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The EFT algorithm

Identify key �elds

�

and

�

;

Identify low-energy scales �

�

�

andhigh-energy scales

�
�

�

�

	�

�

���

� ;

Identify symmetries

�

�

�

���

� , rotation,

�

�

�

;

Write down all operatorscontributing to thisprocesswhichare
allowedby thesesymmetries;

�

�

,

�

�

, . . .

Organizeusingnaive dimensionalanalysis;

Determinepower countingfor loopsin QFT;

Calculateobservablesto desiredaccuracy.

PREDICTIONS(Systematicallyimprovable,falsi�able)
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The “str ongQCD” problem

Many key quantitiesin QCD: �

�
�

�

�

�
�

� .

� Essentialsingularityat 	

�




.

PERTURBATION THEORY WITH AND
USELESSAT LOW ENERGIES

Alternatives:

LatticeQCD;

Findnew degreesof freedom:constituentquarks;�ux tubes;
instantons;nucleonsandpions.

Goal: Low-energy effective theoryof QCDwith nucleonandpion
degreesof freedom;

Key: Effective theorymustinherit low-energy symmetriesof QCD.
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Low-energy symmetriesof QCD
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� theorysymmetricunder �

�

�

.

Isospin: symmetryunder

Spin: form ;
a few MeV

Symmetryunder and ;

Prediction:Symmetryof QCDHamiltonian for everypositivepar-

ity eigenstateof thereshouldbean(almost)degeneratenega-

tive parityeigenstate.

NPSSLectures,BarHarbor, ME, June2004– p.4/32



Low-energy symmetriesof QCD

���

�
�

�

���

�

	



�

�

�
�

�

	



�

�

���

���

�

�

���

�
�

�

�

�
�

���
�

�
� �

���

�

���

� theorysymmetricunder �

�

�

.
Isospin: symmetryunder �

�

�

�

�

�
�

���

Spin: form ;
a few MeV

Symmetryunder and ;

Prediction:Symmetryof QCDHamiltonian for everypositivepar-

ity eigenstateof thereshouldbean(almost)degeneratenega-

tive parityeigenstate.

NPSSLectures,BarHarbor, ME, June2004– p.4/32



Low-energy symmetriesof QCD

���

�
�

�

���

�

	



�

�

�
�

�

	



�

�

���

���

�

�

���

�
�

�

�

�
�

���
�

�
� �

���

�

���

� theorysymmetricunder �

�

�

.
Isospin: symmetryunder �

�

�

�

�

�
�

���

Spin: form ���

�

�

�

�

�

�

�

���

�

�

�;

���

�

�
�

� a few MeV
	�


�



�

�
�

�

���

�




Symmetryunder and ;

Prediction:Symmetryof QCDHamiltonian for everypositivepar-

ity eigenstateof thereshouldbean(almost)degeneratenega-

tive parityeigenstate.

NPSSLectures,BarHarbor, ME, June2004– p.4/32



Low-energy symmetriesof QCD

���

�
�

�

���

�

	



�

�

�
�

�

	



�

�

���

���

�

�

���

�
�

�

�

�
�

���
�

�
� �

���

�

���

� theorysymmetricunder �

�

�

.
Isospin: symmetryunder �

�

�

�

�

�
�

���

Spin: form ���

�

�

�

�

�

�

�

���

�

�

�;

���

�

�
�

� a few MeV
	�


�



�

�
�

�

���

�




�

�

�

�

�

�

	



�

�

�

�
�

�

�

	



�

�

�

�
�

�

�

	



�

�

�

�
�

�

�

	



�

�

�

�
�

���
�

�
��

Symmetryunder �

�

�

�

� and �

�

�

�

� ;

�

�

�
�

�

�

�

�

�

�
�

�

�

Prediction:Symmetryof QCDHamiltonian for everypositivepar-

ity eigenstateof thereshouldbean(almost)degeneratenega-

tive parityeigenstate.

