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Four basic forces:

sElectromagnetic force
electricity, radiowaves, light
*\Weak force
origin of radioactivity ?
*Strong force &
origin of energy from sun, binds nucll *#*
Gravitational force

Radioactivity




Force between QarticIeS' exchange of force
carrying particle

Throws Bowling Ball g-//

Catches Eluwlmg Ball
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photon

Electric force is described by
emission and absorption of
photon — the force carrier of
electromagnetism

Feynman

QED = guantized version
of Maxwell's theory
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In this paper two things are done. (1) It is shown that a con-
siderable simplification can be attained in writing down matrix
elements for complex processes in electrodynamics. Further, a
physical point of view is available which permits them to be
written down directly for any specific problem. Being simply a
restatement of conventional electrodynamics, however, the matrix
elements diverge for complex processes. (2) Electrodynamics is
muodified by altering the interaction of electrons at short distances,
All matrix elementz are now finite, with the exceplion of those
relating to problems of vacuum polarization. The latter are
evaluated in a manner suggested by Pauli and Bethe, which gives
finite results for these matrices also, The only effects sensitive to
the modification are changes in mass and charge of the electrons,
Such changes could not be directly observed. Phenomena directly
ohzervable, are insensitive to the details of the modification used
(excepl al extreme energies). For such phenomena, 2 limit can
he taken as the range of the modification goes to zero. The results
then agree with those of Schwinger. A complete, unambiguous,

HIS paper should be considered as a direct con-
tinuation of a preceding one' (I) in which the
motion of electrons, neglecting interaction, was ana-
lyzed, by dealing directly with the soluiion of the
Hamiltonian differential equations. Here the same tech-
nique is applied to include interactions and in that way
to express in simple terms the solution of problems in
quantum electrodynamics.

For mast practical calculations in quantum electro-
dynamics the solution is ordinarily expressed in terms
of a matrix element. The matrix is worked out as an
cxpansion in powets of & /f¢, the successive terms cor-
responding to the inclusion of an increasing number of
virtual quanta. It appears that a considerable simplifi-
cation can be achieved in writing down these matrix
elements for complex processes. Furthermore, each term
in the expansion can be written down and understood
directly from a physical point of view, similar to the
space-time view in I It is the purpose of this paper to
describe how this may be done. We shall also discuss
methods of handling the divergent integrals which
appear in these matrix elements.

The simplification in the formulae results mainly from
the fact that previous methods unnecessarily separated
into individual terms processes that were closely related
physically. For example, in the exchange of a quantum
between two electrons there were two terms depending
on which electron emitted and which absorbed the
quantum, Yet, in the virtual states considered, timing
relations are not significant. Olny the order of operators
in the matrix must be maintained. We have seen (I},
that in addition, processes in which virtual pairs are
produced can be combined with others in which only

1R. P. Feynman, Phys. Rev. 76, 749 (1949), hereafter called L.

and presumably consistent, method is therefore available for the
caleulation of all processes involving electrons and photons,

The simplification in writing the expressions resuits from an
emphasis on the over-all space-time view resulting from a study
of the solution of the equations of electradynamics. The relation
of this to the more conventional Hamiltonian point of view is
discussed. It would be very difficult to make the modification
which is proposed il one insisted on having the equations in
Hamiltonian form.

The methods apply as well to charges oheying the Klein-Gordon
equation, and to the various meson theories of nuclear forces.
Tllustrative examples are given, Although & modification like that
used in electrodynamics can make all matrices fimite for all of the
meson theories, for some of the theories it is no longer true that
all directly observable phenomena are insensitive to the details of
the madification used.

The actual evaluation of integrals appearing in the malrix
elements may be facilitated, in the simpler cases, by methods
described in the appendix,

positive energy electrons are involved. Further, the
effects of longitudinal and transverse waves can be
combined together. The separations previously made
were on an unrelativistic basis (reflected in the circum-
stance that apparently momentum but not energy is
conserved in intermediate states). When the terms are
combined and simplified, the relativistic invariance of
the result is self-evident.

