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1. Introduction: A reminiscence

Julian Schwinger’s ideas have strongly influenced my understanding of
phenomenological Lagrangians since 1966, when I made a visit to Har-
vard. At that time, I was trying to construct a phenomenological Lagrangian
which would allow one to obtain the predictions of current algebra for soft
pion matrix elements with less work, and with more insight into possible
corrections. It was necessary to arrange that the pion couplings in the
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DECOUPLING

FACTNature comes with many
hierarchies of scale, and detalls of
small distances are not needed to
understand long distances
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DECOUPLING

FACTQuantum field theory shares
this property that small distance
physics drops out of long distance
physics

A@,m,M)=f(0,m/M)
~ £(0,0)|1 + O(m/M)

(modulo logarithms)



DECOUPLING

Behooves us to exploit this simplicity as
early as possible in a calculation: EFTs

A0, m, M) ~ £(6,0) [1 + O(m/M)

Applicable everywhere because In
guantum physics we cannot help probing

very short distances\

Ey, ~ (k| H, k) + 3, Ll

— by,



EFT GENERA

EXPLOITING HIERARCHIES
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EXPLOITING HIERARCHIES

Simple example: two spinless fields

§ == [d'z [9,6" 0" + V(99)]
V(g ¢) = 3 ("¢ —v?)

Perturbative treatment: ¢ = v - \}5 (R + 11 )

So =% [ d*z [0, RO"R+ 0,1 O"T + \v?R?

2

Sine = — [ dia [;yi R(R?+1?) + X (R + 12)2}



EXPLOITING HIERARCHIES

Simple example: two spinless fields

Particle masses

2 _
m? =m?* = Xv* m; =0

R

Hierarchy £ < m

Perturbative treatment:

Sine = — [ dia [;:;5 R(R?+1?) + X (R + 12)2}




EXPLOITING HIERARCHIES

Simple example: two spinless fields

Interactions

7/
7/
7/
_<
N\
N\
N

Ou ™0 + V(67 6)

' 1 (070 - %)

Perturbative treatment:

So = =% [ A%z |0, RO R+ 0,1 0" T + \v?R?

2

Sint 1= —fd4a:' {2):;’5 R(R2 —I—IZ) %(RQ +12)2}



EXPLOITING HIERARCHIES

Simple example: two spinless fields

Interactions

Perturbative treatment:

So = =% [ A%z |0, RO R+ 0,1 0" T + \v?R?

Sint 1= —fd4a:' {2);)5 R(R2 +IZ) %(RQ +12)2}



EXPLOITING HIERARCHIES

Lowenergy scattering:I(q) + I(p) — I(q') + I(p’)

. LX dza WONR aas

has (on shell) amplitude

2 | 2 m2_|_2p.q | m2_2q,q/ m2—2p-q’

A — _3iA i(Av)? [ 1 , 1 I 1 }

which at low energies becomes

A~ 2\ {(p-Q)2+(p-q’)2+(q-q’)2} L0 (m—G)

m4



EXPLOITING HIERARCHIEESSYMMETRIES
Low-energy scattering:I(q) + I(p) — I(q") + I(p’)

Weaker than expected at energief < my

Turns out to persist to higher orderslin

has (on shell) amplitude

A: 3IA i(A'U)z { 1 | 1 | 1 }
5 5 | |

m?+2p-q = m?—2q-q’

which at low energies becomes

A~ 2\ {(p-Q)2+(p-q’)2+(q-Q’)2} L0 (m—G)

m4



EXPLOITING HIERARCHIEESSYMMETRIES

Lowenergy scattering:I(q) + I(p) — I(q') + I(p’)

Weaker than expected at energief < my

Turns out to persist to higher orderslin

has (on shell) amplitude

A Also true for lowenergy R+l scattering:

m

whicl ALAR+1 = R+ 1) >~ 2i)\ (q'qz/) + O (m_4)

A ~ 2\ {(p-Q)2+(p-q’)2+(q-Q’)2} L0 (m—G)

m4



EXPLOITING HIERARCHIEESYMMETRIES
Underlying symmetry ¢ — e ¢

§ =~ [ d* [9,0"0"6 +V(6"9),

Better lowE variables: ¢ = (v |

X —7 X E—E+HV2w

Sime = — [ d*z K\/g -2 ucore I 2 x




EXPLOITING HIERARCHIESYyMMETRIES
Underlying symmetry ¢ — e’ ¢
=~ [d% [@ucb*@“qb + V(ab*qﬁ)}

Better lowE variables: ¢ = (,U | \}%) o1&/ V2

X=X = E+V2w

e « LJ dza WONR &AS



EXPLOITING HIERARCHIEESSYMMETRIES

Moral: makesymmetriesmanifest ¢ — e ¢

You can use any variables you like, but |f

you use the wrong ones you will be sorry.

