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Aim of lectures

Through examples from several areas of physics,
to gain some familiarity with basic aspects of
effective field theory technology.
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Organization

Lecture |: Basic technology
Lecture |l Non-Relativistic EFT
Lecture Il NR EFT:applications
Lecture |V: x — PT primer



l ecture |: Basics

Why we can calculate
What EFT is
Scaling/dimensional analysis
Quantum corrections

Matching



Physicists choose to study problems with widely separated scales

M W.Z enzyme excitation

spectra

Physics Biology



Consider a physical system with multiple scales

Arrange the various scales into two groups such that:

low — momentum scales < p

high — momentum scales > A

p <A —  Effective Field Theory

include low-momentum d.o.f.
omit high-momentum d.o.f. ;
systematically improve description in: (%)



Utility of EFT?

Better understand problems with many length
scales. (e.g. nuclear physics, atomic physics)

Compute low-energy scattering without knowledge of
short distance physics. (e.g. the Standard Model)

Develop low-energy theory with non-perturbative full
theory. (e.g. chiral perturbation theory)



Consider a system with N scalar fields
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If mq% > A

/quchl... D®y_qe~ " :/ngeSEFT

non-local!
SEFT = / d*x Lrppr

High-momentum d.o.f. are integrated out
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Dimensional analysis:

h=1 — x| =-1 [t]=-1

[/ ddZULEFT] =0 — [gb] — d/2 — 1

¢ Constrained by Lorentz invariance ...and ¢ — —@
& Assume C_9, \,Cp, d,, <1

< X0  number of operators!



Which operators are most important!?
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In classical, relativistic EFT:

scaling dim = mass dim

Dominant effect from lowest dimensions!

How do quantum effects alter scaling?

Operators renormalize each other via loops!
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These shifts are perturbative by assumption!




mg < A requires fine tuning!

Hierarchy/naturalness problem!

Fermions do not have this problem! Chiral symmetry

(We will postpone discussion of logarithms till later.)



Blue light scatters more strongly from atoms in the atmosphere than red light!



EFT

|dentify low-energy d.o.f
|dentify the symmetries
Construct most general EFT
Determine power counting
Choose desired accuracy

Determine parameters (matching)



Consider interactions of photons with neutral atoms

Physical scales

( Photon energy: W \
Atom mass: M a
Atom size: ag
Atom level spacing: AFE
. y

w<< AE < ay' < My



d.of!?

AM creates and destroys photon
Dy destroys atom with velocity v, = (1,0,0,0)
gbl creates atom with velocity +, = (1,0,0,0)

Constrained by Lorentz and gauge invariance

Building blocks:

a'u qb:f) ¢”U F [V Up
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[

\_

LErT = 10} 0uF L FMY 4 cogl ppv* Fopvg FPH 4 c308 ¢y (000 Flu MY 4. .

~N

J

00 number of operators ! need power-counting
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Fw] =2, o] = 3 ] = e = =3, eg] = 4

Dominant effect from lowest dimensions!



Dimensions must be made from high-energy scales:

AE aal

Scattering with  w < AE, a;°  ~ classical
LerT = ap (alﬂj@,FWFW + a2¢i¢vvo‘Faungﬁ“) + ...
Scattering amplitude: Al ~ af

Cross-section: o] = =2
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Yellow

6,300 A

Orange
6,650 A
665 nm

7,000 A
700 nm

To calculate the coefficients must match the full theory to the EFT

(See Jackson, Classical E and M)



Let’s consider another example
where matching is more illuminating:

Eulor- wa@ EL7T



Consider photon interactions when

Physical scales

Photon energy:

electron mass:

Me

J

d.of?

W << Me

AM creates and destroys photon

Constrained by Lorentz and gauge invariance

+ CandP
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Don’t need to know anything about QED!

Scattering amplitude: Aro (vy — vy) ~ o —

Cross-section: o] = =2



o(yy =) ~ 8

w6

(&

Matching to QED:




What about corrections to LO?
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Lecture ll: NR systems

® Non-Relativistic scaling
® NR effective Lagrangians
® Scattering theory generalities

® Bosons in flatland



Recall relativistic scaling:
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Dimensional analysis:

h=1 — x|=-1 [t]=-1

[/ dd.CC,CEFT] = — [gb] — d/2 — 1

scaling dim = mass dim

P =1 , jeo) =2 , AN =0, le) = [dn] =—2n



LErT = % (&2—(V¢)Q—m2 2)—%¢4—|—...

