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The EFT algorithm

® ldentify key elds and ;

® |dentify low-enepy scales
andhigh-enegy scales ;

= |dentify symmetries , fotation, ;

= Write down all operatorscontributing to this processvhich are
allowedby thesesymmetries; A

= Organizeusingnawne dimensionabnalysis;
m Determinepower countingfor loopsin QFT;

= Calculateobserablesto desiredaccurag.
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ldentify key elds and ;

ldentify low-enepgy scales
andhigh-enegy scales ;

ldentify symmetries , rotation, ;

Write down all operatorsontriluting to this processvhich are
allowedby thesesymmetries; A

Organizeusingnave dimensionabknalysis;
Determinepower countingfor loopsin QFT;

Calculateobsenrablesto desirecaccuragy.

= PREDICTIONS(Systematicallymprovable,falsi able)

NPSSLecturesBar Harbor ME, June2004— p.2/3



str ong QCD” problem

ey quantitiesn QCD: ( —).
Essentiakingularityat



The “str ong QCD” problem

Many key quantitiesn QCD: ( —).
Essentiakingularityat

PERTURBATION THEORY WITH AND ¢
USELESSAT LOW ENERGIES

NPSSLecturesBar Harbor ME, June2004— p.3/3



The “str ong QCD” problem

Many key quantitiesn QCD: ( —).
Essentiakingularityat

PERTURBATION THEORY WITH AND ¢
USELESSAT LOW ENERGIES

Alternatves:
m Lattice QCD;

® Find new degreesof freedom:constituenguarks; ux tubes;
Instantonsnucleonsandpions.

NPSSLecturesBar Harbor ME, June2004— p.3/3



The “str ong QCD” problem

Many key quantitiesn QCD: ( —).
Essentiakingularityat

PERTURBATION THEORY WITH AND ¢
USELESSAT LOW ENERGIES

Alternatves:
m Lattice QCD;

® Find new degreesof freedom:constituenguarks; ux tubes;
Instantonsnucleonsandpions.

Goal: Low-enepy effective theoryof QCD with nucleonandpion
degreesof freedom;

Key: Effective theorymustinheritlow-enegy symmetrieof QCD.
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energy symmetriesof QCD

theorysymmetricunder
. symmetryunder
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Low-energy symmetriesof QCD

theorysymmetricunder
Isospin: symmetryunder

Spin: form - :

Symmetryunder and ;

Prediction:Symmetryof QCD Hamiltonian for every positve par
ity eigenstatef thereshouldbe an (almost)degeneratanega-

tive parity eigenstate.
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rimental baryon spectrum



gy. Ferromagnetism

Below T :




Analogy: Ferromagnetism

Above T : Below T
~ T —
N N T
b —N\
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/ /PN I
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H rotationallysymmetric,sohow can

M /2
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Analogy (contd.)

Spontaneoussymmetry breaking: belov  groundstateof
Hamiltoniandoesnot have symmetryof Hamiltonianitself.
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Analogy (contd.)

Spontaneoussymmetry breaking: belov  groundstateof
Hamiltoniandoesnot have symmetryof Hamiltonianitself.

Existenceof zero-enayy excitations,“Goldstonemodes”.

Ferromagnetism QCD
Groundstate QCDvacuum
M

Low temperature | Low enegy, alsoT

Magnons Pions
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Consequences$or low-energy QCD

(chiral limit): ®m isapseudoscalar;
® 'sinteractweakly

/ (butstill A )

Only modi cation: , S0 K
New effective theory: < M
SMALL BIG
Symmetries: , Isospin,Spontaneousiproken S

Degreesof freedom:
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Chiral perturbation theory

Chiral perturbatiortheoryis the mostgeneral consistent
with the symmetrief QCD andthe patternof their breaking,upto
agivenorderin thesmallexpansionparameter:

P _
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Chiral perturbation theory

Chiral perturbatiortheoryis the mostgeneral consistent
with the symmetrief QCD andthe patternof their breaking,upto
agivenorderin thesmallexpansionparameter:

P _

m “Short-distancephysics” ( —) expandedala the multipole
expansion certainnumberof “multipoles” needto be
determinedht eachorder;

® Pionsareweaklycoupledandlight they providethe
long-distance —) contrilution to obsenrables.
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Chiral perturbation theory

Chiral perturbatiortheoryis the mostgeneral consistent
with the symmetrief QCD andthe patternof their breaking,upto
agivenorderin thesmallexpansionparameter:

P _

m “Short-distancephysics” ( —) expandedala the multipole
expansion certainnumberof “multipoles” needto be
determinedht eachorder;

® Pionsareweaklycoupledandlight they providethe
long-distance —) contrilution to obsenrables.