62yS 27

2 SAY 0 SN.

Qa o [ ||oé&

Symmetries cannot always be realized linearly when

restricted to low energy variables

( R ) ( COS W
— .
i S1N W

VS

— SIn W
COS W

X=X €6+ V2w

)



EXPLOITING HIERARCHIEFTS

Another Moral: the leading lovenergy Hl scattering amplitude

A~ 9\ | 0 +d) +ad) | | (m ")

m4

A a LJNJSO)\ Sfe a é2dzZ R KI @S

7 (9,1 9"I)>

eff—

through the Feynman graph “¢~  LJ dza WONZ &

More remarkably: the order (E/m¢ontributions to
ANYlow energy observable are captured by this samne
Interaction, possibly witlh-corrected coefficient



EXPLOITING HIERARCHIEFTS

Why does this work?

A lowenergylagrangiannvolving only the light field must
exist because energy conservation ensures projecting onto
low-energy Is consistent with timevolution

PAe—thPA — e—’iHefft

It can always be written In terms of the low energy field
because this is a complete set of QFT operators at low energ

PN y20KSNI 2F 2SAYO0OSNHQA
. content beyond encoding things like special relativity,

. unitarity, cluster decompositioretcin QM

But why isH.« so simple?dégwhy local? why no Ih? terms?)



EXPLOITING HIERARCHIEFTS

Localityls a consequence of the uncertainty principle

N\ 7/
N 7/

Vs
N\ 7/ 7/
\, P S 7/
7/ S ‘
7 \ /7
7’ N 7 N

Because energy conservation forbids actually producing therr
heavy states can only influence light states as virtual particles

Uncertainty relations allow temporary production of a state
with energym only for time intervals < 1/m

P (T—y)
G _?’f (27?)4 pQ—I—fm2

’L o0 0* & 4
— m?2 £Luk=0 (W) 0 (,CU I y)




EXPLOITING HIERARCHIEFTS

More complicated interactions dimensionally cost more
powers of 1/m, so should be less important at low energies

Lot =2 —5(0,EO1E) + 25(0,£ 01€)?
-4 (01€ OHE)> + - -

so working to fixed order in E/m only involves a fixed number
of interactions

Explains special role played imyhormalizablanteractions
(unsuppressed by 1/m) in describing Nature

ﬁren — 9377153 + 9454

(renormalizablantnsforbidden for toy model by symmetry)




EXPLOITING HIERARCHIEFTS

Why not start atl/m??

L= 9(0,£0%0ME) + 2%(0,0,£ 09V E)

1/m?terms (and other 1/miterms) are alredundant

E — (alma2)( f@Q@u&-) a22 ay(augaual/g)

le a total derivative or can be removed with a field redefinitic

§ — &4 251 92 ¢ for which

— 10,8016 — —2 0,E0ME + 2= (9,£0%0M€) +




EFT GENERA

FRAMEWORK®™

WHY RENORMALIZATION-S

-

A GOOD THING

7
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WILSON ACTION

Suppose heavy and light degrees of freedom exist but only
the light ones are ever measured:

(O(0)) = [ DLDh SR O4)
Most simple If m/M expansion Is done as early as possible

Define lowenergy byE <L and theWilson actiorby

SiSAll] — [ Dh SiS[E,h)
SO

(0(0)) = [ De tS218 O(0)



WILSON ACTION

Important Properties follow from the definition:

1. Same lowenergy expansion for, &pplies toall
low-energy observables

(0(0)) = [*De eiSall O ()

2a. The precise form for 8epends in detail on precisely
how the high and lowenergy sectors get split up

SiSAll — [ Dh SiS[E,h)

2b. The details in Sreciselycanceitheir counterparts in
the measure once physical quantities are computed

(O(0)) = [ DL Dh 56 O



WILSON ACTION RENORMALIZATION

Why renormalization is a good thing:

S appears in the path integral in the same way as does
the traditional classical action

(0(0)) = [ De 5218 O(0)

The cancellation df -dependence of integral
with the dependence in,Sounds exactly Iike---@---
traditional way of describing renormalization

L b ()

Qphys  ao(A)

Surely the classical action is really just a Wilson action|for
a still higher UV completion?




WILSON ACTION RENORMALIZATION

EFTs &imensional regularizatiarCan use freedom of
definition to use dirreg (rather than cutoffs like )in the
STFSOUADS UGKS2NE 0g6AU0K O2dzLl

Cutoffsplit Dim-reg split
UV:/ h

UV:/ h M

__________ . EFT/




WILSON ACTION RENORMALIZATION

EFTs &imensional regularizatiarCan use freedom of
definition to use dirreg (rather than cutoffs like )in the
STFSOUADS UGKS2NE 0g6AU0K O2dzLl

CutoffDefinition: Dim-Reg Definition:

High-energy sector: High-energy sector:
all modes oh fields all modes oh

& E >L modes of

Low-energy sector:
Low-energy sector: all modes of

E <L modes ofl

These differ only in how they treat highergy modes (E £
modes of/) and so diff. can be absorbed into eff. couplings.



WILSON ACTION POW

ER COUNTING

Dimensional regularization allows more precise identification
of which interactions contribute at each order in energy/m.

