dectromagnedsm. Similady, the decrroweak part
of the standard mode at least partially unifies the weak
and elecrromagnedc interactions. Much more ambidous
bur still uneseablished is grand unification, which would
unify the strong and elecrroweak interactions. Even more
so are superstring theories, which unify graviry as well.

Grand unification and superstring theories may involve
relatively weak couplings all the way up to the Planck scale,
Mp = G;‘.I’u ~ 10" GeV, the sale at which quanmum
gravity effecs become important. Possible experimental
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implications of such theores indude supersymmetry (a re-
lation between fermions and bosons) at the TeV (10? GeV)
scale or higher; other low-scale remnany, such as new
particles or interactions or more complicated verions of
the Higgs mechanism: proton decay; the unification of
gauge couplings when extmpolated to high energies; or
possible large and/or warped extra space dimensions.

There are other possible extensions of the standard
model, such as those with strong coupling effects at or near
the TeV scale. For example, the Higgs boson could be
compaosite and only appears to be elementary when probed
at lower energies. Such theories may again lead o new
particles and interactions.

Despire all of these theoretical ideas, no direct evidence
for supersymmerry, strong coupling, or new particles was
observed during the first LHC run, which ended in 2012,
Perhaps such ideas are sdll valid bur the mass scales are
somewhat higher, or perhaps nature is more subde,'” with
new physics rotally different than we have imagined or
even with no new physics ar all up w the Planck scale.
In any case, one can hope that a variety of expenmental
and observational probes will combine with theoretical
advances w shed light on these issues and possibly even
allow an extension of our undersanding w the Planck
scale. These include high-energy collider experiments at
the LHC and at possible future ¢¥¢~ and pp collid-
ers, experiments probing neutrino masses and propertes,

flavor physics (e.g., involving heavy quarks, rare deays,

.'1”?1”.1 Conme o natae Wid! ]“ }'i:ll.'lr dm!l‘iﬂ. :I’.H! ﬁlli.' erx.lu |.|JLT.|:I :“ HI |.I.

[Pierre- Auguste Renoir).
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CP violation, or clearic dipole moments), as well as
astrophysics (e.g., core-collapse supernova explosions) and
cosmology (such as the nawre of the dark mareer and dark
energy, and the ongin of the baryon asymmetry).

We now wrn o a more detiled investigadon of the

standard model, its successes and shortcomings, and possi-
bilicies for the fumre.
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3

PARTICLES, INTERACTIONS,
AND COSMOLOGY

3.1 The Fundamental Particles

According w0 the quanmm-mechanical rowmtion group,
each type of elementary pardicle must have an intrinsic
angular momenwum (spin) 5 = 0, % 1, % -+ in units of
f,and can have 25 + 1 orieneations with respect to a given
axis. The spin-statistics theorem of quantum field theory
implies thar partides with integer § must be bosons, Le.,
the wave funcrion of two identcal bosons Is symmetnc
under partide interchange. Particles with half-integer § are
[fermions, with antisymmetric wave functions, implying the
Pauli exdusion principle. The known elementary pardcles
are listed in table 3.1.

At our present level of understanding, the fundamental
fermions are the quarks, which fed the swrong interac
ton, and the Icpmns,l which do not. They appear to be

.'-].-IJ‘.' ferm f?.rﬂﬂ ‘krlm I-ﬂ:lr." a ':; r‘.".'k. m?rd nx:ﬂiﬂg ‘ﬁn]:]l.l. -l-llﬂ.' i:ll'lglrﬂ]
definition of kepion a3 a fermion with mall mas was appropiate when only the
&, jt, and neutrines were krnown, but is 2 misnomer for the . N evertheles, it is
convenient o keep the term and dange the delinition.
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Particles, Interactions, and Cosmology K|

point-like, i.e., not composites, of smaller parriclcsl and
are treated as such in the standard model.

There are actually six types of quarks, known as flavors.
They have identical strong interactions, but differ in their
masses and their electroweak properties. Each of the six
have two chiralities, L and R, associated with their spin
orientations (page 20), and each comes in three QCD
colors, red (r), green (g), and blue i#). These are simply
convenient labels, chosen in analogy with but unrelated
to optical colors. The colors are acrually charges that
act as the sources of the strong interaction fields. They
are analogous to electric charges in electrodynamics, but
are more complicated in that there are three different

types.

The six Havors are refered to as up (x), down (d),
charm (¢}, strange (5 ), top (2}, and bortom {5), where the
names are partially whimsical but are also motivared by
mathematical notarion. There are similarly six elementary
leprons, the charged electron (¢7), muon (™), and tan
(), and three associared neurrinos v, [ and v, . Each
of these has an andparacle, denoted generially by &, d,
i, and ¢™ for the first Family. However, when n:ﬁ:rring
more spedfically o a panicle of definite chinmlity, it is
convenient to refer to the C'P conjugate, which has the
opposite chirality but similar interactions, using a slighdy
different nowmcon. Thus, #y is the nghe-chiral anti-up
quark, the CP conjugate of u;, and similarly for & <
iR di.!_ < dr g enp = ep goand vh < vy (Ivis not
certain whether v; < vy exists.)

o mpositenes is further discused in daper 6.
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Table 3.2. The mass, spin, and charge of the known fundamental

particles and a fow of the bound-stace hadrons,

Particle Mass (GeV) Spin (8) Electrie cha.rg: (e

H (Higgs) 125 0 0

w (up) 0.002 3 :;

d (down) 0.005 3 -3

r [charm) 1.3 ‘:': ‘—;

5 [:strang:] 0.09% ‘—.': ——;

¢ (top) 173 3 %

¢ (bottom) 4.7 3 -3

¢ [electron) 0.00051 f': =1

it (muon) 0.11 3 -1

T (£au) 1.8 5 -1

Vo e r (DEUICTIDOS) = 107 1 j-': 0

¥ (photon) LH 1 H
[l RO .4 1 +1

£ a1.2 1 H]

o fgluﬂ ns) LH 1 H

£ (gravicon) 0 2 0
xt 7" (pions) 0.14 0 1.0
KE KV KV (kaons) 0,49 0 +1.0,0
#.n (nucleons) 0,04 :.': 1.0
ptpt 0.77 1 £1.0
AT AT A" AT 1.23 4 2.1.0,—1

Magz: The i.]u:rk momses listed are due to the gz mechanism. -l'l:li:_y also

receive a commaon mas ~ 0.3 GeV from the st gy interactions.

The masses and elecric charges of the elementary

fermions are listed in wable 3.2, It 15 seen thar the

quarks and charged leptons have an enomous range of
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masses, from ~ 5.4 x 10~ of the proton mass, M, UP O
~ 186 m;. The neutrinos are very much lighter.

The first family of quarks and leptons consists of the
u, &, v,, and e~ . These areall that are needed for ordinary
mateer. For example, protons and neutrons are bound
states p = und and 7 = ndd, while ™ = ud, 7~ =da,
and T = (uit — dd)/ 2.

The second and third families, (¢, 5; Vy, ft7) and
(¢, &5 vr, T7), are identical o the fist, except for their
larger masses and the decays that are therefore kinemari-
cally allowed. The 5 quark carries the srrangeness quanum
number, & = —1,sothat K+ = wi, K =45, K~ = 54,
and K" = sd. The, &, and ¢ are heavier still. The heavy
families greatly complicate the standard model. It is sdll
not undersiood why they exist or why the fundamental
fermions have such an enormous range of masses.

The strongly interacring parrides (hadrons) are all neu-
tral under color. The baryons have half-integer spin and
are made of three quarks, with a wave funcdon that is
antisymmetric in the three colors. The mesons consist of
a quark-antiquark pair, with the colors in the combination
color-anticolor.? The large number of hadrons isdue to the
possible rotal quark spin, radial and orbiral exdratdons, and
various Havor combinarions. Strong interaction resenances
are particles with a large width (uncerainty) in the total
energy and a very short lifetime. They can decay by
rearranging the spin and spatial quantum numbers without

any quark changing iws flavor, or by the creaton of a g4

r].-lli.'ﬂ.' iﬁ recent C'\'iik e I’i:l r s i.'i:lﬂ:ll:ll Iﬂlﬂd L] ls:lr-m:ul ﬂl I:I’drﬂm sACh

o e barvons and 9455 mesom.
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pair. For example, the A™ is a wud state that resembles the
proton except that the quark spins add up to 3 /2. Tt shows
up as a very broad Breft-Wigner resonance (enhancement
in the cross section) for reactions such as 77 — AT —
:r“p, with a width of T ~ 120 MeV and a comesponding
lifetime 1/ T ~ 6 % 10~* 5. Hadrons that can decay only
by changing the flavor of a quark or that are otherwise
stable under the strong interacrions can decay much more
slowly by the weak or elearomagnetic interactions. The
proton is an exception: it appears o be absolurely stable,’
or at least to have a lifetime in excess of 10*! yr.

The quarks and leptons are sometimes referred to as
marter particles. They obey the Pauli exclusion prnciple
and have more or less fixed numbers. A hydrogen atom,
for example, consists of an electron and proton (i.e., three
quarks) in first approximaton. There are also a number
of fundamental bosons. These are just as real as matter
particles, but do not obey the exclusion prinaple. For
example, the phown (), the massless spin-1 quanmum
of the electromagnetic field, can be freely emitted or
absorbed by an dectrically charged parocle. Ar its most
basic level, the electromagnertic force is due to the exchange
of phnn-m-ns.-‘r This exchange process is conveniendy illus-
trated by the Feynman diagram in the lefi-hand side of
figure 3.1. The vertices and lines in such diagrams encode
the quantum-mechanical amplitude for the exchange, as

will be described in chaprer 4.

Possible proton decay & one of the eritical Bsue in paicle plysic. Most
i&:ﬁ :]:lﬁ:ll.'ll L'lnirx:l.i‘:lﬂ I:lr‘."]i‘.'l. l.Inl. dl‘: I:lr‘:ll.‘:lﬂ di:lﬂ: d‘."::«' WILI:I a '\'Cr}' Ii:lng
life time, ir.|:||:l|_1_.'ir.|g the ultimate in:L:'l:li|iI.}' i:lri:ll'dinlr}' 1w Ther.

¥These ey be ehrenad, ie., Lcn:l|x:lr:ri]}- Vi l:ling the relation .!'.-'1=‘El +n.r'1
berween energy, momentum, and moss, a3 allowed by quantum uncerainty.
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Figu.rc 3.1, Lefi: The t:xchang: of a photon (1) between an electron
and a proton. The dia.grarn represents both emission from the

electron fol lowed hy ahmrptiun hy the proton and the reverse,

A classical cluctmma.gm:tic feld consists of a SUPETPOSIEG 0 of
multip hoton stabes. Ri.ght: An inelastc sl:a.tbt:ring process, with the
pro o pi.ctumc[ as three a:[uarb:s.

There are other spin-1 gauge bosons or force arriers
analogous w the photon: the W= and Z mediate the
weak interactions, while eight colored gluons that couple
to the QCD color charges are associated with the strong,
Similarly, the newly discovered spin-0 Higgs boson is
associated with the generation of mass for the W=, Z, and
leptons, and part of the mass of the quarks, and @n in
principle mediate a force between them. Finally, gravicy
is presumably ultimately due to the exchange of a spin-2
graviton, though no experiment has had the sensiavity
observe it.

3.2 The Interactions

The known interactions are illustrated in ﬁgun: 3.2,
The strong interactions are responsible for nuclear
binding and for energy generation in stars, reactors, and

orougne o Yyou Dy 18 MallGnal Liorary of tne ippines

Authenticated
Download Date | 101113 6:39 AM



a6 Chapter 3
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Figm'c 3.2. Theknown interactions, The gluuns couple toall quark
favors, changing color but not favor at the vertices. The photon
couples dia.gunally (1., without changing the fermion type) to cach
type chharguc[ particle. The W vertices are uFF-:[ia.gunal, L.e., they
cha.ngc a quark or lepton into another diFFcring in electric charg:,
but do not changc the quark color. The 2, Higgs, and graviton
couple dia.gunally to cach known fermion, with the exception (for
the £ of the right—chiral neutrinos. Spin-0 particles, fermions,
electroweak bosons and gra\-'ibuns, and gluuns arc n:prr_n:nbu:[ by
dashed, solid, wavy, and curly lines, respectively.

(unfortunately) weapons. They are fundamenually due w
QCD, i.e, to the exchange of eight (massless) gluons
between quarks. They couple identically w each quark
Havor, which is never changed ar a quark-gluon vertex.
The gluons themselves carry color (unlike the photon,
which is elecerically neueral), so the quark color can be
changed art the vertex and there are addidonal interactions
amongst the gluons. No isolated quarks or gluons have
ever been observed, presumably because the forces berween

orougne o Yyou Dy 18 MallGnal Liorary of tne ippines
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Figure 3.3. Lefir The (Yulawa) exchange of a pion berween
nucleons. Righe: Huscration of how the Yulawa ineraction emerges
from D,

colored particles become so grear ar large distances that
they can never be separared {fﬂnﬁnmmr}. Nevertheless,
the evidence for the existence of quarks, gluons, and color
is compelling, as will be described in chaprer 4.

Since the directly observed strongly interacring parricles
(nudeons, pions, and other hadrons} are neutral under
color, the strong interactions between them are analogous
to the dipole forces of atomic and molecular physics. The
Yukawa interaction due o pion exchange, mentioned in
chapter 2, gives a rough descripdon of the long-range part
of the nuclear interacton. The interacdon is illustraged in
figure 3.3, and some characteristics in table 3.3. It 1s strong
but of very short range.

The elecrromagnetic interaction acts on all decrrically
charged partides, including the ¢=, =, =, p, p, 75,
and quarks. It provides the binding for atoms, molecules,
crystals, and other forms nfnrdinary mateer; is responsible
for chemical energy, chemical reactions, and modern elec
tronics; and leads to electromagneric radiadon. It is due to

orougne o Yyou Dy 18 MallGnal Liorary of tne ippines
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Table 3.3. Characteristics of the known interacdons of lepmns
and hadrons.

Potendal Strengrh Range
Stmng _gfr" :"J E ~ 14 t e 1015 em
Eluctmma.gm:tic ';—_ ¥ = ::T o # o0
Weak e %»m"' =~ 107" em
Higgs ﬂ@’:‘-L B 107" g~ 107 em
Gravity f;,n'ﬂijﬁ‘ G ym ez~ 107%° e

MNager [The more fundamenml QUD inemcion berween qu:rks will be
characterized in i:l:ﬂl:ll.'i.'r 43 The :r.|:||:l|i|.udi:1 for emision or alworption of the
ud::nﬁuﬂ s are gz, 8, nrf My, and me fMp, n:1|mliw|}-.w|:|cn: mr is the
fermion mass, My can epresent My or Mz, and Mp & the Phock mos, £ isa
I.}'|:liu| enegy ina weak decay, such as the inital mass or IJ:li.'i.'m.'rg:.' redease, The
e feal u:n:l|:lls:1 are for E and pey 5 ~ 1 MeV. The IJiJk:nliljﬁ are i.]u:lil:liw
-::lr.||}-. and are meant to illustare the xlr::nglJ:l.': and mnge.

photon exchange as described by QED, is long range due
to the masslessness of the photon, and is much weaker than
the strong interaction.

The weak interactions affect all known fermions excepr
righe-chiral neutrinos. In particular, they are the only sig-
nificant interaction for the ordinary neutrinos (left-chiral)
and antineutrinos (rightchiral). They are too feeble w
lead w any kind of binding for the ordinary particles,
but are responsible for weak decays. They are critcal
in the nucleosynthesis of dements heavier than hydrogen
in the early Universe, stars, and supernova explosions.
They also allow scartering processes involving neutrinos
and contribute a any parity-violating perturbation to the
electromagnetic interactions in atoms and charged-lepron

grougnt to you by ne Matonal Library of the Fhilippines
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saartering. The weak interactions are the only ones that
violate space-reflection (parity} and charge-conjugation
invariance, because they couple differently w left- and
right-chiral fermions. They also violate €7 at a much
lower level. The weak interactions are now understood
o be mediated by the exchange of very massive spin-1
gauge bosons, and are therefore extremely short range.
The weak charged currene (WCC) is associated with the
charged W™= with mass ~ 80 GeV, known historically as
intermediate vecror bosons, while the weak neutral current
W) 1s due ro the somewhar heavier neutral Z boson.
The WCC acts only on L-chiral fermions and @an violate
srangeness. The Z couples to both L and R, bur with
different strengths. The weak interactions actually become
stronger at higher energies, especially ar energies larger
than My= .

The Higgs mechanism generates an effective mass for
gauge bosons and chimal fermions via their interaction with
a background Higgs field. The Higgs-Yukawa interaction®
is due to the exchange of the quantum exdration of that
field, the spin-0 Higgs boson. The Higgs is very massive,
~ 125 GeV, so the interaction is exeremely shore range.
Its coupling to an elementary fermion of mass mpois
propordonal to m /v, where v ~ 246 GeV is the weak
interaction scale that is set by the background Higgs
field. This is extremely small for the lighter quarks and

leptons.

ﬁ[l. iﬁ ‘:‘Jﬂ\":ﬂl‘u?m] (C4] r‘.'l-‘.'r (041 lI:lL i;l-:d:l:nt;.‘ ‘JI- IJ:K. E[lw ]xm‘?ﬂ a8 dl‘.'
“Yukawa interaction” in amlogy with the otginal Yukawa model for the stromg
inlﬁ:mli‘?m. -J.-‘:l :\"JH C‘Jﬂrﬂﬁi‘?ﬂ. ||. WI” 1:&: r‘.r‘.”‘:‘! {C4] IIC“.' a d]‘.' E[lw ar

Higrgrs-Yubawa interaction.



40 Chapter 3

The gravitational interaction is the weakest of all.
Known gravitational effects can be described by general
relativity or its Newtonian approximation, but it is pre-
sumably due to the exchange of a massless spin-2 graviton
at the microscopic level. The graviton couples to all sources
of energy, so the stength is proportional © mass fora
nonrelativistic pardcle. The sale is set by the Planck scale
Mp = vf.’}';,‘,.l"l'II ~ 10" GeV, so the gravitational interac-
tion for individual partcles is miniscule, even compared
to the weak and Higgs-Yukawa. However, unlike the
strong, electromagneric, and weak interactions, graviry is
always actracdve. Furthermore, unlike the Higgs-Yukawa
interaction, it is long range. The gravimtional force is
therefore additive for macroscopic abjects: it is responsible
for weight, the binding of the Galaxy and Solar System,
and the inward force in the Sun thar counteracts the
thermal pressure created by nuclear fusion.

It is apparent that the interactions have vasdy different
properties. Particle physics is complicated! One of the
underlying goals in physics is to achieve as simple a picrure
as possible. One possibility is unification, such as the
unification of electric and magnetic forces described in
secrion 2.5, Similarly, the standard elecroweak theory
at least parpally unifies the weak and elecrromagneric
interactions, which would look very much alike if it were
not for the symmetry breaking associated with the Higgs
field (or if probed at high enough energies). Grand unified
theories, which were inroduced soon after the standard
model, ambidously attempted to unifiy all three of the
microscopic gauge interactions ((QCD and the dectroweak

theory), with their reladon manifest at a scale a few
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orders of magnitude below the Planck sale. Such theories
were elegant and had some intriguing predictions, but at
least the simplest versions have now been excluded by
the nonobservation of proton decay. They may reemerge,
perhaps with the symmetry broken in new wompact
dimensions of space. Even more challenging is the possi-
bility of bringing gravity into the game, perhaps in super-
string theory. These ideas will be elaborated in chapeer 6.

3.3 Cosmology

Virtually all aspects of dassical and modern physics are
relevant o astrophysics and cosmology. In particular, the
development of the SM was essential for our undersand-
ing of the carly Universe. Conversely, astrophysics and
cosmology frequently yield valuable information about
physics, such as the discovery of helium, tests of general
relativity, the first indicarion that neutrinos have a tiny but
nonzero mass, the existence of dark mareer and energy,
and stringent constraints on possible extensions of the
standard model. Here I give a brief overview of our current
understanding, with a timeline of likely events summarized
in mble 3.4. More demiled treatments may be found
in, e.g., Kolb and Turner 1990; Weinberg 2008; and
Loeb 2010,

Two of the most important observadons in cosmology
were made in the 1920s by Edwin Hubble. He built upon
the work of others to establish that many observed nebulae
are really (in modern terms) other galaxies far beyond
our own Milky Way. Even more important, he used the
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observed redshifts to show that the distant galaxies are
receding from us, suggesting that the Universe as a whole
is expanding. One can work backward to infer that the
observed Universe must have swarted with an extremely
lor inﬁnitcl}f} hot and dense big bang some 14 billion
years ago, and has been expanding and cooling since then.’
Big bang nucleosynthesis (BBN) and the cosmic microwave
background radiation (CMB), to be described later, provide
compelling confirmation of the big bang hypothesis.

We do not know whar happened at the very first instant.
Pethaps the Universe emerged from some kind of phase
transition, or it may have bounced back from a previous
period of collapse. There was possibly a bref period when
the temperature was ar the Planck scale and quanmum
gravity dominated, or perhaps there was nothing but
vacuum. In any case, the big bang has two major problems
that must be surmounted. First, the CMB 15 observed to be
very uniform in all directions of the sky, even though, for
angular separations larger than a few degrees, the regions
from which it was emitted were not in causal contace
while the radiadon was still in equilibrium (the horizon
m&fm}. Second, the dmescale for a homogeneous and
isorropic universe to either expand ro a maximum and then

collapse (if it is closed®), or w expand intw essendally a

TThe basic idea of the big bang lad been proposed earlier by the scientist and
Jesuit pr st (;u:rg:: Lemaitre. An alte mative i;r:|:l|:r.|:liv::lr.|. the rr:.d_;.- e IJ:Ii.'d:lr}'.
|:ls:nL|.1]:lu3 et mater i :|:li:lr.|l:r.|i:s:lm|}' generted o ri:|:l|:u: the nxulingtp]uim.
l&.:dlng iy an Llcl:undlng .I:ll.'ll. ‘.'l.‘.'m:] :m] und:ﬂnglr.lﬁ [..:ni'\".'r.“.'. -l-lliﬁ '\'.K.w Wwas
dizse redived by the e 19608, however, when observation of very distant objects
such = quakar, which emitted their mdiation at much earlier times, showed that
the Universe is changing

6[r.| a &ij uﬂ‘r\'ﬂrx. dl‘.' klm.l.l‘. ‘.'r.“.'lz;:«' ‘Jrulﬂm‘“?n iﬁ ﬁn:ﬂ“i.'r llnn dl‘.'
grEvitEtng energy msocted with matter, mdiation, and the vacuum. It ko a
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zero temperature emptiness (if it s open) is the Planck
time (~ 107" 5). The observed age is some 10% larger,
requiring that the Universe is flar w0 an incredibly fine-
tuned predsion (the flatness problem).

These difficulties can be resolved if the Universe inidally
underwent a bref period of exponentially fast expansion
(inflation), in which it was smoothed out and Hattened,
and in which the densities of any preexisting particles
were diluted o essendally zero. Inflation could have come
about if the energy density was dominated by vacuum
energy, perhaps associared with some cosmological analog
of the Higgs field. The inflaton must eventually have
swopped, with the vacuum energy somehow converted w
a thermal bath of elementary particles with a very high
rebeating temperature Tgy. During the infladonary phase,
quantum flucruations would have formed the seeds that
later grew into structures such as galaxies. Inflation has not
been conclusively established, but some form or something
similar seems likely.

We will not speculate further on what might have
occurred prior to inflation or on its details, but will simply
assume that the conventional part of the big bang began,
perhaps fﬂllﬂ-wing an inﬂatiﬂnary phase, at a temperamre
Trer, with the appropriate flamess and uniformity. Tg g is
unknown, but it is usually assumed that it is smaller than
the Plandck scale” (so that quantum graviry can be ignored)
and well above a few MeV {to account for BBN).

curvarune similar o the surface of 3 sphere. In an open universe, the kinetie
energy is |:rgr.:r than the gravitating enemgy, with curature :mkyg\uux o asaddle.
A flar universe is ar the border, with equal kinetic and gravicating enemy. I is
analogns toan object thrown upward an the escape velocity.

ql'].'i.'r.|:||:lﬂ.'r:l|.'|rv;.' amd energy are telated by the Bolmmann constant, B6 =

10 eV B
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Assuming, as is likey, that Tqy 3 O100 GeV), the
electroweak symmetry would have been ininally unbroken
and the known particles would all have been massless.
The Universe would then have consisted of an almost
uniform plasma n-f-q uarks, leptons, antquarks, antileprons,
photons, gluons, dectroweak bosons, Higgs partcles, and
{possibly) pardcles associated with new physics, in a period
known as the radiation-dominated epoch. Radiadon refers
here w all rlatvistic partides, both bosons and fermions.
The encrgy density in radiaton scales as T4 where T isthe
temperature. As the Universe expanded, the particle wave-
lengths were redshifted so that the emperature decreased,
e, Too B!, where R is the scale f:m.‘rjr characterizing
the expansion.

The details of this epoch depend w some extent on
unknown physics, bur presumably the baryon asymmetry
{excess of marter over antimarter) was somehow generated
(baryogenesis). The baryon asymmetry and some possible
mechanisms for its origin will be described in some detail
in chapeer 5, but the key point is thar the amount of marter
relative to photons observed today implies thar there must
have been a slight excess {one part in 1l.':l'j']I of quarks wich
respect to antiquarks early in the radiation period, which
must have been genemted dynamically after or during
the reheating following inflation. As the plasma woled,
there would have been several events thar our present
undersanding of partide physics allows us to speculate
on with a reasonable degree of confidence. The elecrroweak
pﬁase transition presumably occurred ar T = O(100 GeV),
when it became sufhciently cool for a classical Higgs
field to develop, breaking the electroweak symmetry and

wrning on masses. As 7 dropped even more, various heavy
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particles would have annihilaced against their antipamicles,
dumping their energy and entropy into lighter spedes. The
quark-hadron transition took place at a few hundred MeV.
At higher temperatures, quarks, antquarks, and gluons
were unconfined free particles. Below that temperature,
maost of the quarks and andquarks annihilated each other.
Eventually, only the small excess of quarks survived, and
these were bound into nucleons. By the time that T fell
to O(10 MeV), the plasma consisted mainly of electrons,
positrons, neutrinos, antineutrinos, and photons. There
were also trace amounts of protons, neutrons, and (pre-
sumably) other particles that would make up the dark
marter. These were still negligible players in the dynamics
of the Universe, but would soon come to dominate.

At sufficiently high temperatures, the weak interaction
processes

ndu e pte, nde = p4i (31)

kept the ratio of neutrons o protons in thermal

equilibrium,

no E,.—E, Pl — P
poor(-57) ~ee (),

(3.2)

where the mass difference s m, —m, ~ 1.29 MeV.
Equation (3.2) held as long as the weak interacrion
raie ' ~ G5 T° exceeded the Universe's expansion rate
(Hubble parameter), ffw\,r‘ETlfMp. Here, 7y =
V22 [8ME, ~ 1.2 % 107 GeV™? is the Fermi constant,
describing the weak interaction serength, Mp is the Planck
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sale,and g, (=43 /4 form,. = T < my) is related to the
number of relativistic degrees of freedom in the plasma.
However, I' dropped below H at the neurrine freeze-
out temperature'® Tr~ ( 2o/ G3-Mp)'? = O(1 MeV).
At lower temperarures, the equilibrium could no longer be
maineined, so that 7/ p was fixed at C’XF{—%"—} except
for neutron B decay. Most of the neutrons were eventually
incorporated into e, leading to the predicrion thar the
ratio by mass of primordial iHe to H should be ~ 24%, a
resule char is consistent with the abundances observed in
the oldest stars.!! This big bang nudeosynthesis (BBN)
result is quite robust. It depends only on well-known
particle, nudear, and staristical physics, except for the
assumption that no unknown sources of radiation were in
cquilihrium.u This nuclear alchemy successfully tests the
big bang theory (and constrains extensions of the standard
model) when the Universe was only ~ (1 — 180) s old,
the eadiest period that hasbeen probed direcdy (Weinberg
198 3).

Shordy after the neutrino freezeout, the e™ annihilated
with e~ producing photons, leaving radiadon in the form

.":'[l i4 2 renmrkable coincidence that :F_;.r. which di.'l:lﬂ.' tils an the :ln:ngl]m
af the grm'il:lii:ln:] amd weak imemction, is nun:i:l'iu”}' very cloge w0 Am=
My — MF -J.-I:K.' I:“.‘.'r “.‘.".l“ﬁ “Jnlru?uli‘!ﬂﬁ I-r‘:lnl |JJ‘.' ‘.]L'ﬂrk mMaEsCs, wllidl ane
considered part of the stong interactiomn but scnally generated by the Higgs
miec hanism, and also From clmlri:nngﬂcl'nm. Tlas, all of the known intermctions
:|:l|:l:r'::r.|l|3.I conspire o avoid ]":I.r & Momr (Do |:lrir.|:u:lrdi:] e ) or :F_;.r i Avopr (no
primaomdial 2.

U rse amssunts of 13, 2He, and TEF were alss produced. Heavier elements
and additional *Ffe were laver svnthesized in s tars, in cosmic rav inte medonms, and
in mm-ml]:px S per oV, ’ -'

EThe predicted e 1w I mtio depends weakly on the nuceon w photon
mtio, but that can be determined from other olservations im-i:llving the BRN
and the CMB.
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of s, v's, and s, as well as race amounts of excess
electrons (analogous to the excess baryons) and nucleons,
with the BBN occuming in the next several minutes.

After about 100,000 yr, the Universe had cooled
enough w be matter dominated, ie., the energy den-
sity in nonrelativistic particles, including ordinary and
dark martter, exceeded the radianon cncrg}f.lf' By around
380,000 yr, the emperature had dropped enough (o
T ~ 0.3 V) for the residual electrons and nuclel w form
stable awms (recombination). The remaining photons no
longer interacted efficiendy enough to sty in thermal
equilibrium. They have remained in the Universe ever
since, essentially undisturbed except for the expansion of
the Universe, which redshifted their wavelengths so thar
they now have an energy distribution of thermal form with
temperature 7y = 2.7 K, in the microwave region. This
CMB had been predicted in 1948 by Ralph Alpher and
Robert Herman, and was discovered accidenaally by Arno
Penzias and Robert Wilson in 1904. It is considered to be
definitive evidence for the big bang, It is remarkably uni-
form,'" bur after many earlier observations small tempera-
ture flucmadons of (1 f}‘-"} were seen by instruments on
the COBE satellice in 1992, These formed the seeds from
which strucrures such as galaxies and clusters ultimarely
formed, and may themselves have been created dunng an

earlier period of inflation. The CMB has been studied in

P he radiationdensioy falk o T o 87, while the maner density b mo e
ﬁli:l\'b’l}'. F ] :lr'"' o i 1". I,—l- here ame Cormectian o |J:Ii.' |:lr::l|x:lrlii:lrn|il}- -:|:li.'l'\mr.| T
and B0 at the tdmes of |:ur|.idi:—:r.|l.i|:l:r|.iﬁ.'k.' annihiltion.)

Mith the excepon of a di|:u:|k' anisotropy asociated with the relive
mertion of the Sobir Sysem.
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great detail since then, including the recent measurements
by the high-precision instruments on the WMAI and
Planck satellites, with the details allowing determinaton of
cosmological parameters describing the dark energy, dark
and baryonic mateer, curvarure, and Hubble parameter,
and setdng limits on neutrino masses and on possible new
types of radiation.

Density perurbarions could star to grow once the
Universe was matter dominated. After Q{108 yr), the first
stars and galaxies formed (which in mum produced heavier
elements incorporated in larer stars and planes). The
details are less understood than those of the CMB and
BBN (sce, e, Locbh 2010}, and are a princpal focus of
current research,' including that of the James Webb Space
Telescope (successor to the Hubble Space Telescope),
scheduled to launch in 2018.

It has been known for decades char there is much more
mateer in the Universe than the ordinary atoms of which
we are made. This dark marter does not emir or absorb
significant amounts of light. Its existence is inferred from
its gravitational effects, e.g., on the motions of stars and
gas within galaxies and cluseers, from gravitatonal lensing,
from the separation of ordinary and dark matter in galaxy
collisions, and from anisotropies in the CMB. It will be
further discussed in chapter 5.

The Universe has continued w expand until the present
time, some 14 billion years after the big bang. One other
event during that period is of pardcular reevance. The

Plarge space- and ground-baed elecope are effectively time machines
.Im.':m‘.' IJ:K.}' ‘J‘II‘CTW d‘“lﬂﬂl 2 i P K.:J ‘J‘I:lj‘.".'lﬂ a5 dlt}' Woere I‘:lr% %‘J wlxn

they emitted their light
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energy density associated with mateer falls like T Yoo R
as the Universe expands, while a possible dark energy
assoclated with space itself does not vary with R, In the
late 19%0s, observations of very distant Type I super-
novae indicated that the expansion rate of the Universe is
acrually accelerating. This suggests the existence of dark
energy, which acts repulsively ar large distances and may
be a weaker vemion of the energy that led to inflation.
Subsequent observations have confirmed the existence of
the dark energy, which began dominating over the martter
density somewhat before the formation of the Solar System
4.0 billion years ago.

There is now a remarkable agreement of multiple
observations, induding the CMB, Type [ supernovae,
distributions and dynamics of galaxies and clusters, the
BBM, and gravitational lenses. These have established the
existence of dark marter and dark energy, and confirmed
that the Universe is very close to flar, with the present
rato of energy densities in the form of ordinary macter,

dark marter, and dark energy, around 5%, 25%, and 70%,

rcspcctiwl}-'.l & These ingredients are collectively referred w

as the standard cosmological model.

What of the futurez We are lucky that the Universe is
close enough to flat thar there was adequate time for us
to come into existence, and the timescale for any futre

cosmological calamiry is enormous.!”

."I""l'hi:crx:rg' in mdiation, such 2 the CMPB and neut dnos, is now mg“gﬂ:lli:.
.'T-].-IJ‘.' |:Iim[|:l|]|l}' ‘JI-: Catast “JIJ.H.' &I.:}' ‘Jr: ﬂxlz‘l:]:ll‘.' Vacuuam state WI“ ]:lﬂ.

deseribed in chaprer 4.
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THE STANDARD MODEL

4.1 Gauge Invariance and QED

Gauge invariance emerged historically as an apparendy
acddental feature of classical electrodynamics. It was main-
mined in the classical and quantum mechanics of a charged
particle in an electromagnetic field, and in QED. One can
invert the logic and take a generalized version of gauge
invariance as the starting postulate for a physical theory. It
turns out that such gauge invariance' requires the existence
of {apparenty) massless spin-1 gauge bosons analogous o
the photon, and that the form of the interaction of these
gauge bosons with other particles or with themselves is
determined. Gauge theories are the unique possibility for
renormalizable field theones involving spin-1 bosons, and
they provided the breakthrough needed w understand the

strong and weak interactions.

.'-].-IJL' i.'i?ﬂrdi mate tans I-Hr nﬂliﬂﬂﬁ ﬂr g\ﬂ.m ﬂ] n hl i\' I l}' Can :JMJ ]Ji.' Al ii.'ll'b‘\ﬂd a5 a

kind of gange invariance.
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Clazsical Elactrodynamics

The Maxwell’s equanons of classical electrrodynamics are

. - 4B .
?XE-‘-B—ZH, ?-B:ﬂ,

- (4.1)
- - af - - -

ha

where _f_- and p are respectively the current and charge
densities. We use Heaviside-Lorentz units and have taken
¢ = 1. The continuity cquatiﬂnl that expresses the conser-
vation of electric charge,

- dp
V- —, 4.2
I+ = (4.2)
follows directly from (4.1).
[t is apparent from the fist two equations in (4.1) that
the electric and magnetic fields can be expressed in terms of

the vector and scalar potentials A(x, ¢} and ¢ (x, 7}, with

. - - A
B=Vx A E:-?qs—a—. (4.3}
t

Meither the Maxwell's equadons nor the Lorenz force
equation

F=_—¢(E+7x B) (4.4)

1} [i:l.i:lrii:“}'. the di:|:l|x.'cr.|:u.'nl current 8F (f in the ¥ = B i.'i.]L‘ﬂl.ii:ln W
intmod veed by Mavwell o ensure consistency with the continuity equation.
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for an electron of charge —¢ < 0 moving in an electro-
magnetic field depend explicity on these potentials, so they
are not direcdy observable. Moreover, they are not unique.

The gauge-transformed potentals

A E+1%ﬁ, .;a’sqa—iﬁ, (4.5)
8 e dr

where B(x, t) is an arbitrary differentable functon of x
and ¢, describe the same FE and B and lead to the same
physics. At the classical level, this redundancy in descrip-
tons is mainly a curiosity, although the mathemarics is
Qﬁmﬂsimpliﬁcd by choosing # appropriately, e.g., so that
Ved =10

Quantum Mechanics

The vector and scalar potentials play a more direct role
in quantum mechanics, which is formulated in terms of
potentials mther than forces. Even though the claﬁica_l_
Lorentz force in (4.4) has no explidt dependence on A
and ¢, the classical Lagrangian

1 . L -

inmv‘—f{v-z‘!—d}} i4.0)

does, implying that the canonical momentum conjugate to
an elearon position x is P = mt — e A rather than m¥b.

Thus, the Hamileonian becomes

rr T4
H = mi‘,l_ﬂ;gzw_
2

e g 4.7)

b3 | =
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In passing from dassical to quantum mechanics, it is P

rather than mt that is quantized and identified with —iV

when acting in positdon space. Thus, the Schridinger equa-

tion for an electron moving in a classical electromagnetic
held becomes (with b= 1}

1 = =, O

[_E{? + ded)y” — e | W = EE' (4.8)

This replacement of —iV and iﬁ—ﬁ; in the free-particle
equation by the gauge covariant devivatives — iV +eAand
s‘% + ed, respectively, is known as the minimal electromag-
RELic substitution.

Equation (4.8} is not by iself invariant in form under
the gauge transformaton (4.5). However, if in additon we
replace Yr(x, r) by

YT, 1) = e P YT, 1), (4.9)

then gauge invariance is restored. That is, the primed
quantites satsfy the same equation as the unprimed ones,
because the shifts in A and ¢ are compensated by the deriv-
atives acting on the phase. A quantum-mechanical gauge
transformarion therefore involves both a transformadon on
the electromagentic potentals and a simultaneous change
in the phase of the wave function.

To see what good all of this is, ler us work backward,
starting from the Schridinger equation (2.1) on page 9.
For simplicity, we consider a free electron, Vix, 1) =0,
although the same consideradons apply w a noneec-
tromagnetic potential. Equadon (2.1} is invanant under
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the replacement Y — " = exp(—ifi) ¥r, where 8 is an
arbitrary real cons@nt, ie., ¥ and 9" sanisfy the same
equation. These transformatons are known as the global
U(1) group. Global means that it s independent of x
and ¢, in contrast with the more general focal (i.e., gauge)
transformations in (4.9), which can be camried out indepen-
dently at different points in space and time. U(1) refers o
the group nfunitary 1 ® 1-dimensional matrices, which s
an incredibly complicated name for phase factors.
Equation (2.1} is mot invariant in form under local
transformations because of the derivatives. However, one
can impese gauge invariance, either from an estheric
motivation,” or, more mundanely, as a convenient pre-
scription. This requires the introduction of vector and
saalar potennals, which, subject to a few cvears, must
have the equations of modon, ineracdons, and gauge
transformations presented earlier. Thus, a local U{1) gauge
invariance largely determines the existence and properties
of an associated ineracdon, up to a coupling constant
(charge) e, which unfortunately must be wmken from

experiment.

Quantum Electrodynarmics

Similar considerations hold for the relativisiic generaliza-
ton of the Schriidinger equarion (the Dirac equation),
but we will jump directly to quantum elecrrodynamics,

It s ssmetines argrsed, fasr u:m|:l|c. that |:l|:|}'.1k:s should not care whether
the |:l|:|z'u.'.1 of an electron on the Eanh and one on the “dwarfl |:l|:m.'l" Mute are
the same. This amrument is somewhat unde mined beeame the SM does emplov

Ll ]
gli:l]:l!] svmmetries. However, these could be remnants of more fundamenial local

SV ELries.
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the relativistic fidd theory that allows the creation and
annihilation of photonsand of electron-positron pairs (see,
e.g., Kinoshita 1990).