We begin by discussing the solution in space and time
of the Schrédinger equation for particles interacting
instantaneously. The results are immediately general-
izable to delayed interactions of relativistic electrons
and we represent in that way the laws of quantum
electrodynamics. We can then see how the matrix ele-
ment for any process can be written down directly, In
particular, the self-energy expression is writlen down.

So far, nothing has been done other than a restate-
ment of conventional electrodynamics in other terms.
Therefore, the self-energy diverges. A modification® in
interaction between charges is next made, and it is
shown that the self-energy is made convergent and
corresponds to a correction to the electron mass. After
the mass correction is made, other real processes are
finite and insensitive to the “width” of the cut-off in
the interaction.!

Unfortunately, the modification proposed is not com-
pletely satisfactory theoretically (it leads to some diffi-
culties of conservation of energy). It does, however,
seem consistent and satisfactory to define the matrix

1For a discussion of this modification in classical physics see
R. P. Feynman, Phys. Rev. 74 930 (1948), hereafter referred
toas A,

* A briel summrﬁ of the methods and results will be found in
R. P. Feynman, Phys. Rev. 74, 1430 (1948), hereafter referred
to as H.
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Weak Interactions

Just like electrodynamics, EXCEPT

Mediating particle MASSIVE
Mediating particle CHARGED

Instead of photon, mediating

ry

Radioactivity

[proton

electron neutrnog

W—particle



The discovery of the Zparticle at CERN ‘A‘

i n 1 9 8 2 Radioactivity

Champagne for the Nobel priz
Rubbia and van der Meer 1984

Glashow, Salam, Weinbe
first worked outheory




Strong Interactions

Just like electrodynamics, EXCEPT

Fundamental particles quarks
Emission of mediating particle
very high probability -- strong
interaction...

lquark

gluon

quark




Quarks

eBasic strongly interacting objects
*Never visible as free particles -- confined
Form bound states, glued together

Allows to make sense of the 100's of particles nizse..

Gell-Mann




Asymptotic freedom of stronq interactions

\Very counter intuitive result e
Interaction gets weaker at high energies

«Strong interaction NOT ALWAYS STRONG!

*At low energies interaction so strong, quarks adodms confined

*At high energies interaction weak, usual Feynmacutas appliable
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

i force carriers
FERMIONS in< 1355 502 .. BOSONS pin-o 15, ..
Structure within

the Atom

Quark

Size < 107%m

neutrino
electron Nucleus Electron Color Charge
; 14 Size < 10718 m Each quark carries one of three types of
muon C charm Size = 1071%m “strong charge,” also called “color charge.”
M neutrino These charges have nothing to do with the
e colors of visible light. There are eight possible
JL muon . S strange types of color charge for gluons. Just as electri-
Neutron cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
tau t top and ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
7 neutrino Proton interactions and hence no color charge.
T tau 1.7771 b bottom Atom Size = 10~ m. Quarks Confined in Mesons and Baryons
One cannot isolate quarks and gluons; they are confined in color-neutral particles called
Size ~10"10m haidro:s. Th[i,s confi_nement (bindling)hresultj from r'nul(tiple lfxchadngles of )gluons among ;he
Spin is the intrinsic angular momentum of particles. Spin is given in units of h, which is the color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
quantum unit of angular momentum, where fi = h/2t = 6.58x10725 GeV s = 1.05x10734 J 5. If the protons and neutrons in this picture were 10 cm across, gy in the color-force field between them increases. This energy eventually is converted into addi-

then the quarks and electrons would be less than 0.1 mm in

B tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into

hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons qq and baryons qqq.

Electric charges are given in units of the proton’s charge. In SI units the electric charge of
the proton is 1.60x10-19 coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec- Residual Strong Interaction
tron in crossing a potential difference of one volt. Masses are given in GeV/c? (remember The strong binding of color-neutral protons and neutrons to form nuclei is due to residual

E = mc?), where 1 GeV = 109 eV = 1.60x107'° joule. The mass of the proton is 0.938 GeV/c? strong interactions between their color-charged constituents. It is similar to the residual elec-
=1.67x10727 kg. trical interaction that binds electrically neutral atoms to form molecules. It can also be

P Ro P E RTI E S 0 F TH E I NT E RACTIO N S viewed as the exchange of mesons between the hadrons.

