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OUTLINE

The status of the field circa 2017

Opportunities for achieving “transformational or

paradigm-altering” scientific advances: great
discoveries.

One field, one voice, one world

Note there are many more slides uploaded
on the web than | will show in this talk
(they serve as a reference)
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% Quarks and the Cosmos
% The Opportunities for Discovery

dersidr _:undamental nature of energy, matter,
aNc #o‘ 1€, and to apply that knowledge
lérstaind the birth, evolution and fate of the universe
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Quarks and the Cosmos
The Opportumtles for Dlscovery
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. Quarks and the Cosmos
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Particle Physics & Cosmaology. .
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De&ply-connecteg & highly complementary}
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Our scope is broad and we use many tools: accelerator,
non-accelerator & cosmological observations all
have a critical role to play
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Outer S .ace - T_he Cosmos

L_.-I 1/30 Moon
dlameter

The
Hubble

Deep
Field
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Inner Space: atoms quarks & electrons

> Atoms comprise ... consisting d )
| electrons, which of protons... w
) circulate...
O 'g‘; '-;F.)p\;.""'l ...which in turn comprise
) \ “ﬁ ) up-quarks
...around a ~=BP down-quarks...

central nucleus...

d
... and neutrons... u) 9

...and that is the frontier of our present
understanding on the nature of matter

Animation: Elena Symeonidou




The size of atoms,
quarks and electrons
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The size of atoms,
quarks and electrons

The size of an atom compared to an apple is like:

The proton compared to an atom is like a
raisin in the middle of a football field

A quark has a volume less than one billionth
of a proton

" The LHC can see a volume one trillionth the
size of a’proton




Inner space: The four forces

ICFA School 2017 Cuba -- I. Shipsey

lets quarks
change identity
example:
down—>up
producing g
natural

radioactivitly




Ordinary matter

Everything is made of electrons, up & down quarks

ICFA School 2017 Cuba -- I. Shipsey




BUILDING A UNIVERSE

proton neutron

Multiply by billions and billions and billions
(there are 1078 atoms in the universe)

ICFA School 2017 Cuba -- I. Shipsey




ko
fi i
BUILDING A UNIVERSE, .-

oy

Y.

A
\

R

ICFA School'2017 Cuba -- I Shipsey




The periodic table of the
elementary particles

1897-2002

ELEMENTARY
PARTICLES

We are made of

u d e and there are
also neutrinos
produced

by radioactivity
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The periodic table of the
elementary particles

1897-2002

E{)‘EQ MR %%{%%Y + particles

associated with
force

Photon : EM
Gluon : strong
Z and W: weak

This, we thought,
is enough to make
a universe
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Ordinary matter

Everything is made of electrons, up & down quarks

We discovered we could create additional
heavier matter particles in accelerators
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The periodic table of the
elementary particles

ELEMENTARY
PARTICLES
N\

ICFA School 2017 Cuba -- I. Shipsey

1935-1974

the first group
is replicated
by a second
group

at greater
NERS




The periodic table of the
elementary particles

1977-2002
ELEMENTARY
PARTICLES

athird copy at
still higher mass
was discovered
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1897-2002

+ anti-matter

ELEMENTARY (antiparticles for
PARTICLES each quark & lepton

e The prevailing theory (the
standard model) is a
remarkable intellectual
construction

Particle experiments
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confirm the theory with

exquisite precision to one
Lo AL ftin10!
ree Generations of Matter pa rt In 10 b||||0n

& Fermilab 95-759

But there are mancysCmsullziies




WL

Leptons

Mystery: One missing element was the Higgs
It gives mass to the particles of the standard model

ICFA School 2017 Cuba -- I. Shipsey 25




The Standard Model

The discovery of the Higgs completed the Standard Model
The Standard Model: A work a century in the making

Highly predictive, it has been rigorously tested in some cases to 1 part
in 10 billion
It has revolutionized our understanding of the subatomic world
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Searching for the Higgs we seek to understand why the
world is the way it is
It is one of deepest questions humans have ever pursued
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Higgs field analogy to an ocean
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Barracuda supremely
streamlined passes
through water effortlessly
(there is a low interaction
with the water)

The Barracuda represents
a low mass particle:

deep water do so with
great effort. (There is a
large interaction with the
water) These people
represent high mass
particles: top quark

eIeCt ron ICFA School 2017 Cuba -- I. Shipsey




HIGGS FIELD, but what about
HIGGS PARTICLE?