Let us first introduce some relativistic notadon. The
energy-momentum (contravariant) four-vector of a par-
ticle of mass m is denoted p, with componenss p¥ =
(£, p), where ¢t = 0,1, 2, 3. The covariant four-vector
is pu = ZL“EFUFV = guv p", where g, is a diagonal
4 » 4 mammx with elements (+1, —1, —1, =1}, so that
P =IE, — # ). The quantity p-] =pip,= - ﬁ'l is
Lorentz invariant. The pamicle is said to be real or on-
shell if £ and p sausty the physical relation pl = m.
Otherwise, it 1s virfual, 1.e., the relation 15 violated, as can
happen briefly because of quantum uncertainty. Similarly,
the position four-vector x has components x* = (r, x) or
xp = (&, —x ) Sparial derivatives are conveniently denoted
as " = % = {% —':._""}

We introduce the eleciromagnetic vector potential four-
vector and field srength tensor

A = (p, A),  F™ =9"4" — " A", (4.10)

0 _E.': _E:p _Ez
" E.'c ] - Bz ¥
FRe (4.11)
E, B 0 —B
E. —-B, B. 0
Brought to you by 1@ Mational Library 12 Ph 18S
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In field theory, it is convenient to introduce the Lagrangran
.dfmiz_}r
=3

1 -
Fu " = E(E‘ — BY). (4.12)

1

L4= 3

The equations of motion (in this case, Maxwell’s equations
in empty space} can be derived from L4, just as the
Loreniz force law for the deciron follows from (4.6).
In the following, we will encounter a number of such
Lagrangian densities, which are useful for displaying the
gauge invariance and other symmetnes, and the associated
interactions of the theories. In the present case, we see
immediately that £4 s unchanged by the gauge trans-
formation in equation (4.5), which becomes A" = 4" —
I:E“‘ﬂ in relatvistic notation.

All of this is identcal to classical electrodynamics,
except that we now interpret A* as an operator that can act

on a state o create or annthilate a photwon. f'}u:hf:mzlti1::a'L|l:|.f,'1
A wfdi£[a{£}+ah:,€}], (4.13)

where .:I{g]l and ET{E} are harmonic oscillator-like anni-
hilation and creaton operators. ET{E} acting on the
ground state of the theory produces a one-photon state
with momentum £ and energy @ = |£|, while a{g} acting
on that state returns us to the ground stare. In (4.13), we
have suppressed details involving the photon polarizarion,
and in the following we will notdisplay the E dependence.

AThi & the i.':-:|:ln:1:i¢:lr.| in the alsence of interactions, which is what is
nedevant for a permurbative caleulation.
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The eectron wave function can similarly be replaced by
an electron hield operator ¥ (x), which can eitherannihilate
an electron or create a positron, iL.e., the sate ¥ | x } involves
one fewer ¢~ or one more ™ than |y}, while the adjoint
1 annihilates a positron or creates an electron. Thus,

W~ f d*p (b)) +4d1(p))], (4.14)

where E-'TI[E} creates an clecrron of momentum ﬁ', fﬂl[f}
creates a positron, and & and 4 are the comesponding
annihilaton o perarors.

¥ has four components, not displayed in (4.14), asso-
ciated with the two spin orientations for ¢~ and ¢ ™. The

Lagrangian density fora noninteracting electron is

L.=v(iy"d, —m ), (4.15)

which leads to the correct Dirac equation of motion. In
(4.15), y* are the 4 x 4—dimensional Dirac marnces’
associated with spin-1/2, and ¥ = ¥ 73" but we will not
need to be very concerned abour such dewils. Whar is
imporgant is that £, is not invariant under local ranstor-
marions, but justas in quantum mechanics local invanance
can be imposed by the minimal substitution 8% — D =

i —ie A", where D" is the gauge covariant denvartive,

¥The [rac mmtrces nl'nr}- rhpt 4 ptplt =gttt and pif = Fiu- Their
exatt representative is not needed here.
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The QED Lagrangian density

1 .
L= —EFMF"“ + U [y B, e Ay —m | W
(4.16)

is invariant under the simulaneous gauge rransformarions
1 .
A¥ = A" — Z 3“8, W= ey, (4.17)
e

e, L, A"y = Liy’, A*). This has several conse-

ql..l'l'_“l'lffﬁ:

+ The photon must (ar least apparendy) be massless,
because the additon of an elementary mass term
ﬁmyd"dn to £ would break the gauge invariance
and, it turns out, the renormalizabilicy.

# The U/(1) phase invariance, even ar the global level,
implies that the toral lepron number L, ie, the
number of electrons minus the number of positrons,
is conserved in all reactions.® L conservation is equiv-
alent w the condnuity equation 8, J* =0, where
e times the electromagneric current operator /© =
—1ry* 4 is the QED analog of (p, [ ).

+ The amplitude for the emission or absorprion of
a photon or for the creation or annihilation of an
e”e” pair is spcciﬁcd, up to the charge ¢, by the
ey WA, =—eJ" A, term in (4.17), muldplied
by i, as is illustrated in figure 4.1. To see this in

more detail, consider the schemaric expressions in

5This s an uc:n:||:lls: of the Moaher thearens, asociated with any o0 A A
aymmetry in clasical or quaniom mechanic.
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a a
lep® ¥ byt ¥
é é
¥ ] ]
hay®
JEI'/"
8 a ¥

Figm'c 4.1, Vertices dl:u:rihing basic QED  processes,  from
l.ang.ckcr 2010, The particles may be real or virtoal, and we have
taken the convention that the inital (Anal) state s at the bottom
(top) of the dia.grarn. The photons in the frst two vertices may
be either INCOMINE OF OutEm ng. The arrow on the fermion line
indicates the direction of flow of negative chargc, L, alur:g the
momentum for an ¢ or opposite the momentum direction for an
1. There are additional Factors, not shown, i.m'ul\-'ing the £+ spin
and the photon polarization.

(4.13) and (4.14). Omiting the Lorentz, spin, and

momentum degails,

Wiy A ~ (b + dla + al) b+ 41)
~blalh — dlald + atdb + bdla,
(4.18)
where dd’ = —dd from Fermi statistics. The four
terms correspond o the four vertices in ﬁgun: 4.1.

(We have mken the photon to be outgoing in the first

two terms. )

orougne o Yyou Dy 18 MallGnal Liorary of tne ippines
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* The eecrric charge of the photonis g, = 0, 1.e., ithas

no elementary self-interaciions.

The amplitudes for physical processes such ase”¢™ —
¢ "¢ (Bhabha scattering) or ¢~ — y e~ (Compton scar-
tering) may be obrained from the interacdon verdces in
figure 4.1 using the rules of time-dependent perturbation
theory. Feynman diagrams are an especially convenient
version in which ecach term in the expansion can be
represented by a diagram such as in figure 4.2, with specific
factors assodared with each vereex and each external or
internal line. In this formalism, four-momentum is con-
served ar each vertex bur the intermediate particles are
virtual. For example, the Bhabha scawering amplitude is
proportonal w the martrix element

le™(pade™ (pad| (e JHAu) (e TUA e (pr)e™ (pal},
(4.19)

where the p; are the fourmomenm of the external
particles. This schemadcally reduces to two erms, corre-
sponding to the owo Feynman diagrams in ﬁgun: 4.2. The

first is
e (e et |14 0) (01aa!|0) (016d]e" e, (4.20)

where |0} is the ground state (vacuum). The creadon and
annihilation operators in the fermion fields act on the
external scares, while those of the two A fidds @an be com-
bined w form a prapagator o0 gm,fql, where g is the virmal
four-momenmum carried by the photon. The propagator in
the second diagram in figure 4.2 leads to the long-range



adpl ) eip) -
By

g el
ﬁ#P,] ﬁl{f—";] aapy anpy
aip) pik)

k +p, +

LA a i)

k) ey " :

Figore 4.2. Lowest-order  (tree-level)  Feynman  diagrams  for
e7et = oot and pe” = pe”, from Langacker 2000, Each
vertex s proporional m e, while cach exwrnal or inernal line
has factors relaed o spin and polarzaton. Four-momentum is
conserved at the vertices, In these camples, cach process has owo
diagrams because of differenc ways of associating the exvernal
particles with the fields; the relative minus sign for e 7e ™ — "¢
is due m Fermi statistics.

potential o e/ rin position space. Similarly, the virmual
electron lines for Compton saateering are proportonal o
lf{ql — mf}, corresponding to et expl—m.r)/r.

QED is arguably the most successful theory in the
history of sdence if judged by its quandrative results. For
example, I‘J'LC_I-'I'laEI'ICl'iC moment of the electron is given by

-

ft= —g. ttgs, where ptg = ¢/2m, is the Bohr magneton

grougnt to you by ne Matonal Library of the
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] 2 a
;}' ;}' [ ;}'
] a a

Figu.rc 4.3, Ope- and I:_',T:i.ca.l twu—lu-up dia.grams mntrihuting to
the anomalous rna.gnt:t'u: moment of the t:luctmn, from Lang;u:h:r
201 0.

and § is the electron spin operator. The “g-facmr" £ 15 not
predicted by nonrelativistic quantum mechanics, but was
known to be close w 2 from the Zeeman effect. The Dirac
equartion predicrs g, = 2, while there are QED corrections
that can be computed as a power series in o/m. These
are due to modificadons of the electromagneric vertex
from diagmms? such as those in fgure 4.3. The leading
{one-loop) contribution, calculated by Julian Schwinger
in 1947, yiclds the anomlons PULERELIC MOMERE d. =
(g. —2)/2 =0a/2m ~ 0.00116, where « = et f4m ~
1/137 is the fine structure constant. This was in excellent
agreement with the expenmental value at the ame.
Currendy, 2, has been calculared w the ﬁuc-ln-np level,
o (eefm)?, induding the effects of hadrons and of weak

interactions {Aoyama eral. 2015}, and has been measured
at Harvard with a predsion of 0.24 ppb (0.24 x 10~

T[n NLKJI dl%rjn:ﬂ |r.|“:||\'|r.¥ d‘md I‘NJII‘ i:lrl'irll.ﬂl I:l:rli‘kﬁ. some ‘JI- dl‘.'
inemal momenta are pot fived by momentum comervation and mumt be
inu:gr:u:d over. [na g\cm:r'u: held IJ:lu:lr}-. these ir.m%r:]: are divcrgcnl. but in
re oo rralizable theories such o QUED the fimal resuls are always Bnite.
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using elecrrons held in a Penning trap. This is not by
itself a test of QED, but rather can be used as a precise
determination of ¢. A completely independent determina-
tion is obrained from the recoil velocity of the *' R atom
afver emirting or absorbing a phnmnﬂ’ {Bouchendira et al.
2011). The owo values are ﬂ!‘;' = 137.035999157(33)
and HE;I, = 137.035999049(90), where the numbers in
parentheses are the uncertaintes in the last digis. These
are in excellent agreement, confirming QED ar the < 107
level. Many other resulss in atomic physics (Lamb shift,
h}'pcrﬁnc splittings), muonium (ft7¢~) and positronium
e"e”, and the quantum Hall effect are abo in agree-
ment. Sce Karshenboim 2005 and Mohr er al. 2012 for
reviews.

Two of the fundamental predictions of QED are thar
the photon should be massless and that it does nort itself
carry electric charge. Both are impressively confirmed
by astrophysical observadons (see Olive er al. 2014):
My < 107°% &V {from the Solar magnetic ficld) and
gy, =1 0~ ¢ from the isotropy of the CMB.

Despite these successes, there are two deviadons from
the predictions of QED that are not undersiood. One
involves the anomalous magnetic moment 4, of the muon,
which has been measured w bewer that one part per
million in a storage nng at the Brookhaven Natonal
Laboratory (BNL). 4, has also been calculated through five
loops, but is some 3.60 lower than the observanon (see

Olive et al. 2014): 27" — .:IL'b = 288(63)(49) x 10~

EThe experiment measuns b mg, which can be combined with the
Ryvdberg commant and mos mtios w ob@ing.
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where the two uncerminties are respectively experimental
and theoretical. @, receives much larger weak interaction
and hadronic contributions than 4., and it 15 conceivable
that the discrepancy is due w underestimated hadronic
uncemainties. However, a, is also much more sensiove
by at least (mr,/m. ] w new physics effeas, such as
diagrams involving new heavy particles. A more precise
measurement of 2, is in preparation at Fermilab.

The second discrepancy involves the Lamb shift (the
25,2 — 2Py, energy difference) in muonic (¢~ p) hydro-
gen, which has been recently measured precisely ar the Paul
Scherrer Insarue (PSI) in Swiatzerland., The Lamb shift is
sensitive o the finite size of the prown, and the resule is
often expressed in terms of a derived radius. The muonic
value for the proton radius s 0.84087(30) fm, some 7o
lower than the value 0.8775(51) fm obrained from ep
scartering and the spectroscopy nfnrdinary atoms (Mohr
et al. 2012). This could possibly be due w new physics,

bur (as of chis writing} no one has found a very plausible
moadel (Cadson 2015).

4.2 Intermal Symmetries

A symmetry in physics refers w a transformadon of a
system onto a new one with identical properties (eg.,
Bames 2010). For example, romtions in a rotationally
invariant potendal map a dassical or quantum system

onto another with the same energy and properies. Three-
dimensional rotations are described by §U(2), which is the
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group of 2 x 2 unitary matrices with unit determinant.”
The energy eigenstates of an invariant Hamiltonian fall
into degenerate muldplets of dimension 27 + 1, where
j=0, % 1, % ---. Under rotadons, each of these states
is transformed into a linear combinarion of the stawes in
the multiplet.

The rotations are an example of a gpace-time symmetry.
Other examples are Lorenz transformations, space-time
tanshlations, space reflection, and dme reversal. Ineer-
nal symmerries, on the other hand, involve the particles
and their intrinsic propertes themselves. For example,
isospin refers to the approximare (~1%) symmetry of
the strong interactions relating the prowon and neutron;
the three pions %, 1% the S = 1 kaons K, KV, erc.,
into nearly degenerate muldpless (with mass splitangs due
to elecrroweak interactions and small quark mass differ-
ences). Isospin is mathematically idendcal ro rotational
symmetry. The transformatons are described by the same
SUI2) group, though the physical inerprewation is
different. Particle multiplets involve 27 4 1 states that
can be “rotated” into each other, where the rotal isospin
isF=0,4,1,3,....

For c:m_mplnc: consider the sospin-invariant Lagrangian
density for pions and nucleons. Let ¥ be a two-component
spinor coneining the p and 7 fields, analogous to the spin
orientations of a spin-1/2 pantide, while 7T is a vector in

the intemal isospin space containing the three pion field

FELIDY is similar o the SE(3) froup of elamical three-dimensional mota-

tions, bur allows |n||-ir.|l.i:§:r Apin.
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components, analogous o a spin-1 roational vecror,

Ty
N = (*"’), i=|m | (4.21)
b ?r:"'

withm™ = (m, F iﬂl}fﬁandﬂﬂ = 3. A global isospin
rotation can be parametrized by three real numbers f;,
i=1,2,3, just as an ordinary rotadon involves three
angles. For small §;,

i

N— (I+ E-?)N, T — M — € B W

(4.22)

b |

I isthe 2 x 2 identity matrix and - T=5_ Bt =
B 7, where the t; are the three Pauli matrices,'? listed in
table 4.1, which sz‘tl‘islﬁ.J the commutarion rules

T; Tj — 1'),' I = :_-’.ff,'_lr',}f,}. {4.23}

The structure constants €;;; in (4.22) and (4.23) are the
totally antisymmetric (Levi-Civita) tensor with €03 = 1.
Sums over repeated indices are implied.

It is then straightforward to show that the Lagrangian
density

j:ﬂ-‘!.‘l = F{i}-’"‘ﬂn — MmN + £gﬂ-?$;f s E} N
1 2 ~ -
+3 [{a,;r}’ - min—’] _AEYE (4.24)

T hese are wmlly denoted o when discusing spin.
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Table 4.1, The 507(2) Pauli matrices T, the SU03) Gell-Mann
matrices A;, and the ponzero SU(3) structure constancs f7, .

0 O 0o 1 0 0 =
Arzs= L A= 0 O O As= 0 0O O
o0 o0 1 00 00
O 0 0 O 0 0 1 40 0
=0 0 1 A= 10 0 = }3:::_3 0 1 0
O 1 0 0 f 0 g 0 =2
ﬁ33:] f-lf..'-'zzl f|5.:',:—%_
fris =13 fos =3 Fus =3
_ .| _ 3
fur= =3 fiss =% farm =%

is isospin invariant. mpy and m, are respectvely the
commaon mass for the two nudeons and for the three
plons, gy is the coupling constant, },_i is a Dirac macrix"®
associated with the pseudoscalar natre of the pion, and

A 15 the strength of the pion self-interacoon. The T/

".InIr I:ﬂ.‘i Wi Sels ‘JI- |m3|m EL‘JI ‘JI- dl‘: (RL4] iﬁ‘nl?in ‘.":ln]l:l‘:lm.'nl.‘ F :ﬂd "
also has 3 suppressed Dime indes running from 1o 4. The 2 x 2—dimensiomal
T matrices in [4.24) act on the imnpin index, while the 4 * 4—dimensioml },."S
acts on the Dime index.

Brought to you by | The Mational Library of the
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interaction term in (4.24) an be rewritien
ig. NY’T - TN = ig, [(py* p — Ay n)m”

+20py nrt 4y pr )],
(4.25)
illuserating how the isospin symmetry relares the various
cm{Flingﬁ. - T is analogous to the spin-orbit coupling
o L - & in the hydrogen atom.

At a more fundamental level, isospin is a (flavor) sym-
metry between the » and & quarks, which transform as
an isospin doublet. Their QCD interactions are identical
because the gluons are isospin singlets. Their (Higgs-
induced) Langrangian masses in table 3.2 are different, but
both are dny compared to QCD-induced masses so that
isospin breaking is small.'? As mentioned in chapter 2,
Gell-Mann and MNe'eman extended isospin o a larger
eightfold way symmetry berween strange and nonstrange
particles. This is based on the SU(3) group of 3% 3
unitary matrices with unit determinant, and can be un-
derstood as a flavor symmetry between the u, &, and s
quarks, which rransform as a three-dimensional {tripler)
representation. The 5 quark is considerably more massive
{m, ~ 95 MeV), so that the mass splittings in the hadron
multiplets are around 25%. However, the symmetry works
much better for interaction strengths, which can again be
understood because the QCD interactions are the same for

all flavors. The ¢, b, and ¢ quarks are much heavier than the

:lEilmL“Jnlxml.ﬂnl .I:l}' |L1‘.II- m:ll.‘l]d nl:k‘.' lI:K. I:l“:ll.‘:lﬂ Ilmi‘:r ll:ﬂn dl‘.'
neutron. However, the qmrk s effect (niy = mi b B :|ig|:L|}' |:r§:r. m:king
the neutron heavier. Similar smremens :|:l|:l|}- o K+ and K7, However, the
qu:rk mases dontalfect BE 4 — Bigq 1 |udir.|gi:lrdi:r. g0 the T+ is heavier.
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others, so the extension to still higher flavor symmetries is

not very useful.

4.3 Yang-Mils Theories

Both SU/(2) (isospin) and SU(3) (eighdold way) are
nonabelian symmetries. This means that the transforma-
tions do not in general commute, in conmast with the
L'(1) group of phase factors discussed earlier. They are
also global, and can be explicidy broken by quark mass
differences and elecrroweak interactions withour disastrous
consequences.

In 1954, C. N. Yang and Robert Mills showed that
L/{1} gauge invanance can be generalized w higher non-
abelian symmetnes like $U{2) and SU(3) (Yang and Mills
1954). When spin-1 mesons such as the g in mble 3.2 were
later discovered, it was thought that these might be the
Yang-Mills gauge bosons, e.g., extending isospin to a gauge
symmetry. This never worked out, in part because of the
o masses, but the mathemarics of $U7(2) and SU(3) was
recycled in the standard model, in which the dectroweak
and strong interactions are associated with non-abelian
gauge symmetries distinct from and in addidon to the
global flavor symmetries of the strong interactions.

Ler us consider a hypothetcal $U(2) gauge symmerry
in which rwo fermion fields yry and 4 transform as a
doublet, 1.e., are rotated into each other,

¥ — exp Eﬁm-%] v~ [f+§ﬁ{x}-?} v,
4.20)
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where fr = {ﬁ:} Equation (4.26) g:ncr:alizu:—s'f' the [7(1)
gauge transformadon in (4.17) on page 59. We will alwaxs
work with the second form of (4.26), valid for small 8.
Gauge invariance requires that momenta are replaced by
the minimal substtution 8" — D" = a" + ig A T/2,
where the AY'(x), ¢=1,2,3 are three gauge bosons
corresponding to the three f:(x), and g isa gauge coupling

constant. Under a gauge transformation,
1
Af: — Af: — E:'_.r'k -IS_.T AE —_ = E!“,S,—I[r}. {42?}
4

The second term on the right reflects the face that, unlike
QED, the gauge bosons transform nontrivially (as spin-1)
even under global transformations. They are analogous to
the pion transformation in (4.22) for an isospin rotation.
The last term is analogous w (4.17).

The nonrrivial global ransformarion of the gauge fields
requires that the field srength tensor must be modified
from (4.10) w

j-'-:_:"w = g A:' — ﬂuﬂf — g €k Af: A; (4.28)

The $U(2) gauge invariant Lagrangian density is

1 -
.l: = _EEFUEFU -|_t)l-l|r

y”(iﬂn—‘%jp-?)— ]t,tr,

I The exta minu :ign inn (4.17) is because the electmon dnrgc is —#, due o
an unfo mumte sign convention made by Benjamin Franklin.
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g3 a g
[ ]

b

Figure 4.4. 5U/(2) interaction vertices corresponding o (4.29),
The rather complicated dependence of the gauge sel Finteractions
on the SU02) and Lorentz indices can be determined from (4.28).

where m is the common fermion mass. No dementary
mass term for the gauge fields is allowed. Not only are
there vertices for the emission or absorption of gauge
bosons by the fermions, but there are now also three and
fﬂur-pﬂ-int self-interacrions amongst the gauge bosons, as
illustrated in figure 4.4. Once the matter content has been
specified [one SU/(2) doublet of fermions] the interactions
are uniquely determined by gauge invariance up to one
coupling constant g. Such theories are mathemarically
well-behaved (renormalzable) and are the unique feld
theories involving spin-1 pamicles (in four space-time
dimensions) with this property.

The SU(3) group plys the dual roles of an approxi-
mate global symmetry acring on the (z, d, 1) quark flavar
indices and as a gauge theory (QCD) acting on the quark
color indices. The soructure of an SU(3) gauge theory
can be casily generalized from SU7(2), except thar now
the lowest-dimensional nontrivial muldplet is a criplet and
there are eight analogs of the three 5U/(2) rotation angles.
Equations (4.28) and (4.29) are still valid after making the
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following substitutions:

+ Replace o in (4.26) by a miplet (v, ¥, Yr3), eg.. the
three colors of the up quark.

e Letirunfrom | o 8in f; and A,

* Generalize the Pauli martrices 1; to the eighe 3 x 3
dimensional Gell-Mann matrices 3; listed in able 4.1.

« Replace €, by the totally anasymmetric f;'_.r'h whaose
nonzero values are listed in rable 4.1.

4.4 Quantum Chromodynamics

In sections 4.1 and 4.3, we explored the strucrure of U1,
SU(2), and SU(3) gauge theones. All three are ualized in
the standard model, based on the group of rransformarions
SUB)Y = SU2) = (1), The nowtion means that the
three parts of the group commute with each other and
can have different coupling constants. We start with quan-
wm chromodynamics (QCD), which describes the strong
interactions of quarks and glions. QCD was developed
in the early 1970s. It acmally posedaced the electroweak
theory, bur is less complicated. Derailed discussions of
the history are given in Gross 2005; Leucwyler 2014;
and Fritzsch 201 4; and the cument stams in Olive et al.
2014,

Tha Ingrediants

QCI) is a gauge theory based on SU(3). The coupling

u u L
constant and eight gluons are usually wrtten as g, and &)



T4 Chapter 4

Figure 4.5, The basic QUD interactions, The squiggly lines repre-
sent gluons, from Langacker 2010,

rather than the genenc labels in section 4.3, Thus,

1 ¥
Locp = —7 GG,

A
+ u l}.ﬂF (sﬂn _EIGfFE) - J'.‘i':!,.,.:| B4,
14.30)

wherea sumon § from 1 w 8 is implied and
Gf” = :?"Gf — EI”Gf-‘ —g,ﬁﬂﬂ';fﬂi. (4.31)

u is a spinor with components ., u,, and u;, and the dots
represent Cerms forthed, c.5.¢ and & quarks.

The $U(3) interactions change the quark color but not
the flavor, e.g., there are transivons between #,, #,, and
#;, with the emission or absorption ofa gluon {or diagonal
couplings suchas #, — «, for 3 and Gg). The amplitude
for these transidons s —zg, A, /2. These couplings are the
same for each flavor and for both lefi- and right-chiral
quarks (i.e., parity is conserved). The leprons are singlets,
Le., they are not affected by SU/(3) transformations. The
basic QCD interactions are illustrated in figure 4.5.
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The original evidence for the existence of quarks came
from hadron spectrascopy. Also, the global hadronic flavor
symmetries (isospin, the eightfold way, and their extension
to chiral symmetries) and the patterns of their break-
ing emerged as rather namwral consequences. However,
most physicists were skeptical abour their acrual exis-
tence because no isolated fracdonally-charged state was
directly observed. Most doubts were answered by the
deep inelastic scatrering (DIS) experiments at the Stanford
Linear Acceerator Center (SLAC), which observed the
reaction e~ N — ¢~ X via the exchange of a virtual photon
(hgure 3.1}, where N is a nucleus and X represents a
sum over final hadronic stares, typically consisting of a
large number of pions and nudeons. Surprisingly, the
cross section was much larger for large transfers of mo-
mentum from the electron to the hadrons than would be
expected if the nucleon were a big continuous object of size
~ 101 cm. This suggested thar it is really a bound state
of much smaller or point-like constituents. The detailed
angular and energy dependence implied thar these had
spin-1/2, consistent with qu.arks.l'1 Apparendy the quarks
really exist, bur for some reason they are confined (cannot
emerge as free particles), bur rather radiate their energy
away In a somewhat collimated jer of hadrons.

Despite its successes, the original quark model had
another major difficulty: the baryon spectrum implies that
the three-quark wave funcrons are wtally symmetnc under
the exchange of spin, space, and flavor indices, in violation

."1-1-|].ﬂ iﬁ rcn:inimx.'nl i:ll- |J:Ii.' Rudxl"’i!rd ﬂl!ﬂl‘iﬂ]t’ﬂl dl:l L1LI.IJII1IJL"! |J:Ii.'

exitence of the atomic nmaclens, i:ll']]}' scaled up inenergy by a thousand.
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of the spin-statistics theorem. This is most evident in
the 27, the pariicle that was successfully predicted by
the eightfold way as mentioned in section 2.3, The 2~
consists of three identical 5 quarks, with the spins in a
symmerric § = 3/2 combination and a symmetric space
wave funcdon with obial angular momenum L = 0.
Fermi statistics is nicely restored by the existence of color
because the the three quarks in a baryon are in an anri-
symmetric color-singler state. More direct evidence that
there are really three colors for each flavor emerged later
from varous counting experiments and observations. For
example, the reaction ¢”¢” — hadrons is really due w
¢~eT — g4 via a virwal photon, analogous w the first
diagram in figure 4.2 except the final ¢~ ¢™ pair is replaced
by g4. As in DIS, the final 4 and § emerge as jers of
hadrons. The total rate is obtained by summing over the
quarks (with appropriate electric charges) and is therefore
proportonal o the number N, of coloms. Expenments ar
SLAC and elsewhere clearly esmblished V. = 3 and not
one, as can be seen In ﬁgun: 4.0.

The firse direct evidence for spin-1 gluons also came
from ¢ ¢7 — hadrons. Occasionally, the final g or g
can radiare a gluon, leading to three jers rather than
two, or t© a broadening of a jet if the third one is
not resolved. This was fist observed ar the Deursches
Elektronen-Synchromon (DESY) lkboratory in Germany
in 1979. Apparently, gluons are also confined.

Tha Long and the Short

The strong interactions manifest themselves in two very
different ways, depending on the cicumstances. In the
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Figure 4.6, Crosssection for ¢ Te” — hadrons relativeto e Te ™ —
e versus the CM energy, from Olive er al. 20014, The low-
energy (photon-dominated) region verifes that there are three
colors and probes the QUD corrections, The peaks are from the
production of spin-1 §g mesons, including éc (f /b, ) and Bé
(). The £ peak tests the electroweak theory, and the intermed iare
region involves i + £ interference.

low-energy (< GeV) and long-distance (7 fm) regime
relevant to nuclear physics, the key players are the hadrons,
the interaction swrength is large, and quarks and gluons
cannot be produced as isolated particles. At high energies
and short disances, however, the fundamental degrees of
freedom are quarks and gluons, and the interacion is
actually rather weak. To first approximation deep inelastic
scattering and ¢" ¢~ — hadrons at high energy can be
described by ignoring the strong interactons alwogether
in the underlying process, with the quarks and gluons
urninginto jets of had rons much larer. These two regimes,

referred to as infrared slavery and asymprotic freedom, re-
spectively, can be understood in QCD to be a consequence
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Figure 4.7. Diagrams conmibuting to the running of o in QED
and a; in QCD, from Langaclker 2000,

of the rurning coupling constants. Interaction parameters
such as gauge couplings in field theory are not actually
constants. Rather, they depend on the typical momenmum
scale @ of the particles in the interacton.

To understand this, consider ¢ "¢~ scartering in QED.
To lowest order, the scawenng is due w a diagram
analogous w the ep diagram in figure 3.1 on page 35
{and a second diagram in which the two final electrons
are interchanged), which is proportional w o« = el 4.
However, there are higher-order corrections. The one
relevant to the present discussion is the upper-left diagram
in figure 4.7, in which the virtal photon emporanly rurns
into a viral ¢ "¢~ {or other charged parricle) pair. This
diagram causes the effective strength of the interaction
to increase logarithmically in the momentum () carned

by the photon, or equivalendy tw fall more rapidly than
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1/r as r increases. This vacuum polarization is the analog
of charge screening in a dielectric medium, with virmal
particles playing the role of the dielectric, and the effect
can be absorbed into a munning (or effective) c( Ql}. This
running is small for QED: the value ¢ ~ 1/137 relevant
at low energies increases w HI[M_;-J{} ~ 1/128 at the scale
of Z-pole physics o be described in section 4.7, but it is
observed and is actually quite important for the precision
tesis.

The running is even more important in QCD. The
virtual quark pair diagrams in figure 4.7 by themselves
would also cause the strong fine structure constant «, =
£2/47 1o increase at higher energies. However, the vimural
gluon diagrams anti-screen, and are larger ifor no more
than 16 quark flavors). Thus ¢, decreases for large Q*
{asym protic freedom). The running has been verified by
extracting @, from a varety of processes at different @
values and companng with the QCID prediction, as can
be seen in ﬁgurc 4.8. At a high enough scale, a‘,{Q‘]} 15
sul:ﬁcicnd}f small thar the quarks acras nearly free partides,
with QCID corrections calculable in a power series in
&',I[Ql]lf_?r. Conversely, «, becomes large for small )
(infrared slavery). At some scale Agop = 1 GeV (which
is determined by fitting to the data), &, becomes so large
that perturbation theory breaks down. The quarks acquire
masses ~ n1, /3 from the gluon douds surrounding them
(in addition to the Higgs-induced masses) and bind into
hadrons.

It is interesting thar, in the absence of the Higgs-
induced quark masses, QCD would have no free parame-
ters because the interaction strength @, runs from large
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L Rle]] v cdecays{NLO)
B Lattice QCD {NNLO)
4 DI jets{NLO]
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Figure 4.8. o, [Q2] from wvarious observations, compared o the
CHCD fie, from Olive ecal. 2014

values to zero ar different scales. A geop, which conrrols the
running, could simply be dga‘fr:im' as the scale for which,
eg., o, = 1. Only dimensionless ratos like mPKﬁQfD,
which would in principle be calculable, would be physical.
In practice, however, the quark masses and other non-
(QQCI scales are present, so A g p must be determined by
experiment.

Quark (and gluon) confinement can be understood in
this picture, at least in a hand-waving way, because of the
strong forces that develop as they are separated and because
of the gluon self-interacdons. Consider pulling apart a 44
pair, for example. If there were no gluon self-interactions
and the coupling were small, the gluon field would develop
lines of Hux that would spread out similarly to the electric
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field lines between an et e~ pair. However, the large self-
interactions would instead cause the QCD flux lines to
contract into a relatively narrow tube separating the g4
pair. The energy stored in this flux tube would increase
with is length, and fora large enough separation it would
become energetically favorable to createa g g pair. The flux
tube would break, with the created § and 4 at the ends.
Instead of isolating the original 4 and 4, one would have
two g4 pairs (two mesons), just as cutting a bar magnet
in half produces two bar magnets rather than a magnetic
monopole and antimonopole. Color confinement can be
established much more rigorously by lawice calculatons,
in which space and time are discretized so that the QCD

equarions of motion can be solved on a SUpErCcomputer.

Tasting GCD

QCD has by now been verified in many ways. Perhaps the
most important is the success of the running coupling pre-
dicdons in terms of one fitted parameter, A 5 p, or alter-
natively &',I[M}]_]I, as can be seen in ﬁgurf: 4.8. Nonabelian
gauge theories are the only renormalizable field theories
that exhibit asymptotic freedom in four dimensions (Gross
and Wilczek 197 3; Politzer 1973), and QCD is essentially
the unique possible theory incorporating the basic ideas of
quarks with three colors.

There have been many successful tests of the quanti-
tative predictions for shore-distance {large Q) processes.

These have included deep inelastic scattering (culminating
in the high energy ¢p collider HERA ar DESY) and
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¢Te~ — hadrons. In both of these, the leading contribu-
tion is independent of &, but the higher-order corrections
are nonnegligible. Also, pp and pp scactering ar high
energies can be viewed as scattering of the constitutent
quarks and gluons (followed by the later formadon of
hadron jes). Many final states, involving not anly hadron
jets but also electroweak particles in the final states have
been measured ar the Tevatron ar Fermilab and at the LHC
at CERN, with excellent agreement with the expectadons
of QCIand the electroweak theory. Typical jet resules are
shown in figure 4.9.

The long-distance regime has also been extensivey
tested, in the spectroscopy, decays, and weak interactions
of both the ordinary hadrons and those involving heavy
b and ¢ quarks, as well as the Hlavor symmetnes of
the lighter hadrons. The lartice calculations have been
especially pnwcrﬁil theoretically, not only in predicting
most of the hadron masses from a few inputs, but also in
calculating strong interaction macrix elements relevant w
weak interaction decays.

To summarize, the strong interactions, once believed
by many to be hopelessly complicated, are in fact well
described by quanmum chromodynamics. QCD is well
behaved mathematically, and in the absence of other scales
from gravity or the electroweak secror, it would have no
free parameters. Asymptotic freedom implies that QCD
would make sense at arbirranly high energies (even in
the absence of new physics scales such as Mp), and has
the bonus thar sensible calculations can be carded out
concerning its behavior at very high temperatures in the

early Universe.



The Standard Modal 83

10° 1
’
10 ¥‘I’ B
) vt '
10 .

il dpray) b GaVie]
=3
-

10"

il

10 °

T

107

1m0 T T T

[ 10 ils
pAGeVe)

& OWSppat TTe, Iyl < 0.5)antk abgorihen 8= 07 m DOipg an 13 Tel 0« lyll< 07
w ATLAS (ppar 76T, byl < 0.3)antky algorihen 8= 05 Dn@' At EIDCA, Il « O5)

v ATLAS(ppas 7T, Iyl < 0.3)areks algorkhen = 0.6 o COFmp an5460GeW, 00 « lql< 0l
L II.FI;n!'.i a6 T O < Iyl < OF) Midpointalgoridhm 4 paIpp o EInGeY, lyl < 085)
L l:l.'.Fn::upi o 196 Tt A o Dyl O0) b algoridhen & UAN(pp anddd G, byl dum)

- mﬁﬂﬁ_ﬁ'ﬂ‘ﬁmn'”r":&d] o RE0T {pp ot 45 Cal, lyl= 00
O DF (pp o 18 Tel, 0« byl 0 & RalT (pp o 63 Ga'), byl = 0

Figure 4.9, Production cross sections for jews in pp and pp incerac-
tions as 4 function of momentum transverse to the beam direction
fora wide range of beam energies, from Olive ecal. 2004, The resules
are in excellent agreement with the predicions of QCD. (Some of
the lower-energy data was wsed in the deverminarion of the quark
and gluon distributions in the proton.)

4.5 The SU/(2) = U(1) Model

The onginal SU(2) x U{1} model unifying the weak and
and electromagnetic interactions was proposed in 1961 by
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Sheldon Glashow, although he did not have a satsfactory
mechanism for generating masses for the gauge bosons
and chiral fermions. A more complete theory for leptons
that utilized the Higgs mechanism for the masses was
given by Steven Weinberg in 1967 and independendy by
Abdus Salam the following year. Renormalizability was
established by Gerard 't Hooft and Martinus Veltman a
few years later, while the discovery of the charm ¢ quark
in 1974 allowed a realisac extension to hadrons. The
SUI2) = U(1) model incorporated QED and the Fermi
theory of the weak charged current (WCC) interaction,
but improved on the latter by allowing sensible higher-
order corrections. It predicred the existence of a new weak
neutral current (WNC) interaction, of the W= and 7
gauge bosons, and of the Higgs boson. The development
of the SU2) = I7(1) model is described in decal in
Weinberg 1980a; Glashow 1980; and Salam 1980, while
the current status is reviewed in Langacker 2010 and Olive
eral 2014.

5U(2) has gauge coupling g and gauge bosons
W =123 W=r=(W'=Fx :W}fﬁ are emitted
or absorbed with strength —ig;"\-ﬁ in the WCC
transitions  between the members of each lefe-chiral
doubler,"” {:;,}U {E}L’ {:r: Ji» (27} and the two
heavier families, while W% = Wy couples diagonally
with strength —ig 73/2. The rghe-chiral fermions are
all singles and do not couple w the W", and weak

I

transitions do not change the quark color.

P The miving between Families will be deseribed later.
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The L7(1) has coupling g' and gauge boson B¥. It
interacts diagonally with all fermions except the vg, but
the swrengths for left- and nghi-chiral are different. The
coupling of the B to partide pr or pp is —ig" ¥ p, oo where
the {71} charges ¥ g ATE

Ve =dp— 1t Yps = dpe (4.32)

gy is the elecrric charge of p (in units of ¢) and a.‘;!_ =

73/2 = +1/2 for the upper (lower) components of the
lefi-chiral doublets. Thus,

1 1

Yoy = Vd, = E Yop =Vep = _E‘
2 1
Yug = 3" Ydy = —3 Jup =0, y_=-L
(4.33)

The reason for this rather nonintuitive charge assignment
will become clear after applying the Higgs mechanism,
when the ¥ and Z will be seen to be linear combinations
(mixtures) of WY and B.

Letus putall of this together and display the interaction
terms for the » and 4 quarks:

c=-%& -{:i:_}"pﬂ:. —diytd) W

N2yt W+ V2d iy W;]

1
-z E'[fi:.}”‘#:_ +dpytds)

2 1
-I—gtin}”‘#n - gﬁn?“dn] B, (4.34)
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where a sum over the quark colors is implied. #; and
u g are respectively the fields associated with the lefe (L)-
and right (R}—chiral up quark.”’ Combinations such as
wry*ur and fdpy*up are known respectively as V' — A
and V 4+ A currents, where vector (V) and axial vecror
currents (A) have opposite ransformations under space
reflecion. Gauge theories such as SU(2) x U(1) with
different couplings for left and right are known as chiral
and are usually parity-violadng,

The interactions for the heavier quarks are the same
as in (4.34), while those for the leptons differ only in
their [J{1} charges. As usual, the gauge invanance does not
allow elementary mass terms for the W or B. Elementary
fermion mass terms such as —man, which would be
fine for a non-chiml theory such as QCD or QED, are
not invariant under a chiral mansformation because they

connect leftand nght, ie., tu = frug + 6gu;.