= Quarks, Leptons Electrically charged Quarks, Gluons m
0.8 25

e
proton . engt 10-41

Not applicable
10-41 60 to quarks

10-36 Not applicable

to hadrons 20

070 +
P P> ZZ; " *=sortedhadions The Particle Adventure

Matter and Antimatter

114 >4 Visit the award-winning web feature The Particle Adventure at
For every particle type there is a corresponding antiparticle type, denot- ZO http://ParticleAdventure.org
ed by a bar over the particle symbol (unless + or — charge is shown). hadroré
Particle and antiparticle have identical mass and spin but opposite / This chart has been made possible by the generous support of:
charges. Some electrically neutral bosons (e.g., 2% v, and 7 = cC, but not . N, quarks & had U.S. Department of Energy
K0 = ds) are their own antiparticles. ) a ) el adron U.S. National Science Foundation

\ Lawrence Berkeley National Laboratory

Figures hadrons 0 Stanford Linear Accelerator Center _ )
These diagrams are an artist's conception of physical processes. They are \ A American Physical Society, Division of Particles and Fields
not exact and have no meaningful scale. Green shaded areas represent - S BURLE INDUSTRIES, INC.

the cloud of gluons or the gluon field, and red lines the quark paths. . . . . ) .
9 9 ! a P Two protons colliding at high energy can ©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
An electron and positron produce various hadrons plus very high mass tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence
A neutron decays to a proton, an electron, (antielectron) colliding at high energy can particles such as Z bosons. Events such as this Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
and an antineutrino via a virtual (mediating) annihilate to produce BY and BY mesons one are rare but can yield vital clues to the materials, hands-on classroom activities, and workshops, see:
W boson. This is neutron p decay. via a virtual Z boson or a virtual photon. structure of matter.
http://CPEPweb.org




The Standard Model of Particle Physics
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Almost every aspect of SM verified In great detall

Measurement

Fit éomeas_oﬁtljrcmeas
1 2

3

A ”|. m.)
m,, [GeV]
[, [GeV]
o, [Nb]

A (SLD)

Sinzgfﬁpt{OFlﬁ}
m,, [GeV]

Iy [GeV]
m, [GeV]

0.02761 £ 0.00036
91.1875 + 0.0021
2.4952 + 0.0023
41.540 + 0.037
20.767 £ 0.025
0.01714 £ 0.00095
0.1465 + 0.0032
0.21630 + 0.00066
0.1723 + 0.0031
0.0992 + 0.0016
0.0707 £ 0.0035
0.923 £ 0.020
0.670 £ 0.027
0.1513 £ 0.0021
0.2324 £ 0.0012
80.425 + 0.034
2.133 + 0.069
178.0 4.3

0.02770
91.1874
2.4965
41.481
20.739
0.01642
0.1480
0.21562
0.1723
0.1037
0.0742
0.935
0.668
0.1480
0.2314
80.390
2.093
178.4

Experiments:

*SLD (SLAC)

LEP, LEP2 (CERN)




However electroweak symmetry broken by Hiqgs

Gauge Iinvariance forbids gauge boson masses

A: A" is NOT invariant underA: | A1 + @32

«Similarly, all fermion masses forbidden by
gauge invariance

*Need to ASSUME Higgs sector breaks gauge symm




*Entire space Is filled with Higgs condensate
Interaction with condensate slows down motion
sEffectively appears as Iif particles massive

Somewhat like aether theory, but relativistic (needlar!)

photon

ceron /\/\/\

e P
















But the only Higgs discovered so far ...




But the only Higgs discovered so far ...




The search for Higgs: LHC at CERN

European Center for Particle Physics, Geneva, Sviatiad

17 miles circumference (multi-billion dollars...)




The Large Hadron Collider (LHC)

Over 6000 scientists, 500 Universities from 80 ¢oas...




