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Prelude to ’Unofersmncfing\

What determines the motion of wandering stars?
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Prelude to ’Unofersmnc{ings

What determines the motion of wandering stars?

e motion seems orderly; many theories proposed:
e the main difficulty with all these theories was that
e to whatever extent they were predictive,
they were obviously wrong
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&ﬁnements tﬁmugﬁ Observation

e Tycho Brahe suggested settling this debate by
carefully observing how planets actually moved

e he persuaded Emperor Rudolph II to build him an
observatory, and Johanes Kepler to analyze the data
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‘fgﬁnements rﬁrougﬁ OBSET\/’OIT[OTL

e Tycho Brahe suggested settling this debate by
carefully observing how planets actually moved

e he persuaded Emperor Rudolph II to build him an
observatory, and Johanes Kepler to analyze the data

Two shocking discoveries:

e planetary orbits
are not circular
but elliptical

e the sun is not
at the center,
but at a focus
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giving his Laws of Motion: =0

“Newton’s System cf the World,
PHILOSOPHL‘E

e In 1687, Newton puts forth his System of the World
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“Newton’s Systzm cf the World.

e In 1687, Newton puts forth his System of the World

giving his Laws of Motion:

AXIOMATA
SIVE

LEGESMOTUS

* 1nertia (Galilean relativity)

Tex. I

Corpns omne perfeverare in ftatn fuo quiefcendi wel movendi nnifor-
witer in direShum, nifi guatenns aviribus impreffis cogitnr ftatum
illune mutare.
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“Newton’s Systzm @C the World.

e In 1687, Newton puts forth his System of the World

giving his Laws of Motion:

AXIOMATA

* 1nertia (Galilean relativity) SIVE

* forces LEGESMOTUS

Tex. I

Corpns omne perfeverare in ftatn fuo quiefcendi wel movendi nnifor-
wiiter in direSum, nifs guatenns aviribus impreffis cogitur fratum
illune mutare.

Lex. 1L

Mutationem matus proportionalem effe vi motrici impreffe, &~ fieri fe-
cundum lineam reSlam qua vis illa imprimitnr.




“Newton’s Systzm @C the World.

e In 1687, Newton puts forth his System of the World
giving his Laws of Motion:

* 1nertia (Galilean relativity)
* forces
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e In 1687, Newton puts forth his System of the World
giving his Laws of Motion:

* 1nertia (Galilean relativity)
* forces

o Law of Gravitation
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“Newton’s Systzm @C the World.

e In 1687, Newton puts forth his System of the World
giving his Laws of Motion:

* 1nertia (Galilean relativity)
* forces

o Law of Gravitation
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C onfronmu’ons with Experiment Il

e Allowing for light’s delay,
observations were in pefect
agreement for nearly 200

years of further data
e until Uranus slowed
down around 1820

l 9 ¢ 1' .,"_‘;_,’l" = ' r Jngs v i

Urbain LeVerrier, 1845




C onﬁonmu’ons with Experiment Il

e Allowing for light’s delay,
observations were in p

efect
agreement for nearly 200
years of further data ,
e until Uranus slowed
down around 1820




ﬂ%&ﬁca[ G{eformu[au’on cf the Rules

¢ We can understand motion as arising through a
succession of forces acting at each instant of time
e while intuitive, often quite mathematically challenging




Q%oﬁ’ca[ CReﬁ)rmu[ation qf the Rules

¢ We can understand motion as arising through a
succession of forces acting at each instant of time

e Within a century after Newton, a new, radically
different (but equivalent) description was found
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Quantum Particles & CProEaBi[itz




Quantum Particles & CProEaBi[iti




JFeynman’s Formulation of Force-

® Forces (both classical and quantum) arise

from the exchange of “force particles”:




Summing Over Histories

e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge

gtheOry =) [1928]

e

SO0 e
g =0

The Quamtum Theory of the Electron.

By P. A. M. Dirac, St. John’s College, Cambridge.

(Communicated by R. H. Fowler, F.R.S.—Received January 2, 1928.)




Summing Over Histories

e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge

[1928]
[1947]

The Quamtum Theory of the Electron.

By P. A. M. Dirac, St. John’s College, Cambridge.

(Communicated by R. H. Fowler, F.R.S.—Received January 2, 1928.) |
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e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge
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e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge

[1947]
[1947]




Summing Over Histories

e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge

[1947]




Summing Over Histories

e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge

g 9.00232... 11947)
. —90023...