4.6 The Higgs Mechanism

Most symmetries in nature are only approximare. A sym-
metry may be broken explicitly by a small perrurbaton,
such as the breaking of rotational invariance when an atom
is placed in an extemal magnetic field. Explicit breaking of
a global symmerry in a quantum field theory is innocuous
and in fact occurs for the flavor symmetries of the strong

interactions. However, any expliat breaking of a gauge

a " . = 3 . . .
""‘-lix.'l:lmi:“‘_y. My g = L}_l'—lr:. where the Dirac mutrces project it the
approprizte components of the Dirace Geld.
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Figure 4.10. Wine bottle (or Mexican hat) potential. The rota-
tionally symmetric point at the top is unstable, The lowest energy
solution is ar any point in the rough,

symmetry spoils the renormalzability and leads to severe
mathemarical difficulties.

Spontancous symmetry breaking (SSB), in which the
underlying symmetry is hidden, is another possibility.
This means thar the stable solurions exhibit less symmetry
than the equations of morion. For example, the equarions
goveming a ferromagnet are rotatonally invanant, but the
electron spins in a domain align in a definite direction.
As another example, consider a marble moving inside an
empty wine bottle, as illustrated in igure 4.10. The system
has a rorational symmertry around the verdcal axis, bue the
symmetrric solution, with the marble ar rest ar the center,
is unstable. The lowest-energy (stable) solution is for the
marble to be at rest somewhere in the trough, obviously
breaking the symmetry. There are also excitations with
nonzero but arbitrarily small kinedc energy in which the
marble rolls around the trough.

orougne o Yyou Dy 18 MallGnal Liorary of tne ippines
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Now consider a complex spin-0 field ¢, which (along
with ¢') can correspond to a charged particle and its an-
tiparticle, such as 7= or K K" The Lagrangian density

Ly = (") (B,0) — Vig), (4.35)
where
Vig) = w'o'o + Adlp) (4.36)

is known as the sealar pﬂrfﬂriaf, is the most general renor-
malizable potennal with a global U{1) phase symmerry
under ¢ — ¢#¢. The corresponding conserved Noether
charge is electric charge for the pion example, or strange-
ness for the neurral kaon,

The sacunm swace |0) corresponding ro (4.33) is not
necessarily empty space. It is rather the state of lowest
energy (i.e., the ground state), charactenized by the sacuum
expectation valwe (VEV) (0]¢|0) = v/+/2, which can be
thought of as a classical background field around which the
theory s quantzed. (The +'2 is for later convenience.) v is
the value of ¢ for which the potential V{¢) is minimized.'”
For p* = 0, the minimum'® i for v = 0. In this case, the
vacuum is indeed empty space, the quantum exdrations
for small A correspond to particles or antparticles of mass
ft, and the Noether charge is conserved.

However, ji7 is simply a parameter in the theory, which

could very well be negadve. For 1t < 0, the point v = (s

TNamen derivatives F.lpé increase the enemgy, s v is ind&:|x:nds:nl of ¥
and &

U5 e assume that A =0 Otherwise, the |x:lli:r.|Liz| is unbounded from below
and there is nosable ground smie.
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an unstable maximum, and the minimum is at some value
of v #£ 0.

Let us examine the it < 0 case in more detail. It is
convenient to write ¢ = (g + id.‘r_:}fﬁ, where ¢ and ¢n

are real (1.e., Hermitian). Then,

il
2

V= {ﬁ+¢ﬂ+%@h@ﬂ5 (4.37)
which is similar to the wine-bottle potential in figure 4.10.
It exhibirs a one-dimensional rowtional symmerry, which
is just the U{1) phase invanance expressed in the real com-
ponents. There is a line of degenerate minima along the
trough with v = (v + ) = /—p2/k, where v; =
(0] ;| 0. Without loss of generality, we can choose v; = v
and vy = 0, so thar the vacuum itself breaks the rotational
invariance.

To quanoze around the vacuum, we intoduce
“normal” fidlds with zero VEVs. It is convenient to usc
polar coordinates to make use of the rotational symmetry
of the original potential, L.e.,

Lot my e, (4.38)

=7

where i is a real held that represents vibrations in the
radial direcdon and & represents moton along the rough.
The potential becomes

KR P+ R
Ve — —pw i+ vl 4+ - H, 4.39

45 H 4 ( }
Brought to you by 1@ Mational Library 12 Ph 18S



80 Chapter 4

independent of #. The symmetry implies that there s no
minimum energy required for rolling around the potental,
and the corresponding spin-0 partide is massless. The
existence of such a massless particle, known as a Naméu-
Goldstone boson, is an inevitable consequence of any spon-
tancously broken contnuous global symmerry. 19

The first term in (4.39) isa constant that has no physical
consequence here. However, its analog will come back w
haunt us when gravity is considered in chapter 5. The
second term, the curvarure in the radial direction ac the
minimum, represents a mass +/ — 2t for the physical spin-
0 particlk corresponding to the // feld. The third and
fourth terms are self-interactions. There is no conserved
charge in this u* <0 phase. For example, the AvAH?
(tnduced cubic) erm allows transitions berween even and
odd numbers of H particles.

Things become more interesting when the U(l) is
promoted t a gauge invariance. Using the minimal

substiturion, the kinetic term in (4.35) becomes

(0" + ig AT @ + ig 409 — EL 404,
14 .40)

where the second form is obmined when ¢ is replaced by
its classical value qu,-"‘i That is, the spontaneous breaking
generates an effective mass My = gv for the gauge field.
This can be thought of as the effect of the A consandy
interacting with the background fidd, analogous w the

:?I-IJ‘.' ﬁn:ﬂ“ mass ‘JI- lI:K: I:li‘:lm iﬁ a “Jm‘.".]m.'m.".' ‘JI- IJ:K. :‘nl:JI n :nd J
quark mases. For s, = sy = 0, QUD would lave a sponaneously broken
‘J]ir:] ul.‘.'nﬁi‘:ln ‘JI- imnl?iﬂ :}'n:ln:u.‘ll‘}'. :mj le. I:li‘:lm '\w:ll.'ljd .I:l‘.' nnml‘:‘ﬁ N:n:l]:ll.‘l-
Cialds tone boso ns.
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effective mass of a photon propagating through a plasma
Thisis the Higgs mechanism.*” The important features are

¢ Unlike an elementary mass term, it does not spoil the
renormalizability of the theory.

o A careful examinadon reveals thar the massless
Nambu-Goldstone boson # disappears from the
spectrum, reemerging as the longirudinal (helicigy-0)
polarzation state of the massive vecror boson. It is
said to have been “eaten.”

# There is a massive physical spin-0 /7 field (the analog

of the Higgs boson). Its interactions with the gauge
ficlds can be obmined from the firse form of (4.40).

In the next section, the simple {and unrealistic) model
descnbed earlier will be extended w0 a realisnc one, the

standard elecrroweak theory.

4.7 The Electroweak Theory

The standard electroweak theory is obined by applying
the Higgs mechanism to spontancously break the SU2) x
U(1) gauge symmetry so that three of the four gauge
bosons acquire mass, as do the fermions. One linear
combination, the photon, remains massless because the
background Higgs ficld has no eleceric charge. The [(1)

of QED remains as an unbroken gauge invariance.

FThe mechanism was propeed more or less at the same time by Peter
E[iw; Robern Brout and Frangois E:.nglcrl; and Gerld Gunlnik, Carl E[zgcn.
and Tom Kibble. A nonrelativistic condensed matter ambogy bod been given
‘Jrli‘.'r .I:l}' PIIlIlIJ .I*um!‘:r.“:lﬂ. [l. W Enl:l?l?llﬁi (C4] IJ:H. “‘ﬂl& inl.‘.'n‘.'l.i‘:lﬂﬁ .I:l}' SI.C“.n

Weinberg, These di.'\'i:|i:l|:lr.|:i:r.|lﬁ are chronicled in demil in O uigrgr 2015
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Tha Gaugs and Higgs Bosons

The simplest implementadon of 55B for SU(2) = U(1)
involves the inroducdon of a single Higgs doubler of
spin-0 partides, ¢ = {gﬁ }.Thq: U1} charge is yy = 1/2,
similar w thar of the lefi-chiral fermions in (4.32). The
Lagrangian density for ¢ is then

Ly = (D"¢) (D, ) — Vig). (4.41)

The potental Vig) stll mkes the form in (4.36), except
now ¢l = ¢ + @"1¢". The covariant derivative is

Du¢p = (a,l + %ﬁ'@ : ?-I—%B,I)da. (4.42)

We again write ¢ = (¢ + ih2)/~/Z and ¢° = (¢ +
51;5.1}{:.,.& with the ¢ real. The porential is sdll given by
{4.37) except that now the sums run from 1 to 4. For Jul <=
0 and A = 0, the degenerate minima are on the surface of
a four-dimensional sphere of radius I[Z‘-1 pHU = p =

=1 "r

v —p2 /. Without loss of generality,”! we can choose
vy = v and v 2 4 = 0. Substruring this in (4.41) leads w
the mass rerms

M
Ly — MWW+ Tf’fzﬂzg, (4.43)

l"-].-lli.' I:]Ji.'h é g :ﬂd ¢D wore d)ﬂﬁi.'ﬂ wllJ:I d]ﬂ ﬁ!ﬂ\'ﬂﬂliﬁ!ﬂ ir.| ﬂliﬂd. L4 |J:I:|.

the background feld would be elecrrically neutral and real.
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where W™= = (W :F;‘Wi}fﬁ are the charged gauge
bosons that mediate the WCC and Z is the predicted
WINC neutral boson

—¢'B -I—gW"

The weak angle By is defined by tanéy = ¢'/g, while the

masses in (4.43) are

= = —sinfyf -I—cmﬁwwﬂ.

(4.44)

1 A
My=%, M= (4.45)
2 cos Gy

implying the relation sint By =1 — %l We will see later
how ¢, v, and &y can be decermined ﬂcfpcrimcnmll}f, lead-
ing to predictions for My . For now, it suffices to state
thar the electroweak seale v s around 246 GeV~ 260 Py,
My ~ 80.4 GeV, Mz ~ 91.2GeV, and sin® 8y ~ 0.23.
The combination of B and W orthogonal w Z is the

(massless) electromagnetic (photon) field
A= cosbhy B + sinfy WY, (4.46)
It can be shown thar when quandzing around the

vacuum the three Nambu-Goldstone bosons®® associated

with rolling on the surface of potential minima are eaten

to become the longimdinal modes of the W= and 7.

FThese are elated w gy 24 and ambogous w & in (4.38).
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Therefore,

1 0
4:_,#_@(1)4_”), (4.47)

where H is the Higgs boson hield describing radial vibra-

tions. Using this full expression,
1 2 e HY?
ﬁﬁzif\ﬂpﬂ'} — VIH) 4+ MW" W’; 1 -I—?
1 Y
+ Eﬂﬁz"zy (1 + ?) : (4.48)

The first two terms are the kinetic energy and potendal for
H, where V(H) is sall given by (4.39) and has the same
interpretation. The third and fourth rerms are gauge boson
mass terms and gauge-Higgs interactions, It is seen, for ex-
ample, thar there is a ZZ H vertex propordonal to Aﬁfu
This proportionality to mass-squared (for bosons) or mass
(for fermions) is characreristic of Higgs interactions.

Tha Fammions

We saw in section 4.5 that elementary chiral fermion mass
terms such as —mig{d;dp + b.c.)® are not allowed by
the (chiral) SU(2) x (1) gauge symmetry because 4
and 4 transform differently. However, a Higgs-Yukawa

e refen to the Hemmitian con jugate d gy .
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interaccion
Li=—2bi(Gidpdn+h.c) (4.49)

is consistent with gauge invariance. In (4.49), g; is

the 5072} doublet {;}!_, and the combinaton §;¢ =
apgh” +.dT;_¢“ of two SU7(2) doublets 1s SU7(2) invariant
{asisdg). The U(1) charges also add up properly. b is the
Higgs-Yukawa coupling constant, and we consider only
one family. A similar term @an be wrtten relating £; =
{:” }!. to ¢y, while terms involving 2 and v. g require a
slightly more complicated construcrion.

When ¢ is replaced by the S5B form in (4.47),

H
Li— —my (didg +dpds) (1 + ?)

s dd (1 " g) , (4.50)

where ms = hyv. The 4 has acquired an effective mass due
to its constant interaction with the background field, with
the Higgs-Yukawa vertex propordonal to mg/v. Similar
statements apply to the u, ™, and v,.

The Higgs mechanism can be extended to three fam-
ilies. Then my becomes a 3 % 3 mass marrix,' which
must be diagonalized just like a Hamileonian in quanum

M The hrst term in (4.50) beconmses —d; mgd g1 + H/vh, where o) g are
th PRC- O MRS VECTOrs u:ln:i:ling af the weak c'g:nslzl.c hields, and miy is a
3 ¥ 3 marrix.
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mechanics. The eigenvalues are the masses m g, m,, and
my, and the corresponding fields 4y g, 57 g, and by g are
known as muass eigenstate fiddds. They are unitary wanstor-
mations of the weak eigenstate fidds that we started with,
analogous t energy eigenstates in quanmum mechanics. (Tt
will not be necessary for us to distinguish between them
in our notation.) The couplings of the / o fermions are
diagonalized by the same transformations, so

+ The couplings are diagonal, i.e., they do not change
one flavor into another. This is srongly supporeed
experimentally, especially by the absence of large of-
fects in the KV — K° system. [t is a strong constraint
on theories with more complicated Higgs soructures,
which are not necessarily diagonal.

+ The f fH couplings are o m g/ v: the Higgs-Yukawa
coupling w the  is large; the couplings to &, ¢, and
r arc considerably smaller; and the couplings w the
first family and other light fermions are tiny. It is for
this reason that the Higgs is difficult to produce and
difficult to detect.

Tha Gaugs Interactions

The fermion gauge interactions in (4.34) and the analo-
gous lepron terms can be written in terms of the physical

W=, 7, and A after a bit of algebra as

=55 (oW + 75 w;)
Ve +g“'

g8
X2 o L7 ——==___J A,
& .-'g_3'+g.rl el
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In the last term,

aytu — %zi'y"d —Eyte, (4.52)

| b

T =
for one family. This is just the (parity-conserving) electro-

magnetic current, 5o the term describes QED provided we

idcntiﬁ.f

e=—2%  — rsinfy. (4.53)

The second term is the WINC interaction thar was pre-
dicted by SU(2) x U(1), with

T =iy u; —diydy + vyt
—éry¥er — 2sin* Oy J . (4.54)

It indudes a panry-violating erm, as well as a pariry-
conserving parnt proportonal to sin® E?ng, which led
to the original experimental determination of sinlﬁw.
The /g>+g” in the coefficient can be written as
£/ costy = ¢ /lcos By sinby).

The first erm in (4.51) describes the WCC. The
charge-raising and lowering currents indude lepronic and

hadronic contnbutions,

jFT = 21},;.:1.-"”6;. -+ 1:;;:1-""‘#’;..
" (4.55)
T =2y v + 24y uy,

which violate parity (and charge-conjugarion) invarance.
The vertices in (4.51) lead to typical elecoroweak processes
shown in figure 3.2 on page 36.
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The expressions for Ji; and J; canbe extended to three
families by simply summing over them. This extension is
most elegandy denoted by redefining # w be a vecror with
compaonents #, ¢, and ¢, and similarly for 4, v, ¢, and their
L -or R <hiral projections. For example, 73"z in _,.TE now

rCproscn [&]

I

@ei)y" [ e | = ay"u+epic +iy"r. (4.56)
r

jS and J% are diagonal in flavor, ie., there are no terms
like —d;y*s; in J 5. We will return to the historical and
physical significance of this.

For j—S and /%, we glossed over the distinction between
the weak and mass eigenstate fermions: because of the diag-
onal nature of the currents, it didn’t make any difference.
For the WCC fﬁ, however, it does matter. The extension
to three families retains the form of (4.55) for the weak
eigenstate fields. However, the unitary transformations
{mixings) between the weak and mass eigenstates are in
general different for #; and 4, and akso different for v;
and ¢, due o cthe mismarch berween the gauge interac-
tions and the Higgs-Yukawsa interactions {or, equivalently,
between the weak interacdons and the physical masses
relevant for QCD). The upshot is that the charge-raising

current becomes
Y = 20, yH Vier + 2 " Vydy, (4.57)

where V; and ¥

on the families. A similar form holds for [, except

are 3 % 3 unitary martrices acting
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V —= Vi The lepronic mixing matrix V¢ is not imporeant
for processes that are not sensitive to the (extremely tiny)
neutring masses, so we will ignore it for now. However, the
quark mixing V; is very important, and leads to family-
changing transitions such as s — u, as well as ﬁamil}f-
conserving ones like 4 — u. These had in fact been
observed in strangeness-violating decays long before the
SM was construcred.

V; is known as the Cabibbo-Kobayashi-Maskawa
(CEM) marrix. Afeer removing the unobservable overall
phases of the quark states, it depends on three angles and
one phase. The latter is the only significant source of C'P
violation for quarks in the SM. Y However, to a good first
approximation the elements of V; connecting the 4 and ¢

o the first two families are small, so thar

cosf,  sind. 0
Vo = | —sind, cosd, 0. (4.58)
] o1

The upper 2 x 2 block in (4.58) is the Ciabibbo rotation,
which describes the reladve strengths of the d < n, 5 <
4, d = ¢, and 5 <> ¢ transidons. It was known before
the discovery of the third family that this form gives an
excellent descrption of most WCC processes involving the
first four quarks, with a Cabibbo angle of siné, ~ 0.23.
MNevertheless, the small comrecoions to {4.58) are needed o
account for the observed C'P vicladon and for & quark

decays.

lﬂ'l'hi::lrimg [ :ntﬂc. 1o be discused in d::plcr 5, i known o be small



100 Chapter 4

=i

Figure 4.11. Lefrr Diagram for § decay ar the quark level in the
5. Righe: The zero-range amplitude in the Fermi theory, which is
reproduced in the limit [¢7] < M. The two vertices are actually
on wp of cach other, butare displaced for claricy. Source: Langacker
20140,

Tha Chargad Current and the Farmni Thaory

The quark-level ampliude for # decay s given by the
fist diagram in ﬁgurc 4.11, with the vertces given by
the charge-raising and lowering parts of il in (4.51),
and the W propagator by —ifl[.gl — Mﬁ,}, where g is
the vircual four-momentum of the W. For 8 decay and
most weak decays, |4°| is negligible compared w M3,
so that the propagator ~ i /M3, This yields the same

amplitude as one would obrain from the effecove four-
fermion interaction

r

V2

where the Fermi constant (7 ¢ is given by

AN LN (4.59)

'E'.Fcr mi = T

= = —. (4.60)

et g g b | T B ot e M T R ¥ CR
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with the second form following from My = gv/2. Ly
is the zero-range effective interaction that Fermi wrote
down in 1934 (updated w quark language and w include
parity violadon)! Although nonrenormalzable, the lowest-
order Fermi interaction is an excellent first approxima-
gon to a large variety of WCC decays and scamering
processes, so the SU(2) x U(1) model inhents all of these
SLCCESSES. Expcrimcnmlly,l{’ Gr~12%10"7GeV2 ~
1.03 x 1077 m;l. This s not enough information o
determine g and My separately, bur implies the value
~ 246 GeV for the electroweak scale v = +/2(0]"|0).

The processes successfully described by the Fermi
theory indude nuclear and neutron 8 decay, pion decay
(™ — p7vy), muon decay (p~ — v, e i), strange
partcle decays, heavy quark and lepron decays, and scarer-
ing processes such as ve~ — v, Observations of not
only the rates bur derails such as the energy distriburions
and spin effects have confirmed the V — A structure,
to considerable predsion in some cases. Comparison of
different processes established the approximate form of
the CEKM matrix in (4.58) and measured the Cabibbo
angle. Neurrino deep inelastic scatering (v, VW — = X)
verified the existence of spin-1/2 quarks, and a comparison
with the DIS rate fore ™ N — ¢~ X confirmed the eleceric
charge assignments of the » and 4 quarks.

Let us elabomate a bit on the CEM marrix and its
Cabibbo approximation. The underlying rates for # decay

Yo Eyen before the SM, there wene many ﬁ|x.'i:|.1]:lii:lr.|: on the existence of the
W= The value of [Py Sests 3 s of EH100 GeV) if the i.'i:lu|:l|ir.|gc¢:lm @nt

is arywhere close o e.
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(m— pe i) and muon decay (= — v, e i) were
long known to be different by about 5% after correct-
ing for kinemadc and strong interaction effects, while
srangeness-changing decays such as X7 — ne7in (E-
is an & =1 hyperon with mass ~ 1.2 GeV} are much
slower. This apparent nonunivesality in the strengths once
appeared w be arbitrary, but became understandable in
the context of the eightfold way (Cabibbo 1963) and even
more so in the quark model. In that context, the lepronic
and hadronic currents have the same overall strength, but
the relevant charge _lﬂ- quark is not & but rather 4 cos €, +
5 sin#,. The rates for # decay (4 — u¢7v,), muon decay
((t™ = Vg e~ ), and E7 decay (s — we™1.) are there-
tore proportonal w cost @, ~ 0.95, 1, and sin” 8, ~ 0.05,
respectively.

More generally, weak uniﬂm&ﬁ{}r is the principle that
each WCC term has the same normalization in terms
of weak eigenstates, and is only modified by fermion
mixing effecs. It is a NEeCessary conscquence of the SU7(2)
gauge symmetry because every doublet has the same gauge
interactions. One consequence is that the CKM matnx is
unitary, V; P;T = J. The current value {Olive et al. 2014)

of the 11 component is

(VD)) = Vil + Vi P+ | Vas|* = 0.9999(6),
4.61)

in impressive agreement. The experimental values of the
fist two terms are obtained respectively by comparng
superallowed f decay (07 — 07 transitions berween
nuclei in an isomultiplet) and strangeness-changing
decays such as K~ — 7% 0 with muon deay.
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The contribudon of | V> ~ 1.7(4)10~%, obrined from
b decays, is negligible.

The agreement with universality is acrually much more
impressive than it first appears. That is because the the
SUM2) x U(1) theory improves upon the Fermi theory by
making it renormalizable, so that higher-order corrections
(such as the exchange of a photon between the p and
¢~ in fi decay) become calculable (Sirlin and Ferroglia
2013). The experimental precision underlying (4.61) is so
high that these correcrions are essential: the righe-hand side
would be ~ 1.04 if they were not included! In addition to
testing the higher-order comectons, (4.61) also constrains
some rypes of BSM physics, such as additional heavier
gauge bosons with V' + A couplings or additional fermion
families, which could modify the experimental quantities
if they were not mken into account.

Not all processes involving the WCC can be approx-
imated by the Fermi interaction. For example, physical
{on-shelll W= can be produced in reacrions such as
eTe” — WTW™ ar very high energy, while AS =412
rransitions like K < KV can proceed via second-order

weak processes involving two virmal W, We will come

back w both of these later.

Tha Weak Neutral Currant

The WNC assodated with the 7 boson was the first major
prediction of the SU/(2) x U(1) model w be verified. It
allowed for previously unobserved reacdons such as elas-
tc (V,e” — vye” or ¥y, p—+ ¥, p)and deep inelastic
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(Ve N = v, X} neumino scattcring.ﬂ Such events were
observed in the Gargamelle bubble chamber ar CERN
in 1973 and at Fermilab soon thereafter. Subsequent
experiments studied WINC neutrino scattering in detail.

The WNC also makes new contriburions o processes
allowed by QED. At low energies, the WNC is dny in
comparison, but the axial vector couplings lead w effects
that are absent or very small in QED. For example,
the interference berween Z exchange and the Coulomb
interaction causes parity-violating mixing between atomic
S and P wave states, leading o effects such as differ-
ences between the rates for transitions induced by lefi-
and righe-circularly polarized photons. These have been
studied in detail in cesium and other atoms. There are
also polarization asymmetries, .., relative differences in the
cross sections for left- and right-helicity dectrons scawening
from electrons or nucleons, and angular asymmetries in
¢eTe” — pTp~. The WNC and its interference with the
WCC contriburion has also been measured in v.e” and
e~ elastic scartering,

Generations of ever more precise WNC experiments,
continuing to the present, have confirmed the predicrions
of the SM in great detail. They ako allowed the value
sin” &y ~ 0.23 o be determined utilzing the dependence
of J% on sin® @y in (4.54) on page 97. One could then

Tidest neuting SCAEring expen ments invo ve My o by mther than v or
|:|.- ll:lﬂ.ul.ﬁi. dl‘.' I-‘:“T."Cr ane nludl ﬂ:ii.‘r (4] n]:k.i.'. .I*ul. :ix:‘.‘li.'r:l.i:lr.‘i. IJ:H. ncu lrin‘n
are nnin]}' produced by c|nrgc:f.3 pion decvs like 7% — p* L with the pienas
dlﬂﬂnﬂlm e rging I-r‘:lr.ﬂ I:l [LETEETh L |r.||.‘.m:|.| r%WIIJ:I nu‘i.'i in a l:rgﬂ.‘l.-l-l:li: 'u‘lr - -’i
nanae of the WOC (= opposed o scalar or tensor) in]l!lii:‘i that the e+ v rane is
:1|.1|:l|:lr::1.'m] .I:l}' a factor [,/ n.rP:'l. which is o n]}- |:l:r|.izu}- i.'i:ln:ll:li.‘m:l.i.‘d ]’.5" |:l|nm.'
space.
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extract g from (4.53) and predict My and Mz The
further implications of the WNC experiments will be
discussed after we consider the W, the Z, and the Z-pole

experiments.

Tha Z Pola

The measurement of sin? 8y ~ 0.23 in the carly WNC
experiments, along with the known values of ¢ and G'p,
allowed the prediction of My and M. Using the lowest-
order resuls in (4.43), (4.53), and (4.60), one expects
My ~78GeV and Mz ~ B9GeV, while higher-order
corrections increase these predictions by ~ 2 GeV. The W
and Z were discovered by the UA1 and UAZ2 collaborations
at the CERN SPS collider in 1983 in reactions such
as pp — W7 4+ X with W5 — ¢7v,0r pp - 24X
with Z — ¢7¢”. The masses and other propertes were
consistent with the SM expectations.

The standard model was rested o very high precision
by expenments ar the Large Electron-Posiron Collider
(LEP} and ar the Smanford Linear Collider (SLC), which
were ¢ ¢ colliders thar operated ar the Z-paff, Le., the
¢” and ¢~ each had energy ~ Mz/2 so that on-shell Z
bosons could be produced and their decays studied. The
cross sections at and near the Z-pole are extremely high, as
can be seen for ¢¥ ¢~ — hadrons in hgure 4.6 on page 77.
LEP was a 27 km circumference drcular ¢ ™ e~ collider at
CERN thar operated near the £ pole from 1989 w 1995,
and at higher energy unal 2000, The SLC, which ran
from 1989 to 1998, collided ¢ and ¢~ beams thar were
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initially accelerated in the 2-mile SLAC linecar accelerator
and then magnetically deflected to the collision point.
Four large detectors (ALEPH, DELPHI, L3, and OPAL)
surrounded the collision poine ar LEP, while a single
detecror (initially MARK 1I and then 5L} observed the
collisions at the SLC. These and other detecrors are enor-
mously complicated beases, which are highly insrrumented
with devices thar can wrack and characrerize the parricles
produced in a collision. The Z-pole experiments typically
involved hundreds of physicists from dozens of institutions
all over the wodd, and had dimensions of (10 m) and
masses of ({1000 tons). The detectors at subsequent pp
and pp colliders were even larger.

The LEP experiments rogether observed some 2 x 107
events near the Z-pole. The observables included the
Z mass and widch, which can be deermined from the
lineshape (cross secron as a funcrion of energy), as well
as the individual races for e¥e™ — ff, where f=e,
I, T, &, or ¢, and the raee for e7¢” — hadrons.™ The
latter included the contributions of the &, 4, and s quarks,
which wuld not be disunguished on an event-by-event
basis. In addidon, LEP observed asymmetries sensitive w
the relative ¥V and A couplings in (4.54). These included
forward-backward (FB) asymmetries, such as the fractonal
difference between the number of ¢t~ moving in the same
and opposite hemispheres as the ¢7, and the polarizarion

T he partial decay widths into esch of these iml s could be extracted
I-r‘:lr." dl‘.'“.' ‘J‘I:lxr\"li‘:lm. Su]Jlrxling llxlr sum I-r‘:lr." dl‘.' l‘:lLIJ Iir.“::l:l:l:li.' widlll
allowed an indirect detemmination of the mwe for decavs into neatrnos, which
ix:ll.‘lld naot .Ix. d”“.d}' ‘J‘I:lm.'rwd. -J.-I:K.' ri:l.‘l]l wan IJ:IIl dlc“.' anc ‘Jﬂ]}' dlrﬁ: Ilﬂll
ordimny petrines.
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of ¥, determined from the angular distribution of their
decay products. SLC had fewer events (~ 6 x 107} but
had the advanwage of a highly polarized ¢~ beam. This
allowed measurement of the polarizadon asymmetries,
which are especially sensitive to the value of sin®#y and
to perturbations from some types of BSM physics.

The Z mass was measured to be 91.1876(21) GeV
at LEP, i.e., to the remarkable precision of =~ 0.00230%,
far more accurate than any other measurement ar such
high energies. This made use of a calibraton of the
beam energy by a resonant depolanzation rechnique, and
required corrections for the tidal effects of the Sun and
Moon, the water mble, the water level in Lake Geneva,
and even for leakage currents from nearby trains! Most of
the other measurements ar LEP and the SLC were at the
0.1-1% level. They were generally in very good agreement
with the SM predictions, although chere were two discrep-
ancies at the 2 20 level (Olive et al. 2014), possibly due
to statistical flucruations.

The full predsion progam induded the WNC
experiments; muon decay (needed to extract Gg); the
Z-pole and higherenergy e 7 e™ rncmurcmcntsl‘}; precision
measurements of lepton asymmetries at the Tevatron and
LHC: direct measurements of My and s, ac LEP (in s
later high-energy period), the Tevatron, and the LHC; and
the measurement of My at the LHC. The precision of the
measurements required an enormous theoretical effort o
calculase higher-order corrections to all of the processes,

BLEP and the SLC also lad exeensive [ s uI'Q(:[} Lests, |x:\'}- avor
|:l|:|}'.1'u::. ard searches for the Higrs boson and BSM |:l|:}'.1ii:1.
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such as those involving photon and gluon exchange. These
included the mnning of & up w Mz, which introduced
the largest theoredcal uncerminty becuse of hadronic
effects. The results of the precision program included the

following:

# The fermion interactions with the Z are consis-
tent with the 5M, supportng the gauge principle,
the S5U/(2) x U(1} group, and the representations,
i.c., that the lefi-chiral fermions are in SU7(2) dou-
bles® and the right-chiral ones are singlets.

+ Alternative electroweak theories (with different gange
groups) were excluded, and perwurbatons on the
SU(2) = UN1) theory due, e.g., to additonal parricles
or larger gauge groups, were strongly constrained.
Many alternative models of spontancous symmerry
breaking involving new strong dynamics racher than
an elementary Higgs boson predicted large (several %)
deviations from the SM predicions and were
excluded.

+ The weak angle sin® By was determined w© a preci-
sion of around 0.02%. The exact value depends on
how the lowest-order definition 8y = tan™'(g'/g) is
generalized to higher orders.

+ Higher-order corrections depend on parameters such
as the masses of the top quark and the Higgs
boson, which enter in vacuum polarization diagrams
for the W and Z that are analogous o figure 4.7
and in the Z — bk vertex. The comections depend

wﬂ'l}' mumetr K.'1 im‘?l\'ing LIK. T I‘.'I:ll.‘:lﬂ :mj le. E' ‘.]L'l:rk. |r.|1|:||u.d dl‘: uﬂlﬁ.nﬂ.
of the vy and thes i.]u:rk:: their doublet partners, prior to their direct discovery.
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quadratically on m, /v and logarithmically on Mg /v,
which allowed the # and / masses to be predicted
prior to their direct discovery. Currently, these in-
direcx predictions are m, = 177(2) GeV and My =
H?:ﬁ GeV, in reasonable agreement with the di-
rect measurements ez, = 173.2(009) GeVand My =
125.7(0.4) GeV (Olive et al. 2014). Similarly, gluon
exchange between the quarks in 2 — g4 yidds
ﬂ',{ﬂ’fi} = (1L1193{16), consistent with other deter
minations in figure 4.8.

+ The success of the higher-order corrections vindicates
the program of renormalization theory.

« The combinaton of @, sin® @y, and @, and the
theoretical expressions for their running allow a test
of whether the SM gauge intemactions can be uni-
fied. Thar is, whether their running couplings meet
at some high scale My, as would be expected if
SU(3) = SU2) x U(1} is really part of a simpler
group like 5U7(5) that is spontaneously broken at scale
M. As will be discussed in chaprer 6, the observed
gauge couplings are suggestive of a supersymmetric
extension of the SM, with My ~ 3 x 10'® GeV.

Abova the ZPola

It was already mentioned in section 2.3 that the Fermi
theory breaks down ar high energies where cross sections
grow so large as o violate unitarity. The same holds for the
ad hoc extension to include massive W™ bosons, known as

the intermediate vector boson (IVB) theory. This problem
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Figm'c 4,12, Diagrams for eTe™ — WTW"™ in the SM, from
l.ang.ckcr 20140,

is cured in the SM (or other gauge theories) because the
gauge invariance enforces delicate ancelladons berween
Feynman diagrams that ensure renormalizability and an
acceptable high-energy behavior. For example, in $U7(2) x
L'(1) there are three lowest-order diagrams for e¥¢™ —
W™ W, shown in figure 4.1 2. Only the first two, from 1,
exchange and annihilation into a photon, would be present
in the IVB theory, leading to an unacceptable rapidly
growing cross section. However, the third (Z annihiladon)
diagram in the SM is predicted o tame this behavior,
in agreement with observadons (Schael et al. 2013). The
success of this predicion confirms the role of the 2
and also thar the 2 W™ W™ and p W™ W™ vercices are
consistent with the SU/(2) gauge self-interactions obtained
from equaton (4.28) on page 71. Other tests of the gauge
self-interactions involve the pair production of electroweak
gauge bosons at the Tevamron and LHC, and (for QCI)
the running of o, (7).

Meutral Kaons, CKM, and CP Violation

The neutral kaons K" = 45 and K = 45 have definite
strangeness & =41 and —1, respecuvely. They are
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d T

Fis'u.rc 4.13. Left: A rypical -l:[ia.grarn lca.c[ing o AS = £2 transi-
tions beoween &9 and £9 in the three quark (#, &, 5) theory, In the

580 with four or six c[uarks, there are additional dia.grams in which

cach w is replaced by ¢ or 2. Ri.ght: An additional ree-level dia.grarn
inn the three quark S002) = U(1) model. Source: Langclu:r 20140,

mapped into each other (up to a phase) by € P wanstor-
mations and would be degenerate mass eigenstate particles
in the absence of strangeness-violating weak interactions.
However, the second-order weak interactions can cause
ransitions berween the two, as in the first diagmm in
figure 4.13. This KY— g mixing has played two critical
rules in the history of the weak interactions, which we
consider in reverse chronological order.

The K" and K" mass terms must be equal by
the CPT theorem. Hence, any real (CP-conserving)
K" — K wansitdon amplitude implies that the actual mass
ecigenstates are the 45-degree admixoures

KY'4+ K Kv— go
K== T2 K=o 2
‘ V2 : V2

Such mixing does occur. The mass difference Amy =

(4.62)

my, —mp, is measured indirecdy (by effects somewhar

orougne o Yyou Dy 18 MallGnal Liorary of tne ippines
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similar to the neumino osallations to be described later)
to be ~ 3.5 % 1077 ¢V, which is incredibly small com-
pared to the average mass of 498 MeV bur sall nonzero.
However, there is a problem: a calculation of the first
diagram in ﬁgun: 4.13 (and ones related to i) in dhe
W-boson (IVB) extension of the Fermi theory with the
three quarks, (u,4,s5) that were known prior o 1974
led o a value for Ampg around 3000 rimes larger than
the observed one! Matters became even wome in the
SUI2) = UM1) model With only three quarks it would
be necessary w assign Ar cosd. + 57 siné, as the doublet
partner of the u;, while —d; sinf. + 5; cos#, and the
righe-chiral fields would be singlets. The second term in
the WINC in (4.54) on page 97 would then conrain a
lowest-order flavor changing newral curvent (FCNC) piece
propordonal .dT;_y"j;_ +ipyidr, leading to an even
larger Amg through the second diagram in ﬁgun’: 4.13.
It would also imply FCNC decays such as K; — pu7p~
aran unacceptable rate. This made it difficult to extend the
original $U7(2) x U{1) mode of leptons (Weinberg 1967)
to quarks,

The TFCNC  problem  was  resolved by the
Glashow-Iliopowlos-Maiani (GIM) mechanism (Glashow
et al. 1970}, which postulated the existence of the charm
quark. The ¢; could then panner with the s (i.e, with
—d; sin#, + 55 cos#,) in a doublet so that /% remained
diagonal in flavor. The Z exchange diagram in figure 4.13
then disappears, while the higher-order diagrams with
two W's are drastcally reduced because of cancellatons
between the internal & and ¢ quarks. The remainder

. . 3 . .
is proportional w = to an excellent approximaton.
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Comparison  with the observed wvalue led w the
prediction (Gaillard and Lee 1974) m, ~ 1.5 GeV.

The GIM mechanism put the quarks and leptons on
equal footing with four flavors each and elegantly resolved
the FCNC problem. However, the quark model had been
invented to simplify the hadronic spectrum, and many
physicists were reluctant to complicare it with a new

flavor. The situation changed dramatically when the J /1
resonance was discovered at BNL and SLAC in late 1974
and was enarively identified as a ¢7 bound stware, with
m, ~ 1.5GeV3 in agreement with the prediction from
Amy from earlier that year! (See hgure 4.0.) The iden-
tification was subsequentdy confirmed by the observation
of mesons with a single ¢ quark and by ¢ production in
neutring scattering,

We now wrn w CF violation (e.g., Kleinknecht 2003;
Ibrahim and Math 2008). £ and K in {(4.62) are eigen-
states of C'P with eigenvalues —1 and +1, respectvely. It
is straigh tforward to show thatboth 777~ and 71" must
have C'P = 41 when their orbital angular momentum is
zero. Therefore, if C P were exactly conserved, one could
have Ky — 2, bur K7 — 27 would be forbidden. &
could srill decay to 3, but thar should be much slower
because of the smaller phase space. This is indeed observed:
the K and K lifetimes are respectively ~ 9 x 1075
and 5 x 107 %, corresponding w decay lengths ¢1 of
3 cm and 15 m if they are relativistic. In fact, the subscripes
Sand L are for “short” and “long,”

MThis differs From the value 1.3 in table 3.1, becase the latter is a rurming
parameter evaluated ata different scale.
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Following the discovery of space-reflection () and
charge-conjugation (C) violation in the weak interactions
in the 1950s, it was generally assumed that the product C'FP
would stll be a good symmetry of nature. It was therefore
something of a shock when Val Fitch, James Cronin,
and collaborators (Christenson et al. 1964) observed the
decays of K; — 27 in a neutral kaon beam ar BNL,
some 300 Ky decay lengths from the source, with an
amplitude around 10-3 compared to that of K — 2.
This suggested that K ¢ are not the C'FP cigenstates given
in (4.62), bur instead have admixtures of the wrong C
state, g

KR+ KR -R

K = 405
I 7 +€ NG (4.63)

where €| ~ 2 x 1072,

When the € P violadon was frst observed, there were
speculations thar its orgin could be in some small contri-
bution to the strong, weak, or (hadronic) electromagnetic
interactions, none of which were well underswood, or
in an entirely new superweak interacdon. However, it
became even more puzzling after the development of the
(two-family) SM because there seemed tw be no room
for ir.