The Economist's cartoon of the LH




The Economist's cartoon of the LH




The Higgs search at the LHC
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* H = WW - hjj

— Total signilica nce

7000 [

Sipnal significance

S0 L, Higgs signal

5000 |

Events/500 MeV for 100 fb1

ATLAS

JL dt=30fb*
{no K-factors)

4000 |
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Experiments seem fadirectly confirming existence
of light Higgs:Electroweak precision observables

Virtual Higgs loops contributg  ° &7

. E ), - ' §
to Observables. LEP pl’eCISIOnZ 5‘{, —ﬁE?EEiD.DDDBE =
~0.1 % - sensitive to small A L Eeie |
Higgs loop corrections... % .1 B I

" .l' ......

3
D
12wcosew,

AT x log m gy




But: Higgs potential quite ad hoc in SM

Would expect that some form of dynamics Is
responsible for electroweak symmetry breaking —

whatever it Is, If it affects physics 400GeV could
not be extremely heavy.




Hierarchy problem

All elementary scalars expected toultra heavy

AmHoc

A~ Mp; ~ 101° GeV




Hierarchy problem specific to elementary scalars

*Fermions protected by chiral symmetry
*Spin 1 gauge bosons protected by gauge symme

In the limit m—0 a new symmetry appears
*Symmetry forbids mass generatidm? cc m?

Small masses could be natural




Resolution cutoff scale must be lok ~ 1 TeV

New physics eliminating large corrections to Higgsss
should appear in the range of the LHC!

The most popular such new physics:

Supersymmetry

uperpartner

DGY




Very well motivated: | @ ----- .

*Divergences cancelled by superpartners above TeV
*Biggest space-time symmetry possible

*Necessary ingredient for string theory to make sens
eUnification of gauge couplings




Why are superpartners heavy?

(Isn’t it ridiculous that we claim that half therpales

have not been seen yet???)
NO!

If SUSY spontaneouslybroken:

°Sp|n 0 partners of spln Y5 fermions (squarks slepto




Consequences:

*Superpartners have to be within reach of LHC
*There has to be a light Higgs
*| ightest superpartner stable

eDark matter particle predicted
*Missing energy signal in colliders




However... this ixactly what we have been saying
12 years ago!

“Moreover, in the most natural scenarios, manytspas,
for example charginos, squarks or gluinos lie witinie
physics reach of LEP Il or the Tevatron”

G. Anderson, D. Castano 199

Need (0 tune parameters el tals relatien




Little hierarchy problem

*The solution to the hierarchy problem would requiesv
physics at ~ 1 TeV scale

Dimensions six mp = 115 GeV | my = 300 GeV | mp = 800 GeV
operators ci=-1 c¢,=41|¢c,=—-1 ¢g=—4+1|¢c;=-1 ¢;=+1

(HTTGH)W[},/BW 9.7 10 7.5
|H'D,H|? 4.6 5.6 3.4 2.8
2(Lyur?L)? 7.9 6.1 From Barbieri
i(HTDyr®H) (Ly,m°L 8.4 8.8 7.5 .
i(H' D, H) (Qv,um2Q) | 6.6 6.8 & Strumia
i(HT Dy, H)(LyuL) 7.3 9.2
i(HTD,H)(QvuQ) 5.8 3.4
i(HT D, H)(EyuE) 8.2 7.7
i(HTD,H)(T,U) 2.4 3.3
i(HTD,H)(D~,D) 2.1 2.5




Since supersymmetry in not as good shape as before
search for new models of EWSB/solutions to hienarch
problems

*Extra dimensional models

e arge Extra Dimensions
*Randall-Sundrum
*Higgslessmnodels
*GaugeHiggs unification
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Large extra dimensions

Arkani-Hamed, Dimopoulos, |

3.