Lin = 1 32, On | (/M) (8/0)

f fields —

d. derivatives

S ——

Use these to build a Feynman graph wlexternal linesL
loops anaV, vertices coming from interactio®,

Eexternal lines—

p—

Lloops,V, vertices




WILSON ACTION POWER COUNTING

Use relations amongd, |, L, ¥Yoming from fact thegonnect
togetherto make a graph

F + 2] = Zn f, V,, (conservation of ends)
L=1+1— Zn V.. (definition of # of loops)

Track factors of M andv from vertices and use dimensional
analysis to determine power of external energy scale

Liw = 132, On | (0/M) ™, (8/0)




WILSON ACTION POWER COUNTING

Use relations amongd, |, L, ¥Yoming from fact thegonnect
togetherto make a graph

F + 2] = Zn f, V,, (conservation of ends)
L=1+1— Zn V.. (definition of # of loops)

Track factors of M andv from vertices and use dimensional
analysis to determine power of external energy scale

1. Only positive powers of external energy scale Q implies
systematic lonenergy expansion beyond leading order.



WILSON ACTION POWER COUNTING

Use relations amongd, |, L, ¥Yoming from fact thegonnect
togetherto make a graph

F + 2] = Zn f, V,, (conservation of ends)
L=1+1— Zn V.. (definition of # of loops)

Track factors of M andv from vertices and use dimensional
analysis to determine power of external energy scale

2. Notice 1/v only appears with external lines: lemergy
expansion (Q/M) logically independent of the field expansio



WILSON ACTION POWER COUNTING

Forexamplein the toy model we had = M == m

Amplitude withEexternalx particles depends on external
energy scal€) by an amount

where all interactions satisfy d,, > f,, > 4

WhenE = 4argest contribution has:, =0 and V,, = 1

T

for which 1 onlyif d, = f, =4
A~ (1) -
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TIMEDEPENDENT FIELDS
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EVOLVING BACKGROUND FIELDS

Timedependent background field€an EFTs be used with
time-dependent backgrounds?

Naively not, because energy conservation is central while
energy for fluctuations need not be conserved for time
dependent backgrounds.

They can if evolution is adiabatic, &6 dA/dt << UV scales.

Then energy levels vary parametrically with tirges E (t).
Must also demand high and low energy levels do not cross.




EVOLVING BACKGROUND FIELDS

Toy model of two spinless fields
§ == [diz [0,07040 + V(679)
V(¢*o) =% (¢%6 —v?)

Low energy EFT: S o — 42;4

Time dependent classical solutio

¢C1 — L0 eiwt

2
EOM: P0 = \/’U2 -




EVOLVING BACKGROUND FIELDS

Classical energy partly kinetic and partly due to field climbing
the potential

c= ¢ o+ V =w? (VP4 2

The EFT has no V, so how does it
account for the potential energy?




EFT GENERA
FRAMEWORK
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EFT EXAMPLBSFERMI THEORY

The Standard Model provides many examples of hierarchies
scale (some of which helped EFT methods to be discovered)

Weak decays proceed through W exchange

L W,JH + c.c. e

N
2\/_ \ \\\\ \

Fermi theory describes weak :
Interactions at low energies

Lr="J5 i -




EFT EXAMPLBSQED

Massless spHl particle
F,, =0,A4, —0,A,

Free action

A_not a 4vector!

A, — A, +0,w

Nonderivative couplings to other matter

Smat = € [d*z A, JH () = 0,JH(¢¥) =0

Gauge Invariance and conserved curre
both required by QM + Lorentz invariange!



EFT EXAMPLBSQED

At low energies renormalizable interactions should
dominate. What are possibilities for electrgrphoton?

Eren — _iF,ul/F'UJV i w(,.)/,uau + m)w
—ieAF,@’y“w

All other interactions involve couplings with dimensions of
iInverse length (so are not renormalizable).

QED emerges at low energies as the most general f

allowed for static massless spome coupling to matter




EFT EXAMPLBSGRAVITONS

Massless spH2 particle

Free action

Lo/v/—9=—59"" 9 Rury  Iuv = Nuv + 2N [M,

h_ not asymtensor!

huw — by + 0wy, + Opw,

Nonderivative couplings to other matter

Smat = 3 [ A @ h TH () = 0, 7" (¢) =0

Gauge Invariance and conserved curren
both required by QM + Lorentz invariange!



EFT EXAMPLBSGRAVITONS

At low energies renormalizable interactions should
dominate. What are possibilities for electrgrgraviton?

Lren — Egraviton — 10(’7““8“ T m)w

Allinteractions involve couplings with dimensions of
Inverse mass (so are not renormalizable).

Inablility to formulate renormalizable interactions for gravitc

are consistent with gravity being weakest known force
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SPATIALLY FLALRWUNIVERSE

Cosmology starts with two observations and an inference

1. Matter, on average, seems to be distributsedtropicallyand
homogeneously around us

SLOAN DIGITAL SKY SURVEY
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SPATIALLY FLALRWUNIVERSE

Cosmology starts with two observations and an inference

1. Matter, on average, seems to be distributsedtropicallyand
homogeneously around ygg cosmic microwave background
temperature fluctuations are 1 part in 100,000)

PLANCKCMBMAP