To understand chis, we nore that (4.62) follows
automatially from € PT and the assumption that the

MThi conclusion was correct, bur not cnlircl}- ju:liﬁud at the time. The
CF vislation could have resided in the decay amplitede rather than in the
states. Larer u|xrir.|:u:r.|L1 established that both are present, :JIJ:u:lugl:l the former
is smaller by another etor ~ 10-3
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K — KV (ransition amplitde is real ¥ A complex
amplitude, however, will lead o the CP-violating form
in (4.63}, suggesting that C' P violadon is connected with
complex phases in the interaction parameters. That indeed
is the case, because pairs of € P-conjugate fieds such as
K" and K are basically Hermitan cﬂnjugami.ﬂ"'i Since
the Lagrangian must be Hermitian, interaction parameters
involving K" or K¥ must be complex conjugates of each
other. Complex parameters could therefore lead not only
w0 € # 0 but ako w C P-violating differences between the
K" and K properties.

Unfortunately, there are no abservable phases in the SM
for two families. The gauge coupling constants are real,
and in an appropriate basis [such as W=, W for SL7(2)
and the analog for SU(3)] the gauge fields couple to the
currents with real coefficients. The 2 x 2 unitary matrices
Vi and 1-’; in (4.57) in principle involve three phases
each. However, these are unobservable because they can
be absorbed in the overall phases of the lepton and quark
states. Finally, the Higgs-Yukawa couplings in (4.50) on
page 95 are real in the mass eigenstate basis,

The absence of CP-violating phases was considered
o be a serious difficulty in the early days of the SM.
There remained the possibility of a superweak interaction
or of a more complicated Higgs sector in which addidonal
scalars have C P-violating interacrions, However, the key

came in the proposal of Makom Kobayashi and Toshihide

¥ Thi discission issomewhat iwcmimpliﬁtﬂ becnneit 'gm:ln:: thse |x:n:i]:li|il}l
of redefining the phases of the &7 and % Observable ©P-violating effects
JJ'W:}'H invalve it derenos that are irxiqx:nds: it af such |:l|:|z“.' ted el nitions.

H Additional Dime matrice are invelved for fermioms.
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Maskawa thar there could be three families of fermions
rather than two (Kobayashi and Maskawa 1973). The
3 % 3 unitary marrix 1, now known as the CKM marrix,
in general involves six phases, only five of which can
be absorbed in the relative phases of the quark states.
Thus, ¥ involves three angles and one observable O P-
violating phase, which originated in the Higgs-Yukawa
couplings but migrated to V, when going o the quark
mass elgensiates.

The third famil}-‘ particles were evenwally discovered,
the  lepton at SLAC in 1975, and the & and r ar
Fermilab in 1977 and 1995, mspectvely. The vy was
ﬁnall}f observed (by its rescawering to produce a 1) at
Fermilab in 2000. The angles and C'F violation associated
with P; have been swmdied extensively not only with
the kaons, bur also with ¢, & and 1 decays: neutrino
scartering; and (to a lesser extent) ¢ quark producrion and
decays. There have also been major programs studying
C P-violating mixings and decays in the analogs of the
K — g system involving heavier quarks, e.g, in
Bﬁ =db, Bf:' = sk, and thar C P-conjugates. These
heavy quark studies have been rried our at many facil-
ities, including the Cornell Electron Storage Ring (CESR),
SLAC, the KEK laboratory near Tokyo, and at the Teva-
tron and LHC.

The upshot of all of these studies is that the three-family
version of (4.57) successfully describes an enormous range
of lowest and higher-order WCC processes. The elements
connecting the first two families to the third turn out w
be small, so (4.58) is a good first approximation for most

C P-conserving effects involving the fist two families, and
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the estimate of Amy is not too much affeced by the 7.
However, the small residual elements lead to a phase in the
K" — K transition and can account for the abserved € P
violation. The effect requires interferences between the box
diagrams similar o ﬁgurr: 4.13 with u, r, and ¢ exchanges.

One way o summanze the results is in the tests of the
unitarity of V. The consistency of the weak universality
prediction (V,}L’;T}I = 1 with the data has already been
displayed in (4.01). The umitarity triangles similarly test
whether the off-diagonal elements of V;F; vanish. For

example,
(VIV,),, = Vi Vit + Vi Vea + ViViu  (4.64)

is the sum of three complex numbers, which can be repre-
sented as two-dimensional vectors. Unitarity implies that
their vector sum should vanish, i.e., that they should form a
closed triangle. The lengths of the sides can be determined
from C P-conserving effects such as the decay rates of
mesons containing & and ¢ quarks, or from the :5'2 — Hﬂ‘{
mixing, while the angles can be independendy measured
by wvarious € P-violaring asymmetries and decays. The
overconstrained system is consistent with unitariry, as can
be seen in fgure 4.14. This not only confirms the CKM
theory, but also constrains many types of new BSM physics
that would lead to an apparent violation of unitarity if not
included in the analysis. The agreement also provides an
additional test of QCD because many strong interaction
corrections and matrix elements for the various processes
must be computed using lattice, perturbative, and other

techniques.
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Figure 4.14, Constraines on the unitarity  triangle prediction
[1{?— ¥ }3| =0, The axes are the real and imaginary parts of
the complex numbers in (4.04), scaled by the accuracely known

[V Val The various constraints are consistent with the clusing
of the I:rianglc. Plot courtesy of the CRMbreer group (Charles
ot al. 2005, hcp—phfﬁ@ﬂﬁ]ﬂfi]. Updau:u:[ results and F!l.DI'_i available
at htq::ffckmﬁttcr.in lpﬂ-.&.

The relanvely large angles in figure 4.14 imply that in
some sense, C P violatdon is large. The small value of € in
(4.63) and of other ' P-violating effects is not due to a
small phase, but because of the small mixing angles that
connect the ¢ to the 4 and 5. With the enommous benchit
of hindsight, C' P violation is perhaps not so surprising as
it seemed in 1964, After all, quantum mechanics is based
on complex numbers, which can lead to ' breaking.
The real issue is whether a given system or process is
sufficiently complicared for the phases w lead to observable
interference effeas. In QCD,* QED, the WNC, and

¥The SErongy P effect 1o be discmsed in d::plcr 5 is of a i:d:lr.|:||:lls:u:|}-
different clamerer.
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two-family WCC, there are no such phases. Only the
three-family theory involves an unremovable phase, and
even there C' P violation requires thar all three families are
relevant to the process. The possibility of an analog o the
CKM phase in the lepronic mixing will be mentioned later.

The Largs Hadron Collidar {LHC)

By the time the LHC started running, most of the ma-
jor ingredients of the standard model had been verified,
including the fermion gauge interactions, the Wand Z,
the unitariry of the CEM marnx, and even the higher-
order comectons. The outstanding ingredient was the
mechanism of elecroweak symmetry breaking, ie., is
it due to the minimal (one-doubler) Higgs mechanism,
a more complicated Higgs sector, or some dynamical
or compositeness mechanism not involving elementary
scalars?

The LHC is a pp collider at CERN with a design CM
energy of 14 TeV inswlled in the same 27 km circumfer-
ence deep underground tunnel thar had previously housed
LEP. Its pamary goals were o search for the Higgs boson
and to search for the possible BSM physics at the TeV
scale that was motivared by the unanswered questons w
be considered in chaprer 5.

The LHC startup was delayed by more than a year
by an unformnate accident caused by a faulty eectrical
connection that damaged many of the superconductng
magnets. It restarted in 2010 and ran at 7 and then 8 TeV
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Barel Toroid  Inmer Detecter g0 calonimaters 7 Shielding

Figurc 4,15, A schematic view of the 44 m wide, 22 m diameter,
and 7000 wn ATLAS detector, courtesy of CERM. The h:'lght of
a t:.rp'u:al human is about the same size as the capital letters of the
words id:nl:'lﬁr'mg the various Parls of this mechanism.

CM energy through eardy 2013. Following a shutdown
for upgrades, the LHC began a new higher-energy run at
~ 13 TeV in the spring of 2015.

There are four large detectors located at intersection
points of the beams and several smaller experiments.
ATLAS and the Compact Muon Solenoid (CMS), shown
respectively in figures 4.15 and 4.16, are huge general-
purpose detectors, each built and operated by thousands
of physicists and engineers from nearly 200 instimtions
in dozens of countries. They are highly instrumented w
idenafy and track the large numbers of pardcles produced
in the pp collisions, and involve sophisticated dectronic

Brought te you by | The Mational Library of the Philippines
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Figure 4.16. A view of part of the CMS derecror, opened so cthar
the inside is visible, Pever Higgs is in the foreground. Figure courcesy
of CERN,

readout systems and worddwide distributed computing
networks for the dara analysis. The LHCh detecror is
optimized for f-quark physics, while ALICE is designed
to study the plasma of free quarks and gluons that emerge

at high emperawres and densites in heavy ion collisions.

Tha Higgs Boson

From expression (4.39) on page 8% and v = W — A,
one finds Mi‘. = 2312 for the square of the Higgs mass.

v ~ 246GeV is known through the reladon w the Fermi
constant in (4.60). However, there is no a priori knowledge
of &, ar least in the lowest order, except thar it is nonneg-
agve from vacuum stability. My is apparendy completely
arbitrary.
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The situation is improved somewhat when one rakes
into account higher-order corrections, which lead w a
running MY, with Mi‘. = 2x{vi)vi For large My, the
running is dominated by diagrams involving intermediate
Higgs fidds, leading w0 an increase of A{Q*) with Q.
Eventually, M diverges. This would not mareer if the
SM is just an ap proximation to a more fundamental theory
thart takes over at some new physicsscale A yp and if A Ql}
remains finite for |Q] < Ayp. However, it would be a
disaster™ if the divergence saale is within the domain of
validity of the SM, Le., if it is smaller than A yp.

For smaller values of My, the minning is instead dom-
inated by diagrams involving virtual wp quarks, because
of the rather large Higgs-Yukawa coupling m. /v to the
top. In this case, M Q) decreases with QF and eventually
goes negative. The corrections make the vacuum unstable
or possibly metastable if this zero point is smaller than
A wp. Metastability would be acceprable (though possibly
uncomforable!} if the lifedme is longer than the known
14 billion year age of our Universe.

For the SM w be valid up to to the Planck sale,
Awp = Mp, the twin requirements of fniteness and
vacuum stability restrict the Higgs mass ro the approximare
range 130-180 GeV, with the lower limit weakened w
~ 115 GeV if the vacuum is allowed to be metastable but
long-lived. If the SM breaks down at A yp ~ 1.5 TEV, on
the other hand, the much larger range 85-650 GeV would
be possible.

H".]r at I‘J‘L ||. \w:ll.'l]d .Ix. in“?nﬁiﬁlﬂnl WIIJ:I IJ:K. ir."l:lli‘.'il. ans |.1r.|:||:llii:lr.| dnl lI:K.
S0 fields can be treated = elementary and weakly coupled below A yp.
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It is interesting that in the supersymmetric extension of
the SM X is no longera free parameter but is instead related
w the SU2) = Ul1) gauge couplings. In the simplest
supersymmetric exeension with TeW-scale masses (so that
App ~ TeV), there is an additional upper bound of
~ 130 on the lightest Higgs scalar, which can be relaxed
somewhat in more complicated versions. Prior w the
Higgs discovery, it had been hoped that an observaton of
M 3 130 GeV would point toward a large new physics
saile, while My < 130 GeV would suggest supersym-
metry. The value 125GeV that was ultimately found is
inconclusive and somewhat challenging for both views.
This is symptomaric of what is perhaps the key question in
particle physics: is the new physics scale in the TeV range,
or does the SM work up to much higher energies?

The interactions of the Higgs o other SM particles
are proportonal o mass itor fermions) or mass-squared
(bosons), as in (4.50) and (4.48). The largest couplings are
therefore 0+ H, ZZH, and W W~ H, and the dominant
production mechanisms in both #7¢~ and hadron colllid-
ers involve these vertces. Similarly, the H decays predom-
inandy int the heaviest parcicles thar are kinemartically
possible. If My had been larger than 2Myy, for example,
then H — W W™ would have dominated, while for the
actual mass of 125 GeV the largest branching rado is inro
bb. However, the b6 decay is difficult to observe in pp or
pp collisions because of the much larger background rate
of bk producton by QCD processes, so the acrual Higgs
discovery relied on much rarer bur deaner decay channels.

It has already been mendoned on page 109 that the

precision electroweak program led w a prediction of
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My through the higher-order corrections w the W and
Z propagators. The current value is My =8 :ﬁ eV,
somewhat lower than 125GeV but consistent ac 1.00.
Furthermore, direct searches for the Higgs were car-
ried out ar LEP, which evenwally achieved a lower
limic My = 114.4GeV through the nonobservation of
eTeT = 7 = ZH, where 7 is virwual.

The Higgs was subsequently soughr by the CDF and
D0 collaborations at the Tevatron (pp) and later by
ATLAS and CMS ar the higher-energy LHC {pp). The
dominant production mechanism was gluen fusion, in
which GG — 17 followed by ot — H. Higgtrahlung
(V* — VH,where V= WorZ) and VVﬁﬁfﬂnl[VV —
H, with the V radiared from quarks) also contributed.
CDF and D0 were initially able w exclude masses in the
160-170 GeV region, and later the ATLAS and CMS had
excluded the whole range from 127 ro 600 GeV, as well
as below 116. This left only a fairly narrow window, and
many physicists became quite skeprical thar the SM Higgs
existed. However, that window was on the upper edge of
the region suggested by precision electroweak, and was ako
consistent with the supersymmetry expecration.

By the end of 2011, however, both LHC experiments
observed significant excesses around 126 GeV in the yy
and 4£ channels, where £ = ¢= or =, (A candidare 4u
event is shown in figure 4.17.) These were suggestive of
H — yy, which procceds via an intermediaee loop of
tor W, and H — Z7* — 4{. Both of these channels
have small branching ratios, because of the need for higher
order for ¥¥ or because of the virmal Z* for 4£, but
both have dean signatures and could be separated from
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A
GATLAS

Figure 4.17. A candidaw A — 22° = dp event from  the
ATLAS experiment. The muon tracks are those exiting the cencral
region. Figure courresy of CERMN.

the large backgrounds from other processes. None of
the observations yer had the 5o significance required
claim a discovery in particle physics, bur they were highly
suggestive.

Considerably more data and analysis effort had been
accumulated six months later. Ar 9:00 AM European
summer time on 4 July 2012, a presenation of the
results was given in the CERN auditorium and broadcase
worddwide over the Intemet (See The phowgraph in
figure 4.18). The timing was chosen o wincide with the
International Conference on High Energy Physics that was
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Figure 4.18. At CERN after the announcement of the Higgs-like
boson on 4 July 2012, courtesy of CERMN. From lefi: Fabiola
Gianoii (ATLAS), Rolf Hewer (Director General), Joe Incandela
(CM5).

taking place in Melbourne, Australia, but was somewhat
inconvenient for those of us in the Americas. Nevertheless,
the seminar room at the Insomte for Advanced Smudy
was packed at 3:00 AM on the US Independence Day
to watch the antidpated announcement. I was personally
rather sleepy at the beginning, but quickly became wide
awake as first Joe Incandea, leader of the CMS efforr,
and then Fabiola Gianowi, the ATLAS head, presented
their results. Each group had found significant signals
in ¥y and 4{ with mass around 125-126GeV. The
individual measurements were each a bit shore of 5o, but
the collection of resules lefe lictle doube. Rolf Heuer, the
Director General of CERN, summed it up nicely: “As a

layman, Twould now say I think we have it. Do you agree?”
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Figure 4,19, Observed couplings of the Higgs boson, as a function
of the particle mass. The data are consistent with the expectation
that the points should fall on a straight line, Courtesy of CERIN.

At the IAS, we followed by a reception, with champagne
thoughtfully provided by Nima Arkani-Hamed.
Additdonal minning and analysis of LHC daa®” allowed
more detailed studies of the production mechanisms, addi-
tional decay channels, and angular discributions; increased
the signiﬁmncc well above 5¢; and determined the mass
o be 125.09 & 0.24 GeV (Aad er al. 2015; Murmy and
Sharma 2013). The observed pamicle has spin-0 and even
parity, with couplings consistent with the Higgs expec
ations (fgure 4.19). It is clearly either the minimal SM

¥ and of an excest in the Tevarron dan.
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Higgs or something close to it. Nevertheless, the statistical
precision of ~ 20% still leaves room for deviations from
the SM, e.g, because of an extended scalar secror or
because the Higgs is actually composite. Both of these
possibilities will be mentioned in chaprer 6.

As mentioned carlier, the ~ 125 GeV mass 15 mar-
ginally consiseent with supersymmetry, though somewhart
high. Conversely, it is somewhar low if there & no new
physics up to a high scale: itsits in the narow metastability
band between vacuum swbility and instahility,:m with
}.I[Ql} going negative around 109 — 1012 GeV. Perhaps

nature is trying to tell us something,

Meutrine Mass and Mixing

The neutrinos are the oddballs of paricle ph}-‘.‘iifﬁ.ﬂ"}
They were long believed o be massless, and the original
SU2) = UN1) model treated them as such. In fact, the
righe-chiral gauge singlet ficlds vy in table 3.1 were not
even included. However, we now know from mentrine
pscillations thar ar least two of the neurnnos have nonzero
mass, but these are very much smaller than even that of the
electron. It is straightforward to extend the SM w allow
for neutrino mass, but there are acmally two different ways
to do so: Dirae masses, analogous to the quark and charged
lepton masses, or Majorana mases, which violare lepron

number by two units. It is perhaps surprising thar the tiny

“Fi:rlunzlcl}-. ol edtimated are IJnl IJ:u. dﬂ:}' mte B i.'i:ln:lri:lrLI]:II:_l.' ls:lw!

¥Eara gﬂ:m:r:] review, see Barger et al. 212,
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neutrino masses may be associated with BSM physics, such
as grand unification or superstring theory, at a very large
saale.

Al weak da:a}f‘m and scattering experiments were con-
sistent with massless neutrinos, and in fac no existing
experiment is sensitive to the kinematic effects of masses
in the sub-eV scale. However, there is much more sen-
sitivity in neutrino oscillations, in which even riny mass
differences can lead tw wansformatons of one type of
neutring into another. Neutrino oscillanons are due to the
mismarch berween weak and mass eigenstates. They are
an example of the osallations thar occur in any quanum
system in which the inidal smrte is a superposition of
energy eigenstates, such as in the vibrations of an ammonia
molecule, or in a classical system involving weakly coupled
harmonic oscillators. Suppose, for exam ple, that the flavor
eigenstare ficlds 1. and Vy, associated with the ™ and p1™
respectively in weak transitions, are linear combinations of
the mass eigenstates v 2, as in equation (4.37) on page 98
with Vi £ [, 50

[ b = |v) cos8 4 |va)sind,
Vet = —|wi}sin® 4 |v2} cos &

(4.65)

for the corresponding  states. Suppose further thar at
time ¢ =0 the stae |[v(0)} =|v,} is created by the

With the mcplkm of some :ug\uliim: From # du:}- that turned ourt w be
CF P eus.
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decay 17 — p7v,. Ar a later time ¢ > 0, this will have
evalved into

(2} = =) sind e Y 4 1) cos@ e 5,
(4.606)
where £ are the energies of the owo mass eigenstates.
|v(£)} is a superposition of |1} and |v.). If one places a
target a distance £ from the source, the |v.} component
may rescatter to produce an ¢, Le., it may have oscillated
into 1, with probability

Am?L
Py, = (v 0(1))]* = sin® 26'sin® (%) :

(4.07)

where Am” = mi — mTJ We have assumed the neutrino
is extremely relativistic,”' with average energy £ 3 m 2
and £ ~ . The oscilladon formula s independent of
whether the masses are Dirac or Majorana, and can easily
be extended to three Havors.

The first hint of neutrino oscillations came from Ray
Davis” ¥/ experiment, designed o detect v.'s produced
in nuclear reaction chains in the core of the Sun.?
The experiment involved 10° tons of cleaning fluid in a
tank deep underground (w shield from cosmic rays) in
the Homestake gold mine in South Dakota. The Solar
neutrinos were detected by the reaction v, + Yol —
¢~ + ¥ Ar, with the argon atoms detected by their decays

U The e igied are B; = [|_'E|l + m-j'::l'-."l"v |_'|*:-'| + m‘l_,n'2|§|. where we law
ansumed 2 oo mmon momentum |§ |~ £

B first beamed abour this experiment in a lecoure by Philip Mo reison ae MIT
around 1965, the st |:l|:|}'.1iﬁ.':‘i i:s:l”m.]uium that [ ever amrended.
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after being separated chemically. By the early 1970s, it

became apparent that Davis was observing only about 1/3
of the v, flux that was predicted by the standand Solar mode!

(SSM) calculations of John Bahcall and others (Baheall
1989). One possibility was that some of the v,’s were
rransforming into other fHavors to which the experiment
was not sensitive. The other was that the 55M was ar
faule. For example, the experiment was mainly sensitive w
the highest energy 1.'s expected from the Sun, especially
from the relatively rare process *B — *Be* +e* +,,
and their predicted flux was extremely sensitive to the
temperature of the Solar core.

It took some 30 years to definitely resolve the sima-
tion, which required the simultaneous sorting our of the
Solar and the neutrino physics. This required a num-
ber of different Solar neurrino experiments, involving
interactions in ordinary and heavy warter, gallum, and
liquid sanallators. These were sensitive to different pares
of the Solar specerum and therefore w different parts
of the reacton chain, and the heavy water experiment
{the Sudbury Neutrino Observatory [SNO] in Canada)
even allowed a measurement of the sum of all three
flavors through neutral current scattering. There were akso
many refinements o the theory, measurements of relevant
nuclear cross sections, and independent probes of the Solar
interior through helioseismology (the sudy of acoustc
waves propagating through the Sun). In the end, the 5SM

was vindicated; v, really are rransfﬂrrning‘if' into 1, and

1‘['. furm nat d]:l. dl‘: lr:nﬁr‘?rﬂnli‘?m ‘JI- |J1L' I:Itl:li.‘r‘-i.‘nﬂ.‘rﬁ_\' S-i:ll:r n‘.'ul.l'im:lﬁ
are governed not by the varnnnr asfllatfons in (467) b bvanin I.i.'rlilll}' berween
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vy before reaching the Earth. The Solar neutrinos indicate
a any splitting, ﬁml@ = mi — mTJ ~ 75 %1077 &V* be-
tween two mass eigenstares, with a mixing sin g, ~ (.55
that is large compared to the quark secror Cabibbo angle
(sin#, ~ 0.23).

The Solar neutrinos were the first serious evidence
for neutrino mass. However, the first definitive discovery
of neutrino oscilladons was from the atmospheric neu-
trinas, which are produced by the decays of pions and
other particles produced by cosmic ray collisions in the
atmosphere. The SuperKamiokande experiment, located
under a mounain in Western Japan (to shield from cosmic
rays), consists of 30 kilotons of ultrapure water surounded
by photomultiplier tubes to detect Cerenkov radiarion
from the products of neutrino interacrions and proton
decay. SuperKamiokande and its predecessor Kamiokande
found anomalies in the ratio of v, to v. atmospheric
neutrinos, and especially in the dependence of the fluxes
on the distance they had traveled (which ranged from
~~ 15 km, for cosmic ray interactions overhead, to the
diameter of the Earth). By 1998, they had accumulated
sufficient statistics to condusively es@blish neutrino oscil-
lations (and thus quantum-mechanical interference effects
on a disance scale of 10" km)!). These are mainly
between v, and v,, with |Am? |m-; —m3| ~ 2.5 %

.rml_

10~ V2 The mixing is consistent with maximal (77 /4),

L, sin B ~ 1/4/2.

the neutrine mess effecs and coberent forward scartering from matter in the Sun.
Unlike vacuum oscilltions, these marer effects allow dete mination of the sign

of &nprt.
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The Solar and atmospheric neutrino results have been
confirmed by a number of terrestrial experiments with
neutrino beams produced in accelerators and reacrors. For
example, the Solar results were confirmed by the Kamland
experiment, which involved the observation of ©,'s from a
number of Japanese reactors locared around 200 km from
a liquid scindllator detector, while the atmosphenc and
other results have been studied in long baseline (hundreds
of km)} experiments in Japan, Europe, and the United
States. We have seen that, unlike the quarks, two of the
leptonic mixing angles are large. For a rime, it appeared
that the third angle might be zero, and a number of
theoretical models artempted w0 motvate this. Eventually,
however, several experiments, most precisely the Daya
Bay and RENO reactor expenments in China and South
Korea, respectively, have established a small bur nonzero
value, sinéy ~ 0.15.

The oscillaton results imply that ar least two of the
three neutrinos have nonzero mass. Since armospheric
osdllations determine only the magnitude of ﬂm;]m, It
it is not known whether 73 is larger or smaller than
and m. These cases are refered w as the mormal and
inverted hierarchy, respectively. If, for example, the smallest

mass were zero, then one would have my = 0, ey ~ 0,009

eV, and my ~ 0.050 €V for the nomal hierarchy, while
my =0, my ~ 0.049 eV, and m ~ 0050 eV for the
inverted.

There 5 no reason w expect the lightest neutrino
to be exacdy massless, bur the overall scale cannot be
too large. Oscillations depend only on the differences in

m;?, but other effects depend on the masses themselves.
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Figure 4.20. Left: Generation of a Dirac mass by the Higgs
mechanism. Right: Generation of a Majorana mass by a higher-

dimensional operator involving two Higgs fields, Source: Langacker
20140,

Early limits were obtained from kinematic effects in 8
decay, m deay, and 1 decay. Currendy, however, the
most stringent constraints are from cosmology. Light
neutrinos could have freely streamed away from density
perturbations in the early Universe, modifying the CMB
(sce section 3.3) and galaxy disributions. The Planck
collaboration obtains an upper limit of 0.23 &V on the sum
of the neuring masses (Ade et al. 2019), not all char much
larger than the scale suggested by neutrino oscillations.

There s stll much that is nor understood abour the
neutrine masses, especially whether they are Dirac or
Majorana. A Dirac mass could be generated in the same
way as those of the quarks and charged leprons, by
coupling the lefe-chiral lepron doublet £; to the nght-
chiral singlet neurrino v and the Higgs doublet, similar
to (4.50) on page 95 and illustrared in ﬁgun: 4.20. The
neutring part would be

Lo = —2b, (010" vp + hoc) = —mulirve + b.c.),
(4.68)

with m, = h,v. The problem is that the needed
Higgs-Yukawa coupling would have to be extremely small,
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by~ 107" for m, ~ 0.1 €V, and many people feel
that there should be some explanation for such a small
p:are‘tmf:n:r.'i'1
Small Majorana masses could have a simpler explana-
ton. A Majorana mass term for a left-chiral neutino is
of the form %mu vy v (or, more precisely, lel,. Er€r),up
to some Dirac and SU7(2) matrices. A v; v term can be
thought of as Mrning a neutring info an antineutring,
or equivalently as creatng or annihilating two neutrinos.
It therefore violates fermion and lepton numbers by two
units. ¥ Tt also violates SUT(2) bya full unit. Assuming no
new Higgs fields, it would have w emerge from a higher-
dimensional apﬁumrﬂ-ﬁhc form (Weinberg 1980b)

¥

£k b e b
il 4 hoe)— E(UL v+ b,
(4.69)

where  is a dimensionless coeffident and A s a new

"

L, =

zlo

mass scale, presumably associated wich BSM physics, Such
an operator is not renormalizable, but may emerge as
a low-energy approximation w some more fundamental
theory, much like the Fermi interaction in (4.59) is an
approximation o the WCCin SU(2) = U(1). In this case,
m, EU‘?M, and a dny m, would ensue tor M/ & v,
eg., M{C ~ 10" GeV. € is unknown, but is often taken
o be ({1},

VOF course, the |:r¥tr b sl tiny value, B~ 107%, of the Higgm-
Yikawa i.'i:ll.1|:l|ing foor the electron is not undemood i.'iIJ:u.'r. for is the hierard W
B by 0T

'ﬁ;'l.rnlug::u: temms for d:cdnrgﬂd |c|:u tons and qua ths are notallowed becaime
IJ:i.}' would vielate the conservation of electric i:|nrg_\c [and also of color for the

i.]u:rlm:l.
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The simplest implementation of these ideas is the
seesaw model, in which the right-chiral v obains a large
Majorana mass of QM) from new physics, while an
ordinary-sized Dirac mass mp ~ b, v (comparable w a
quark or charged lepton mass) connects v; and v . This re-
suls ina 2 x 2 mass matnx, with approximare eigenvalues
M and m3,/ M = h* v M < mp, i.e., the light neutrino
is naturally very light for large M.

Other theoretical ideas for generaung small Dirac or
Majorana masses, cthe possibility ﬂ-fdistinguishing berween
them by searching for the neutrinoless double beta decay
(BB} process nm — ppe” ¢, and the possible connec-
tion of the seesaw model with baryogenesis will be briefly
considered in chapter 6.

Other open questons for the neutrinos include the
absolute mass scale, the hierarchy, and the possibilicy
of leptonic CP violtion. Just as for the quarks, CP
breaking could result from the observable phase in the
3 % 3 lepronic mixing matrix Vi in (4.57) on page 98,
which is known as the Pontecorvo, Maki, Nakagawoa, Sakata
(PMNS) mamix. MNeither the magnimde of the phase
nor even whether it is nonzero are known at present.
Finally, there are some intriguing hints thar there may be
addidonal stersle [S U(2)-singlet] neutrinos in the eV mange
that mix with the ordinary neutrinos, but there are also
strong constraine on at least the simplest sterile neutrino

scenarios from orher experiments and cosmology.
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WHAT DON'T WE KNOW?

A story went around when I was a graduace studenc ac
Berkeley: at a lunch seminar a few years earlier a well-
known physicist had remarked thar he was determined
o undemstand the strong interactions during his lifeame,
whereupon one of his colleagues quipped that that was a
problem for medicine and not for physics. I don’t know
whether the incident really occurred (I suspec thar it
did), but it certainly refleces the challenges faced ar the
time in understanding the strong (and weak) interactions.
Fortunately, however, by some combination of inspiration,
perspiration, and the cooperation of narure, we have now
developed and rtested the standard model (SM), which
really does describe almost everything we observe w0 an
excellent approximation. Nevertheless, I dont know of
anyone who believes that the SM is the final swory. It is
just o complicated in detail and has wo many aspecrs
that must be taken from experiment rather than explained
from first principles.

In this chapeer, I will examine these issues, first de-

saribing features that appear to be arbitrary or fine-runed,
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then discussing some of the questions that are not really
addressed by the SM, and finally examining some of the
paradigms (such as uniqueness and minimality) that are
generally assumed but are starting to be questioned.

5.1 Arhitrariness and Tuning

The smandard model consisis of che SU3) = SU(2) =
U(1) gauge theory for the microscopic interactions and
classical general relativity for gravity. As described in the
previous chapter, most aspects have been experimentally
verified, often to high precision. However, even though
the basic idea of a gauge theory is simple, the acmal
implementation in the SM is extremely complicated. One
aspect is that the cumrent version of the SM (three families
with massive neurrinos) involves 27 or 29 (depending
on whether the neutrino masses are Dirac or Majorana)
fundameneal parmm:tcrs' that must be taken from exper-
iment. One might hope that an ultimare theory would
somehow explain the values of these parameters, e.g., from
some geometric construction or as soludons o algebraic
equarions.

The complicanons are also summarized under whar [

call the “five problems™ (Langacker 2010).

"The fermion mases, n:i.xir.lﬁ ZF%IG. and &7 IJI:IZ“J; the e i.'i:lu|:l|ir.|ﬁ1;
the electroweak scale v the Higgrs miass; the atrong CF :ngk‘ [introduced larer);
dl‘.' thku k.: mj IJ:K. C‘mn]‘?k?ﬂ‘ulﬂ‘?m @nt r.|:|ir.||.15 e, ﬁi noe ‘Jﬂl}' mass nll‘m

are observable. The SM does not include the dark marrer.
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Tha Interactions Are Complicated

The strong, weak, and electromagnetic interactions are all
descrbed by gauge theories, but in fact they are very com-
plicated. There are three commuting gauge factors, SU(3),
SU2), and U1}, cach with its own gauge-coupling con-
stant. The $U(3) symmetry and one linear combination
of the SU(2) x U(1) symmetries are unbroken, while the
other SU2) x U{1) symmetries are broken by the Higgs
mechanism. Similarly, the unbroken symmetries are parity
conserving, while the others are parity violating,

Furthermore, there is no fundamental explanation of
charge quantization,® i.ec., that all of the fundamental
particles have electric charges thatare multiples of £ /3. The
fermion eleceric charges are related to cthe underlying (1)
charge assignments by equation (4.32) on page 85, bur
the lateer were actually chosen to give the observed values
and not predicted. The charge assignments could arguably
have been included in the counting of free parameters, but
I did not do so because of their observed discreee values
and because of several constraines from the cancellaton of
quantum pathologies known as anomalies.?

Charge quantzation suggests some form of unification.
In grand unificadon, for example, the SM is embedded
in a larger gauge group, such as SU(5), thar does not
have commuting factors. Supestnng theory, which incor-
porates quantum gravity, also leads w charge quandzarion,

*An im portant comequence of chage quntization & the electrical nenralite
of atoms, e, that the electron and [raton clnrﬂm ane :x.]u:] and i:ll:ll:limih.‘ and
the neutron & newtral. This las been verified experimentally atthe 10 e level.

‘hm?nl:]}' ﬂnmlhli‘:n n nat ﬁumcicnl [04] &.L‘.m]lm :JI ‘JI- dl‘.' d:l:rt;.‘ﬁ
without additional ssumptions.
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though not all siring vacua correspond to the observed
charges.

Tha Spectrum |s Complicated

Even though the gauge interactions are complicared, they
are relatively constrained compared to the Higgs-Yukawa
couplings. The latter are completely arbitrary ar our
present level of understanding, with the consequence that
the masses, mixings, and CP violation of the quarks and
leptons are simply not understood. Even the number of
fundamental fermions is a mystery. These issues are known
collectively as the flavor problem.

The » and & quarks and the electron are the only
fermions that are needed for ordinary matter under normal
cicumstances. The v, is arguably essendal for nudeosyn-
thesis, and andpanides are a necessary consequence of
quantum mechanics and relacivity. However, the heavier
families, (c, 55 vy, pt7), (2 & vy, T7), and their antipar-
ticles, which appear to differ from the first only in their
larger masses and cheir kinemartically allowed decay modes,
are not obviously needed for anj.rthing.‘1 Do they play
some essential role in nature that we haven’t yer perceived?
Conversely, are they perhaps some necessary or accidental
consequence of a more fundamental unified theory?

Perhaps even more puzzling is the enomous mange
of fermion masses, ranging from 0.51 MeV for the ¢~

1['. iﬁ ‘."Jﬂ'\".'ni‘.'nl. ll:ﬂl d]‘.' kn‘mn Ilm}' r‘.'rn:i‘:lm I-:u in i:ﬁ:ln:ll:lli.‘k.‘ I-:nlil}'
repetitkoim of the (n, &, v,, £~ ) becase thar set nl'q i tam numbers leads wothe
ﬂmu:li‘?n L&) I-: m?ﬂl’]‘uﬂ. E [‘m’\".'r. IJ:K.N. Arc O IJ:K.'r Ixmﬁi]:ll‘.' T4 L] ‘JI- nay Inrlid‘:
that could emergein BSM plwvsics that abo avoid anomalies.
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to 173 GeV for the ¢ quark, compared with the proton
mass of 938 MeV. The mixing angles and phase in the
CKM marrix V; defined in equation (4.57) on page 98 are
also not undestood. These and the mass eigenvalues both
result from the original fermion mass matrices, which are
themselves proportional to the Higgs-Yukawa couplings,
50 it is likely that the small quark mixings are associated
with the small mass ranos, bur the details are unclear.

The neutrinos are even stranger, weighing in ar less
than around 0.1 €V, and we don’t even know whether
they are Dirac or Majorana. Ar least in this case, the small
values may be explained by large mass scales for underlying
new physics, as in the seesaw model, but again the derails,
including the rationale for two large and one small mixing
angle, are unclear.

A related issue involves C P violadon, which is necessary
to dynamically generate the observed excess of marter
with respect to anomareer (baryogenesis). Neither the
C'P violadon associated with the CKM martrix nor any
analogous lepronic €' P violation is suffident w account
for the observed asymmerry. Some addigonal source of
C'P violation, e.g., associated with the heavy Majorana
neutrinos in the seesaw model or with new physics during
the electroweak phase transidon (section 3.3), is needed.
This will be further discussed in chapter 6.

There has been enormous theoretical effor to under
stand the fermion spectrum, mixings, and C'P phases,
including demiled top-down unification or superstring
models, new symmerries relating the families, composite-
ness, wave functions in extra dimensions of space, and mass

generation from higher-order terms in perturbation theory.
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I think it is fair to say that none of these approaches has
yet met with unqualified success. It is possible that some
of these ideas will eventually lead to an understanding of
the avor problem, but it is also possible that we have been

asking the wrong questions.

Incradibla Fine-Tuning of the Electroweaak Scala

It is remarkable that the Higgs mass, My ~ 125 GeV,
and the closely relared electroweak scale, v = MHf\f— P
246 GeV, are some 17 orders of magnitude smaller than
the Planck sale Mp = G5,"* ~ 10" GeV. One might
expect that if gravity and the electroweak interactions
are somchow unified or otherwise related, the two scales
should not differ by more than a few orders of magni-
tude. To be more concrete, the physical (renormalized)
Higgs mass-square i'l-’fi‘. in the standard model is the sum
of the bare mass-squared parameter (M%), from the
Lagrangian density and the higher-order corrections given
by diagrams such as those in hgure 5.1. These diagrams
would diverge quadratially if the intemal momenta were
allowed to go to infinity, but in practice the momentum
integrals are cut off by the new physics scale Ay, above
which the SM is no longer valid, so thac

My = (Mipare + OO, gb BN 5. (50)

If there is no new physics up w the Planck sale, ie.,
Awp = Mp, then the higher-order corrections ro Mﬁ_‘. are
around 10" times larger than the physical value! Techni-
cally, this is not inconsistent: one can choose (M3,);,,, 0
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Figu.rc 5.1. One-loop corrections w the square of the Higgzs mass
in the standard model, from Langacker 2010, V' can represent W or
£, with Fwmyg and £z 1,,.-"3'2 +_g"2. A is the quartic Higgs self-
interaction, and f”- 15 the Hi.gg,s—?ukawa c\uupling to fermion f
The largr_itf”- is for the top quark, &, = O(1).

that it cancels the correctons to 33 decimal placcs,-" but
this is hard w swallow. Another way of purting this is thar
the physics at low energies is incredibly (preposterously?)
sensitive® to the physics at A yp. The need for this incredi-
ble fine-tuning of (M3, );,. is known as the Higgs-hierarchy
problem.

The Higgs-hierarchy problem has driven much of the
work on possible physics beyond the standard model. One
class of proposed solutions involves the introduction of
additional particles with couplings related to those of the

FThe inclsion of even higher-ooder corections woukd regquire the resdjoste-
meent ‘JI- IJ:K. Em:'l.u ning (6] L'\".'r:«' ‘Jr&.'r in IJ‘.T lur]nl .K:ln IJ:H.":II‘}'.

Sln contrast, the corections o enormalizable u:ll.1|:l|ir.|g consants and
I-‘.'rnli‘:ln masscs anc l}'l:li‘JJI}' 1t I:rt;.' llm me dl‘.}' di.l:lﬂ.nd hwridlﬂli‘:]l}' ‘Jnl}'
an the sale. For example, the relation berween the scale Agen =1 GeV a
which the stromg coupling o, becomes bige and A yp & In (%} ﬁwh—:'::;T.
For App = Mp, the observed QUID scale is obmined for a, [Mi:l ~ .02

without any particubr fine- nning.
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SM by new symmetries in such a way thar they cancel
the quadradc divergences of the diagrams in figure 5.1.
There are typically residual finite corrections associared
with the scale ar which the new symmetries are broken,
bur as long as thar scale is around a TV or so they are
not uncomformbly large. The most popular example is
supersymmetry, in which each SM particle is accompanied
by a new supersymmetric partner which differs in spin
by +1/2. Supersymmetry and its other monvations and
consequences will be described in chaprer 6. Here we just
emphasize that supersymmerry is fundamentally different
from the internal symmetries discussed in the previous
chapter in thart it relates fermions o bosons. There are
also other classes of nonsupersymmetnic theories in which
cancellations are berween fermions and beoween bosons.

Another possibility is that the Higgs boson s not
elementary, in which case Ay would be ser by the mass
scale of the constimuents, presumably in the TeV mnge.