Water Molecule
© | (&
|3 c

#

A

Just as the photon is the particle of the
electromagnetic field
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If electrons did not have mass they would move at the
speed of light preventing the formation of atoms: no
chemistry, no biology, no life
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Without a Higgs field
we would evaporate




A work a century in the making

From the discovery of the electron in 1896, the nucleus in 1911 to

the particles that compose an atom

Analyze ‘
Boron  maximum
target forward < >
X ; ¢ |N
Polonium o ol q " detector ‘> “
arge ‘m
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Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CES

> :
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theory - 1964

design - 1984

construction - 1998
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-BUILDING AN UNDEﬁSTANDING OF THE UNIVERSE
A WORK A CENTURYIN THE, I\/IAKING e

Our commumty has revolutlonlzed human under»stan(’mg of the Unlverse |
— its underlylng code, structure amd evolution’ : . ¢
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“BUILDING AN UNDEﬁSTANDING OF THE UNIVERSE:

A WORK A CENTURY I THE I\/IAKING

...:.that are hig‘hly‘predict’ive andghave
been rigorously tested in some dases to

"1 part in.10 billion

Quantity

My [GeV]
Tz [GeV]
[(had) [GeV]
T(inv) [MeV]

T(£+£7) [MeV)

Ohad [nb]

Value

91.1876 + 0.0021
2.4952 + 0.0023
1.7444 £+ 0.0020

499.0+ 1.5

83.984 + 0.086
41.541 +0.037
20.804 £ 0.050
20.785 £ 0.033
20.764 £ 0.045

0.21629 + 0.00066
0.1721 + 0.0030

0.0145 =+ 0.0025
0.0169 + 0.0013
0.0188 £ 0.0017
0.0992 =+ 0.0016
0.0707 £ 0.0035

0.0976 £+ 0.0114
0.2324 + 0.0012
0.23200 =+ 0.00076
0.2287 + 0.0032
0.15138 + 0.00216
0.1544 =+ 0.0060
0.1498 =+ 0.0049
0.142 4+ 0.015
0.136 &+ 0.015
0.1439 =+ 0.0043
0.923 + 0.020
0.670 + 0.027
0.895 + 0.091

Standard Model

91.1874 4 0.0021
2.4961 + 0.0010
1.7426 £ 0.0010

501.69 + 0.06

84.005 £ 0.015
41.477 4+ 0.009
20.744 4+ 0.011
20.744 £+ 0.011
20.789 4+ 0.011

0.21576 + 0.00004

0.17227 + 0.00004

0.01633 + 0.00021

0.1034 = 0.0007
0.0739 £ 0.0005

0.1035 £ 0.0007
0.23146 + 0.00012

0.1475 £ 0.0010

0.9348 + 0.0001
0.6680 & 0.0004
0.9357 & 0.0001

Quantity Value

my [GeV]
My [GeV]

173.4+1.0
80.420 + 0.031
80.376 + 0.033
—0.040 + 0.015
—0.507 £ 0.014
—0.0403 £ 0.0053

—73.20 £ 0.35
—116.4+ 3.6
291.134+0.43

lgu—2-2) (4511.07+0.77) x 1070

\

Standard Model

173.5+ 1.0
80.381 +0.014

—0.0398 + 0.0003
—0.5064 + 0.0001
—0.0474 £ 0.0005
—73.23 £0.02
—116.88 £0.03
290.75 + 2.51

(4508.70 £ 0.09) x 10~
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-BUILDING AN UNDEIiSTANDING OF THE UNIVERSE
A WORK A CENTURY IN THE I\/IAKING L

.

These are among the highest. mtellectual acmevemedts in the h|§ory of
our species;.they will be part of dur legacy to future generations for eternity

/

»

Galilean
- ]
) mechanics . . _ General Relativity
Newtonian gravity |

‘1 Copernicus/Kepler
astronomy strong force

’ electroweak
magnetism relativity ’

electricity electromagnetism

electromagnetism

1700 1800 1850 1875 1900 1925 1950 1975
» ) ‘ '
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Mystery: The Higgs

That Spin 0 Boson
Changes Everything

E (entire universe)
hot universe vacuum
empty

higgs

' cold universe vacuum

full of the Higgs Field
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Mystery: Dark Matter

‘\
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Mystery: Dark Energy

Singularity
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Mystery: Dark Energy

5% Visiblahﬁ

25% Dark Matter

70% DarkEnerg)

Singularity What we know: just the
tip of the iceberg.
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* , IVIystery how did matter survive the
By _ birth of the universe?

1,000,000,001| 1,000,000,000

Matter anti-Matter

The baryon aSymr?etry of the Universe




Mystery: Why are there so many types of particles?

FERMIONS*

BOSONS
10’ Ge:::i:im Ges::r(::;n Ge:::zflon‘— T Why do the pa rtICIeS

Top quark Higgs

& have such a large
'JQ‘ +
< range of masses?

Bottom quark

Charm quark

Why does the pattern
of particles repeat
three times?

107

Down quark

"
. Up quark

Electron Why do neutrinos have
107
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Mystery: What powered cosmic inflation?

Afterglow Light
Pattern
380,000 yrs.

Inflatior

Quan
Fluctuations

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Outstanding Questions in Particle Physics circa 2011

EWSB
O Does the Higgs boson exist?

Dark matter:

L composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, ..

O one type or more ?

O only gravitational or other interactions ?

The two epochs of Universe’s accelerated expansion:

O primordial: is inflation correct ?
which (scalar) fields? role of quantum gravity?
O today: dark energy (why is A so small?) or
gravity modification ?

Quarks and leptons:

O why 3 families ?