Weinbeg, GasserLeutwyler, Bernard Kaiser Meil3ner...
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Power countingin PT

Rules:
m for avertex with powersof or ;

m for eachpion propaator: ;

m for eachnucleonpropagtor: :

= foreachloop: [ ;
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Power countingin PT

Rules:
m for avertex with powersof or ;

m for eachpion propaator: ;

m for eachnucleonpropagtor: :

= foreachloop: [ ;

Power countingfor loopsaswell asfor £

— — P J

O
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2onCompton Scatteringin  PT

Powvell X-Sn +
non-analyticity
from loops

expansion:



plitudeat©O P

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



N LO: )

amplitudeat©O P

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

Short-distanc@hysicsvia contactterms, with coefcients which
shouldbe t to data:

ExperimentsSAL/lllinois, LEGS,MAMI, ....
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Results

/d.o.f.=170/131

S.R.BeaneJ.McGovern,M. Malheiro,D. P, U. vanKolck, Phys. Lett. B, 567, 200(2003).
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PT and light nuclel

PT. pion couplederwvativelyand  is “small”
pion interactionsareweakat low enepy.
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PT and light nuclel

PT. pion couplederwvativelyand  is “small”
pion interactionsareweakat low enepy.

= NO NUCLEI!!

Weinbeg (1990): employ chiral expansionfor potentialand
solve Schrodingeequationfor nuclearwave function:

E %

Vo Vv +V +V 4+
l.e. expandedn powersof using PT.
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PT and light nuclel

PT. pion couplederwvativelyand  is “small”
pion interactionsareweakat low enepy.

= NO NUCLEI!!

Weinbeg (1990): employ chiral expansionfor potentialand
solve Schrodingeequationfor nuclearwave function:

E %

Vo Vv +V +V 4+
l.e. expandedn powersof using PT.

m  respectCD patternof chiral symmetrybreaking;

m Systematidheoryof Interaction.
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Leading-order potential

Yukawva(1935): —
= Range — fm

Leading-order PT potentialis singular requiresregularizationand
renormalization.

NPSSLecturesBar Harbor ME, June2004— p.16/3



acts about the force

clearforceis attractve atlongrange, fm;



Fun facts about the force

® Nuclearforceis attractve atlongrange, fm;

® Nuclearforceis repulsve atshorterdistances, ;
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Nuclearforceis attractve atlong range, fm;

Nuclearforceis repulsve at shorterdistances, ;

. sostateof different mix;

— as : Beane& SavageandEpelbaunetal.

NPSSLecturesBar Harbor ME, June2004— p.17/3



Nuclearforceis attractve atlong range, fm;

Nuclearforceis repulsve at shorterdistances, ;

. Sostatef different mix;
— as : Beane& SavageandEpelbaunetal.

Correctiongo LO potentialdueto two-pionexchangeetc. can
besystematicallycalculatedn PT.
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Deuteron: bindingenegy 2.225MeV, ( ) X es

— Nijm93
OPEP (R=2.0 fm)
--- v @06t cPT (L=600 MeV)

Sameatlong distances:

Some differences at
two-pionrange.
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o
.

=
=
=
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=
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tionson deuterium
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tionson deuterium

O

culatedrom chiral potential.



Reactionson deuterium

O

. calculatedrom chiral potential.
: alsohasa PTexpansion. (Weinbeg, vanKolck)

Descriptionof obsenableswhichshouldbe: modelindependentsys-

tematicallyimprovable,accurateat low momentum/engpy transfer
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LO

NLO
effects

NNLO
N LO

D.P + CohenMeil3ner+ Walzl, D.P

. structurelessiucleons

. nucleonisoscalaichageradius+ relatwvistic

. two-bodypion-exchange-chaye operator

. two-meson-gchangechagepieces
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—- LO: O(e)
=+ NLO: O(eP?)
— NNLO: O(eP?)

200.0 400.0 600.0
g (MeV)

Parameteiffree prediction:tests PT'sdescriptionof deuteon.

Data: Abbottetal., Eur. Phys.J.A 47,421(2000);Theory:D.P, Phys. Lett. B 567, 12 (2003).
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-—- LO: O(e)
—- NLO: O(eP?)
— NNLO: O(eP?)

200.0 400.0 600.0 800.0 100.0
g (MeV)
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Conclusion

»m EFTreliesontheinsensitvity of low-enegy obserablesto
detailsof short-distanc@hysics.
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EFT reliesontheinsensitvity of low-enegy obsenablesto
detailsof short-distanc@hysics.

Constructmostgenerakheoryconsistentwith knowvn
symmetriesandscalesof problem.
Model-independent,systematic.

QCD's spontaneouslproken symmetry < M .

Basisof chiral perturbatiortheory appliedwith muchsuccess
In A=0 andA=1( ).

To dealwith neednew EFT. “ -expansion”.
Light nucleicanalsobeattacledusing PT (Weinbep).

) ) ’ ’ y y y y etC
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Futur e work

m Polarizationobserablesin  (with D. Choudhury)

m degreesof freedomin  (with R. Hildebrandt.etal.);

» Moredataon d d! HI SatTUNL

m Comptonscatteringon Helium-3;

m for  scatterindength(with A. Gardestig)

= -expansionfor scattering;

m Systematia-bodyforceswhich areconsistentvith force;
® ShellmodelasanEFT;

= MFT, DFT, andEFT.
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ading-order , Structurelessucleons;



ading-order , Structurelessucleons;



Leading-order , Structurelessucleons;

Next-to-leadingorder ; = , hucleon
structure;

alsoincludesrelatwvistic correctionddowvn by M ).
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-function dependence

200.0 400.0 600.0 800.0 1000.0
Q (MeV)






r ? “Effecti ve models”?
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