A third opdon is that the largest fundamenal scale of
physics, Mg, is not Mp but is instead very much lower,
perhaps in the TeV range, so thar the corrections w Mﬁ
would be cur off at Mr. This could occur if there are
addinonal dimensions ﬂ-fsp:acc, which could alter the re-
lation berween the gravitational constant and Mr because
of the spreading of the gravitatonal field lines into the
extra dimensions, 1.e., Mg <=2 C;‘.I’u = Mp. Of course,
we “know” thar there are only three space dimensions
because we don't perceive any others. Bur thar is not really
compelling. For example, if an extra space dimension is
curled up in a dny circle, we might not be aware of its

existence. (Think of an ant crawling along the interior of
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a narrow drnking straw—it could move only along the
length and might not notice the curved direction.) Even if
the extra dimensions are not small, they would be difhcule
to perceive if we (i.e., ordinary particles, gauge bosons,
etc.) are somehow stuck on our three-dimensional surface.

All of these possibilities involve new observable effecs ar
or near the scale of the comrections o M3, In SUpErsymme-
try or other “cancelladon™ models, there are new particles
and interacions. If the Higgs is not elementary, there are
the constituents, other bound states, and parrides associ-
ated with the binding. In the extra-dimensional theories,
there would be Kaluza-Klein excimtions of the gravicon
and of any other particles that can propagate in the extra
dimensions. These are similar to the original particles,
except they have addidonal (apparent) masses associated
with their quantized momentain the extra dimensions. For
a finite dimension of radius R, these are typically multiples
of 1/R.

These classes of theories are said o be natural if the
new physics scale is not wo large compared w My,
eg, = 1 TeV. Nawralness has long been an almost
unquestioned assumption in particle physics, leading w
considerable optimism that new physics would be found in
the initial {(7-8 TeV) run of the LHC. However, no new
physics was observed. There is still an excellent chance that
effects will be seen in the nexe (13-14 TeV) run, perhaps
corresponding o Ayp of a few TeV. Even this would
require some fine-tuning (the lizle hierarchy problem),
though it would be far less severe than for Ayp = Mp.
For these reasons, some physidsts are starting to question

the naturalness paradigm. Perhaps the new physics scale
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really is Mp and the necessary “fine-tuning” is really the
consequence of a totally different paradigm, such as a vast
landscape of superstring vacua, with the one we live in
determined by enwvironmental (anthropic) considerations.

These ideas will be further discussed in secrion 5.3,

Time Revarsal and the Shape of the Neutron

The Lagrangian density for quanmum electrodynamics,
equarion (4.16) on page 59, could in principle be supple-

mented by an additional gauge-invariant term

BoED 5

;.:L.-
S0z FuF (5.2)

'Ef]'qn':r =

where 855, 1s a dimensionless constant, the e /32wt is
for convenience, and the aual ﬁﬂ‘.'d' jrrfr_i'g'ab tensor Fuv
is obtained from (4.11) by interchanging £ and B. In fact,
ﬁf;m.” does not affect any physical Frﬂff_‘“,? bur it 15 useful
for illustration. From (4.11), one has F, ﬁ""“ — 4F . B.
Under space reflection, F— —F and B — -I—B while
E — +F and B — — B under time reversal. Both reverse

sign under charge conjugaton. Therefore, Ly, , would

(R 1
violate P, T, and P invariance if it were observable, but

would be invariant under ¢ and CP T
A similar P, T, and C P -violating tlcrrn,11

foco 5

33”3E}fzuuffu1 (5.3)

'Ef?qr:r} =

TFP,.F*‘" can be written = F#“K'P. where KP is a current. This does not
JITi.'i.'l. IJ:u. x.'l'u:ln. wl:k.'l:l can be wihtien as |J:H. ink:gr:] i:lr E ver :|n:.'i:—lir.|:|i.'.
provided the fields fall i:llelTx.is.nlJ\' rapidly at bige x.

E'IE";-LfSl iz dehined as —-.=

nupe lf- he , where £ e is the :nli.'.}- e CHE BE T
with € = L.

- - . N
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can be added to £ - p given in (4.30) on page 74. Unlike
the QED case, Ly, is observable.” Tts most important
consequence is that it can generate a nonzero electric dipole
moment (EDM) 4, for the neutron, with magnitude &, ~
Bocp % 3% 1071 e-am.

A neutron EDM would comespond w a separation
between positive and negative charges, ie., a nﬂn_.::phcrical
shape, something like in a Ne* Cl™ molecule. 4, would
have to either align or and-align with the spin for all
neutrons (otherwise there would be an extra degree of
freedom). Under space reflection, d, — —d., while the
spin direction would not change. A nonzero 4, wq-l..lld
therefore mean that nature is not invariane. Similarly, d, is
unchanged but spin reverses direction under rime-reversal,
soa nonzem value would imply T viclation.

There is no evidence for a nonzero dipole moment.

The experimental upper limir, d, < 2.9 % 107

e-cm,
is extremely stnngent, implying #g-p < -t I[ﬁgq_.”
also induces a proton EDM, bur there the experimental
constraint is much weaker.) The need for such a small
value of the dimensionless 8-p 1s the strong CP problem.
(T and P noninvariance are essentially the same thing
provided thar C'P 7T is a good symmetry.)

One might think that it would suffice o simply impose
CP invariance, that is, just set Hg-p = 0, but unform-
nately thar does not do the job. We know thar there is
C'P violation associated with the CKM marrix, ultimarely
due to phases in the Higgs-Yukawa couplings. It turns out

qt’-';w.lf‘::.” can again be written = a four-divergence, but in this case there
ane m:lnl.ri'\'i:] ?L%‘. E‘.Id ﬁ?nﬁg.'“:li‘:lm dl:l I:lr‘.'\".'nl. dl‘.' ﬁl.'ll'r:‘.".' ferms in dl‘.'
action from vanishing.
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that there is a subde connection berween those phases and
8¢ p, associated with an anomaly in the unitary transfor-
mations that were introduced on page 95 to diagonalize
the quark mass matrices. Those transformations lead w
corrections of Q{107%) to g@cas which must be delicarely
cancelled against the bare value. This is not so extreme
as the fine-tuning that we encountered in the Higgs-
hierarchy problem or the even more difficult cosmological
constant problem considered later, bur it is still somewhart
disturbing, especially since it has no known environmental
solution.

It turns our thar Cs,, would become unobservable
if the Higgs-generated part of one of the quark masses
were zero (the coefficient of 4, is proportional w the
product of masses). Even though the & quark mass is
very small (mable 3.2}, however, it is difficult w strerch
the uncertainties that far. Another possibility is to impose
C'P invariance on the entire Lagrangian density, so that
CP is broken spontancously. This would be analogous
to the spontaneously broken continuous symmerries in
section 4.6. The corrections w #g-p would sell be much
too large unless additional symmetries are imposed w
keep them under control. Moreover, sponaneously broken
discrete (l.e., not depending on a continuous pammeter)
symmetries like CF can lead to serious problems with
cosmological domain walls. Models satistying all of these
criteria exist but are rather complicated.

The most popular solution w the sowong CP problem
is o extend the SM with an addidonal global symmerry
in such a way that # -, becomes a scalar field rather than
a parameter {Peccel and Quinn 1977). The physical value
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of 8¢ p then vanishes at the minimum of the potendal.
Spontaneous breaking leads to a Nambu-Goldstone boson
known as the axion, with a very tiny mass (gypically
< 1¢eV) induced by anomaly effects. Axions could also
explain the cosmological dark marter, and experimental
searches are under way.

Elecrric dipole moments can also be generated by other
sources of P violation. There is an active experimental
program searching for them, with especially seringent lim-
its on the EDMs of the neutron, the electron, and the Hyg
atom. In the SM, the EDM:s due to the P violaton in
the CKM marrix (with the excepdon of those associated
with the corrections to #g-n) are of high order and are
predicted to be much smaller than the experimental limits.
Those from the lepronic mixing should be even smaller.
However, most extensions of the SM involve new sources
of C P violation that can lead to much larger EDMs than
those in the SM. The cument and fuwre EDM searches
have signiﬁcand}-' constrained such models, espedally for
new physics at the TeV scale. Similar statements apply w

flavor changing neutral currents.

Cuantum Gravity and the Cesmalogical Constant

Classical general reladvity can be induded in che S3M, buric
has no direct connection o the other interactions. Maore-
over, it is not quantum mechanical, and straighdorward
attempts o quantize it lead o nonrenormalizable cheories
with severe divergences.

The local (gauge) version of supersymmetry (super-
gravity) connects gravity more naturally to the other
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interactions, bur does nor rackle the renormalizabilicy.
Superstring theory, on the other hand, not only requires
the existence of quanmum gravity but also makes it and the
other interactions finite, not just renormalizable. More in
chapter 6.

Perhaps the most difficult aspect of gravity is that in
the presence of spontaneous symmetry breaking (S5B) the
minimum of the Higgs potential has a nonzero constant
value, given by the first term in equation (4.39) on page 89.
A constant of the energy has no effect on microscopic
physics or Newtonian gravity, bur it does couple to graviry
in general relativity, where it is known as a cosmological
corstant, A = B & 0] V05,

A possible cosmological constanr has had a long history.
Einstein included A in his original formuladon of general
relativity to allow for a stadc Universe {although it rurns
out thar the saric solution is unstable). He subsequendy
abandoned it after Hubble observed thar the Universe
is expanding, and he was reputed o have said thar the
cosmological constant was the biggest blunder of his life.
Nevertheless, the theoredcal possibility of A reemerged in
fidd theory, as a possible consequence of S5B or of the
zero-point energy associated with the harmonic oscillator-
like momentum modes of a quanmum field. The subject
came full circle with the observarion that the Universe is
accelerating, as briefly described at the end of section 3.3.
The dark energy that dnves the acceleration could be a
cosmological constant or something very similar.

Unfnrtunatcl}f, the vacuum energy associated with the
Higgs potendal is vastly two large in magniwde (by a
factor ~ 10} o be the observed dark energy. It is also
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of the wrong sign, and would lead to deceleration and
collapse rather than acceleration. Similar to the Higgs-
hierarchy and strong €' problems, the cosmological con-
smant induced by spontancous symmetry breaking could
be cancelled by some “primordial” vacuum energy. This
would be equivalent to adding a constant to the original
Higgs potential. For many years, mose physicists thought
thar there must be some not yet understood mechanism
that would force the sum of the primordial and S5B-
induced terms to cancel. However, the realzadon tdhat
A 5 nonzero seems to make martters worse: it is hard w
understand why the sum of two apparently unrelated erms
should almost but not quite exactly cancel. 10

Unformu nately, superstrings do not solve the cosmolog-
ical constant problem, but seem to greatly aggravare it
most string vacua lead o cosmological constants around
123 orders of magnitude two large! Grand unified theories
are almost as problemaric. Many consider the cosmolog-
ical constant to be the most serious problem in pardcle
physics (Weinberg 1989). Perhaps the most plausible ex-

planation is environmental.

5.2 Tema Incognita: Unanswered Questions

There are a number of 1ssues that are not really addressed
by the standard model, or for which the SM is perhaps oo

successful.

T here are additiomal much smaller contributions from the QUD vaomm
lI:I:l an 1|.|II CIArENs “Jn:l?:r‘:‘] [£+] lllﬂ.' i:l]:lm.‘r“.‘d '\':IL'H.' :ﬂd \WJUH :IMJ In'\". (4]
e cancelled.
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Tha Mattar {Baryon) Asymmatry

It is straightforward o produce antmateer in the labora-
tory, and, to a good approximation, matter and antimartter
have similar properties. However, it is fortunate for our
existence that there isn't much antimarrer around us''—
if there were, the marer and anamateer would quickly
annihilate. This asymmetry is not just local: if there were
distant antmatter stars, galaxies, or clusters of galaxies,
we would observe photons created by annihiladons at
the boundaries berween the mater and antimareer. Any
antumatter regions would have to be separated by nearly
the size of the observable Universe (Canerd et al. 201 2). As
mentioned in section 3.3, the very early Universe involved
a hot plasma that induded quarks, antquarks, photons,
and other partides. One can work backward from the ratio
of baryons to photons observed today (or, more predsely,
in the CMB and BBN) tw infer that at some very early
stage there must have been a tiny excess of around one part
in 107 of quarks with repect o andquarks (the marter-
antmatter or baryon asymmetry). The antiquarks later
annihilated, with the residual excess of quarks responsible
for the ordinary matter that we are made of. The approxi-
mate electrical neutrality of the Universe implies a similar
nonzero but tiny excess of electrons over positrons. There
are no seringent constraings on the nentrinos, buric is likely
that any v — " asymmerry is comparable.

How did this 2" ~ 1077 asymmetry come about? It
could in principle have been there as an initial condition

HThere are small amouns of antimater I:lri:lduﬂﬂd in radicactive du:}'s.
Conmic @Y 6k E o, other ::lri:l|:l|:|}'.1ia] events, and |:|ig|:|—i:r.|ﬁ:rg!|I |:l|:|}'5ii:1 labs.
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on the big bang, but this is excluded if the Universe
underwent an inital period of rapid inflation or similar
soludon o the flamess problem (section 3.3}, which would
have diluted the particle densities to negligible amounes.
In thar case, it must have somehow been produced dy-
namiclly following reheatng. In 1967, Andrei Sakharov
(later famous as a Soviet dissident and human rights
advocate) published a prescient study (Sakharov 1967) of
the ingredients needed for this baryogenesis. They were

1. The nonconservanon nfharyﬂn number £ {the num-
ber of baryons minus antibaryons).

2.CP and € violadon, so that more quarks than
annquarks could be produced.

3. Nonequilibnum of the B-violating processes. Other-
wise, the number of quarks and antiquarks would
have to be equal since they are degenerate by CPT.
(An alternatve would be to allow P T violation.)

The standard mode does violate . There are also
tiny and subtle B and L violating effects associated
with mnneling between one dectroweak vacuum gauge
field configuration and another. The latter are nonper-
urbative and negligibly small [of (Nexp [—2m sin” By o]
~ 1078 a present, but could have been imporeant in
the early Universe due to thermal flucruations berween
configuration of different # + L. Unforunately, the CP
violarion from the CKM and PMMS matrices in the SM
is too small to be relevant to baryogenesis, and the elec-
roweak phase transidon, after which the ] liggs developed
is nonzero VEV, was too gradual w satisfy the third

conditon.
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One must therefore go beyond the standard model (and
probably beyond the simplest supesymmetric extension).
There are many speculative models of BSM physics that
could account for the baryon asymmetry. We will mention
two possibilities. One is electroweak baryogenesis (EWBG),
in which the nature of the electroweak phase transition
is modified, e.g., by a more complicated Higgs structure,
in such a way that it is strongly first order. That means
that as the Universe cooled in the unbroken phase, at
some critical temperature bubbles with the nonzero Higgs
VEV inside nucleated and expanded, evenmally ﬁlling
space. This nonequilibrium process, combined with some
new source of © P violation associated with the bubble
and the high-temperature £ + L violation, could possibly
have generated the asymmetry. A necessary consequence of
EWBG is thar there should be new physics associated with
the phase transition and new sources of CP violation at or
not too far above the TeV scale, both of which might be
direcdy observable in the laboratory.

Another possibility is leprogenesis, associated with the
seesaw maodels for small neutrine mass mendoned on
page 130. At very high temperawre in the carly Universe
the heavy Majorana neutrinos vz would have been in
equilibrium. However, for T < M, they could no longer
stay in equilibrium and would eventually decay. The
Majorana neutrino mass violates lepron number (L), so vy
could decay into either a lepron or an antilepron, e.g., into
e~¢™ or eT ¢, where ¢= are the charged Higgs particles
relevant ar high emperatures where SU7(2) = U(1) is
unbroken. New P phases associated with the heavy

neutrinos could lead to unequal rates, ie., w an excess
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of antileptons over leptons. Some of this excess could
later be converted to a baryon excess by nonperturbanve
electroweak vacuum effects. This scenario is appealing in
that it does not require any new physics beyond the seesaw
model, but it has the disadvantage that most versions do

not lead w any directly observable effects ar the TeV scale

Dark Matter and Enangy

Astronomers have repeatedly demoted humankind’s place
in the Universe. First was the realization thar the Earth
revolves around the Sun and not the other way around.
Furthermore, the Sun is not unique or at the center: it is
justa fairl}f typical star, similar to those that we see in the
night sky, many of which have their own planetary systems.
Even the numerous stars visible to the naked eye are not the
whole story. They are a small subset of the more than 104
in our Milky Way galaxy. Moreover, there are a myriad
(= 10"y of other galaxies, strecching our as far as we can
see with the largest telescopes.

More recendy, it has become apparent that the aroms
and molecules that we are made of constituee only around
5% of the stuff in the Universe. As described at the end
of section 3.3 the remainder is the mysterious dark energy
(70%) and dark marer (25%).

Dark energy refers to energy that does not change
in density as the Universe expands, such as the energy
of the vacuum iself. If positive, it acs as a repulsive
gravity, leading o acceleraton of the expansion. The dark
energy could be a cosmological constant associated wich
the energy stored in the potendal of a salar field when
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evaluated at is minimum, or it could be due to a slowly
varying field (quintessence). As detailed in section 5.1, the
observed dark energy is many orders of magnitude smaller
than the expected value from the VEV of the SM Higgs
field unless there is a ine-tuned cancelladon of erms.

The ongin, sign, and magnitude of the dark energy
are a mystery. Is it somchow related w a much larger
energy density that led to a brief instant of inflation in the
very early Universe (and which is iself not understond)?
If it involves a slowly warying ficld, there could be a
time {or space) dependence of coupling “constants” (e.g.,
Uzan 2003). For example, the induced cubic Higgs self-
interaction in (4.39) on page 89 or the V'V interactions
in (4.48) are propordonal to the Higgs VEV v and could
therefore change if v varied with dme. Other couplings,
such as gauge couplings, could also be uldmately associared
with the values of scalar fields (this often occurs in super-
string theones). There are stringent laboratory limis on
time variadon of the fine strucure conscane, for example,
bur it is conceivable that there have been small changes
(e.g., of order one part in 10°) on the dmescale of the age
of the Universe.

Both BBM and the CMB have established that the dark
mateer is really something new, i.e, it is not ordinary
matter hidden in some form (such as very faint stars)
that has not been detected. Meutrino masses in the 10 eV
range could have provided enough dark marceer, bur do
not lead @ the observed distnbudon of galaxy sizes or
CMB properties (see page 133). Rather than a new form of
matter, the original observations could possibly have been
accounted for by modifying the large distance behavior of
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gravity (Modified Newtonian Dyramics, or MOND), but
observations of colliding galaxies, in which the ordinary
and dark marter become separated, make this unlikely.

Most likely, the dark martter consists of some type
of (BSM) elementary partcle thar interacts only weakly
with ordinary matter and radiation, and which is either
absolutely stable or at least has a lifedme longer than
{or comparable to) the 14 billion year age of the Uni-
verse. There are many theoretical candidates for such
particles (e.g., Gelmini 2015). The most popular are the
spin-1/2 partners of the neutral Higgs and gauge bosons in
supersymmetry (WM Ps), or the very lightaxions thar were
motivated by the strong C P problem. They could also be
associated with an entrely new dark sector of particles and
interactions that is only weakly coupled o our secror of
physics. Also possible are primordial black holes with masses
around 107" M, which could have been produced in a
phase transition or other dramaric event in the very early
Universe (Green 2015).

The nature of the dark matter and dark energy is one
of the most intnguing issues in physics. A possibly relevant
fact is that these and the ordinary matter are all within
an order of magnitude or so in their contribution the
total energy density of the present Universe. Is this just
a coincidence? They could have been drasacally different.

Rara Processes and tha Stability of Matter

In some ways, the standard model seems o successful.

For example, the strong suppression of flavor-changing
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neutral current (FCNC} effects in the kaon and lepton
systems (section 4.7) is an automatic consequence of the
GIM mechanism, the minimal Higgs structure, and the
small neutrino masses. Similarly, electric dipole moments
{(EDMs) occur only ar high order (exceprt for those asso-
ciated with strong C'FP violadon) and are predicted tw
be negligible.

The suppression of FCNCs and EDMs in the SM can
be thought of as accidenml. That is, they are not forbidden
by the SM gauge symmetries, but rather are forced w
be of higher order and small because of the SM particle
content. This is no longer the ase in generl: most of
the TeVe-scale BSM theories proposed to solve the Higgs-
hierarchy problem have new sources of both FCNCs
and CP violation that are potentially in conflict with
observadons. This has led o some models being discarded,
while others are constrained to small or fine-tuned regions
of parameters, or w0 other ways ro minimize the effecs. The
nonobservation of new physicsin the first LHC run pushes
the possible BSM mass scales higher. This aggravares
the Higgs-hierarchy and namralness problems, but also
somewhar relaxes the FCNC and EDM constraines.

The stability of matter is especially dramatic. The SM
gauge symmetries would allow the proton to decay, for
example p — etl, Similarly, bound neutrons stable
against fi decay (because of nuclear binding energy) could
decay into ¢” 1 . Formunately, this does not occur rapidly,
or we would not be here. The disunguished experimental
physicist Maurice Goldhaber used w quip something like
“we could feel any rapid deaay in our bones,” meaning

that we would quickly acquire cancer from the proton
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decay products if the lifetime were less than 10'® yr. Early
experiments established a more stringent lower limit of
~10% yr, while more recent dedicared searches have estab-
lished that the lifetimes for decays into prominent modes'?
exceed 103 =104 yr. For example, the SuperKamiokande
experiment, described on page 132, found 1 = 8§ x 103
yr for the p — e* ¥ lifetime.

Prior to the SM, one simply postulated the existence of
a conserved baryon number B to ensure proton stability.
The SM, however, has the elegant fearure thar this is
auromatic: baryon and lepton number (L) are global
symmetries at the renormalizable level because there is no
way to write renormalizable B or L-violaring interactions
from the available fields (Weinberg 1980b).

Of coume, the matter asymmerry strongly suggeses
that there s £ violadon in namre—ir just has w be
very small. We already menrioned the nonperturbatve
vacuum-munneling effects in the SM, which violate B + L
bur are negligibly small excepr at very high ermperatures.
Many extensions of the SM allow perturbative 8 and/or
L violation associated with the exchange of new heavy
particles. L-violating effects could induce the operaror
in (4.69) on page 135, leading to small Majorana neu-
trino masses. However, B violation (or more frequendy,
B + L violation), which occurs in grand unified theories
and many superstring theories, is much more dangerous
because it can lead w p — et DK, or other decay
modes. One must typically require that the relevant mass

T he lifetime must exceed 105 yreven if the decay products are not directly
detecrable, because of the :u]:lmﬂ.] vent nuclear tramitions tat could be observed
fialkowing the disappearnce ofa bound proton or netron.
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scale of the new particles is very Iargc,'f' g, > 10 GeV.
It is interesting that similar scales are suggested by the
possible unification of gauge couplings.

Is Natura Just Right?

Does nature need to be so complicated as the sandard
model? 1 cerminly will not attempt to give a definitive
answer, but it is interesting to examine the essendal roles
played by the variety of interactions and particles, and also
by the parameters. This will be relevant to the discussion of
such paradigms as natralness, uniqueness, and minimality
in the next section. It is also interesting for its own sake o
think about whether something as complex as life could
have existed if the rules had been a litle different.

In fact, each of the known interactions does appear to
be “essental” for life, in the (limited) sense that perturbing
around our physics by simply eliminadng any one of them
would have camstropic consequences. Gravity is necessary
to “bring things together’ into galaxies, stars, planets,
etc., so that something can happen in a sparse universe.
Similarly, a variety of types of atoms and molecules (or
something analogous) are needed for chemistry, materials,
and life as we know it. Their existence and associared
chemical reactions require something like loosely bound
electrons and electromagnetism. A variety of atoms ako
requires many types of nuclei, which occur in our natwre
by starting with only two kinds of swable or quasi-stable

Mp some versions of supersymumetry, proton decay can be medited by
su |:lﬂ.r1}' nlnl‘.'l.ri‘: In hers. Mdlll‘?n’] ﬂ}'nlnx ll'li:1 n:llJ:l]:li.‘ ir."l:l‘m."j (04] I-‘:l ﬂ:lld IJ:K.?L
conrplings if the supesymmetry scale & in the TeV range.

orougne o Yyou Dy 18 MallGnal Liorary of tne ippines

Authenticated
Download Date | 101119 640 AM



What Don't We Know? 161

nucleons. These are held together and stabilized in various
numbers and armangements in a delicate balance between
the strength and range of the srong interacoon and of
electromagnetism, quanmum dynamics, the Pauli exclusion
principle, and the proton and neuron masses. The strong
interaction, which is fundamentally due 0 QCD and the
bound states it produces, is also needed for energy genera-
tion in stars. This prevents stellar collapse and is ultimarely
responsible for most of our energy needs. Thus, gravity,
electromagnetism, and the srong interactions hold things
together, while chemical and nuclear reacrions involve
rearrangements of dectrons or nucleons, respectively.

The weak interactions do not hold anything wgether.
Rarher, they allow transformartions between protons and
neutrons, essential for energy generadon in stars and for
the nucleosynthesis of elements heavier than hydrogen,
mainly in the early universe (especially for 4 He), stars
{elements up w % Fe), and in core-collapse supernovae
{for sall heavier unsable clements).

Each of the known interactions therefore plays an
essential role in the creation and existence of complex
structures and life, ar least in the sense desaribed above.
What abour the fundamental {point-like) particles? The
e, 1, and the three colors of # and & quarks all have
necessary roles in our scenario as well. Furthermore, the
existence of a variety of atoms and nuclei depends cridcally
on the masses of these particles relaove to each other
and relative w the strength of electromagnedsm. For
example, if m — m, were increased sufficiendy, then the
neutron would become heavier relative to the proton,

and nuclei other than the protwn would be unseable
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because of the more rapid neutron § decay. Conversely,
a smaller or negative mys —m, (or a heavier eectron)
could deseabilize even the hydrogen atom by ¢~ capuwre
{and possibly p — meTv.). The sum my + m, is also
constrained by nudear binding effects (for example, the
pion mass depends sensidvely on ms 4 m1,, as mentioned
in the note on page 90). These considerations lead ro fairly
narow allowed regions for m 4, m,, and m,, and therefore
on the Higgs-Yukawa couplings and Higgs VEV, assuming
that everything else in the SM is unchanged (Damour and
Donoghue 2008).

Other such lucky coincidences are reviewed in
Schellekens 2013. The most famous example concems the
dark energy or cosmological constant (Weinberg 1989).
We have seen that the dark energy associaed with the
Higgs VEV is more than 50 orders of magnitude larger
than the observed value, and of the wrong sign, while the
value naively expected from superstring theory or other
fundamental theories of gravity is larger by another 60
orders! We are indeed formunare thar che oue value is
so tiny, perhaps due to delicate cancellations, A positve
dark energy density much larger than the observed one
would have led o such a rapidly {exponenrially) expanding
Universe that structures like galaxies or stars or people
could never have formed, and the Universe would be
virtually empry. Conversely, a large negarive value would
have caused the Universe w recollapse intm an extremely
hot and dense big crunch long before life could have
developed.

Therefore, many aspects of the standard model are in

some sense essendal.” v must be sorongly emphasized,
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however, that there are probably many other scenarios
that could do just as well. These could involve correlated
changes in many of the fearres and/or parameters of the
SM, or in the cosmological history. Other possibilities
might be completely different from the SM. A systematic
study is probably beyond our capabilities.

Mot everything in the SM appears to be necessary,
however, even in the limited sense of the CONSEqUEnces of
varying one aspect at a ime. In pardcular, the first-family
particles (u, d; e, 1.} are all thar are needed for mareer
under ordinary terreserial conditions. We are sall ignorant
as to why nature has two heavier families, as mendoned on

page 140

5.3 Are the Paradigms Correct?

In addition to the ingredients needed to describe a physical
system mentoned in section 2.1, there are several other
issues that are often ignored or mken for granted. Recentdy,
however, the lack of clear experimental evidence for physics
beyond the standard model has challenged the paradigm
of nammlness, while some theoretical notions question
uniqueness and minimality.

Our discussion of these paradigms takes us somewhat
outside of the traditional descriptive domain of physics
and more into thar of philosophy. However, they are
interesting in themselves and are useful in guiding our
considerations of what might underlie the sandard model.
The time may be ripe.
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Maturainess or Tuning?

Maturalness in physics refers to the assumption that the
qualitative properties of nature should not depend on a
fine-tuning of the inputs, eg., that dimensionless ratios
should not be extremely large or small withour a good rea-
son, or that unrelated quandtes should not have to cancel
to a high precision. In the past, naruralness has Fn:qucndy
been a guide w the existence of new physics (e.g., Giudice
2008).

As an example, consider the contribution of elect romag-
netism to the mass of the electron. For a classical electron
of charge —e distributed uniformly throughouta sphere of

radius 2, the rest mass s

. =mﬂ+§E, (5.4)
e T3,

where mf is the bare or noneectromagnetic part and
o = ¢* /4. The second term is the eecrrostaric energy,
which diverges if the electron is point-like (2 = 0). Even
using the limitz = 1077 cm from scattering experiments,
the Coulomb contribution is more than 107 tdmes the
actual mass of 0.5 MeV, requiring an unnatural fine-tuned
cancellation with mf. The simation is aggravated if one
includes the magnetic energy for a spinning electron.

The problem is also made worse by going to a quantum
theory involving only photons and relaavisdc electrons,
The pertrbative contribution to the eectron mass di-
verges quadradcally, i.e., is of M A?), where A is the
energy scale at which the sum over intermediate states is

cut off. Equivalently, it is of Mot fa’), wherea = 1/ A is
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the corresponding distance scale. A fine-tuned cancellation
with the bare mass would again be required.

Maturalness is saved when one takes Into account che
existence of the positron, which is required by the union of
quantum mechanics and relativity in the Dimc equarion:
the quadradc divergence is cancelled by intermediare states
that involve positrons as well as electrons and pl‘lﬂ-[ﬂl‘ls,M
leaving only reladvely innocuous logarithmic divergences.

The one-loop QED clculadon yields

m‘sz(l-l—i—alni). (5.5)

T m

The correcion is proportional w the bare mass, and
even for A = Mp the coefficient is only ~ (.18, so
no unnarural fine-uned cancelladon is rﬂquirfd.lﬁ In an
alternate history, the posiron could have been predicted by
the assumpdon of nawralness prior to its actual discovery
in 1932!

As another example, the dominane contribution'®
the 7% — % mass difference, miz+ — Mo = 4.6 MeV,
is electromagnetic. However, if one treats the pions as
point-like particles, the one-photon contribution diverges

M These are incorporated automatically in the Fevnman dizgram formulation
‘JI- IK.'r (111 Hn Li‘:ln d]“?r}'.

FThe small value of n.rE' s b v st sl be exphined. v Mp and
b= 107" are n::|x:i.'liw|}' just the E[im-hicr:rd:}' |JNJ]JICHJ and [part of) the
favor |:ln:1:|cr.|: deseribed in section 5.1,

YoExact ispin invariance of the strong interaction would not allow a bare
mass dilTi:ri:nix.‘. wl]i]‘.' IJ:K. kﬂ‘mn imnl?in ]Jr‘:king I-“:lr.ﬂ BRI, — Riy “ ‘JI- I:Igl:ﬁ.r

onder and small.
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quadradcally, similar to that of the Higgs mass-squared
in (5.1):
M. — My = ELONS (5.6)
’ ’ 4T

which corresponds to the observed splitting for
A~850MeV. Namwralness therefore requires that the
theory must be modified at some new physics scale
Ayp < 850 MeV. Indeed, there are hadronic resonances,
such as the vector p at 770 McV and the axial A, at
1260 MeV that modify the calculaton in agreement
with experiment. An equivalent interpretation is thar the
pions and resonances are really 44 bound states, with the
compaositeness scale ser by the the QCD-induced quark
masses ~ n1, /3 Z 300 MeV.

We finally mendon the K;-Ks5 mass difference, dis-
cussed fﬂllﬂ-wing equation (4.62) on page 111. With only
the u, 4, and s quarks, the diagrams in figure 4.13
yielded a finite conmribution thousands of dmes larger than
observadon. However, naturalness was saved by the GIM
mechanism (the existence of the ¢ quark), which predicted
an exact (#ot Ane-tuned) cancelladon beeween the & and ¢
quark diagrams in the limit w2, = m,. The small residual
corrections led o the correct predicrion of m, around
1.5 GeV.

These examples illustrate the remarkable past success of
naturalness: fine-tuning was avoided by the existence of
new particles or principles, although physicists ar the ame
were not always thinking in those terms.

We discussed in section 3.1 thart the standard model has
several fine-tuning problems. The Higgs-hierarchy prob-
lem has strongly motivated the possibility of new physics
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at the TeV scale, such as new particles, compositeness
or other strong dynamics, or a low fundamental scale
associated with addidonal space dimensions. However,
as of late 2015 no evidence for any of these has been
observed ar the LHC or elsewhere. Similarly, the strong
CP problem may find i solution In new symmetries,
although experimental confirmation may be difficult. The
most dramatic fine-tuning concems the dark energy or
cosmological constant, which appears to be incredibly
tiny compared to the naive expectation from electroweak
breaking or a higher-scale unificadon. Unfortunately, nat-
uralness consideradons have so far not yielded any very
compelling solutions.

Naruralness may sdll prevail, and especially in the case
of the Higgs-hierarchy problem experimenial evidence for
relevant new physics may emerge soon at the LHC or
elsewhere. Nevertheless, many physicists are starting o
think about other possibilities. Environmeneal selecrion,
which we wrn w next, is perhaps the most promising
altemative, especially for the cosmological constant and
Higgs-hierarchy problems. The most interesting ques-
ton may involve the paradigm of naruralness ieself, and
whether it will continue t survive and serve as a guide w

the unknown.

Uniguaness or Environmant?

Pethaps the most seriking insight of the standard moded
is thar the strong, weak, and elecrromagnetic interactions
are all associated with gauge symmetries. Gauge-invariant
theories are very much constrained in structure, requiring
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the existence of spin-1 gauge bosons and determining the
form of their interactions with fermions, spin-0) particles,
and each other. Nevertheless, they are not endrely unique:
the gauge groups, representations, and coupling constants
must be spcciﬁcd, and possible spontaneous symmerry
breaking usually depends on other aspects of the theory.

On the other hand, the Higgs-Yukawa parameters in
the SM are completely arbitrary. Arrempts © understand
them require new symmetries or prindples beyond the
standard model, such as addidonal and often ad hoc
symmerries (which may be gauge, global, or discreee),
constraints from string theory, compositeness, or extma
dimensions.

Most physicists take for granted the notion that there is
some unique (and hopefully simple and elegant) theory of
namre, and most theoretical work is directed roward con-
structing models or postulating symmetries or dynamics
in search of it. However, the uniqueness paradigm leaves

unanswered rwo fundamental questions:

+ Why does nature choose this one possibility out
of the infinite number of possible field theories? Is
there some new selection principle thar nobody has
thought of? Perhaps there is some constmint from
sdf—cnnsistcncy, but so far there 5 no hine of chis.
Or maybe it is the simplest and/or most beaudtful
possible theory. However, the standard model itself
is far from simple, and of course beaury is in the eye
of the beholder.

* Why is this unique theory so cleverly aranged as w

allow the evoludon of complex structure, as discussed
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in the preceding section? It is not obvious that any of
the possible explanations for uniqueness mentioned
carlier would simultaneously address this queston. Is

it just a lucky coinddence?

The uniqueness hypothesis may well wrn our w be
correct, and hopefully we will ultimately not only find the
unique theory but also have satsfactory answers to these
questions. However, there is another plausible paradigm
that should also be considered, i.e., that of the
environment.

Let us begin with an analogy. The grear astronomer
Johannes Kepler is best known today for his three laws of
planetary motion, which he deduced empincally from the
detailed observatons of Tycho Brahe, and which would
later be justified by Newton’s laws of gravity and mechan-
ics. However, prior to that work Kepler had spent much
ume trying to find a fundamentl geometric explanation
for the relative radii of the orbits of the six known planets.
He proposed in his Mysterium Eﬂfmagwqpés‘mm (159G)
that the planetary radii could be understood in terms of
the nesting of the five Platonic solids and their inscribed
and circumscribed spheres inside of each other I{ﬁg;u re 5.2).
Kepler's hypothesis was inagreement with the observations
to the predsion that was then available, but we now
understand that Kepler was addressing the wrong question
and thar the success of his theory was formitous. Many
stars have planetary systems, and the derails of their orbits
depend on the inidal conditions of the formation of the
stellar system and on it subsequent dynamical evolution,
not on a beautiful geometnc analogy.
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Figure 5.2, Kepler's model of the Solar System, from Mysterium
Cosmographicum.

Closely related is the question of why the Earth & s0
suitable for life. Life as we know it requires liquid water,
which 5 most easily accomplished on a planer in the
habitable (or Goldilodks) zone that is neither too close
to its star nor too disant.!” However, most of us do not

wonder why we are so lucky thar the Earch is in the Sun’s

.'T[.ii.ll.'l.ld Wwater Uﬁ:ll.'lld :hﬂ asCour Chi.'\'b’lﬁ.'ﬂ.' Ir lI]i.'ri.' ar i:ll.l:li.'r i.'ﬂi.'rz{_\' SNUrOes

el as tical leating.
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habitable zone; that is the wrong question. Rather, there
are almost certainly enormous numbers of stellar systems
with appropriate planets, and presumably life is most likely
o evolve on the favorable ones.

The environmental paradigm is that there may be no
simple unique explanation for some or all of the parameters
and features of nature. It instead postulates that there may
be an enormous landscape nfpmsihlc laws of physics, such
as might be assodated with a fundamenal theory with a
very large number of vacua or solutions and no underlying
selection prnciple. Even if we assume that each such
vacuum is controlled by a held theory, the gauge groups,
representations, couplings, geometries ﬂfspacc, and other
properties might differ from one to another. For example,
it has been estimated that there may be 2 10%% such vacua
in string theory, as will be further discussed in chapter 6.

Ifindeed there isa landscape, then some of these vacua
might be “just right” for complex structures and life in the
sense discussed searting on page 160, while most would not
be. Perhaps some of the fine-tunings and ludky accidents
are due to envionmental selection, ak.a. the anchropic
principle: in analogy to the lucky accident that the Earch is
in the Sun’s habitable zone, it could be that if namre were
not just right we would not be around to wonder about
it. This need not mean that everything is envimnmentally
selected. Other features of physics could have convendonal
explanations (e.g., in symmetries), or just be random (such
as the mass of the & quark?).

Many years ago, | viewed the anthropic principle as
litdle more than a silly tautology. However, develop-

ments in string theory and cosmology have caused me
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to reconsider. It can be elevared w a plausible scdentific
possibility if three conditions are satished:

* There must be a credible theory that predices an enor-
mous landscape of possibilities. Superstring theory is
an example of a theory that may sansfy this critenon.

+ There must be some mechanism for many or all of
these vacua w acrually be sampled. Forrunarely, most
versions of infladon (secion 3.3} are eternal, 1e.,
localized field fluctuacions are constantly produdng
bubbles that themselves may grow inw new regions
with different vacua. Most of these would either
recollapse immediately or would grow so rapidly that
nothing like stars or galaxies could form, but some
would be “just right.” The most popular version
of these ideas is the muldverse: thar our observable
Universe is just one bubble in an infinite domain of
n:giﬂns,m' only a dny fraction of which can support
life. Depending on one’s point of view, this could be
an incredibly exciting expansion of our outlook, or
it could represent another step (beyond those men-
tioned on page 155) in the demotion of humankind’s
place in nawre.

+ Any such theory should be verifiable (and fakifiable),
art least in part. This is by far the biggest problem and
weakest link in the landscape/multiverse ideas, and
is a major reason that many physicists are skeprical.

Clearly, many aspects will never be amenable w direct

U] pread of :|nli:"}- m.'|:u|:l-ud ri{;'u:lm. the I:ll:l}'ﬁii:'i could differ at other
timses (e.g., if the Univere n:|:lulu3]}' i:i:l”:pm: amd then reexpands ), in .1|:l:li:“}'
iwcrl:|:l|:ling bt ninlcmcling |:nr:“s.| Univemses, or in different branches of a
quantum wave function.
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experimentation or observation. However, [ am not
completely pessimistic. For example, there could be
subtle distortions in the CMB if our region is near
one of the boundaries, although no such signals have
shown up as yer. Moreover, it s not essenrial for
all aspects of a theory to be tested direcdy. There
is a possibility that eternal inflation and superstring
theory will evenmally be verified, at least in part
{although many physicists are skepacal here as well,
especially concerning string theory), and thar it will
be convincingly shown thar they indeed lead o the
landscape. In that optimistic scenario we could be
reasonably certain that at least the broad oudines of
the picture are comect.