L masses and mixing

L CP violation in the lepton sector

O matter and antimatter asymmetry

O baryon and charged lepton
number violation

Physics at the highest E-scales:
O how is gravity connected with the other forces ?
O do forces unify at high energy ?

Neutrinos:
v masses and and their origin
what is the role of H(125) ?
Majorana or Dirac ?
CP violation
additional species = sterile v ?

a -- |. Shipsey




Outstanding Questions in Particle Physics circa 2017

... there has never been a better time to be a particle physicist!

Higgs boson and EWSB )
O my natural or fine-tuned ? CEIIuaV\rII;s a;fa:ﬁ;c:sng'
-2 if natural: what new physics/symmetry? a maZses and mi>.(in
O does it regularize the divergent V,V, cross-section O CP violation in theglepton S
at high M(V,V,) ? Or is there a new dynamics ? .
0 clemaiaq) 6F Gomaesie e o O matter and antimatter asymmetry
QO is it alone or are there other Higgs bosons ? Bl et ar\d charged lepton
L origin of couplings to fermions AT e
 coupling to dark matter ?
O does it violate CP ?
O cosmological EW phase transition Physics at the highest E-scales:
O how is gravity connected with the other forces ?

O do forces unify at high energy ?

Dark matter:

L composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, ..

O one type or more ?

O only gravitational or other interactions ?

Neutrinos:

v masses and and their origin
what is the role of H(125) ?
Majorana or Dirac ?

CP violation

additional species = sterile v ?

The two epochs of Universe’s accelerated expansion:
O primordial: is inflation correct ?
which (scalar) fields? role of quantum gravity?
O today: dark energy (why is A so small?) or
gravity modification ?

DOo00 0
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between 1967 - 2012

Volume 716, Issue 1, 17 September 2012

LETTERS 2 Novesms

VoL 19, Mo

PHYSICAL REVIEW LETTERS

4 1s hiataiog the expression (11)
between the charged und neutral
“adermo
(1964); ses alao 3. Put
Phys. Rev. Letters 13,
[

A MODEL OF LEPTONS

Steven Welnberg!
(Buclear Science amd Ph
gy, Ca
ived 17 October

form gur ghage grow
opin T aod the electro
N

iatroduciog the phoion and the ntermediale-  Therelore, we shall construct our Lagrang-
‘oson liclds as gauge ields.? The model MY fan out of £ and A, Pl gaoge filce Ay o8
be renormalizabl. B, coupled to T and ¥, plss 3 syin-sero doa-

We will restrict our atteation 1o symmetry biet

moon-{ype leptons ox other unobe erved leplos
or hadroas. The symmetries then act on a lelt-
‘handed doublet

PR ] (@), Iy remrmalizable Lagrangian which is iovar-
rmations 1

el ) e T Y e tranetor

B, el (o, 6T

ik, TorileB o0, ok sRo D1ott, To"o srie"ol. (@

We hare chosen the phase of the R f1ekd 10 make G, real, ad can also adjust the phase of the L and
@ tieids 1o make the vacuum expectation value x=(s9) real. The “phyrical” @ fields are then o~

1264

] Euvsicamev

EW LETTERS 20 Novisenea 1967

©
intact, while
™

B,y -3G ge. (1)

o,
T Ay

We see Immediately that the electron mass.
183G, The eharged spin-1 fleld is

W e2-mge 1A
LTI AL ™

The neutral spin-1 flelds of definite mass are

g1 A orB,

ao)

an

Ao
Thetr masses are
an

as)

50 4, 15 to be identified 25 the photon fiekd
The nteraction between leptons and spin-1
-

R A N

by this model have to do with the couplings
of the nestral intermediate meson 2, . 1 2

exchange terms, the total effective
e-v interaction is

6 e L
o, G ergrl g e e e |

I frooe then g0 47, 4ad this 18 just the ssual

loss defiite predictions.
. Naoro Cimento 19, 154 (1861); J. Gold-
Silace, o 8. Weisberg, Poye. Rev, 127,

iy Rev. 38,

101 asssh
on 2 that

b5 by o
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The Standard Model Guided Research




No-lose completion of the Standard Model

Guaranteed
discoveries

W& 7 CERN SppS (1983)

Top quark Tevatron (1995)
Higgs LHC (2012)
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No-lose completion of the Standard Model

Now that the Standard Model is complete,
there are no further no-lose theorems
In principle, the Standard Model could be

valid to the Planck scale

No guaranteed
discoveries
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Perception & understanding
with a roadmap

Perception is a dynamic combination of top-down
(theory) and bottom-up (data driven) processing

* The need for detail (quality and quantity of the
data) depends on the distinctiveness of the
object and the level of familiarity

When we know the characteristics and context
of what to expect (W,t,H ) a little data goes a
long way (top-down dominates)
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Visual examples...
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(W.1,H ) a little New physics need lots
data goes a long way of data

(top-down dominates) (bottom up dominates),
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We are In a data driven era
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#1 Context

“Measure what is measureable and
make measureable what is not so.” -

Galileo Galiliei
1564-1642
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