For non-relativistic particle:

o ~ ae Bt 4 gl et with E~m

Near cancellation in kinetic term!

Define: O(x,t) = ! (e7"™ ah(x,t) + ™ P (x, 1))



Time and space scale differently!

2
Free e.o.m: (iat | v )w = (

2m




Let’s generalize our notation a bit:
non-relativistic fermions and bosons

Y(x,t)  creates particle

P(x,t) destroys particle

The quantum field % can represent a nucleon or an atom

Free theory:
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EFT

()  ldentify low-energy d.o.f

(I) ldentify the symmetries

(Ill) Construct most general EFT
(IV) Determine power counting

(V) Determine parameters (matching)



(1) Identify the low-energy d.o.f.

atoms or nucleons

(1) Identify the symmetries

Conservation of particles: v — €%

same number of ¥ and o'
\_ J
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Galilean invariance: b(x,t) — emVE=3 0y (x — yp)
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3 - B } transform like V19
V1 V Ya = 91 V h2 — Y2 V




Also have rotational invariance, P and T

(Ill) Construct most general EFT

. V?
Lepr = P! <Z5't | | M) Y+ chOn
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d=6:  (vfy)
d=28: VIVt

LerT can be simplified by omitting total derivatives, using
e.o.m and by performing field redefinitions:

v — + T ()



(IV) Determine power counting

O'rst ~ (Zmat)r sztwt Np2r+8+3t
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Operator suppression:

Note: this power counting assumes that the coefficients in
the EFT are of natural size!




How do quantum effects alter our scaling arguments?

What is relation between the EFT and the SchrOdinger equation?

Let’s consider some EFT examples:

*  Bosons in two spatial dimensions
* Fermions in three spatial dimensions



Aside:



Aside:

Ultra-cold atoms: At nano-K temperatures, have a non-relativistic
few-body system whose inter-particle interaction can be tuned.




Aside:

Ultra-cold atoms: At nano-K temperatures, have a non-relativistic
few-body system whose inter-particle interaction can be tuned.

It gets better.... consider atoms tightly confined in the z
direction:

Vi (2) = lmngQ Uy = L

Wy

Can continuously move from 3 to 2 spatial dimensions!



Cold Atoms = Theoretical playground!




INTERACTING BOSONS

Assume: finite range interaction in d space-time dimensions
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S-wave scattering (arbitrary d)

C.O.M.: (AQ)tTee = —(Cpy — CQkQ + ...

three-body forces:

(A3 ) tree




Can solve exactly (formally)!
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Renormalization

['(n) haspolesat: n=0,-1,-2,...

M ¥) pd_3
2(4m )(d 1)/2F(d— )

d even: Io(p) = —

finite! no running couplingsin M S

(dodd - gt L (2) () e
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At least one EFT coupling runs in M S




The S-matrix

S = 9P

= 1 — 2iIm(Iy(p)) Az(p)
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Leading beta function in EFT:
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as () vs. as(v=1)=1
Attractive: ox(n) = —|as(p)] Repulsive: (1) = +laz(p)]

Asymptotic freedom!

Landau pole!



Weirdness of two spatial dimensions:

O AQ(p—>())H()
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<& Bound state for attractive and repulsive coupling:

coto(iy) =1 ;5 >0

v = pexp(r/2as(p))

In repulsive case corresponds to Landau pole!

cutolf of EFT!




SchrOdinger equation:

-

\_

— V20 — ¢6%(r)V = 2M EV

~N

J

Regularization: go*(r) — g/(wrg)O(ro — 1)
U = Jy(pr), Vs = JO(Z[?;;)();ig)(QT) : p=vV—-2ME , q = \/g/(m“g) — p?
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Recovers previous!



Quantum effects alter marginal operators!

Solving Schrbdinger equation = Summing bubbles
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Next we’ll consider power counting in NR systems
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