Finally, I would argue that the ideas of environ-
mental selecrion and muldaverse should be seriously
entertained for the simple reason that they may well
be correct. Even if the ame is not ripe for direcdy
testing them now, completely new possibilities may
emerge in the future. Scientists are clever. Who would
have foreseen G0 years ago the role of the CMB in
probing the big bang, or who would have guessed
even 20 years ago the revolution in palenanthropology
brought abour by DNA studies?

Some of these ideas will be touched on again in
the remaining chaprers.

Minimality or Reamnants?

Yet another commonly assumed paradigm is munemalsty,
which assumes that natre, or a theory invoked to explain
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a set of observations, should be as simple as possible. A
beautiful example is the quark model, which is far simpler
than assuming that all of the hadrons are fundamenual.
Minimality is often invoked in constructing BSM theories
for explaining shortcomings of the standard model.
Minimality is similar in spirit 0 Occam’s razor and
certinly seems plausible. However, it is basically an aes-
thetic issue and should not be considered inviolare. For
example, the existence of heavy families does not appear
to be minimal, ar least with our current understanding,
and the standard model iself is far from minimal if
one ignores the “just dght” considerations. Perhaps more
relevane is the face thar some fundamenial theories, such
as many superstring vacua, often predict new partides or
interactions in the low-energy theory thar are not needed
to solve any particular SM problem. Rather, such remnants
managed to accidentally avoid the symmetry-breaking or
other mechanisms thar led to Planck-scale masses for most

of their cousins. They are “just there.”
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HOW WILL WE FIND OUT?

6.1 The Ideas

There are many promising ideas for possible physics be-
yond the standard model (BSM), some of which have
been mentioned in chaprer 5. Some are top-down, ie.,
are motivated by fundamental theoretical and aesthetic
consideratons, such as che unificadon of the interacdons.
The most popular of these are supemstrnng theory and
grand unification, most versions of which involve a very
high undedying mass scale, e.g., 10'%-10" GeV. Other
(botwom-up) ideas are more motivated by experimencal
considerations or SM problems, and usually postulate new
physics at the TeV scale. These categones are not mumally
exclusive. Top-down theories often address problems of
the SM, while bottom-up models may eventually lead roan
ulimate unification. Some ideas, such as supersymmerry,
fic into both categories.

Mose of the theoretical ideas fall into one or more broad

classes:

» New symmetries
+ A new layer to the onion
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+ [Fxira dimensions
+ Dark or hidden sectos
« Unification

» Here be dragons

Symmetries: Super and Otharwise

In chaprer 4, we discussed internal symmetries, in which
the equations of motion are unchanged under phase
changes or rotartions of fidds into each other. These lead
to conserved charges, w the grouping of particles intw
muldplets with equal masses, and w relations between
their interactions. The transformations involve particles
with the same spin, and the operators associated with
the symmetry transformations obey commutation relatons,
such as (4.23) on page 67. A supcm}fmmctry,l on the other
hand, involves anticommurartion relations and relates the
masses and interactions of particles that differ in spin by
1/2, such as spin-} and spin-1/2, or spin-1/2 and spin-1.
Each fermion must have a bosonic parmer, and vice versa.

None of the SM particles have suitable properties o
be each other’s parmer, so the munimal supersymmetric
EXTERSION rjf the standard model (MSSM) requires a new
complex scalar for each left- or Aght-chiral SM fermion,
and a new chiral fermion for each spin-0 or spin-1 boson.
The supersymmetry also requires a second Higgs doublet
and its spin-1/2 analogs, so the number of “fundamental”

hidds is more than doubled. The superpartners are given

IFor intoduction, e, e Baer and Tata 2006; Olive et al. H14; Dine
5.
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rather whimsical names: the spin-0 partners of the quarks
and leptons are respectively the squarks and sleptons; the
spin-1/2 parmer of the gluon is the gluine; while the
charged and neutral parmers of the Higgs scalars and
electroweak gauge bosons are the chargines and nentralines,
respectively. Since none of the new pardcles have (yer)
been observed, they must be very massive, ie., the
supersymmetry must be broken? presumably by mﬁ‘ teTITS
like masses that don't mess up what supersymmetry is
supposed to accomplish. Such terms ultimarely ser the
weak interaction scale Unfﬂrtunatcl}f, the most general
soft supersymmetry breaking involves more than 100 free
parameters! For this and other reasons, the MS5M is really
a whaole class of theories.

Given these complications, it perhaps seems preposter-
ous to even consider supersymmetry. Forunacely, there are
akso a number of advantages.

+ It provides a soludon to the Higgs-hierarchy problem
(page 142). The diagrams involving the superpart-
ners cancel the quadratc divergences in (5.1), with
the correcrions from (soft) supersymmertry breaking
manageable if the superparmer masses are in the TeV
range.

+ Gauge unification refers to the possibility that the
running §L7(3) x SU(Z) x U1) gauge couplings all
meet at some large scale My, above which the inter-
actions are all unified. This can be tested using the

*In the MSSM, the Higgs superpartners can acquire mas independent of

aupersymmetry breaking. In realistic verions, that mas must be compaable w

dl‘.' o) I’l—]?rﬂklr% masscs will:lﬂ an ‘J“!‘.'r ‘JI- nl%nilu&: ar s, -J.-I:Ii: iﬁ x! IJ‘K.' in
the MESM butcan emerge namlly in mone geneal models.
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Figure 6.1. The running gauge couplings in the SM (rop) and
MSSM (bottom), from Langacker 2010. a5 = £ is the QCD

mupling. while o = fl% and o, = 3§_:—: are the SU7(2) = £7(1)

muplings, with 3 /3 an appropriace normal ization in simplc unified
theories. The MSSM curves assume that all new particles have
masses Mypgpr = My A more detailed analysis shows thar the
Agresment is even better if they are at the mol-TeV seale.

observed values at M and the theoredcally calculated
running. As can be seen in ﬁgun: 6.1, the gauge
couplings almost but do not quite unify assuming
that the SM holds to a large scale, but are consiseent
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with unification in the MSSM with My ~ fow x
10'° GeV.

+ The most popular versions of the M55M involve a
new discrete symmetry that differentiates the ordinary
particles from the superparmers. That implies that the
superpartners can be produced only in pairs, and that
their decay products muse include an odd number
of lighter superpartners. The lghtest supersymmet-
ric partner (LSP) in those versions must therefore
be absolutely seable. It turns our thar the lightest
neutralino could be a viable dark matter candidate.
Meutralinos would have been produced abundandy
in the early Universe, and although many would
have subsequentdy annihilated in pairs, their relatively
weak interactions would have allowed some o survive
w today. The predicted dark martter density for a
TeV-scale neurralino is in the righe ballpark (within
an order of magnitude or so). This is the so-called
WIMP miracl, where weakly interacring massive par-
ticle ("WIMDP) refers to any particle with properties
similar to the neutralinos, whether associated wath
SUPErSYMMeELry or not.

+ Supesymmetry is an essential ingredient in realistic
string theories, which allow a consistent quanmum
gravity and its unification with the other interactions.
This does ner require supersymmetry w survive down
o the TeV scale, however it could be broken any-
where below Ap.

If supersymmetry really exists at a low enough mass
scale, it should be relatively easy to spot. The squarks
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and gluinos carry color and could be produced in pairs
by QCD processes. They would then typically decay in
a series of stages (a cascade), such as G — ggb i+
(unobserved) via

G— g4, § — quf if — L= E_,‘(?,

where (7, q. £*, and ;{“ denote gluino, squark, charged
slepron, and neutraling, respectively. Pairs of such cascades
could lead to complicated final states, involving unob-
served energy and momentum (assuming that x is the
stable LSP, which does not trigger the detector) as well as
multple jets and/or leprons. No such events were spotred
at the Tevatron or the first run of the LHC. Will they be
seen at the second, higher-energy, run?

Unlike the 5M, the Higgs mass My s constrained
in supersymmetry because there is no elemenrtary quartic
coupling (see page 122), implying an wpper bound
My = 130 GeV. The observed 125 GeV is consistent with
this bound, bur thar cerminly does not prove super-
symmetry. In fact, most of the superpartner mass mange
pn:fcrs smaller M. Supersymmetry also requires a second
Higgs doublet, so that there should be a second scalar,
a pseudoscalar, and a & pair of charged Higgs particles,
perhaps in the several hundred GeV range.

Finally, supersymmertry has new and porentially prob-
lemanc mechanisms associated with the new superparmers
for flavor changing processes and decrric dipole moments.
This is ako a concern for most other types of TeV-
scale physics (see the discussion beginning on page 157).

However, the nonobservation of BSM physics so far has
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pushed the mass scales higher, aggravaring the namuralness
problem but somewhat alleviating the FCNC and EDM
problems (and the tension with My for supersymmetry).

Many other types of (nonsupersymmetric) global,
gauge, or discrete symmetries are possible, For example,
family symmetries that relate the families and restrice the
Higgs-Yukawa couplings are often postulated in an at-
tempt © understand the fermion masses and mixings,
especially those of the neutrinos. New symmetries could
ako explain small Dirac neutrino masses if they forbid
the relevant Higgs-Yukawa interactions w leading order.
Other symmetries are invoked in models of compositeness
or scrong coupling. Sell others may emerge from the break-
ing of underlying high-scale unification theories, leading,
e.g., o addidonal neutral or charged gauge bosons, perhaps
at the TeV scale.

Compositaness and Strong Coupling

Perhaps the quarks and leprons are not truly elementary
point-like particles, but are instead bound states (compos-
ites) of even smaller particles. Afver all, normal marer is
made of of atoms and molecules, which themselves consist
of electrons and nuclei. Nudei in turn are bound scares of
nucleons, and nucleons are composed -:J-fquark.ﬁ. Are there
still more layers to this onion?

Perhaps there are, but any further levels of compos-
iteness have hidden themselves very cl:ﬁ:crivcl}-'. In atoms,
molecules, and nudei, the binding energies are small
compared to the masses of the constitents. Even the
quarks in the proton and neutron have weak coupling
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when they are close together, and both their Higgs- and
QCDr-induced masses are comparable to or smaller than
that of the nudeon.

If the quarks of leptons have further structure, it should
manifest itself in the details of scattering processes like
¢eTe” — ¢7e” or e7e” — gg (Eichten et al. 1983), or
in the production and decay of excited states. However,
extensive searches for such effects ar ¢¥¢~ and hadron
colliders have failed to observe any deviation from point-
like behavior. Depending on the assumptions concerning
the binding forces, these observations can be interpreted
as lower mis of (M1—10T&V) on the masses M of
any consttents, roughly corresponding o quark or
lepton radii being O(1/M) < 1077 —10""% cm. The
constituents would therefore have w be very much heavier
than the bound states and have enormous binding energies!
Any deviation from point-like would therefore have o
be of an endrely different character from what we have
encountered before. We will see an example in superstring
theory.

TeV-scale bound state effects are more likdy to be
associated with spontancous symmetry breaking than with
the quarks and leprons, in part because the weak inter-
acton scale v~ 246GeV is so much larger than most
of the fermion masses. Some early dynamical schemes
dispensed with the Higgs field alwogether, instead breaking
the electroweak symmetry by a vacuum condensate of Q)
pairs, i.e., (0]QQ|0} # 0, where the techniquarks Q are
heavier analogs of the quarks acted on by a new technicolor
interaction.” Such alternatives had difficulties explaining

This i similar to the breakivg of the chiral extersion of isospin in QCD.
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the fermion masses, and in any case were essentially ex-
cluded by the discovery of the Higgs boson. Sall viable,
however, are composite Higgs models, in which srong TeV-
scale dynamics does not direcely break the electroweak
symmerry. It instead generates the Higgs doubler as a
bound sate. New TeV-scale particles are generally ex-
pected in such theories, as well as small deviations in the
properties of the Higgs boson. The relatively small value
of Mgy can be arranged if it is an approximare Nambu-
Goldstone boson of the strong dynamics.

Mew Dimansions

The notion that there could more than three space di-
mensions was introduced in the 1920s by Theodor Kaluza
and Oskar Klein. The motivation was to unify general
relativity with elecoromagnetism by considering a fourth
space dimension that is curled up and too small w
easily perceive. For example, the gravimtional metric ™"
(m,n=0,1,2,3, 4} in five space-time dimensions could
include the ordinary metnc G*" (g, v =0, 1, 2, 3); the
clectromagnetic potential A" = "% and an addidonal
salar GY. The Kaluza-Klein unification never worked
out, but the idea of extra dimensions has reemerged in both
top-down and botrom-up physics. They are an intrinsic
ingredient in superstring theories, although there they are
usually incredibly small, e.g., of ID'I[M';I ~ 107 ¥ cm).
We already inroduced extra dimensions as a possible
soludon to the Higgs-hierarchy problem in chaprer 5
(page 144). Suppose, for example, that there are 3+ 8

space dimensions, with the extra ones occupying a finite
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volume o %, and that the fundamental scale associated
with gravity is My < Mp ~ 10" GeV. To get a feeling
for how this works, consider two masses m | > separated by
adistance r. Forr 3 L, they feel the ordinary Newtonian
gravitational force %’:EL However, for r <= L the feld
lines spread out in the extra dimensions, yielding Irj"l&'%:—a .

Matching these expressions at r = L implies
M2~ MPPLE, (6.2)

If the extra dimensions are lazrge, 1.e., small on everyday
terms bur large compared w the simplest expecration
L~ j'l-f;' from dimensional analysis, then one finds
Mp < Mp. Since Mp would provide the cutoff for the
Higgs mass-squared in (5.1}, the Higgs-hierarchy prob-
lem would be reduced or solved for A in the TeV
range (Arkani-Hamed er al. 1998), though at the expense
of introducing a new puzzle as to why L is so large.

For Mg ~10TeV, for example, one finds L ~
102 cm, 107 cm, and 107 %cm for §=1,2, and 3,
respectively. § = 1 is clearly excluded, bur larger & could
allow a small My An obvious test of such theories is
to search for the modificaton of the gravitadonal force
law on distance scales smaller than L. Since gravity is
so weak, it is dificule o probe sub-mm scales in the
laboratory. Nevertheless, ultrasensinve modern vesions
of the Cavendish torsion balance experiment have ruled
out any significant deviation on scales larger than around
10~ cm (Adelberger et al. 2009), somewhar restricting
Mg for § = 2. There are abo Kaluza-Klein exdrtations
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of the graviton, assodated with the quantzed momen-
tum in the extra dimensions, with apparent masses of
OO/L) ~ 107,107, and 10 ¢V for § = 1,2, 3 and
Mg ~ 10 TeV. These are constrained by laboratory and
astrophysical considerarions (Olive et al. 2014), &mring
somewhat larger M.

In more complicated geometries, there may be some
large dimensions, and also some much smaller ones with
sze of @{MEI}, which is amund 10~ ¥ cm for My =
10 TeV. Some or all of the standard model particles might
be able to propagate in these small dimensions, implying
Kaluza-Klein excitations of (Mg}, which could be pro-
duced singly or only in pairs (depending on the details of
the model) at the LHC. Ocher particles might be pinned w
our three-dimensional 1'm|.1n1:1:ar:|.-'.'1 The fermion mass spec-
rum, including the possibilidy of small Dirmc neutrino
masses, might be related o wave function overlaps in the
extra dimensions.

In these large-dimensional scenarios, My is suppressed
compared to Mp by a power law in (LMg)~'. An alter-
native, which leads w exponennal suppression and thus
avoids the need for large L, is thar the extra-dimensional
space is warped. That is, the metric and therefore the
gravitational scrength vary rapidly in the extra dimension,
eg., due w large energy sources at the boundaries. In
the original version (Randall and Sundrum 1999), there
is one extra dimension of length L, with all of the SM

AFar technical reasons, most extradimensional theores are formubated with

complicated topolegien. A boundary 10 a dimension need not imply that one
& n L o

ix:ll.‘lld I-IJI ‘JI-I- dl‘.' ‘."%‘. ar l.Inl. llxr‘.' 15 :ni:IIJ:K.'r \WJTH an IJ:K: ‘Jllxr ﬁl‘k. RJ'JILT.

the “other side” might simply be some sort of mimor image.
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particles fixed at one boundary, while the graviton wave
function is peaked at the other. Later vesions only fixed
the Higgs at a boundary, with the fermions and gauge
bosons allowed o propagate throughout the space. In both
cases, the fundamental scale in the five-dimensional space
is of ((Mp). However, the space warping modifies the
physics at the boundary in such a way thar

Mg ~ et pAfp (6.3)

acts like a fundamental scale and cutoff for our apparent
four-dimensional world, with MF ~ 10TeV for a very
small L = O(35/Mp)~ 10" cm. The weakness of
gravity can be thought of as the result of the tiny ovedap
of the graviton wave function with our world.

An impor@nt consequence of warped dimensions is
the existence of TeV-scale Kaluza-Klein excimrions of
the graviton, and of the fermions and gauge helds if
they propagate in the extra dimension. These have been
searched for at the LHC, e.g., by their decays into SM
particles. These and other constraints are reviewed in Olive
eral. 2014.

Warped dimensions may also be connected in various
ways to elecroweak symmetry breaking. Higgsless models
accomplished the symmetry breaking by boundary con-
ditions in the extra dimensions. These are ruled our by
the observation of the Higgs boson, but the ideas may be
applicable to the breaking of underlying unificarion sym-
metries. Another connection involves the composite Higgs
maodels, briefly mentioned earlier, in which the Higgs fields
are generated as bound states by strong dynamic ac the
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TeV scale. Ie turns our thar some of these models are
physically equivalent to weakly coupled extra-dimensional
models, e.g., in which the Higgs is a component of a gauge
field in five dimension. This is an example of a duality,
that is, the physical equivalence of two apparently different
descrptions of the same system.

This discussion hints at the enormous number of pos-
sibilites for extra dimensions, including their numbers,
sizes, and topologies; which partcles are free w move
and which are stuck at spcciﬁc points or boundaries; and
whether they are flat or warped.

We briefly mention extra dimensions of a completely
different character: supersymmetry can be formulated as
field theory in a larger superspace, which includes the four
ordinary dimensions as well as ar least two addinonal
complex coordinates that anticommurte. Because of the
anticommuring namure, Taylor series expansions in the new
coordinates must truncace afeer a finite number of terms,

i.e., ONe cannot move very far in the space.

{Alrmost) Hiddan Worlds

It is a an intriguing possibility that there are one or more
hidden secrors of nawre to which we are blind, or nearly
so. Whar I have in mind is less extreme than the parallel
universes of science hiction or a variant on the multiverse
idea. Rather, there could be new ses of fundamental
particles that do not feel any of the SM interactions except

gra‘w.l'itj.-'.-‘r Conversely, they could have interactions amongst

FAs far as we koow, gravity iJﬁJIJlJIiJ toall forms i:ll'cncrgy.
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themselves that do not affect the SM particles. There could
also be guasi-hidden sectors, which, in additon o gravity,
communicate weakly with the ordinary particles by the
exchange of a few mediators, which interact with both the
SM and the hidden sector. In some cases, these are very
heavy, while in others they may be light but have highly
suppressed couplings o one sector or the other.®

The first major motivadon for a hidden sector came
from supersymmetry. We have seen that if supersymmerry
exists ar all, it muse be broken. However, the explicit
soft-breaking mass and cubic-scalar terms that mainmin
the advaniages of supersymmenry are unlikey w emerge
direcdy from an underlying superstring theory. They may,
however, result from some kind of spontaneous breaking
in a more complete theory. For technical and phenomeno-
logical reasons, the breaking is likely o occur in a hidden
sector, perhaps associated with a vacuum condensare of
pairs of the fermionic partners of some new hidden-secror
gauge bosons. The breaking then genemtes soft terms in
the supersymmetric SM, either by supergravity (ie., by
effects related to gravity by supesymmetry) or by other
med iators.

Another possibility concerns the dark mareer thar con-
stitutes most of the mass of the Universe, discussed startng
on page 155, Although there are plausible dark mareer
suspects associated with supersymmerry (neutralinos) or
the strong C' P problem (axions), it is also possible that the

SEar cnmplc. Jﬂ'r}xﬂ'rﬁ: Basoris co |.1|:l|c 1o the hidden sector. However, |m:l|:l
dizgrrams imvolving heavy particles could induce mivings with the omdinary gauge
.|:IG:IM:Ir.|5. I‘J] |r.|¥ {041 5r.|:|:“ iﬂ erac li‘:lm ‘JI- d]‘.' d:rk .Ixm‘:lnﬁ WI |J1 nar m?rld , ar ‘JI- L I:K.

ardinan gauge bom with the hidden world,
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dark mareer lives in is own hidden (dark) sector. Such a
dark sector could contain many particles and interactions,
just as the SM sector does, with the stable one(s) being the
dark marter.

Finally, hidden sectors could be random, ie., not nec-
essarily assodated with any SM problem.

Hidden or quasi-hidden sectors may appear ad hoc
However, they can easily emerge in supestring or other
underlying theores. By their very nawre, however, they
are difficult or impossible to detect. A truly hidden sector
would have only graviratnonal effects, and could maost
likely never be direcdy detected in the laboratory. More
encouraging are the various quasi-hidden secror models.
If we are lucky enough, these could reveal themselves in
laboratory and collider dark marter searches.

Unification

One of the most enticing ideas in physics is the possible
unification of the fundamental interactions, so that they
are seen to be different aspects of a simpler fundamental
theory. Maxwell's unification of electricity and magnetism
(secton 2.5) was the fist riumph. Einstein spent much
of his later life attempting w construct a unified theory of
elecoromagnetsm and gravity, bur the rime was not ripe.
We now understand that the strong and weak interac-
tions are also essential players in any unification scheme.
Furthermore, the success of the standard model, in which

the strong, eleciromagneric, and weak interactions are all

described by gauge theories (and which partially unifies the
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weak interactions with decromagnetism), suggests that a
promising starting point might be to join these three in
a simpler grand unified theory (GUT). Grand unification
does not incorporate quanmum gravity, and (as in the
sM) the Higgs-Yukawa interactions are rather ad hoc.
Superstring theories go a step further and incorporate all
of the known interactions in a single framework” that may
or may not include a GUT.

Grand unificadion refers o a gauge theory in which
SUI3) = §U2) = U(1) is part of a larger group with a
single gauge-coupling constant, so tharall ofthe §M gauge
interactions are closely related as paris of the undedying
theory. The simplest GUT is the Georgi-Glashow SU(5)
model (Georgi and Glashow 1974), which involves 24
gauge bosons. Twelve are the SM bosons (8 gluons; W 5 4
and B}, while twelve more, known as the X, ¥, and
their antiparricles, are predicted. The X and ¥ transform
as an $U(2) doubler and carry eleceric charges 4/3 and
1/3, respectively. They are also miplets under $U7(3) and
therefore come in three colors.

It is convenient o describe the SU{(5) propertes of
the L-chiml fermions and andfermions (rather than the
L and R fermions), since they transform into each other.
The properties of the R-chiml ones are related by a C'P
transformation. The fermions of each family fit into two
SUI(5) representations, which are respectively 5 and 10

dimensional. The (1.7, ¢; ) and three colors of 4} are all

TAn altermative :|:l|:lr::l:d:|. ﬁln‘b grdrin e xr.n‘:.-f.i}-. foscuses on the quentum
propeies of space-time and treats gravity separately from the other interactiom.
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related by SUT(5)ina 5% rcprc.v:ntatin-n.ﬂ' Here, 4 denotes
a left-chiral anti-down quark, the CP-conjugate of 5.
Similarly, the w5, (u;, 1), and ] transform as a 10.
Schematically,

Xy XV
" — e uy ——
W=I d || e ' IW':
E'; d!.
5% 10

(0.4}

where $U/(2) charged current transitions act verdcally
and the new tmnsidons assoclared with X and V act
horizontally. [The SUT(3) color transformarions act on the
quark color indices, which are nor displayed.] A righe-
chiral neutrino, v, g, can be added as an §U7(5) singlet, but
is not required. The two heavier families have analogous
ranstormarions.

The fermions are treated in a more degant way in the
larger SO{10} group of romrions in 10 dimensions, in
which all of the fermions in each family, including the now
required v, g (actually its € P-conjugate 1% ), are joined in
asingle 1 6-dimensional representation. Even larger groups,
which involve addirional interacdons and new fermions in
each family, are also possible, and all of these theories can
be extended w supersymmerric versions (e.g.. Raby 2009;
Langacker 2012; Olive et al. 2014).

EFar S0Mn), m= 2, there & a difference berween the m-dimensional e pre-
:wnl:lii:ln. wiIJ:l T EFiCed Ju.l- gﬂ.‘ncr:]i:'.ing |J:Iinﬂ.' in L:]:lli.' 4. |.. and i i.'i:lnjug,:lc n'.
with matrices —l:.. The P oo jugates [.r_l,:,. I.-':A,:I and oy tramform s the 5.
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Since the standard model interactions are observed o be
so different in chamcter, their underlying unificadon must
be well hidden. This suggests that $U(5) is spontancously
broken to the SM group at some large unification scale My,
i.e., that the X and } acquire the common mass M. This
can occur if some components of a 24-dimensional Higgs
representation acquire VEVs of O(My/gs), where g5 is
the 5U7(5) gauge coupling. At energy scales above My,
the SU(5) gauge symmetry is manifest: all of the SM and
new gauge bosons and their interactions are relared, and
the SU(3) = 5U(2) = U(1) gauge couplings are given by
2. =g =+/3/3¢ = g5, where the /5/3 ensures that the
SU7(5) charges all have the same normalization. The 12 M
gauge bosons are not affected by the SU(5) breaking: for
scales lower than Ay but well above the electroweak scale
they are cﬁccrivdy massless. The running ST7(3) SUI2)
and /(1) gauge couplings all evolve ar different rates,
leading to the observed differences in their values ar low
energies. The breaking of $U7(2) = U7(1) o QED can be
accomplished by a second stage of symmetry breaking at
v ~ 246 GeV by the ordinary Higgs mechanism, where
the Higgs doubler is assigned to an 5$UT(5) ﬁw:-plct,
along with a new colored scalar H with charge —1/3.
The H must be superheavy [of Q{Mx)] w avoid rapid
proton decay. Similar features hold for §O(10) and similar
GUTs.

An immediate consequence of this scenario is gauge
unification, i.e., that the three SM running gauge cou-
plings, determined experimentally at low energies and
extrapolated theoretically o high-energy scales, should all
meet at My (Georgi er al. 1974). This worked rather well

(i

rought to you by | The Mational Library of the Philippines
Authenticated
Download Date | 1041419 6:40 AWM



How Will Wa Find Out? 183

T|'|:I Tn
—— —r—
[ u uw a u uw
'
X ¥
'
a u u o d u
[ e

Figu.rc 6.2, Typical dia.grams for the proton decay  process
P et inthe SUS) model, from Lang;u:h:r 2010,

when SU0(5) was first proposed, with a very large predicred
unification sale My ~ 10" GeV. It was less successful
when one utilized later, more precise, measurements of
the low-energy couplings, as shown in ﬁgun: 6.1 on
page 178, However, it came close enough w suggest that
some modificadons w the simplest theory, e.g., involving
additional particles or a more complicated spectrum near
My, might come w the rescue. In fact, the new particles
in the supersymmetric extension of the standard modd do
exactly thar, as can be seen in the lower plot in ﬁgun: 6.1,
In this case, My ~ 3 x 10" GeV, which is {marginally}
low enough compared o the Planck scale Mp ~ 10 % GeV
to justify the neglect of gravity.

The X and ¥ gauge bosons are superheavy. However,
they can mediare unusual new diguark transitions berween
quarks and anriquarks, and also .!'epmgmr&é transitions be-
tween quarks and antileptons. Taken together (hgure 6.2),

these can lead w protwon decay processes such as
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p — " 1", with a lifetime

ML 2
T~ ,—X: o = £ (6.3)
o5, 43T

They can also mediate decays like n — pr? for oth-
erwise stable bound neurrons. The implicatons of {ap-
proximare) proton stability and limis on is lifedme
were touched on page 158, The onginal SU7(5) model
with My ~ 101 GeV suggested a lifetime ~10% yr and
motivated several large proton decay searches, such as
the SuperKamiokande water Cerenkov expenment and its
predecessors. Proton decay was mor observed ar this level,
with current lower limits on the lifecime of 107 '=10* yT,
depending on the decay mode. In the supesymmetric
version of SU(S) the lifetime due to X and ¥ exchange is
much longer (~1 e yr) due to the larger unification scale,
but there are new proton decay mechanisms associared
with the fermionic superparmer of the H, which lead
to more rapid decays into modes like VK. These have
also not been observed, seriously challenging the simpler
versions of supersymmetric grand unification.”

Despite its elegance and the success of gauge unifica-
tion, GUTs have a number of difficulties. The nonobser-
vation of proton decay and the omission of gravity have
already been mentioned. We also glossed over two new
theoretcal problems. One is that the interactions berween
the Higgs 24-plet, which breaks 5U(5), and the 5, which
leads o 5U7(2) = U(1) breaking, would typically result

PFara g\cm:n| review af protan decay, see, eq., Na thand Filevier Perer 2007.
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in the two scales being close together. For them o be
sepanmated by 12 to 14 ordes of magnitude requires a
severe I'im:-tl..ming."‘{:I A second fine-muning is needed
separate the Higgs doublet mass from that of its SU(5)
parmer H, which would otherwise lead to extremely rapid
proton decay with a lifedme ~10~ " 5. This doublet-triplet
problem can be avoided in some extensions of SU(5) w
higher dimensions.

Since quarks, leprons, and their antipartcles live w-
gether in SU(5) multiplets, one might expect some rela-
tions between their masses. In the Georgi-Glashow model
my and my (or, more precisely, the Higgs-Yukawa cou-
plings they are associated with, as in [4.49] and [4.50])
are predicted ro be equal ar My. These are mnning
quantities just like the gauge couplings, and the observed
low-energy values in wmble 3.2 are consistent with that
prediction. However, the analogous predictions for the
first two families fail badly, necessitating the complication
of the model by additional very large Higgs representations
or higher-dimensional operators. Similarly, large Majorana
masses for the vy in SO{10), needed for a neurrino
secsaw (page 136), are usually obrained from a very large
Higgs representation. Other fermion mass reladons can
be obtained by combining GUTs with addidonal family

symmcrrics.l !

T e supesymmetric version removes the birge loop corrections to Mi. in
5.1} an e 142 bt does not uc|:l|:ir.| the v::lrigin of the weak scale in the st
place.

"[-:r."il}' :'l}'nlnx.'l.ri‘:‘ “JUH |x:l.'i1i]:l|}' ‘.'nl‘.'rg‘: dl“.".d}' I-r‘:lnl a I:rgﬂ.‘r ‘:;L.:-l-
groona, bt this idea las not been very Fruithul.
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Grand unified theories predict the existence of super-
heavy (mass ~ My /cts) magnetic monopeles, which are sta-
ble conhgurations of gauge and Higgs hields. These could
have enormously overdosed the present Universe if they
were initially produced in equilibrium density. However,
a subsequent period of inflation (page 44) would have
diluted their number density to essencially zero.'? Another
cosmological implication is for baryogenesis (page 152).
The decays of the colored partner H of the Higgs and its
antiparticle could have been CP-asymmetric,

FH — q°¢") <T(H" — q4).
IMH — gf) = TH — g°{),

(6.6)

apparenty leading w0 an excess of quarks (Yoshimum
1978). This mechanism failed when it was realized thar
nonperturbative effects (page 153) would wipe out the
asymmetry, but the basic idea was later resurrected in the
leprogenesis mechanism (page 154).

The jury is still out on grand unification in its original
form, so let us turn now to the even more ambidous
superstring idq:a,'f' which may incorporate some or all of
the aspects of GUTS, bur also brings quantum gravity into
the game.

Field theory is a remarkably successful framework for
combining (special) relativity and quantum mechanics.

However, fiedd theory is plagued by infinides. These can

This was one of Alan Guth's otiginal motivations for proposing infla-
tii [(;ul]:l 193 |.:I.
M prmduction include Fwichach 2000%; Dine X015,
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Figure 6.3. Lefr: The worldlines of three particles meet ar a poine
in field theory. Righe: The merging of the worldsheers (ie., oubes)
of three closed scrings.

be sidestepped in renormalizable theories, where the diver-
gences do not appear in expressions for physical quantities
when expressed in terms of measured parameters (page 13),
and in any case the divergences appearing in intermediate
steps become finite if the troublesome integraks are cut
off ar a new physics scale Ayp (page 142). However,
straightforward attempts to quantize general relativity are
horribly nonrenormalizable, and it is not obvious that
there is any new physics scale higher than the Planck scale
to cut off the divergences.

The infinities in field theory @an be traced o the
assumpuon thar the particles are poine-like. Consider, for
example, the three-particle interaction verex in a ficld
theory, illustrated by the Feynman diagram in hgure 6.3.
The lines can be interpreted in position space as the wordd-
lines of the three partides. The interaction occurs when
these meet at a point in space-time, and the amplitude
involves the integration over the positons of each of these
interaction points. The integrarion includes singular poines
at which the interactions overlap, leading o the bad high-
energy behavior and divergences.
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In string theory, the pardcles are no longer point-like.
Rather, they are tiny one-dimensional extended objects
known as strings. These may be open or closed, and
have characteristic length [, = 1/M,, where the string scale
M, is usually assumed w be of the order of the Planck
scale, Mp ~ 10" GeV (1/ M, ~ 10-% am). The strings
can vibrate in a variety of normal modes. Most have masses
of (ALY, but there are some “massless modes,” which
can be interpreted as fundamenal pardcles. They appear
poindike when probed on distance scales large compared
tod,, and can acquire small masses by the Higgs or similar
mechanisms.

Strings sweep out rwo-dimensional worldsheers™  as
they propagate in space-time. Interacrions comespond
to the spliting or fusing of these worldsheets, as shown
in figure 6.3. Since such string juncdons do not occur
at isolated space-time points, they do nor lead w any
singularities, and are therefore finie (at least o each
order in string perurbadon theory). From the point of
view of the approximate corresponding ficld theory, the
strings provide a natural cutoff A yp ~ M. There is
one important caveat, however: there are subtle quantum
consistency conditions  (anomaly cancellations)  dhar
are satisfied only (for theories involving fermions) if
there are ten dimensions of space-time. In addidon w
time and our ordinary three large and Hat {or nearly
flat) space dimensions, there must be six addinonal
ones, presumably curled up (compacrified) in a small

compact manifold, similar o those inroduced in some

T he worldshees of closed stringg are acnually b,
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bottom-up scenarios (see the discussion searting on
page 183). Furthermore, the existence of chiral fermions
requires that these dimensions have complicated
wpologies.

Unlike field theory, there is qualirtively only one type
of pariicle (the string) and one interacdon, the sring
junction in figure 6.3, suggesting that all of the funda-
mental particles and interactions are unified and described
by simple geometncal consideratons. There are no free
dimensionless parameters, so one might think thar soring
theory leads to unique predictions for the low-energy
theory, such as for the gauge group and other symmetries,
the pardcle content, the values of the gauge and Yukawa
couplings, and for the mtios of the string scale M, o
other dimensional pamameters, such as My (only such
dimensionless racios are observable). In fact, there was a
time (in the 1980s) when some physicists thought it would
providea finite, parameter-free, unique theory of everything.

We now know thar this view was overoptimistic and
oversimplified. For one thing, there are five known super-
symmetric string theones (i.e., supersiring theories). Five
is small compared w the infinite number of possible field
theories, but superstring theory is nevertheless nor unique.
The theones differ in the allowed bosonic and fermionic
excitations and in whether the stings are open or closed.
All contain a massless spin-2 dosed string mode, which
can be identfied with the graviton. Superstring theory
therefore automarically indudes quantum gravity, which
is finite perturbatively! Other massless modes have other
spins and quantum numbers, and may correspond to

fermions, gauge bosons, etc. In one (beterotic) superstring
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Figure 6.4, Massless modes in an incersecting brane construction,
Stacks of D-branes occupy one dimension in a owo-dimensional
slice of the extra dimensions. Gauge bosons (A) are described by
strings terminating on a single stack, chiral fermions and their
superpartners (f) are localized ar incersections, and gravitons (g)
are freely propagaring closed smings.

theory, these are dosed. They may propagate ﬁ'q:d}f in all
ten dimensions (like the gravicon), or may be rrapped ar
isolated singularidies in the extra dimensions. There are also
various massive modes, including vibradonal excitations,
Kaluza-Klein excirations, and winding modes (in which
the strings wrap around the extra dimensions, such as
around a donut).

String theories may also conmin nonpermrbative
higher-dimensional objects known as D branes. For e-
ample, the Type JA superstring contains membrane-like
objects thar span six space dimensions: the three large ones
and three of the six compaciified dimensions. Open strings
can terminate on these D branes, asillustrated in figure 6.4.
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Strings beginning and ending on a stack of » parallel
D branes may be the gauge bosons of an SU(n) x U(1)
gauge theory. They are free to propagate in the ordinary
dimensions and w slide along the stack in the extra ones.
Inone I{s"n:mm.‘z‘ngbmne} construction chiral fermions and
their superpartners are localized at the intersections of two
stacks and are charged under both gauge groups. They can
move freely only in the ordinary space-time dimensions.

The five superstrings theories are not endrely inde-
pendent: some are physically equivalent to each other, w
different limits of the same theory, or to entirely different
theories, in the sense that they have the same spectrum,
interactions, and other observables. Such equivalences
between theories that appear to be completely different are
known as dualites. For example, one theory characterzed
by an extra-<compact dimension of size L may be dual
to another with a dimension o' /L, where &’ oc M is
known as the stnng tension. There is a correspondence
berween the stares of the two, such as berween Kaluza-
Klein and winding modes. Other dualities involve replac-
ing the string coupling g, (related vo M, /Mp) by 1/g,,
i.e., so that the weak coupling limit of one theory is
related t the strong coupling limir of another. Moreover,
the five theories are all thought to be special limidng
cases of a more general M (“mystery”) theory, which ako
includes 11-dimensional supergravity, bur ar present this
underlying theory is not well understood.

Even more mroubling than the existence of five types of
superstring is that for each there are an enormous number
of possible solutions to the basic equations, corresponding

to a large landscape of (mainly metstable) vacua, and the
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physics depends on which vacuum one is in. Furthermore,
there is no known selection prinaple to single one or the
other out. Many of the differences are associated with
the sizes, shapes, and topological properties of the extra
dimensions. The vacua can also differ in the numbers,
dimensions, and locations of the I) branes; background
fluxes (analogs of the electromagneric fields); and other
nonperturbarive effects. Many of the pammeters, e.g.,
involving the sizes of the extm dimensions, are acwally
given by the expecration values of scalar modes (moeduli),
somewhat like the spontaneous breaking of U2y = U111
that determines the electroweak scale and related quantides
{as described in secdon 4.6). In siring theory, however,
there is an added complication thar these expecrarion
values are not fixed at the perturbative level, implying a
contnuum of possible vacua, at least unidl nonpermrbative
effects are induded. For example, the string coupling g,
is determined by the expectation value of ¢¥, where ¢
is a modulus known as the dilzton. The gravitadonal
coupling (i.e., the rado M, /Mp) and gauge couplings are
determined by g, and (in some cases) by the volumes of the
extra dimensions and of the D branes [cf. equation (6.2)].
Yukawa couplings also depend on whart is going on in
the extra dimensions. In the Type IIA constructons in
figure 6.4, for example, Yukawa couplings between par-
ticles at the corners of a wiangle of area A in the exta
dimensions are propordonal w exp (—A).

It has been suggested that there may be O(1 0™} vacua,
although the number could be much larger or smaller. The
skepiic could well argue that the theory of everything has
morphed into a theory of anything. 1 do not think that this
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is entirely fair, but this is a good time to step back and

comment on some of the pros and cons ﬂ-fstring theory:

« String theory provides a unification of quantum me-
chanics with gravity! Furthermore, gravity is unified
with other interactions, and the divergences thar
have plagued field theory for many decades have
disappeared. It is the only known game in town for
accomplishing all of these feats, and the imporance
should not be underesamared.