NPSSLectures,BarHarbor, ME, June2004– p.4/32



Low-energy symmetriesof QCD

���

�
�

�

���

�

	



�

�

�
�

�

	



�

�

���

���

�

�

���

�
�

�

�

�
�

���
�

�
� �

���

�

���

� theorysymmetricunder �

�

�

.
Isospin: symmetryunder �

�

�

�

�

�
�

���

Spin: form ���

�

�

�

�

�

�

�

���

�

�

�;

���

�

�
�

� a few MeV
	�


�



�

�
�

�

���

�




�

�

�

�

�

�

	



�

�

�

�
�

�

�

	



�

�

�

�
�

�

�

	



�

�

�

�
�

�

�

	



�

�

�

�
�

���
�

�
��

Symmetryunder �

�

�

�

� and �

�

�

�

� ;

�

�

�
�

�

�

�

�

�

�
�

�

�

Prediction:Symmetryof QCDHamiltonian � for everypositivepar-

ity eigenstateof
�

� �
� thereshouldbean(almost)degeneratenega-

tive parityeigenstate.
NPSSLectures,BarHarbor, ME, June2004– p.4/32



Experimental baryon spectrum
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Analogy: Ferromagnetism

Above �:

� �

�

�

Below �:

� �

�

�

rotationallysymmetric,sohow can
?
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Analogy (contd.)

Spontaneoussymmetry breaking: below

���

groundstateof
Hamiltoniandoesnothavesymmetryof Hamiltonianitself.

Existenceof zero-energy excitations,“Goldstonemodes”.

Ferromagnetism QCD

Groundstate QCDvacuum

Low temperature Low energy, alsoT

Magnons Pions
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Consequencesfor low-energy QCD

���

�

�

(chiral limit):

���

�




;

� is apseudoscalar;

�'s interactweakly.

(but still ):
Only modi�cation: , so .

Neweffective theory:
SMALL BIG

Symmetries: , isospin,Spontaneouslybroken S

Degreesof freedom:
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The strong-interaction massgap
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Chiral perturbation theory

Chiralperturbationtheoryis themostgeneral

�

�

�

�

�

�

consistent
with thesymmetriesof QCDandthepatternof their breaking,up to
agivenorderin thesmallexpansionparameter:

�

��� ���

���

�

	�


“Short-distancephysics” ( ) expandeda la themultipole
expansion certainnumberof “multipoles” needto be
determinedateachorder;

Pionsareweaklycoupledandlight they provide the
long-distance( ) contribution to observables.

ResultantEFT is model-independentand
systematicallyimpr ovable

Weinberg, Gasser, Leutwyler, Bernard,Kaiser, Meißner,...
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Power counting in PT

Rules:

�
�

for a vertex with � powersof � or �

� :
�

�

�

�

;

�

�

�

for eachpionpropagator:

�

�

�

�

�

�

�

;

�

�

�

for eachnucleonpropagator:
�

�
�

�

�

�
� �

�

�

� ;

�

�

for eachloop:

�

�
	

;

Powercountingfor loopsaswell asfor

,
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NucleonCompton Scattering in PT
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Powell X-Sn +
non-analyticity
from loops

Small expansion:

.
Bernard,Kaiser, Meißner(1992)

PDGaverage:
;

.
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N

�

LO: �

� �

� amplitudeat

���

� �

�

J.McGovern,Phys. Rev. C 63, 064608(2001)

Short-distancephysicsvia contactterms, with coef�cients which
shouldbe�t to data:

Experiments:SAL/Illinois, LEGS,MAMI, . . . .
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Results
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PT and light nuclei

�PT: pion couplesderivatively and �

� is “small”

� pion interactionsareweakat low energy.

NO NUCLEI!!
Weinberg (1990):employ chiralexpansionfor potentialand
solve Schrödingerequationfor nuclearwave function:

i.e. expandedin powersof using PT.

respectsQCDpatternof chiral symmetrybreaking;

Systematictheoryof interaction.
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Leading-order potential
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Yukawa(1935):

Range fm

Leading-order PTpotentialis singular, requiresregularizationand
renormalization.