Summing Over Histories

e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge

B 20023193. .. [1957]
B 2.00231931... (1972]




Summing Over Histories

e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge

- 2.0023193044. .. [1990]
B 2.00231931... (1972]




Summing Over Histories

e Shining light on an electron “rotates” it by a certain
amount, called the gyromagnetic ratio, ge

B 200231930435801... [200W
. 2.002319304361... 12011]




"Modern Laws of Nature: QFT

e Quantum field theories are specified by a
list of elementary processes

Feynman Diagrams

Quantum Chromodynamics cé‘

space




"Modern Laws of Nature: QFT

e Quantum field theories are specified by a

list of elementary processes
e The predicted distribution of outcomes for

any experiment can then be calculated by
summing over all possible “histories”

Quantum Chromodynamics

.
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Exempli Gratia: collide two gluons, and find four coming out




"Modern Laws of Nature: QFT

e Quantum field theories are specified by a

list of elementary processes
e The predicted distribution of outcomes for

any experiment can then be calculated by
summing over all possible “histories”

Exempli Gratia: collide two gluons, and find four coming out

(216 terms
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C ﬁaffenges and T m’umyﬁs of QFT

e The amplitude for (2 gluons)—> (4 gluons) was computed
by Parke and Taylor in 1985

e the calculation required many

gluons. The cross section for the scattering of two gluons with momenta p,, p, into

four gluons with momenta ps, p,, ps, ps is obtained from eq. (5) by setting I =2 and

clever tricks, and one of the e L e e
most powerful supercomputers
in the world (at the time) S

where 9, 2,, @, and 9, are 11-component complex vector functions of the momenta

© D1, P2, P3, Pas Psand pg,and K| K, K, and K, are constant 11 X 11 symmetric matrices.

. T e n a Or I I I u a M 8 a e S The vectors 9,, 9, and 9, are obtained from the vector & by the permutations

O (P2« ps3), (ps > pe) and (p, «> ps, ps > pg), respectively, of the momentum variables

in 9. The individual components of the vector & represent the sums of all contribu-

tions proportional to the appropriately chosen eleven basis color factors. The

matrices K, which are the suitable sums over the color indices of products of the

color bases, contain two independent structures, proportional to N%(N?-1) and
N*(N?*-1), respectively (N is the number of colors, N =3 for QCD):

THE CROSS SECTION FOR FOUR-GLUON PRODUCTION K=sg'NUN' =DK@ +3g NI NP - DK M
Here g denotes the gauge coupling constant. The matrices K® and K® are given

BY GLUON-GLUON FUSION in table 1. The vector @ is related to the thirty-three diagrams DO(I = 1—33) for

two-gluon to four-scalar scattering, eleven diagrams D" (I = 1—11) for two-fermion

to four-scalar scattering and sixteen diagrams DS(I =1-16) for two-scalar to

four-scalar scattering, in the following way:

Stephen J. PARKE and T.R. TAYLOR i & way
=___L__ 2 G, NG _ F. pF
Do mszssﬁ{tmc Dg — 4514013 E(ps+ pe, p) CT - Djs

~2814G(ps+pe, ps+ps)C° - D3},

Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510 USA

556 ~G . G
Received 13 September 1985 9,=_ C°- D, ®)

where the constant matrices CS(11x33), CF(11x11) and CS(11 x 16) are given in
. . . . . table 2. The Lorentz invariants s, and t, are defined as s,=(p;+p,)’ tu=
The cross section for two-gluon to four-gluon scattering 1s given in a form suitable for fast (p.+p,+p)* and the complex functions E and G are given by

numerical calculations. E(p, p,) = (1 p)(@.2,) = (P1P.)(P,Ps) ~ (P1 P, )(PiPa) + ien P PI DI PAY (P1P4)
G(pu P;) = E(Pu pS)E(Pp Ps) s (9)




C ﬁa[fenges and T1 n’umyﬁs cf QFT

e The amplitude for (2 gluons)—> (4 gluons) was computed
by Parke and Taylor in 1985

e the calculation required many T —

on the appropriate permutation symmetries. The function Aq(py, p2, P3, P4, Ps Ps)

. must be symmetric under arbitrary permutations of the momenta (p,, p,, p;) and
|,] separately, (p., ps, ps), Whereas the function A,(p,, ps, Ps, Ps, Ps, Ps) Must be sym-

Cleve r trl CkS and One Of t e metric under the permutations of (p,, p, s, ps) and separately, (ps, ps). This test is
, extremely powerful, because the required permutation symmetries are hidden in

our supersymmetry relations, egs. (1) and (3), and in the structure of amplitudes

involving different species of particles. Another, very important test relies on the

I I I O St Owe r u Su erCO I I I uter S absence of the double poles of the form (s.,)_2 in the cross section, as required by
general arguments based on the helicity conservation. Further, in the leading (s,)™"

pole approximation, the answer should reduce to the two goes to three cross section

L ® [3,4], conug c 4 2 P -~ Our result
1n t e WO rl d at t e tlme o uly passed both these numerical checks.