* However, the particle physics community has not
yet come to grips with the implicadons of the huge
landscape of string vacua, for which we have no
known uniqueness or selecdon prindple to determine
which is the one chosen by nature. The vast majority
of these are not realisic, eg., because the gauge
symmetry or particle content is smaller than the SM,
or because they contain more or fewer than three large
space dimensions.'” Haowever, many are consistent
with everything we know.

# The string landscape mighr, however, be the ideal
home for the environmenial or anthropic consider-
ations discussed in sectons 5.2 and 5.3, It is possible
that there is no unique vacuum. Rather, many or all
of the vacua might have been produced at various
times and places in a muldverse through some kind
of eternal inflation, but life could only evolve in the

tiny fraction for which the condinions are “just right.”

'1".]5"}' lJIr‘.".' “annli‘?n’] ﬁlm.".' dinlﬂmi‘?m ’JI‘M :‘L:]Jk.' IJI:”CL‘T}' ‘Jr]:lil.‘.
with |:ls:mi'|:l|i: ir.|:||:l|iuLii:lrm for e mvironmental selection (Linde 201 5).
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For example, the value of the cosmological constant
in typical string vacua is probably Mf;"M":: ~ 10!
times larger than the observed one, but if the values
in 10 vaqua are randomly distributed, then some
would “miraculously”™ have the small value needed
for complex structures o form (see page 162). One
must be caurious, however: It 5 not certain how
the values of the cosmological constant are distrib-
uted, and most of those thar have been studied have
negative dark energy, rather than the positive value
that 5 observed. Also, it i1s not certain that the
vacua are really metasable. Forrunately, questons like
this will probably be resolved by further theoretical
work.

The biggest problem is thar it is difficult ©0 make con-
crete predictions to confim or falsify string theory.
This is pardy because the string scale is usually enor-
mously higher than scales thar will ever be direcdy
probed in the laboratory. Even more daunting is the
muldplicry of vacua. Finally, although string theory
is conceptually simple, the technical details involved
in constructing a consistent and realistic theory are
homendous. For these reasons, many people have
assumed that string theory cannot be tested even in
princple and have dismissed it as “unsdentific.” 1
personally reject that point of view, pantly because of
the more general comments starting on page 172, and
also because of its great concepual success with quan-
wm gravity and unification. Moreover, T now wrn

to experimental possibilities that could signiﬁcant]}-'
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strengthen or weaken the cse for string theory, even

if 1t were not rigorously established or falsified.

Barring an unanticipared technical breakchrough, i is
unlikely that we will ever be able w locate the “true
vacuum” of narure in the sering landscape, either by
somehow zeroing in on it or by brute-force exploradon of
all of the possibilines. Nevertheless, string theory is acually
more restrictive than field theory. A large number of the
vacua that have been explored predict new physics beyond
the SM, which wnds to fall into a2 more limiced number
of possibilities than the corresponding exploradons in field
theory. Discovery of such “string preferred” effects would
certainly argue for stnng theory, while observagon of
“string disfavored” effects would strongly argue against.

String theories can be constructed with or without
supersymmetry, but those involving fermions (and with
perturbatvely smable vacua) are supersymmetrc. Super-
symmetry can therefore be considered a fairly generic
prediction, although the supersymmetry breaking scale
could be far above the TeV scale. Many siring vacua also
share some, but not necessarily all, of the predictions of
grand unificaton. For example, many lead to proton decay
at some level. There are sometimes predictions conceming
gauge unificadon and Higgs-Yukawa couplings, but these
often differ in detail from those of simple GUTs. This is
because the predictions depend on the stnng origin of the
massless spectrum, and because the grand unification sym-
metry (if present) may be broken in the compactification of
the extra dimensions rather than by the Higgs mechanism.
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Massive string excitations can have spin larger than
two.'® We will never be able to produce these direcidy
{(unless M, is very low), but they may have been produced
during an inflationary period in the early Universe, and
their decays may have lefta dny but in principle detectable
imprint on astrophysical observables (Arkani-Hamed and
Maldacena 2015)!

Supersymmerry, GUT-like predictions, and higher
spins are examples of new physics that would be suggesave
of string theory. On the other hand, very large gauge
groups and, more imporeant, very large representations
are examples of “siring distavored” effects. For example,
grand unified theories frequendy invoke very large Higgs
representations, such as a 126-dimensional representa-
tion of SO(10} that is utilized in many seesaw maodels
for neurring mass. However, such large representadons
are incredibly rare in the string landscape {if they exist
at all). The reason is that the basic gauge degrees of
freedom in string constructions are the low-dimensional
{fundamental) representations and those thar can easily be
constructed from them. For example, in the intersecting
brane constructions, cach string carries one fundamental
charge at each end. The associated state is either bifunda-
mental (under two groups), adjoint (one charge and one
antcharge), or a symmetric or antsymmetric combination
of two fundamentals, just as the ol spin of two spin-1/2
particles can only add up w 0 or 1. Therefore, indirect
evidence for large representations in grand unification or

Y50 can view a atring theory =8 being equivalent to a held theory involving
an infinite tower of |:|igj:|i.'r-ﬁ|:lir.| stares, with interactions related in such a way
iy cande] all diverge noes,
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direct evidence for such states at lower energy would
constitute strong evidence against string theory. There are
additional (more subtle) consistency reladons involving
the low-energy spectrum thar are more stringent in string
theory than in field theory.

There are also possible “remnant™ signatures of many
sring vacua. By this, I mean some new particles, inter-
actions, or effects that slip through into the low-energy
theory in specific compactificadons, essennally by accident,
and thar do not necessarily solve any standard model prob-
lem or satisfy minimality. These are extremely common in
classes of string vacua that have been examined. Among
the most fn:qucntl}f encounted are addidonal U7(1) gauge
bosons, extended Higgs secrors involving $U(2) singlets
and/or more than the owo doublets of the MSSM, and new
“exotic” fermions and their superparmers with nonstan-
dard $U(2) x /(1) assignments. For example, there could
be new charge —1/3 quarks in which both the left- and
right-chiral states are SU(2) singlets (i.e., heavier versions
of the 4, 5, and b but with no charge 2/3 parmer). These
sometimes decay by mixing with ordinary quarks, but
sometimes they involve unusual new interactions, allowing
decays into a quark and lepron or into two annquarks.
Other common implications of string vacua include very
light and weakly coupled spin-0 axions, similar to those
suggested for the swong CFP problem; flavor-changing
or family nonuniversal effects, e.g, because the three
fermion families sometimes do not have the same sring
origin; and hidden or almost hidden secrom, such as
might be associated with supersymmetry breaking or dark

MALer.
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String theory has suggested a novel physical mechanism
for small masses. One often finds that certain types of
masses or interactions are forbidden at the perturbadve
level by symmetries imposed by the string vacuum, bur are
generated nonperturbartively. These are exponentially sup-
pressed compared with M, , with the exponent depending
on the volumes of certain D brane configurations. For ex-
ample, exponendally small Dirac neutrino masses may be
generared, in contrast to the power-law suppression of the
seesaw model. Similar (bur less suppressed) effects could
lead direcdy ro the higher-dimensional Majorana mass
operator in (4.69). There have also been several realizadons
of the neutring seesaw model, involving both exponential
and power-law suppressions, but the demils are usually
more complicated than in bottom-up constructons,

These are examples of the most commonly encountered
types of new physics in known string vacua. Unfﬂrmmtcl}*,
though suggestive they are neither necessary nor sufficient
for establishing string theory. Much work has akso been
done on finding vacua that incorporate the MSSM but
nothing else. Such effors could possibly shed light on
likely patterns of the fermion masses and mixings, for
example, though no partcularly compelling resules have
yet emerged. On the other hand, new strong dynamics
at the TeV scale could also lead to some of the same
types of remnants as the string constructions. If we are so
lucky as to observe interesting TeV-scale physics, it will be
nontrivial but perhaps not hopeless to discern whether it
is more likely associated with string theory or with sorong

dynamics, 17

1T, . - . .
T oam bere |r.|:||:l|n.'||.|:_l.' A Mg that our sector of |:l|:|}'.1|i.': s nao Atrong,
d}-n:mim between the electmweak and :lring scales. Slring d!ﬂ:lr}' could also
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I briefly mention the possibility that the string scale M,
is very much lower than Mp (eg., Berenstein 2014), which
would be allowed as long as [ is smaller than the experi-
mental limit on quark and lepron sizes of around 10-17-
107 ¥ em (page 182), i.e., M, = 1-10TeV, which is low
enough thart sring excitations and other effects might be
directly observable in the laboratory! However, similar to
the bottom-up discussion of large dimensions starting on
page 183, values of M, < Mp would require new fine-
wunings involving the sizes of the extra dimensions.

Whether or nor sring theory murns our o be the
correct description of gravity and the other ingeractons,
the mathemarcs thar it has generated, and in particular
the undemtanding of dual interpretations of the same
phenomena, has provided important tooks for other
branches of physics. These include quark-glion plasmas
{which probe QCD ar high temperatures and density)
and the description of exotic smtes in condensed mar-

ter (Sachdev 201 3).

Hara Ba Dragons

As radical as swring theory might appear, with its exira
dimensions, branes, and possible connection to the mul-
tverse, it is really a rather conservative extension of field
theory. In its simplest form, it maintains the convendonal
notions of space and time, at least for the 3 +1 ordi-
nary dimensions, and of quantum mechanics and special

relativity, while gauge bosons and interactions result in a

lead 1o strong dynamics, but in that case we m 'gl:ll never be able v gee th N:ll.‘lﬁl:l
that bver of mature w the undedying sering theory.
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fairly straightforward way from string vibrational modes
and string junctions, Perhaps a more dramatic break with
traditional concepts is needed, such as the inroduction of
nonlocal hidden variables into quantum mechanics {Adler
2014) or the violation of causality.

It 15 possible that some of the things we take for
granted are really emergent, thar is, that they are not
fundamental but appear only as approximations to the
underlying physics. A familiar example is heat, which is
nota fundamental fluid {as was once believed) bur is rather
associated with the random motions of large numbers
of atoms and molecules. Similarly, space may be emer-
gent (e.g., Seiberg 20006). We have seen a hint of this in the
string duality mapping a theory with a compacr dimension
L ont an equivalent theory with dimension o' /L, ie.,
the spatial size is somehow not fundamental. Even the
number of dimensions is not sacred: there is a powertul
duality between cermain four-dimensional field theories
and five-dimensional gravitational theories, known as the
Anti-de Sitter/conformal freld theory (AdS/CFT) correspon-
dence'® (Maldacena 1999). 1 finally mention that in stnng
theory nothing can probe distances shomer than {,, even
in prnciple (somewhar reminiscent of the uncertainty
principle}. Perhaps space is just an approximation valid at
large distances.

Interactions may also be emergent. For example, there
are examples of gauge theories that are dual to other

nongauge theories, while the AdS/CFT correspondence

Ehfare gﬂ:ncrju}-. }mf%r.n;b}:_p refers 1o the Cancept that the information in a
:|:l:li:] volume ey be e neoded on itssu tace, ina mli:lgy with i:ll:lliiJJ |:|i:lli:lgr:|:l|:|}'.
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suggests that even gravity may be emergent. Ler us
leave these heady speculations, however, and trn to the
experiments.

6.2 The Tests

Thereare several approaches to searching for new phenom-
ena in high-energy physics. One s to go w higher energies,
using energetic particles produced at new accelerarorms
or from astrophysical sources such as cosmic rays. This
direction, the energy frontier, allows broad exploration and
tests of the standard model and beyond, and especially
secks o directly produce very massive new particles. In
recent years, the Tevamron and LHC have led cthis effor,
camrying out detailed studies of QCD in the weak coupling
regime; of the properties of the heaviest SM partides,
such as the W, Z, and # and discovering the Higgs
boson. Another approach is the inrensity ﬁ'amifr, which
tests the SM with as much precision as possible. The goals
include the accurate determinadon of the SM pammeters;
the search for small deviadons from ics predictions; and
seeking evidence for processes that are rare or forbidden in
the SM. The intensity frontier encompasses such diverse
domains as low-energy QED: weak decays and properties
of the muon; precision Z-pole experiments ar LEP and the
SLC; studies of flavor physics at B facrories; and smudies of
neutrino mass and mixing. Finally, the fﬂjmifﬁanrier refers
o the areas of overlap between astrophysics/cosmology
and paracle physics. This includes cosmological, aswro-
physical, and laboratory observatons relevant to the dark
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marter, dark energy, and neutrinos; the direct observation
of neutrinos produced in the Sun and constraints from
the Sun or stars on the existence other light pamicles;
and searches for the annihilation products of exotic heavy
objects such as magnetic monopoles. In addition to the
experimental and observational opportunities, there have
been advances in our theoretical tools. These include pow-
erful computer programs to automate the often tedious
calculations needed w predict the consequences of the SM
and BSM physics, and mathemarical breakchroughs that
enomously simplify the calculation of scattering ampli-
tudes that would have been hopelessly complicated using
traditional Feynman diagram techniques (e.g., Arkani-
Hamed and Trnka 2014).

These approaches have always been complementary and
overlapping. Advances in echnology have expanded the

opportunities on each front in recent decades and for the

forseeable furure.

Tha Laboratory

The LHC {described on page 119) will be the I:Iagﬁhip of
the energy fronter program for the immediate future. The
collider restarted in 2015 in a second phase thar should
continue through 2022 (induding a planned shuedown
near the middle). It is expected to have an energy of
13-14 TeV, nearly twice that of the first run, and should
eventually reach ten times the &aminajigr (a measure of the
relative Aux of the two beams).

The higher energy s especially impormant for a pp

{or fip) collider because the most interesting processes
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involve the collisions of constituent quarks, antiquarks,
and gluons, and each of these typically camies only a
fraction of the energy of the parent proton (e.g., Barger and
Phillips 1997). While it might be kinemarically possible
fora pp collision at 8 TeV w produce a 4 TeV pamicle, for
example, this would marely occur because the probabilicy
of the constituents carrying that much energy is small. At
13 TeV, however, the consttuents would need a smaller
fraction of the proton energy, and the mte would be
much higher. The event rate also increases linearly wich
the luminosity. The higher energy and luminosity make
it easier to separate the interesing signals from more
mundane obscuring background processes that can lead w
similar final stares.

This next phase of the LHC should roughly double the
reach of the first run for supersymmetry, strong coupling,
remnants, and dark matter particles, eg., from =1 TeV
for many colored particles to owice that. Any new physics
that was just out of reach in the first run should show
up quickly. Another order of magnitude increase in the
luminaosity of the LHC is anticipated in a third (14 TeV)
phase, from around 2026 w 2035, This will further exeend
the reach, as well as allow more detiled smdies ﬂ-fan}f new
phenomena previously discovered.

If new particles are observed at the LHC, they would
likely only be the lower-mass tip of the iceberg of a new sec-
tor; if they are not observed, the LHC reach would still not
have sufficient energy to definiively answer the question
of whether nature chooses naruralness (section 5.3). Foru-
nately, superconducting magnet technology has progressed

far enough for us o sefously consider even higher-energy
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pp colliders. There is a proposal at CERN to construct an
extremely large new circular collider. This would involve
the construction of a new 80-100 km drcumference tun-
nel thar would run around Geneva, panly underncath the
lake. Followinga firsc e T e~ phase, the runnel would house
an 80-100TeV pp collider, beginning operation around
2040 or 2050. There is a somewhar similar proposal in
China for a circular collider o be buile either some
300km east of Beijing or near Hong Kong. These
machines would have a reach for colored particles up
around 30 TeV. In addition to probing most of the likely
regime of naturalness and theassociated BSM physics, such
facilities would be similarly sensitive to remnants and
dark mareer particles, and could explore the possibiliry
of electroweak baryogenesis (page 154) through detailed
study of the Higgs self-interactions.

There are exciting parallel prospects on the intensiry
frontier. There is a proposal fora 31-km-long linear ¢¥ ¢~
collider (ILC) in Japan, with an initdal CM energy of
350-500 GeV and an upgrade w 1 TeV possible. The pp
proposals for CERN and China each involve an ¢%e™
collider in the same tnnel as a first stage. These would
be of somewhar lower energy than the linear collider (up
to 350 GeV ar CERN) bur would have higher luminosity.
Any of these would allow more precise measurements
of the couplings of the Higgs boson, which are very
sensitive to extended Higgs sectors, alternative compos-
iteness models, and new partcles entering higher-order
corrections. They would also probe new physics in other
ways. For example, new heavy (1) gauge bosons could
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be detected and smdied in e 7e” — T~ through their
interference with diagrams involving the ¥ and Z, even
for masses considerably exceeding the ¢ e~ CM energy.
This would be espedally powerful if the new gauge bason
were also produced direcdy ar the LHC, with the two
types of observations giving complementary informarion
on the couplings. These facilities would also have the
option of running at lower energies, i.e., ar the (91 GeV)
Z pole, where they could produce 1 (#-10° more Z’s than
were observed at LEP. This would allow a repeat of the
whole Z-pole program described in section 4.7, bur with
a precision improved by as much as a facror of 100 and
correspondingly increased sensitivies to all kinds of new
ph}fsics."}

[ also mention the CLIC proposal foran ~3TeV e%e™
linear collider to run atr CERN after the LHC. CLIC
would have a novel acceleration mechanism: there would
be owo beams in each direcdon, with one beam deriving
extra energy from the dectromagnetic fields produced by
the other high-current drive beam. CLIC would mainly
be sensitive o new BSM physics. There s also ralk of
a furure @~ collider, which could be of much higher
energy than ¢7¢~ because the muons radiate less energy.
However, plans are less developed than for the other
projects.

All of these proposals are technically feasible, but it
is difficule to give definite predictions for their prospeces

;?-l-l:liﬁ m:lu]d. |:|v:m1-i.'r. N.'i.]l.‘liri.‘: n::jv::lr d!ﬁ!rtlii:] cm:lrl (4] i:]:.'u l:li.' IJ:u. M
ex pectations o higher onder.,
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or timescales. They are all quintessential examples of “big
science : they are very large; complex; expensive to build
(typically billions of dollars) and run (enormous amounts
of electrical power are needed); involve large international
collaborarions; and require the cooperation of many gov-
ernments, which is not so easy in roday’s wodd. The
projects are also to some extent in competition with
each other for inancial and human resources. Presumably,
however, the future ¢¥ ¢~ programs other than CLIC
would run in the 20205 and 2030s, in parallel with the
LHC, while fumre pp colliders would ke over in the
succeeding decades. Such dmescales are not pamicularly
long compared with historical developments in the field,
bur are nevertheless starting to become comparable o a
person’s professional lifetime. One must be padent.

It would probably not be feasible o ever go to much
higher energies than those just mentioned by the same
technologies. There are, however, ideas being developed
that could evenwally shrink the physical size of partcle
accelerators gready. In particular, partides could be accel-
erated rapidly by plasma waves, which could be created
by a laser pulse or by injecting bunches of dectrons or
protons. It is too early to speculate on the prospecs for
such rechnology.

The intensity fronter also encompasses neutrino
physics, Havor physics, and rare processes. A very acrive
neutrino program is under way or proposed. This includes
long- and medium-baseline neutrino oscillation experi-
ments in the United Seates, Japan, China, and Korea thar
should measure the amount of lepronic € P violaton,

determine the mass ordering (hierarchy), and yield more
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precise mixing angles (see the discussion beginning on
page 128). The most ambitous of these is the Deep
Underground Neutrino Experiment (DUNE) proposal w
send a high-intensity neutrino beam from Fermilab to the
Sanford Underground Research Facility in Lead, South
Dakota (the site of the original Davis Solar neutrino
experiment), some 1300 km distant.

There is also an active effort searching for the neutri-
noless double beta decay process v — ppee™ (Bf0).
This would violate lepron number by two units, and could
occur by the exchange of a virtual Majorana neutrino.
The existence or not of S would establish whether
the neutrinos are Majorana or Dirac. However, observa-
tion of such a rare process requires significant quantities
le.g., 10—10r%) kg of appropriate isotopes, which must
be ultrapure and well-shielded in underground labs™
avoid radioactive and cosmic ray-induced backgrounds.
Planned experiments would unfortunately only be sensitve
to the inverred neutrino hierarchy (page 133) or w the
case in which the masses are all large compared o ﬁm}a.
Addidonally, refined cosmological studies and a new tri-
tum f decay experiment (KATRIN in Germany) should
push the sensitivity to the absolute mass scale down o the
few tenths of an &V level suggested by the mass-squared
differences from oscilladon smudies. A number of reactor

or radioactive source experiments should sewle whether

WA mamber of ypes aof i.'JCI:Ii.'I'i ments, inc uding Bfoy, Solar and :ln:u:mpl:u: AC
meutrinos, proton decav, and direct dark matter detection, must be conducted
&I.'IJ um]‘.'rg‘:lund (04] 1|1K.H I-r‘:lr." cosm i‘.' r:}'ﬁ. -l-IJL'“.' ane u:l.‘l:“}' Ii:lﬂJLin in nlim.'ﬁ
ar automobile mnnels. Multi-experiment undeground Beilities include Gran
Sas0 in [l:]}-. Kamioka in ]:|:nr.|. the Sanford Lab in South Dakota, Soudan in
Minnesom, and SNOLAB in Onrario.
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eVescale sterile neutrinos exise (page 136). Together, this
program of experiments should nail down the properties of
the neutrine mass and mixing, which is essendal for testing
the specific models proposed and possibly shedding light
on the validiry of the uniqueness paradigm (section 5.3).
They will also be sensitive o BSM physics, such as new
interactions, nNeuiring dcca}f,ll significant magnetic mo-
ments, or sterile neurrino mixing,

The neutrino program will contonue © be of astro-
physical interest as well. Large underwater or under-ice
experiments, such as the IceCube experiment (an array
of photomulepliers frozen in a km® of ice at the South
Pole; e.g., Gaisser and Hakzen 2014), probe high-energy
neutrinos from astrophysical or exotic particle physics
sources, but also have some sensiovity w oscillanons,
Orther experiments study Solar neutrinos in detail, perhaps
even those from rare secondary reactions, or search tor
a burst of neutrinos from a core-collapse supernovae in
our galaxy or a background of supernova neutrinos from
distant galaxies. It is even possible thar future tritium 8
decay expenments could detect the relic nentrines left over
from neurring freczeout {page 46) when the Universe was
around one second old. (These are analogous w the CMB
photons, which froze out much later.)

Some of the detectors for the long-baseline neutrino
experiments will do double duty searching for proton
decay. The DUNE experiment will evenmally employ a
40 kT liquid argon detector nearly a mile underground,

U Heavier neutrings can in |:lrir.|i.'i|:l|i:du:}' mdi:liwb'. eg. b —+ K piin the
&M d:i:%h Ii:lﬁ:ll:l dizgn e, but for the allowed muss and n:i.ncir.lg [ rameters the

lifetime is far longer tan the e of the Universe.

(i

rought to you by | The Mational Library of the Philippines
Authenticated
Download Date | 1041419 6:40 AWM



How Will Wa Find Out? 219

while the Hyper-Kamiokande experiment will employ a
1000 kT water Cerenkov detector, some 20 times larger
than its predecessor SuperKamiokande. These should be
able o extend the sensitivity to proton decay by an order
of magnitude, further into the ranges suggested by grand
unification and some superstnng vacua.

Other experimental programs are also sensitive w
new physics. There are active programs ar the LHC, ar
Fermilab, at the J-PARC and KEK facilities in Japan,
and elsewhere sudying heavy quark properties, searching
for flavor-changing processes such as p~ N — ¢~ N and
K7 — a7 v, repeadng the muon anomalous magnetic
moment experiment (page 64) with more precision, and
searching for electric dipole moments.

Cosmaology and Astrophysics

Weare also ina golden age for astrophysics and cosmology,
but I will mention only a few things most relevant o
partacle physics. The dark energy (page 155) and dark
matter (page 156} will be studied in considerable detail
by the Dark Energy Survey (DES) and by the Large
Synopuc Survey Telescope (L5ST), which are respecavely
4 and 8 m relescopes high in the Chilean Andes. They
will survey Type I supernovae, study subde correlarions
of the distributions of galaxies, produce detailed three-
dimensional maps of the endre sky, and study dark
matter-induced strong and weak gravitational lensing.
These observations will collectively map the time evolution
of the dark marer distribution and of the expansion of
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the Universe, hopefully distinguishing between altemative
possibilities for the dark energy. The namre of the dark
matter is also constrained by contnuing studies of the
size distributions of galaxies and their density profiles.
Primordial black holes can be searched for by gravitadonal
effects such as microlensing.

There is also a multipronged program to identfy dark
matter through nongravimtional effects. A number of
direct detection experiments are searching for the (weak)
scartering of dark matter particles from ordinary matter
in the laboratory. These experiments have excluded some
of the likely pammeter space for WIMPs and for lighter
candidates such as those associated with a dark secror
{page 189), and will ulimarely be limired in sensidvity by
backgrounds from Solar and atmospheric neutrinos. frdi-
rect detection refers to ¥ rays or other particles (especially
positrons or antiprotons) produced by the annihilation (or
slow decay) of dark matter pariicles in astronomical sites
such as the Sun or galactic center. There have been several
hints of indirect detection, but the challenge is ro separate
the signals from ordinary astrophysical backgrounds. For
example, there is a significant excess of ¥ rays from the
galactic center. This may mm our to be due w the
annihilations of dark marter particles in the 60 GGeV range,
but it is also possible thart they are from pulsars or other
compact sources. Finally, dark marwer partcles can be
searched for via unobserved energy produced in association
with ordinary particles at the LHC. For example, a g4 pair
could annihilate to produce an unobserved WIMP particle
with a gluon radiated from one of the initial quarks,

leading to a single mon ﬂjfrﬂf hadrons.
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Axions are extremely light and weakly coupled spin-0
particles often predicted in string theones or as a possible
soludon to the strong C'F problem; in some cases they
could constitute some or all of the dark matter. They
would be extremely difficult to detect, but nevertheless
there is an active program searching for axions (whether
or not relevant o dark mateer), mainly involving their
elecoromagnetic coupling (Graham et al. 2015). (They
couple w E- E, as in [5.2].} A number of experiments
search for cosmological axions or axions produced in the
Sun by their conversion in an applied magneric field,
exciting a high- ) microwave cavity. Other possibilities
involve time-dependent induced EDMs, or “light shining
through a wall.” In the lateer case, phﬂlﬂ_l:ls are converted
to weakly coupled axions in an applied B field, and then
reconverted to photons by another B field on the other size
of an opaque barrer.

The remarkably detailed studies of the CMB described
in section 3.3, combined with other astrophysical probes,
have provided a wealth of informatdon concerning dark
matter, dark energy, new forms of radiadon, and neutrino
masses. A number of further inves tigations are under way,
many focusing on photon polarzadon. Cerain patterns
would be evidence for primordial gravity waves. If these
were seen, they would provide observational informadon
about a period of the Universe far eadier than anything
else available. In pamicular, they would srongly support
the nodon that there was an inigal period of inflaton
that smoothed our the Universe, provided the seeds for
galaxies through quantum Hucmarions, and perhaps even

populated the multiverse.
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I finally menton the first direct observation of grav-
itational waves (from merging black holes) at the Laser
Interferometer Gravimtional-Wave Observatory (LIGO)
(Abbott et al. 2016}, heralding the field of gravitatonal
wave astronomy. Although primanly of interest for study-
ing violent astrophysical events and testing general rela-
tivity, the lack of dispersion in the LIGO event already
implies a new upper limit of ~1.2 x 1072 ¢V on the
grviton mass, and furure observadons could possibly
detect signals from effects such as phase transitions in the

early Universe.
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EPILOGUE: THE DREAM

Humankind’s thirst for knowledge has led (in the realm
of physics) to an understanding of the laws of motion
and graviry, electromagnetism, kinetic theory, relarivity,
quantum mechanics, and atwmic and nuclear physics; has
contributed greatly to chemisory, biology, and marerials
science; and has led (usually as a by-producr) o a myriad
of practical applications. Parallel and frequendy inter-
connected progress in astronomy has allowed an under-
standing of the nature of the Solar System and stars, the
existence of galaxies, the expansion of the Universe, and of
its origin in the big bang,

As recounted in some detmil in chis volume, recent
decades have wimessed the development and testung of
the standard model of dementary particles and their in-
teractions, which synthesized all thar had been learned
previously into an eegant bur complicated theory. The
standard model s mathematically consiseent and correcdy
describes most aspects of namre down to distances of

around 107'° cm, an achievement thar was almost un-

dreamed of in the 1960s. The smandard cosmological
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model was developed in roughly the same period; it suc-
cessfully describes the large-scale structure of the Universe
and traces its evolution in detall back o the ame when
it was ~ 1 s old. The two standard models are closely
intertwined because the early Universe consisted of a hot
dense plasma of elemenary partides.

These successes are an enormous achievement, and
together they answer most of the questions that I had
s0 many years ago as a graduate student. Nevertheless,
both theories are incomplete. The problems of the particle
physics model were derailed in chapter 5. Similarly, we
think we have ar least the broad outline of whar muse have
happened in the Universe prior to 1 s, bur this is largely
inferred from the particle physics—there are no direct
observanonal tests prior w the big bang nucleosynthesis
era. Many of the details, such as the origin of the baryon
asymmetry, are tied w to the shorccomings of the SM.
We sll do not know the detaiks of the first inflationary
instant that may have smoothed out the Universe, or even
whether inflation really occurred. And what lies beyond
the 14 billion light-year horzon? Is our Universe perhaps
part of a multiverse? What caused the big bang in the first
place, and was there something even earlier?

We have seen in chapter 6 that there are many promis-
ing ideas about what might underlie the standard model. Tt
is my dream that we will some day develop and substandare
a new “Smandard Model of Nature,” incorporating physics
in an elegant unified framework up o the Planck scale and
describing the Universe on the largest scales and back w
the big bang. This will not be an easy task. It will require

substantial experimental and observarional advances from
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the bottom-up, combined with major theoretical progress
from the top-down. It may not be possible if nature does
not cooperate, and it may not be feasible if we do not have
sufficient ingenuity, dedication, and luck. However, we are
intelligent beings endowed with curiosity about our place
in the scheme of things. We should try.



POSTSCRIPT: RUN 2

When the original manuscript for this book was completed
in November, 2015 the LHC had recently started its
Run 2, at higher energy but (inigally} lower luminosity
than the first run, but no results had yet been announced.
Everyone eagerly awaited the first news, to be presented ara
seminar at CERN by the ATLAS and CM$ collaboratdons
on December 15 and broadcase worldwide over the inter-
net, with many hoping thar evidence for Supersymmerry
or one of the other popular ideas for saving naruralness
would be announced. In the event, there was no hine of
any of the anticipated kinds of new physics, although in
fairness the limited stacistics available ar thar dme offered
relatively liccle improvement in sensitivity over Run 1.
But the ATLAS and CMS people had a surprise for us.
Each group had measured the number of diphoton (y )
events as a function of their total mass and found an
excess around 750 GeV. While the stadstical significance
was not compelling for either experiment, the face that
they seemed to be seeing the same thing ar the same mass
strongly suggested thar the signal was real. The yy signal
was reminiscent of the Higgs boson discovery, bur the

derails did not fic wdl for the partide w be one of the
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heavy Higgs bosons predicred in supersymmetric models.
Pethaps a new and unexpected particle far heavier than
anything seen before had been discovered!

Over the next several months the theoretical commu-
nity worked feverishly to try w exphlin the new partcle.
It turned ourt thar it could easily be accomodated as an
“add on” to the standard model, to the MS5M, or to a
number of other theories, thar is, a particle thar was nor
required but was just there, such as a wp-down remnant.
For example, it could have been a 750 GeV spin-0 particle
thar coupled o phorons and to gluons itor the production
process) via loop effeas involving new heavy non-chiral
quarks. Further, more detailed, studies mighe reveal an
entirely new sector of Nature.

Alas, it was not w be. The next significant announce-
ment of LHC results was at the biennial International
Conference on High Energy Physics, held in Chicago
in August, 2016. By then, the experiments had gready
increased their stadstics, and the y 3 excesses had disap-
peared. They were just a statistical fluke after all. The
750 GeV story will be a tiny footnote to the history of
particle physics, but I relate it to give a bit of the flavor of
doing sdence. One must be patient and painstaking if one
hopes w tease our Nawmre's secrets.

To add insult to injury, the LHC expenments had
seen no indication of any other new physics, with the
sensitivity increased significantly compared to Run 1. At
about the same dme, the LUX experiment, located in the
underground Sanford lab in South Dakor, announced
the resulis of the most sensitive scarch to dare for WIMP
dark martter: the data was consistent with background, and
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LU was able o set new stringent limits on the interaction
strength of any WIMPs over a wide mass range.

S0 where does that leave us? On the positive side,
the lack of any direct indication of new physics can be
viewed as a tiumph for the standard model. It works more
precisely and over a larger range of mass and distance scales
than we had thought. However, all of the shortcomings of
the standard model remain w be explained. As detiled in
Chapter 6 the planned and proposed programs at the LHC
and elsewhere will coneinue for many years, and will extend
the sensitivity much further. We may sdll find the new
physics that was postulated w0 maintain naturalness, and
we may still directly establish the nature of WIMP or axion
dark marter. Or, Namre may surprise us with something
totally unexpected. Or, perhaps there is nothing new ar
the multi-TeV scale, supporting the landscape/multiverse
ideas. Any of these possibilities are fasdnating. I am as
eager as ever to find out.



GLOSSARY

@ Fine structure constant = ¢ /4m ~ 1,137 .04, where —e is
the electric charge of the electron,

Anomalous magnetic moment {ak The correction from higher-
order interactions to a particle’'s magnetic g factor. For a fermion,

a=(g—2/2

Anomaly: Symmertries of a classical field theory are sometimes
broken by quantum corrections known as anomalies. Uncan-
celled anomalies in a gauge theory violate renormalizabilivy.

Antiparticle: An antiparticle has the same mass bue the opposite
values for quantum numbers such as elecrric charge, color,
strangeness, and lepton number as the corresponding particle.
Antimareer refers generically wo anripareicles.

Asymptotic freedom: The property of QD that o, becomes
smaller ar short distance,

fxion: A possible very light and weakly coupled spin-0 particle
associated with some solutions to the strong C P problem and
also by some superstring theories, Some or all of the dark marter
could be in the form of axions,

Baryogenesis: The dynamical generarion of an excess of baryons
with repect to antibaryons (the baryon or matter asymmetry).
MNecessary ingredients (the Sakharov conditions) are baryon

Brought to you by | The Mational Library of the

Download Date



230 Glossary

number ( B) violation, CP violation, and either deparrure from
equilibrium of the B-violation processes or CF T violation. A
number of possible mechanisms have been proposed.

Baryon: A half-integer spin hadron, usually consisting of three
quarks, Baryons carry baryon number B =1, while the
antibaryons have B= —1.

BBN: Big bang nucleosynthesis, The synthesis of the light el
ements " He, D, 3 He, and "Li in the first few minures after
the big bang, when the Universe had cooled sufficienty, o
T~ 0.1 MeV, for nuclei to be bound.

Beta (8) decay: Radioactive decay in whichn — pe i or p —
et v, usually in a nucleus.

Big bang: The (now generally amepteqi] theory that the Universe
began around 14 billion years ago, when it was extremely hot
and dense, and has been expanding and cooling ever since, The
term was introduced by Fred Hoyle to contrast it with the

now-discredited steady state theory,

BML: Brookhaven MNarional Laboratory. A research instirure
located on Long Isdand, New York.

Boson: A particle witha symmetric mulriparticle wave function.
Bosons in three dimensions have integer spin.

Bottom-up: Models directly morivated by experimental or
phenomenalogical considerations, usually invelving new physics
ar the TelV scale.

Branching ratio: The fraction of times thar a particle decays into
a particular final state,

Brane: A nonperturbative membrane-like object in string
theory, spanning 0 = () space dimensions.

BSM: Beyond the standard model. Possible new physics thar
incorporates and extends the standard model.
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c: Speed of light in vacuum ~ 3.0 x 10" cmis (¢ =1 in
particle units),

CERN: Conseil Européen pour la Recherche Nucléaire, Inter-
national high-energy physics lab located on the Swiss-French
border near Geneva. Site of the LHC, LEP, the 5PS p # collider,
and other experiments.

Charge conjugation (C): The replacement of a particle by i
antiparticle, C invariance is violated maximally by the WCC.,

Chirality: Lefe- and right-chirality refer to the projections (1 F
¥71/2 on a Dirac spinor, These are mapped onto each other
by space reflection, but rransform differently under a chiral
symmetry, Chirality coincides with helicity for a relarivistic
spin-1/2 parricle.

CKM: Cabibbo-Kobayashi-Maskawa marrix, The 3 » 3 unitary
mixing matrix that describes flavor change and CP violation
in the quark pare of the WCC. The 2 x 2 submarrix for the
first ewo Families is the Cabibbo rotation, involving the Cabibbo

angle siné, ~ 0.23.

CM: Center of mass (actually, center of momentum), Reference
frame in which the two particles in a collision have equal and
OPpPoSi e MOomenta.

CMB: Cosmic microwave background radiation. Photons (cur-
rently ar 2.7 K) lefr over from the early big bang, when electrons
and nuclel combined o form atoms (recombination).

Color: The analog of elecrric charge for QCD. Gluons are
emitted or absorbed by colored particles. Each flavor of quark
can carey either red (), green (g), or blue (&) color, with the
names inspired by (but not related ro) oprical colors,

Compositeness: The possibility that (apparently) fundamental
particles are actually bound states,
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Confinement: The aspect of QCD thar prevents quarks and
gluons from existing as isolared parricles,

Cosmological constant (A} A constant describing the energy of
space (ie., the vacuum), given by A = 87 & e, where g,
is the vacuum energy density. A positive cosmaological constant
by itself implies an exponentially expanding (de Sitter) universe,

Cosmology: The study of the characteristics and history of the
Universe as a whaole.

Coupling {constanty: A number (or funcrion of renormal zation
scale) describing the serength of an interaction vertex, such as
the amplitude o emit or absorb a boson.

cP: The product of charge conjugation and space reflecrion,
For example, a left-chiral electeon is mapped onto a right-chiral
positron, O F violation occurs ar a level of 1077 in the weak
INLEFACID NS,

CPT: The product of C, P, and T transformations. A local
Lorentz-invariant unitarity field theory must be invariant under
CP T (Sereater and Wigheman 2000).

Dark enemgy: A type of energy that does not change in density
as the Universe expands, most likely due o energy stored in a
scalar field. It may be conseant in time (cosmological conseant)
or slowly varying (quintessence). From observations such as the
acceleration of the expansion of the Universe and of the CMB,
approximately 70% of the energy density of the present Universe

is dark energy.

Dark matter: Marrer with little or no interaction with light or
ordinary marrer. Irs exiseence is inferved from irs gravicarional
effects, such as on the dynamics of galaxies and cluseers, grav-
irational lensing, and in the CMB. Approximately 25% of the
energy density in the present Universe is dark marrer, while 5%

is ordinary matter. [ts detailed composition is unknown.
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DESY: Deutsches  Elekrronen-Synchrorron,  Laboratory  in
Hamburg, Germany. Site of several accelerators, including the
PETRA (¢Te™ ) and HERA (¢p) colliders,

Dirac mass: A fermion mass term that conserves particle
number,

DIS: Deep inelastic scatvering, Processes such as ¢” N — 7 X
of 1, N — 7 X ar high momentum reansfer from the leprons
to the hadrons. The final hadrons X are summed over.

Discrete symmetry: A symmerry such as charge conjugarion
invariance that does not depend on a continuous parameter.

Domain wall: A feld configurarion at the boundary berween
regions with different vacua.

Duality: The equivalence (in terms of the physical predictions)
of two apparently different theories. Often one theory involves
strong coupling, while the other is weakly coupled and more
tractable.

EDM: Elecrric dipole moment, A separarion berween positive
and negative electric charge. EDMs for the elementary fermions
violate P, €F, and T invariance. In the 5M, the EDMs
generated by the ordinary weak interactions are extremely small,
bue they could be larger due to BSM physics or the strong CF
mechanism.

Eightfold way: An approximate SU(3) global flavor symmetry
of the strong interactions, which extends isospin o include
serange particles. Tr is broken ar the 25% level by quark mass
differerences.