*TeV scale is the fundamental scalk. ~ TeV
*Gravity appears weak because it gets diluted by
large extra dimensions (while other interactions’fjo
*SM fields localized to “brane” A




Randall-Sundrum Models | = -

*Gravity weak, because we only feel tail of gramito
eLarge curvature along extra dimension

Graviton likes to live mostly at a point away fram
eSpace-time “warped”

108 &

| I 1
1250 1500

| 1 | 1 1 1
250 500 750 1000
Vs {GeV)




HiggSlessmOddS Grojean, Terning, C.C.+

Murayama, Pilo, Cacciapaglia,

*|f there were extra spatial dimensions:

Observed mass spectrum depends on boundary
conditions

_____________
-

Just like the modes of a

Can optalinmassivVEHIelas WitneuL & iH1ggs) Scalal




Planck TeV

A particularhiggsless
model based on extra
dimensions: AdS,

SU2)x SUR)x U1,

SU2) x U(1)= U(1), SU(2) x SU(2) - SU(2),

e SU(2)xSU(2)xU(1) gauge symmetry




But: usual argument for guaranteed discovery ofjslig

Massive gauge bosons without scalar violatmitarity :

nitarity

SignIcantly,
DEIBWY




In SM Higgs exchangewill cancel growing terms
In amplitude

Pa

In extra dimensional modelexchange of KK modes
can play similar role as Higgs:

W W

W

W




*Predicts sum rulesamong masses and couplings:

2 2 2
IWWWW = diww~t Ivwz D Gwzi

4 > 2 2 > >
§9WWWWMW = giwwzMz + Z QWWZiMZi

For WW— WW scattering (similar for WZ— WZ2)




Concrete predictions for the LHC

(Birkedal, Matchev, Perelstein)

10° T | AR RARS ] wid i T T T 10° T AR AR R Wi il i T T T
5 -
MI=500 GeV |cosB]|<0.999
M${=500 GeV
f; 5F J |\ mp=500 GeV
e
=
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= . 3 e n
3+ e 40 =103 .
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300 500 700 1000 2000 3000 5000 300 500 700 1000 2000 3000 5000
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WW — WW W7Z— WZ




W’ production at the LHC

(Birkedal, Matchev, Perelstein)

——————
102 - Higgsless Luminosity: 300 fb! g
: E; > 300 GeV ]
= pr; > 30 GeV ]
g 10l £ 2.0 < |yl < 45 |
:é\ o |'r]1| < 2.5 ]
~ o
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7 3
& ?) 100 |
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= < e e il 500 1000 1500 2000 2500 3000
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GaugeHiggs unification (Manton 79; Hosotani '83;

Antoniadis, Benakli, Quiros;
C.C., Grojean, Murayama,;

'Idea: gauge fleld In oD Contains Scrucca, Serone, Silvestrini,...)
additional fields:

AM — A,Lba A5

*Higgs could beA.
In SUSY, chiral symmetries of fermion protect Higgs

difficult




L|tt|e H |ggS Arkani-Hamed, Cohen, Katz, Nelson

Another way to protect scalar ma@oldstone bosons
Georgi, Kaplan

*A global symmetry (broken at some scale f) forbids
large corrections to scalar mass

*Divergences cancelled lsame spin partners

*Top loops via N N C)




Predictions of Little Higgs models

eSame spinpartners around TeV scale
Definite relation among couplings, eg.:

ARV
myp _ AL TAT

S 2Mp

J (TeV)
2.0

m; heavy top partner mass .., .




But: simplest versions of Little Higgs gilarge
correctionsto electroweak precision observables

Just like most othershttle hierarchy ...

Ways out




Chankowski, Falkowski, Pokorski;

Super-little Higgs  schmaitz, Roy;

C.C.,Marandella, Shirman, Strumia

*Solves fine-tuning problem of supersymmetry by
alsomaking it a pseudceGoldstoneboson

2
2 g /
Mg~ 167T2m50ft 09 Msoft

M. Scale of SUSY breaking few- 100GeV




Summary

L HC will probe mechanism of electroweak SB
*Hierarchy problem implies more than just Higgswddo
appear eSupersymmetry?

eLittle hierarchy problem: why no indirect evidenget?
New directions to address EWSB, little hierarchy

*Extra dimensions (large, RS)
*Higgsless
*Gaugehniggsunitication

| jttle Higgs

s [ -parity.

SOME IDEA

N ~ 2-4 YEARS!

sSUPEFIE. ..