Details of the calculation, together with a full exposition of our techniques, will

be given in a forthcoming article. Furthermore, we hope to obtain a simple analytic

form for the answer, making our result not only an experimentalist’s, but also a

e The final formula: 8 pages

We thank K¢ = siaOigsand esneci e or many useful
discussions and encouragement during the course of this work. We acknowledge
the hospitality of Aspen Center for Physics, where this work was being completed
in a pleasant, strung-out atmosphere.
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Details of the calculation, together with a full exposition of our techniques, will
be given in a forthcoming article. Furthermore, we hope to obtain a simple analytic
form for the answer, making our result not only an experimentalist’s, but also a
theorist’s delight.




S ﬁocﬁing Simyﬁcﬁy cf ﬂmyﬁ’mcﬁzs

e Six months later, they guessed a simplified form of their
earlier answer—a formula which now bears their names

: (12)*
- (12)(23)(34)(45)(56)(61)
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e Six months later, they guessed a simplified form of their
earlier answer—a formula which now bears their names

e More importantly, their guess seemed to obviously
extend to the production of any number of particles!
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S ﬁocﬁing Simyﬁci’ay cf ?lm]a[ituc[es

e Six months later, they guessed a simplified form of their
earlier answer—a formula which now bears their names

e More importantly, their guess seemed to obviously
extend to the production of any number of particles!

e (12)*
- (12)(23)(34)(45) -+ (n1)




A Radical G{@Cormu[au’on cf QF

In 2004 Britto, Cachazo, and Feng proposed that amplitudes
be determined recursively (to leading order) in terms of two
basic processes, without ever introducing imagined ‘histories’:
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A Radical G{@Cormu[au’on cf QF

In 2004 Britto, Cachazo, and Feng proposed that amplitudes
be determined recursively (to leading order) in terms of two
basic processes, without ever introducing imagined ‘histories’:
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A Radical G{@Cormu[au’on cf QF

In 2004 Britto, Cachazo, and Feng proposed that amplitudes
be determined recursively (to leading order) in terms of two
basic processes, without ever introducing imagined ‘histories’:
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A Radical G{eformu[au’on cf QF

In 2004 Britto, Cachazo, and Feng proposed that amplitudes
be determined recursively (to leading order) in terms of two
basic processes, without ever introducing imagined ‘histories’:
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A Radical G{@Cormu[au’on cf QF

In 2004 Britto, Cachazo, and Feng proposed that amplitudes
be determined recursively (to leading order) in terms of two
basic processes, without ever introducing imagined ‘histories’:
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A Radical ﬂ{eformu[ation of QF

In 2004 Britto, Cachazo, and Feng proposed that amplitudes
be determined recursively (to leading order) in terms of two
basic processes, without ever introducing imagined ‘histories’:
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A Radical ﬂ{eformu[ation cf QF

In 2004 Britto, Cachazo, and Feng proposed that amplitudes
be determined recursively (to leading order) in terms of two
basic processes, without ever introducing imagined ‘histories’:
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Comjofeu’ng the Revolution.

Remarkable advances in recent years:
e the recursion relations for computing amplitudes

were found to extend to all orders of complexity!
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Comjo[eting the Revolution.

Remarkable advances in recent years:
e the recursion relations for computing amplitudes

were found to extend to all orders of complexity!
e each term can be characterized combinatorially
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Comjo[eu’ng the Revolution.

Remarkable advances in recent years:
e the recursion relations for computing amplitudes

were found to extend to all orders of complexity!
e each term can be characterized combinatorially

e each term represents the volume of a polytope




The Geometry (f ?(my[ituoﬂes

Amplitudes can now be understood geometrically!
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Amplitudes can now be understood geometrically!
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The Geometry @C ?lmy[ituc[es

Amplitudes can now be understood geometrically!
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Thank You!
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