NPSSLectures,BarHarbor, ME, June2004– p.16/32



Leading-order potential

�

�

�

�

�

���
�

	

��


�



�

�

�

�

�

�

�

�

�

�

�




���

�




�

�

�

�

Yukawa(1935):

�
�

�
�

�

�

�

�
�

�

�

�
�

�

�

Range fm

Leading-order PTpotentialis singular, requiresregularizationand
renormalization.

NPSSLectures,BarHarbor, ME, June2004– p.16/32



Leading-order potential

�

�

�

�

�

���
�

	

��


�



�

�

�

�

�

�

�

�

�

�

�




���

�




�

�

�

�

Yukawa(1935):

�
�

�
�

�

�

�

�
�

�

�

�
�

�

�

Range �

�

�
�

�

�

�

fm

��� �

�

�

�
�

�

��� �

�

���

�

�

�

 

�

!

�

�

"

#

$

�

%

&

Leading-order �PTpotentialis singular, requiresregularizationand
renormalization.

NPSSLectures,BarHarbor, ME, June2004– p.16/32



Fun factsabout the force

Nuclearforceis attractive at long range, �

�

�

fm;

Nuclearforceis repulsive at shorterdistances, ;

0 1 2 3 4
r (fm)

-20

0
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40

60

V
 (

M
eV

)

Vtotal
VOPEP
Vshort

, sostatesof different mix;

as ; Beane& SavageandEpelbaumetal.

Correctionsto LO potentialdueto two-pionexchangeetc.can
besystematicallycalculatedin PT.
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Deuteron wave functions

Deuteron: bindingenergy 2.225MeV, (?smallonscaleof �

� ?) �x es

�

.
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Sameat longdistances:

�

,

�

� ,

���

,

���

� � , �

� .
Some differences at
two-pionrange.
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Reactionson deuterium

� �

�

� �

: calculatedfrom chiral potential.
: alsohasa PTexpansion. (Weinberg, vanKolck)

Descriptionof observableswhichshouldbe:modelindependent,sys-

tematicallyimprovable,accurateat low momentum/energy transfer.
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in PT
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D.P. + Cohen,Meißner+ Walzl, D.P.

LO : structurelessnucleons

NLO : nucleonisoscalarchargeradius+ relativistic
effects

NNLO : two-bodypion-exchange-chargeoperator

N LO : two-meson-exchangechargepieces
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using factorization
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LO: O(e)
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2
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NNLO: O(eP
3
)

Parameter-freeprediction:tests �PT'sdescriptionof deuteron.

Data:Abbottetal.,Eur. Phys. J.A 47, 421(2000);Theory:D.P., Phys. Lett. B 567, 12 (2003).
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Conclusion

EFTrelieson theinsensitivity of low-energy observablesto
detailsof short-distancephysics.

Constructmostgeneraltheoryconsistentwith known
symmetriesandscalesof problem.

Model-independent,systematic.

QCD'sspontaneouslybroken symmetry .

Basisof chiralperturbationtheory, appliedwith muchsuccess
in A=0 andA=1 ( ).

To dealwith neednew EFT: “ -expansion”.

Light nucleicanalsobeattackedusing PT(Weinberg).

, , , , , , , , etc.
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Futur ework

Polarizationobservablesin

�

�

�

(with D. Choudhury);

�

degreesof freedomin �

�

(with R. Hildebrandt,etal.);

Moredataon �d �

�d! HI �S atTUNL

ComptonscatteringonHelium-3;

�

�

�

�

� � � for � � scatteringlength(with A. Gårdestig);

�

-expansionfor �

�

scattering;

Systematicn-bodyforceswhichareconsistentwith

� �

force;

ShellmodelasanEFT;

MFT, DFT, andEFT.
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�, structurelessnucleons;

Next-to-leadingorder : , nucleon
structure;

alsoincludesrelativistic corrections(down by ).
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Wave-function dependence
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Wave-functionsensitivity givesanestimateof higher-ordereffects.
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Higher

�

? “Effecti vemodels”?
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