Electroweak scale (sl v = /2{0|¢"|0) ~ 246 GeV describes
the 558 of SU7(2) = (1) and sers the scale for the W and
Z masses,
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Electroweak theory: The SC72) = Ui1) gauge theory of the
weak and eleceromagnetic interac tions, which incorporates QED
and the Fermi theory.

Emergent: An apparent phenomenon (such as heat) that is not
part of the fundamental theory, but instead arises from an

underlying complexity.

Environmental selection (anthropic principle): The pc:sslhlllr.y that
a parameter or other feature of a theory is not determined by
any uniqueness principle, bur rather becavse it allows for a
complex and long-lived universe, This becomes plausible if there
is a landscape of possible vacua and a means (such as erernal
inflation) of sampling them,

Eternal inflation: A type of inflation in which new inflating
regions are continually spun off, These may have different laws
of physics, leading to a multiverse.

eV: Electron volr. The energy acquired by an electron acceler-
ated through a one volt porential ~ 1.8 x 107 g %, Related
units are 1 ke (kilo=eV) = 107 &V, 1 MeV (Meg-eV) =
1 eV, 1 GeV (Giga-eV) = 10% eV, and 1 TeV (Tera<V) =
10" &V,

EWBG: Elecrroweak baryogenesis. The possible generation of
the baryon asymmetry during the phase transition that led o

spontaneous SL(2) = U(1) hreaking.

Extra dimension: A space-time dimension in addition o the
known four. New space dimensions are usually curled up (com-
pact), and may be very small (e.g., size = O[Mz"' ~ 1077 em]),
large (= 1077 em), warped (serongly curved by graviry), erc.

Family: The fundamenral fermions (&, & 1., ¢7) or heavier
copies with identical interactions, The other known families are
fey 55 v, ) and (¢, &5 ve, T7). Family symmerries relate the
families in an atrempt to understand the favor problem.
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FCNC: Flavor-changing neurral currene. A flavor-changing ran-
sition that preserves eleceric charge, such asd — s ore” — .
These do not oceur ar lowest order in the SM model because
of the GIM mechanism (for the Z) and the minimal Higgs
structuee, bur are a stringent constraint on some BSM theories,

Femtobarn  (fb): Crosssection  uni.  1fh=10""em® =
107 pb (picobarn) = 107" barn.

Fermi {(fm}: 107" cm, the approximare size of a proton or
nEuLron,

Fermi constant (G /) A paramerer describing the swrength of the
weak interactions ar low energy. Gp = +/2g7/8M3, ~ 1.2 x
1077 GeV ™2, where g is the SU(2) coupling constant.

Fermilab: Fermi National Accelerator Laboratory, near Chicago,
Site of the Tevarron and various neutrino and other experiments,

Fermion: A particle with an antisymmerric multiparticle wave
function that therefore obeys the Pauli exclusion principle,
Fermions in three dimensions have half-integer spin.

Fermi theory: A theory of the weak interactions based on four
fermions interacting at a point. It is nonrenormalizable bue
nevertheless an excellent firse approximarion o low energy

decays and scarrering,

Feynman diagram: A graphical representation of the erms in
perturbation theory, with vertex factors corresponding 1o in-
teractions and exvernal (inrernal) lines mrrespandlng to real

(vireual) particles,

Field: A function of space and time typically associared with
a force or partice. A free quantum field (which occurs in
perturbation theory) is an operator thar can act on a stae to
produce a new state with one more or one fewer particle.

Flat, closad, open universe: See Friedmann equation,
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Flaver A label for the quark and lepron mass eigenseates. The
different flavors may differ in elecric charge and in other
quantum numbers such as strangeness, Flavor symmetries are ap-
proximate symmetries berween different flavors, such as isospin
or the eightfold way, The favor problem refers to our lack of
understanding of the fermion families, masses, and mixings.

E
ton for the scale paramerer £ in 2 homogeneous isorropic

(Roberrson-Walker) universe. p is the energy density in parti-

2
Friedmann equation: (EJ = %m:l Gw+ % — ket the egua-

cles and radiation (p o R for nonrelarivistic particles, while
p o B9 for radiation, including relativistic particles). A, which
is independent of R, is the cosmological constant (vacuum
energy). & is thecurvarure constant, which can e rakeen to be £1
or 0 for appropriate units. For A = 0, a flar universe (k = 0) has
a perfect balance berween the expansion () B)7? and the energy
density. It has no spatial curvarure, and will expand forever,
with #/R — 0 asymprotically, An open universe (k = — 1) will
expand forever, whilea closed universe (k = + 1) will evenrually
reach a maximum size and then collapse.

Gauge covarant derivative: A modified derivative involving a
gauge field, such as 8" + dg A", used in constructing a gauge
invariant theory.

Gauge {local) invadance: A symmetry or invariance thar depends
on the location in space and rime. Gauge transformations are
sometimes referred to as redundancies in the deseription because
they act on unobservable quantities such as vector and scalar
potentials in QED. Gauge invariant interactions are mediated

by spin-1 gauge bosons.

Gauge unification: The possibility thar the (properly normal-
ized) running SL3) x SU02) x U001} gauge couplings all meer
ar some large unification scale My, above which symmerry-
breaking effects can be ignored.
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Gell-Mann matrices: The eighe 3 x 3 marrices A; thar describe
the rransformation of SU(3) wiplets, generalizing the SU/(2)
Pauli marrices.

GIM: Glashow-Tliopoulos-Maiani mechanism, The absence of
FCNC d « 5 transitions mediated by the Z ar lowest order or
of enhanced second-order effects involving two Ws, because of
the existence of the ¢ quark, which allows the 5 transform as
an S07(2) doubler.

Global symmetry: A symmetry that is independent of space
and time.

Gluon (G The eight colored gauge bosons of QCD,

Gravitational or Mewton constant (Gn): The constane describ-
ing the strength of the gravitational force. Gy~ 6.67 x
1074 cmjg'1 =671 % 1077 GeV T

Gravitational lensing: The deflection of light, e.g., from a distant
star or galacy, as it passes through the gravitarional field of
the Sun, a galaxy cluster, or some ather concentrarion of mass,
Lensing is useful for mapping the disribution of dark mareer.
Strong lensing can pmduce rings, arcs, or mulriple images, while
the more subtle weak lensing distores a single image. Small
objects (eg, planets) passing in front of a background star can
temporarily amplify its light (microlensing).

Graviton (gl The hypothetical spin-2 particle that mediares
quantum graviey,

Group: A set of objects (usually symmetry rransformations in
physics applicarions) with an associative mulriplicarion law, an
identity element, and a unigue inverse. I is referred o as abelian
if it isalso commurarive, and nonabelian otherwise.

GUT: Grand unified theory. A gauge theory in which the SM
is embedded into a group such as SU(5) with a single gauge

coupling constant,
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Hadron: A coloress scrongly interacting particle, such as the
proton of pion, The conventional hadrons are either bound
states of three quarks (baryons) or of a quark and an antiguark
(mesons),

K Reduced Plinck constant = b /27 ~ 6.6 % 10777 MeVas
(i =1 in particle units), which sets the scale for quantization,
For example, the quantum of ene rgy of an elecrromagneric wave
of frequency o/ 2 is fie,

Helicity: Projection of the spin of a particle onto the direction
of irs momentum. For a spin-1/2 parricle, helicity = +—; of
—1 i referred to as right-helicity or lefi-helicity, respectively
(or as right- or lefi-handed). For a spin-1 particle, helicity 1
correspond to right or lefti-circular polarization, respectively. In
addition o these mansverse modes, 2 massive spin-1 parricle can

have lcmglm:llual polarization (helicity = 0).

Hidden sector: A possible new sector of particles and interactions
thar are only weakly coupled ro the SM.

Higgs boson (H): The 125 GeV spin-0 particle associared with
the background Higgs field thar generates mass for the W, Z,
and chiral fermions (the Higgs mechanism).

Higgs-hierarachy problem: The puzeling Fact thar the Higgs mass
{and electroweak scale) are many orders of magnitude smaller

than the Planck (gravity) scale,

Higgs-Yukawa (Higgs) interaction: The interaction berween
fermions and the Higgs boson.

Higher-dimensional operator; A nonrenor malizable operaror thar

is multiplied by inverse powers of a large mass scale, presumably
associated with BSM physics,

Hubble parameter (H): H = ."?,"R, where R is the scale parame-
ver, describes the expansion rate of the Universe. The current
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value is Hy ~ 67 kmfs-Mpc, where 1 Mpe = lﬂﬁp:andaparm:
(pe) is ~ 3.1 = 10" em ~ 3.3 light-years.

Hyperon: A baryon with nonzero strangeness, but no ¢, b, or
¢ quarks.

Inflation: A possible brief period of exponentially rapid expan-
sion that smoothed and Hattened the Universe, followed by a
reheating ro some large emperature Ty,

Infrared slavery: The property of QCD that @, becomes large at
large distance, leading to confinement and the binding of quarks
into hadrons,

Internal symmetry: A symmetry involving the intrinsic properties
of particles, such as their phases or particle type. As opposed o
space-time symmerries,

Isospin: An approximate SU(2) global flaver symmetry of the
strong interactions, relating, eg., the proton and neurron, It
is broken ar the ~ 1% level by quark masses and elecero-

magnerism,

IVB: Intermediate vector boson. The massive charged bosons
W, especially in the ad hoc (nongauge) extension of the Fermi
theory.

Jet: A cluseer of hadrons produced by a high-momentum guark
or gluon,

Kaluza-Klein particles: Excitations of ordinary particles with
higher quantized momenta in extra dimensions,

Kaons (K=, K%, K°: The lightest mesons carrying strangeness
+1. They have mass ~ 490 MeV, spin-0, and consist of g7 or
sg, where g = w or d.

Lagrangian (density): A funcrion of the dynamical varables of a
classical or quantum theory from which the equations of motion
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can be derived. In field theory, the Lagrangian density £ rypically
includes terms for the kinetic energy and mass of a parricle as
well as interaction terms corresponding o vertices in Feynman

diagrams.

Landscape: The collection of vacua in a theory with a large
number of metastable or stable minimum-energy configurations.
Superstring theory and some field theories may have lindscapes,

LEP: Large Elecrron-Positron Collider. The 27 km circumier-
ence ¢ Te collider at CERN thar operated from 1989 o 2000,
with CM energy from 91 to 209 GeV,

Leptogenesis: A possible mechanism for baryogenesis, in which
a lepton asymmetry is first creaved by the decays of very heavy
Majorana neurrinos and then partally converted o a baryon
asymmerry through nonperturbative effects.

Lepton: A spin-1/2 parricle with lepron number £ = 41, in-
cluding the ¢, 7, and ™ and their associated neutrinos, Their
antiparticles have L = —1. The leprons and antileprons do not
experience the strong interaction,

LHC: Large Hadron Collider. The 27 km circumference pp
collider that began operations in 2010 ar CERN, with a design
CM energy of 14 TeV.

Littls hisrarchy problam: The fine-tuning required if there is new
physics much heavier than the elecrroweak scale, bur seill far
below the Planck scale,

LSP: Lightest supersymmetric partner. In many versions of
supersymmetry, it is absolurely seable.

Magnetic monopole: An isolared magnetic charge, Monopoles
can emerge in grand unified and similar theories as topologically

stable configurations of gauge and Higgs fields.
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Majorana mass: A fermion mass erm thar violares particle mum-
ber (ie., lepron number for neutrinos) by two units,

Mass sigenstate: A particle with definite mass, analogous o
energy eigenstates in quantum mechanics,

Meson: An integer spin hadron, uswally consisting of a quark
and an antiguark.

Minimality: The assumption that a theory should be as simple
as possible,

Moduli: Scalar modes in string theory whose expectation values
determine aspects of the theory, such as coupling constants and

the sizes of extra dimensions,

MSSM: The minimal supersymmetric extension of the standard

model.

Multiplet: A ser of gquantum seates thar are relared by a

SYITImErty.

Multiverse: A postulated superser of our observed Universe,
consisting of a large or infinite number of regions, each with
different parameters or laws of physics.

Muon (e} A charged fermion thar is identical o the electron
EXCEPT for irs mass, my, ~ M7m,.

Nambu-Goldstone beson: The masdess rolling mode associated
with a spontaneously broken global symmerry. In a gauge theory,
it disappears (is “earen”) and reemerges as the longitudinal
polarization stare of a massive gauge boson,

Maturalness: The assumprion that the qualitative aspeces of
physics should not depend on a fine-tuning of parameters.

Neutrino: A nearly massless neurral fermion thar feels only the
weak interactions and graviry.
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Meutrino oscillation: The oscillation of one favor of neutring into
another due to the mismatch berween weak and mass eigenseares,

Neutrinoless double beta decay (g} The process na —
ppe”e” in a nucleus. This would vielate lepron number by
two units, and could occur via nn — ppe” e vv if the (virwal)
neurrinos can annihilare through a Majorana mass rerm.

Mosther theorem: The theorem thar any continuous symmetry
leads vo a conserved current and charge.

Muckean: A [PrOLon OF neutron.

Nuclessynthesis: The production of nuclei heavier than the
proton in the hlg ha::g, stars, core-collapse supernovae, or cosmic
Ay LO0E eActio ns,

Parity (P): Refers either o a space reflection or o its cigenvalue
+1. Parity invariance is violared maximally by the WCC,

Particle units: Convenient units used in parricle physics, in
which fi=¢ = 1. All physical quantities then have dimen-
sions of energy to some power, For example, velocity (v) is
dimensionless; energy (£), momentum (p), and mass (m) have
units of energy: and distance (x) and time (¢) have units of
Venergy. Ordinary units can be restored by multiplying a
quantity by appropriate powers of ¢ ~ 3.0 x 10" cm/s, fi ~
6.6 % 1072 MeV-s, and fic ~ 197 MeV-fim, and using 1kg ~
5.6 % 107 MeV/e?,

Photon (¥} The massless spin-1 particle associared with electro-
magnerism,

Pions (x=.2%: The lightest mesons (m, ~ 140 MeV), which
mediate the long-range part of the nuclear force. They have
spin-0 and consist of g1 42, where g s are word.
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Planck mass or scale (Mpk The energy scale ar which
quantum gravitational effecrs are important,. Mp = GJ‘.”E m~—
22 w107 kg~ 1.22 % 10" GeV i particle units. The re-
lared Planck length (dme) is 1/Mp ~ 1.6 = 107 B em (5.3 =

1074 5,

PMNS: Tontecorvo-Maki-Nakagawa-5akara mareix, The lep-
tonic analog of the CKM matrix.

Point-like: A parricle with no inrernal size or strucrare.

Poladzationasymmetry: The difference in cross secrions (divided
by the sum) as the polarization of a beam of particles is reversed.

Positron («*): The antiparticle vo the elecrron.

Propagator: The factor in a Feynman diagram corresponding to
an internal line. It is proportonal w 1/(g% — m?) for a particle
of mass m and virual momentum g and may have additional
spin factors,

Proton decay: The possible decay of the proton, eg., into
eTm®. Proton decay is predicted in many grand unified and
other theories. The experimental lower limit on the lifetime is
~10%" yr.

acD: Quantum chromodynamics. The SU7(3) gauge theory of
the strong interactions of guarks and gluons.

QED: Quantum elecrodynamics. The relativistic quanm the-
ory of electromagnetism,

Quark: A spin-1/2 point-like particle carrying color. There are
six known Havors, &, &, ¢, 5, #, and #. Hadrons are color-neurral
bound stares of quarks and antiquarks,

Range: The distance berween two particles for which an inter-

action issi.gnlﬁcanr.. For example, the serength is proportional to
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expl(—myr ) for interactions mediated by a particle of mass m, and
the range is 1/m.

Reheating: The conversion of vacuum energy into thermal en-
ergy following inflation,

Renormalization: The expression of observables in terms of the
measured valuesof quantities such as mass and charge rather than
the original (bare) parameters in the Lagrangian, A renormaliz-
able theory involves only a finite number of such quanriries.

Representation: A group representation is a concrere realizarion
by matrices or operators of the muliplication law. # % a-
dimensional marrix representations are often used in physics o
describe how # states or operators related by a symmerry are
transfor med inro each other,

Running: The property that coupling “constants”™ acrually de-
pend on the energy (or renormalization scale) because of higher-
order corrections,

Scalar: A spin-0 particle or its associated field, or a quantity thar
does not change under rorations. In some conrexes, the erm also
implies that it is unchanged under space reflection, as opposed
to a pseudoscalar, which does change sign, Scalar can also refer
to a quantity that is invariant under isospin or other internal

SYITUMELEes.

Scalar potential: A function of the spin-0 fields containing mass
terms and nongauge interactions.

Scale factor (R A length parameter whose time variation de-
scribes the EXPANSION OF Conraction of the Universe,

Seesaw model: A model in which small Majorana masses for
ordinary doublet neurrinos are generaved by mixing with heavy
singler Majorana neurrinos,

B . T b F i
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SLAC: Smanford Linear (MNational) Acceleraror Center in Palo
Aleo, California. Site of the rwo-mile linear ¢~ accelerator and
several Ve ™ colliders.

8LC: Swanford Linear Collider. An eTe™ collider thar char ean
at the Z pole (ie., CM energy = M) from around 1989 o
1998, with a polarized ¢~ beam starting in 1992, Electrons
and positrons were accelerated in the SLAC two-mile linear
acceleraror and then diverred o collide head on.

sM: Srandard model. The combination of quantum chromody-
namics and the SL02) » U1 elecrroweal: theory,

Soft supersymmetry breaking: Breaking by explicic mass terms
and cubic scalar interactions, which do not spoil the supersym-
metry relations berween dimensionless couplings, such as those
that cure the Higgs-hierarchy problem,

Space reflection: The transformation of a system into its mirror
image (times a rotation). Classically, ¥ - —x, 7§ — —p, and

J =+

Spin-statistics theorem: The theorem in relativistic field theory
thatinteger (halEinteger)  spin particles  muse  be  bosons
(Fermions).

S8SB: Spontaneous symmetry breaking, A symmerry of the equa-
tions of motion that is not respected in the lowest energy
state, such as the alignment of elecrron spins in a Ferramag:aetic
domain. As opposed to explicit breaking of a symmetry by a
small term in the equations of motion.

Standard cosmelogical model: The description of our Universe
as being approximarely far, homogeneous, and isotropic, with
the present energy density dominated by dark energy (70%),
dark marrer (25%), and ordinary marer (5%).
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Strangeness (S A flavor quantum number that is conserved in
the strong and electromagneric bur not the weak inreracrions.
The s quark carries & = —1.

String (suparstringk A possible description of particles as vibra-
tional modes of tiny open or closed one-dimensional extended
objects. String theories incorporate quantum gravity.

String scale (M.} The typical energy of massive modes of string
vibrations, related to the string size by M, = (7",

Strong coupling: A theory or regime in which the couplings are
oo large to allow a perrurbarive rearment, olten leading o
bound stares,

Streng CP problem: The possibility thar the neurron could
receive a large electric dipole moment from subtle QCD effects,

Strong  interaction: The strong  shor-range  interaction
berween  hadrons, responsible for nuclear binding and
energy, or the underlying QCD interaction of quarks and
gluons.

SUfn): The group of n = n—dimensional unitary matrices with
determinane 1. Rotations in three dimensions are described by
SU2). The global avor sospin and eighefold way symmerries
are described by SC7(2) and 8 L7(3), respectively. The weak and
strong interactions involve the gauged SU2) and SE7(3) groups,
The simplest grand unified theory is based on SU(5).

SuperKamiokande: A very large (50 kiltoron) water Cerenkoy
detector located in a mine in western Japan, utilized for neutrine
oscillation studies and proton decay searches. A larger furure
facility, Hyper-Kamiokande, is planned.

Supernova: An exploding star, caused either by mareer falling
onto the surface of a white dwarf from a companion object
(Type 1), or by the collapse of the core of a very massive star
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(Type 1I). The former are useful for determining distance, while
the larrer produce heavy elements,

Superpartner. In supersymmetrey, each particle is related o a
superpartner differing in spin by 1/2 unit, with closely relared
interactions and (if supersymmetry is unbroken) the same mass,
The spin-0 partners of the quarks and leprons are known as the
squarks and sleprons, the spin-1/2 partners of the gluon is the
gluino, and the spin-1/2 parmners of the charged (neurral) elec-
troweak Higes and gauge bosons are the charginos (neurralinos),

Supersymmetry: A symmerry berween fermions and bosons, A
gauge (local) version is known as supergraviry,

Symmetry (invarlance): A rransformation thar leaves the proper-
ties or equations of motion of a system unchanged.

Tau ) A charged lepron heavier than the electron or muon,
e o~ 17wy,

Tevatron: The 6.9 km circumference p p collider thar operared
at Fermilab from 1983 o 2011, with a final CM energy of
~2TeV,

Time reversal (T}: The ransformarion of 2 system ono the time-
reversed one. For a classical trajectory, £1(¢) — x(—¢t), p () —

—ﬁ(—rj,a::df[r.] — —f(—r].

Top-down: BSM physics that is morivated by fundamental
considerations such as unification of the interactions, usually
involving a very high energy scale such as Mp,

Lf1): The group of phase factors, Applications include rotations
in two dimensions, the global symmetries associated with baryon
and lepron number, and the gauge symmetry of QED or the SM.

Unification: Thecombination of two or more seemingly different
interactions as aspects of a more fundamental one, such as
elecrric and magnetic interactions into electromagneism,
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V-A: Vector minus axial current. The form for the WOC
involving the maximal amount of space-reflection and charge-
conjugation violation,

Veetor: A spin-1 particle or field, or a quantity such as x or p
thar acts like a classical vecror under rotations. In some conrexes,
it is implied that the quantity also changes sign under space
reflection, as appnsﬂi o an axial vecror (e.g., angular momentum
_,F = x x g}, which does not change sign. Vector can also refer
to a quantity that rotates in an analogous way under isospin or
other intermal symmerries.

VEV: Vacuum expectation value, The expectation value of a
spin-0 field or operator in the lowest energy (vacuum) state of
a field theory. If nonzero, it may imply SSB.

Virtual particle: A particle that does notobey the classical relarion
E*= §*+ m® berween its energy, momentum, and mass. It
cannot exist as a real pareicle, bue is allowed a Heeting exiscence
due to the uncertainty relations in quantum mechanics, during
which it can reavel a distance of O(1 /).

ws, Z: The heavy-gauge bosons that mediate the weak

IR EE FACTIO 1S,

WCC: Weak charged current. Weak charge-changing transitions
such as v, — p” W7 in which an elecerically charged W boson
is emitted or absorbed.

Weak angle {#): The angle 6y = ran™' g’ /g, where g and g’
are the SU/(2) and (1) gauge couplings. #y is ubiquitous in
the elecrroweak theory, especially in the Z properties, and has
the value sin® @y ~ 0.23,

Weak sigenstate: A particle in an irreducible representation of
SUA(2) = U1). Tt may be a quantum superposition of mass
el gensrates,

Brought to you by | The Mational Library of the

Download Date



Glossary 249

Weak interaction: The weak shore-range interaction responsi-
ble for, eg., B decay, neurring scarrering, and atomic pariry

violation,

Weak universality: The statement that the transition serength for
every SU/(2) doublet is the same excepr for the effects of the
unitary CKM and PMNS matrices, Universality s 2 necessary
C0SE e e of SL72) gauge invariance,

Width (r: The uncertainty in the mass of a particle due ro its
finite lifetime t = "~

WIMP: Wealkly interacting massive particle. A very massive stable
or quui—smhle neutral particle with weak interactions, such
as the neutralinos in supersymmetey. Such a paricle would
typically yield a dark mareer density in the ballpark of whart is
observed (the WIMDP miracle).

WNC: Weak neurral current. Diagonal weak rransirions such as
vy —+ v, Z in which the neutral Z boson is emitted or absorbed.

Yang-Mills theory: A nonabelian gauge theory generalizing QED.

Yukawa interaction: Originally, the description of the strong
interactions by the exchange of spin-0 pions. The erm is now
used for any interaction berween spin-0 particles and fermions,
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mrass, 0, 92
massless, 51, 59, 64, 72
self-interactions, 72, 110
gauge coupling
running, 25, 108-110, 177,
178
gauge covariant derivaive, 54,
58, 71, 236
gauge field, 52, 53, 56
gauge field scrength, 56, 71
dual, 146
AL invariana, s symmetry
gauge rransformarion, 53, 54, 59
nonabelian, 71
Gell-Mann, Murray, 16, 17, 20,
[
Giel-Mann marrices, 70, 73, 237
Gieorgi, Howard, 190
Ciianoti, Fabiola, 126
GIM mechanism, 23, 112, 158,
166, 237
Gilashow, Sheldon, B4, 112,
158, 190
gluino, se superparmer
gluon (7], 25, 35, 36, 73, 237
evidence, 76
self-interaction, 36, 74
Ciold haber, Maurice, 158
grand unified theory (GUT), 26,
40, 109, 129, 139, 141, 151,
159, 190-1%6, 205, 237
Higgs representations, 192,
195, 206
supesy mmetry, 191,
195-195

Ciran Sasso, 217

gravitadonal lens, 49, 2149, 237
graviton (g), 35, 36, 40, 185,
186, 194, 222, 237
gravicy, 8, 3940, 160
extra dimensions, 184
Mewtonian, 7, 11, 40, 150,
169, 237
quantum, 4, 11, 26, 149-151,
179, 1%, 199, 205
graviry wave, 221, 222
e alew relativicy
group, 237, 246, 247
SO(3), 6o
SO0, 191, 195, 206
SL7(2), 14, 65, 66, 70-72,
A4
SL7(3), 17, 18, 25,69, 70,
72,73
SL5), 105, 139, 194,
193-195
L013, 55, 59, 70, 85,
88, 89
Guralnik, Gerald, 91
Guth, Alan, 196

habitable zone, 170
hadron, 16, 33, 38, 82, 238
exotic, 33
Hagen, Carl, 91
Hamiltonian, 53, 66, 95
heat, 210
Heaviside-Lorentz, 52
heavy ion collisions, 121
Hesenberg, Werner, 14
helicige, 21, 238
helioscismalogy, 131
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HERA, 81

Herman, Robert, 48

Heuer, Rolf, 126

hidden sector, 187-189, 207,
238
dark, 157, 182
supersymmetry, 158

Higgs, Peter, 91, 121

Higgs boson (11, 3, 24, 35, 36,
39, B4, 91, 94, 107, 119,
121-128, 142, 156, 207, 238
decay, 123
discovery, 125
hicrarchy, 142-146, 148,

158, 165, 166, 177, 183,
238

production, 123, 124
supersymmetry, 123, 180

Higgsless models, 186

Higgs mechanism, 23, 24, 32,
39, 40, 69, 79, B4, B6-94,
119, 158, 192

Higgs-Yukawa inwracdon, 39,
o5, 115, 116, 122, 134, 140,
147, 162, 168, 181, 195, 205,
238, 249

high-energy physics, ¢
elemenmary particles

higher-dimensional operacar,
1040, 135, 195, 238

higher-order correci ons, 63,
103, 105, 108, 111, 141
Higgs potendal, 122, 142
wry, My predicions, 109, 124

Indax

harizon problem, 43
Hubble, Edwin, 41, 150
Hubble parameter, 46, 238
Hubble elescope, 49

hy perfine splicring, 64
Hyper-Kamiokande, 219
hyperon, 16, 102, 259

lceCube, 218

ILC, 214

liopoulos, John, 112

Incandela, Joe, 126

induced cubic, 40

infladon, 44, 48, 50, 153, 156,
196, 206, 221, 224, 239
eternal, 172, 203, 234

infrared davery, 77, 79, 239

intensity fronter, 211, 214-219

interactions, 8, 3541

intermediate vecror boson, 23,
39, 100, 109, 112, 259

isospin, 14, 25, 66-70, 75, 90,
102, 165, 182, 239

S resonance, 77, 113

J-PARC, 219

jet, 25, 7577, B2, 83, 239

Jovee, James, 17

“just right,” 160-163, 168, 170,
171, 174

Kaluza, Theodor, 183
Kaluza-Klein, 145, 183, 184,
186, 2040, 239

holography, 210 Kamiaka, 217
Homestake mine, 130 Kamiokande, 132
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Kamland, 133
kaon [ K7), 15, 21, 23, 24, 33,
259
decy, 102, 113
K — K° 96, 103, 110-115,
166
KATEIN, 217
KEK, 116, 219
Kepler, Johannes, 169, 170
Kibble, Tom, 91
Klein, Oskar, 183
Kobayashi, Makoto, 115

L3, 106
Lagrangian, 53, 58, 239
dectroweak, 85, 90
Fermi, 104}
Higgs, 92, 94, 150
Higgs-Yukawa, 95
V67
QCD, 74
QED, 59
556, 88, 89
srong 7, 146
Yang-Mills, 71
Moo, ser o,
Lamb shift, 13, 64
muenic, 65
landscape, 146, 171, 172, 201,
203, 240
larrice, 25, 81, 82, 117
Lederman, Leon, vii
Lee, T.D, 20
Lemaitre, Georges, 43
LEP, 105, 107, 119, 211, 240
leptogenesis, 42, 154, 1940, 240

Indax

lepon, 7, 29, 38, 74, 240

lepton number (L), 19, 24, 59
vieladon, 128, 135, 154,

159

leproquark, 193, 207

Levi-Civita tensor, 67

LHC, 24, 27, 82, 83, 107, 110,
116, 119-121, 124, 145, 158,
167, 180, 185, 186, 211, 212,
240

LHCh, 121

LICD, 222

licde hicrarchy problem, 145,
240

local transformation, see gauge
transformation

loop quanmm gravicy, 190

Lorentz force equaton, 52, 53

Lorentz invariant, 56

Lorentz transformarons, 66

LSP, 179, 180, 240

LS5T, 219

luminosity, 212

magnetc monopale, B1, 196,
240

Maiani, Ludano, 112

Majorana mas, 128, 134, 135,
141, 154, 159, 195, 208, 217,
241

MARK 11, 106

Maskawa, Tashihide, 116

mass cigensace, 6, 98, 111,
116, 129, 241

meatter domination, 48, 49

Mawwell, James C., 26, 52, 189
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Maxwel's equadons, 52, 57

meson, 15, 33, 241

Mezxican hat, see potential: wine
bole

Mills, Robert, 70

minimal substimcion, 54, 58,
71,90

minimality, 138, 160, 173-174,
207, 241

mixing, 84, 85, 98, 111, 140,
207

maduli, 202, 241

MOND, 157

mnojer, 220

Maorrison, Philip, 130

MSSM, 176, 241

muleipler, 241

multiverse, 6, 172, 173, 203,
221, 224, 241

muon (), 15, 31, 241
decay, 101, 102, 107

mion ium, G4

Mysterium Cosmographicum,
169, 170

Mam bu-Goldstone boson, 0,
149, 183, 241
eaten, 91, 93

naturalness, 145, 158, 160,
164167, 181, 213, 241

Me'eman, Yuval, 17, 62

neutraling, s superpartner

newtring (1), 3, 19, 31, 38, 116,
216-219, 241
amnspheric, 132
discovery, 20

Indax

double beta decay, 136, 217,
242
hierarchy, 133, 216
long baseline, 133, 216
miass, 4, 24, 27, 41, 99,
128-136, 141, 158, 181,
217
matter effects, 131
mixing, 128136, 141
number, 106
oscillations, 128-134, 216,
242
reactor, 133
relic, 218
scartering, 101, 104
Solar, 130132
sterile, 136, 218
neutron (&), 3
discovery, 14
new physics scale (A yp), 122,
142, 164, 166, 198
Newton, Isaac, 2, 7, 169
Mishijima, Kazmuhiko, 16
Mocther, Emmy, 59
Moether theorem, 59, B8, 242
nonperturbative effects, 153,
155, 159, 196, 208
nudear physics, 2, 3, 13, 18, 37,
160
nudeon, 14, 25, 33, 66, 161,
242
wrg — iy, 6%, 161
nudeosynchesis, 38, 47, 49, 140,
161, 242

Dacam's razor, 174
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paleoanchropology, 173
parity, see space reflection
particle dewcwor, 106, 120
particle units, 10, 242
Pauli, Wolfgang, 10, 19
Fauli marmrices, 67, 68
Paul Scherrer Instdtur, 65
Penzias, Arno, 48
phase transition, 43, 157
electroweals, 45, 141, 153,
154
quark-hadron, 46
photon (), 12, 34-36, 57, 04,
242
from SC7(2) = L7(1)), 93
pion (), 15, 33, 37, 646,
242
decay, 101, 104, 129
wy — oo, 165
Planck sawllice, 49, 134
Planck scale, 11, 26, 40,
47, 142, 174, 193,
198, 243
planc@ry orbits, 169
plasma accelertor, 216
PMM S marrix, 4, 136, 153,
243
point-like, 7, 17, 25, 31, 75,
161, 181, 197, 243
polarizadon, 106
posiron (e7), 13, 58, 165,
243

Indax

267

deay, 5, 27, 34, 41, 132,
158, 192194, 205, 218,
243
prown radius, see Lamb shifc
LI C

peeudoscalar, 15, 68

quantum chromody namics
(QCD), 12, 24, 36, 69,
72-82, 161, 182, 243
evidence, 77, 81-83, 107, 117
long/short disance, 76-82
quark masses, 32, 79, 166
uniqueness, 81

quantum Hall offect, 64

quantum mechanics, 2, 9, 44,
53-55, 96, 140

quark (), 7, 17, 25, 29, 35,
102, 174, 243
distribution, 83
evidence, 75, 101
searches, 18

quark-gluon plasma, 121

quintessence, 156, 232

Rahi, lsdor, 16
radiation domination, 45
range, 243

recom bination, 48
Regge theory, 18

Reines, Fred, 20

relativicy, 2, 140

posiconium, 64 four-vecmr, 56, 61
poential, 62, 89, 244 general, 4, 7,9, 22, 40, 41,
wine bottle, 87, 8% 51, 149, 150, 183, 197,
protwn (g, 2 22
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reladvity (comtinued)
notaton, 56
spedal, 2, %, 55
ser alow gravicy
remnants, 27, 173-174, 189,
207
REMNC), 133
Renoir, Fierre-Augusre, 27
representation, 244
resonance, 33
M 17,70, 166
ro@tion group, 29, 65, 66
Rutherford, Ernest, 14
Rutherford experiment, 75
Rydberg consmant, 64

S-matrix theory, 18

Sakharov, Andrei, 21, 153

Sakharov conditions, 153

Salam, Abdus, 23, 84

Sanford Lab, 217

scalar, 15, 244

scale Factor, 45, 244

Schridinger, Erwin, ¢

Schriidinger equation, 9, 54

Schwinger, Julian, 63

seesaw, 136, 141, 154, 195, 206,
208, 244

E- decay, 102

SLAC, 25,75, 106, 113, 116,
245

SLC, 105, 211, 245

SLD, 106

slepton, ser superpartner

SMO, 131

SMOLAB, 217

Solar neurring, 24
Solar System Formadon, 50
Soudan, 217
space reflection, 17, 20, 66, 74,
86, 146, 242, 245
space-time, 7,
spinoff technology, 6, 223
spin-statstics theorem, 1%, 29,
76, 245
AP5 105
squark, ser superpartner
standard cosmaological model,
50, 224, 245
standard model (SM), 3, 22-26,
70,73, 223, 245
bevond (BSM), 4, 65, 96,
103, 107, 117, 119, 128,
135, 141, 143, 154, 157,
158, 174, 175, 180, 213,
209-215, 218, 219, 222,
230
parameters, 138, 160
problems, 3—4, 138-151, 207
standard Solar model (55M),
131
steady stare, 43
stellar energy, 161
strange (5], 31, 33, 69
strangeness, 16, 33, 69,
110, 246
string theory, s srong
INCEraCTicm, SUpErsring
strong coupling, 27, 108, 119,
181-183, 208, 246
strong interacrion, 3, 8, 13-19,

35-37, 161, 246
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and strangeness, 16
asstring theory, 18

structure annstants, 67, 68, 73

S1UI 20, see electroweak model,
EIOUP, S0SPin, romion group

SU20 w0 D71, ser elecrrowealk
miodel

SL7(3), wee eightfold way, group,
quantum: chromodynamics
(QCD)

supergravity, 149, 188, 201

SuperKamickande, 132, 159,
194, 246

supernova, 28, 38, 47, 50, 218,
246

superparcner, 176, 179, 188,
247

superspace, 187

supersring, 4, 18, 26,41, 129,
139, 141, 150, 151, 156, 162,
179, 196209, 246
exd cions, 200, 206, 209
heterodc, 199
lovwr M, 2009
M theory, 201
sale (M), 198, 246
signarures, 204-20%
rensicn, 201
Type 1A, 2040, 202
vacua, 146, 174, 201, 203,

205

supcrsymmetry, 4, 27, 109, 123,
144, 157, 160, 176-181, 247
breaking, 177, 245

Indax

chiral, 75, 86,90, 182

discrete, 148, 233

Havor, 25, 6%, 72, 82, 86,
141, 181, 195

gauge, 4, 22, 51-61, 90, 108,
110, 139, 167, 236

global, 55, 70, 159, 257

internal, 14, 65-70, 82, 176,
259

nonabelian, 70

space-time, Gb, 86

symmetry breaking

explicit, 86

spontanenus (55B8), 87,
108, 119, 148, 150,
168, 182, 188, 192, 194,
245

e aler Yang-Mills theory

T, 31, 116, 247

technicolor, 182

temperature, 42, 45
freezcout, 47, 218
reheating, 42, 44, 244

Tevaron, 82, 107, 1140, 116,
124, 180, 211, 247

't Hooft, Gerard, 84

time reversal, 66, 146, 247

top (¢), 24, 31, 33, 107, 116

top-down, 4, 141, 175, 247

rranslarions, 646

LI 1), see elearoweak model,

supcrweak, 114, 115 group
symmetry, 65, 247 UAlL, 105
Brought to you by | The Mational Library of the Philippines

Download Date

Authenticated

10119 641 AM



LTA2, 105
uncertainty relation, 14, 34,
56, 210
underground lahs, 217
unified theory, 26, 34, 40, 139,
175, 183, 189, 247
eleccromagnetism, 26, 189
gauge couplings, 27, 109,
160, 177, 178, 192, 205,
236
scale, 1009, 177, 192
=r alew electroweak model,
grand unified theory,
SUPETSTing
uniqueness, 8, 138, 160,
167-169, 199, 203, 218
unitarity triangle, 117, 118
Universe, 152, 17%
accelerating, 50, 150, 155,
162
collapsing, 151, 162, 172
cxpanding, 5, 43, 46, 150,
162
apen, closed, flar, 43, 236
size, age, 5, 122
staric, 150

up (), 31, 33, 148

Vo= A, ser current
vacuum, 44, 61, B8, 153, 155,
248
condensate, 182, 188
expedation value (VEV), B8,
156, 162, 248
stabilicy, 50, 88, 121, 122,
128

Indax

vacuum polarizatdon, 79,
108

vector, 248

vector/scalar potential, see gange
field

Veltman, Mart nus, 84

virtual paride, 8, 34, 56, 61,
63, 122, 248

W™= boson, 23, 35, 36, 3%, 84,
a3, 107, 248
wave-particle dualiy, 11
weak angle, 93, 104, 105, 107,
108, 248
weak cigenstare, 96, 98, 129,
248
weak ineracion, 3, 8, 19-22,
38-39, 161, 249
 violation, 20, 39, 97, 114
charged current (W), 23,
39, B4, 97, 100-103, 116,
248
P violation, 21, 24, 39, 99,
113-119, 136, 140
neurral crrene (WO, 23,
39, B4, 97, 103-105, 107,
112, 131, 249
P violation, 20, 3%, 97, 104,
114
scale, 39, 93, 101, 121,
142-146, 182, 192, 233
strangeness viehtion, 16, 3%,
o, 102
weak universalicy, 102, 113,
117, 249
Webb telescope, 49
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Weinberg, Steven, 22, R4, 91 Yukawa theary, 14, 18, 37, 249
width, 17, 33, 249 from QCD, 37
Wilson, Robert, 48 Yulkawa, Hideki, 14
WIMP, 157, 179, 249
winding modes, 2040 Z boson, 23, 35, 36, 39, 84, 93,
WIMAP satellite, 49 248
woorldsheer, 197, 198 decays, 106
W, O 5,20 mass, 107
pole, 105-107, 215

Yang, C. M., 20, 70 Zeeman effect, 63
Yang-Mills theory, 22, 25, zero-point energy, 150

T0-73, 249 Zweig, George, 17
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